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Abstract: 

Disbanding of freight trains on sorting humps is a key process in railway transport. At most stations, this process still 

involves human operators controlling retarders and car speed. The lack of models that account for human participa-

tion limits both the reliable evaluation of hump automation measures and the application of computer-based train 
release planning tools. The purpose of this study is to improve the methods of modelling the disbanding trains on 

sorting humps to take into account human influence. The method of simulation modelling was used as the main re-

search method. Determining the speed and time of rolling of the hitches is carried out by solving the differential 
equation of motion where distance is used as a variable. Setting the indicators of the process of disbanding of trains 

is carried out on the basis of the statistical processing of a series of calculation experiments on the rolling of cuts. In 

order to take into account the human participation in the process of disbanding the trains in the simulation model, 
additional restrictions are set on the choice of braking modes of the cuts, which are associated with the need to switch 

the attention of the operator during the simultaneous control of several braking positions, as well as with the transition 

of the controller between different tracks. The scientific novelty of the work consists in the improvement of the model 
of the disbanding of trains on the sorting humps, which, unlike the existing ones, allows to take into account the 

influence of operators of brake positions and speed regulators of cars on the indicators of the sorting process. The 

practical significance of the work lies in improving the evaluation of automated train release control systems and 
supporting the development of decision-support tools for train release planning under uncertainty in cut rolling char-

acteristics and braking execution. 
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1. Introduction 

Disbanding and forming of freight trains and shunt-

ing gears is one of the most massive processes in 

both mainline and industrial railway transport. Sort-

ing humps are the main means of disbanding and 

forming trains on railways. The quality of their work 

largely determines the cost of the transportation pro-

cess, as well as its safety, the level of preservation of 

rolling stock and transported goods. In modern con-

ditions, the main direction of increasing the pro-

cessing capacity of sorting humps is the automation 

of the disbanding of trains. However, the high cost 

of implementation and operation of humps automa-

tion systems restrains their implementation. There-

fore, the share of humans participation in the perfor-

mance of hump operations is still significant. The 

main method of evaluating the functioning of sorting 

humps in modern conditions is computer simulation 

of slide processes. In such conditions, the task of 

taking into account the human factor in simulation 

models of sorting humps is urgent. 

 

2. Literature review and problem statement 

The sorting hump is a man-machine system that is in 

close interaction with other subsystems of the sort-

ing station and is connected to them by a number of 

direct and reverse connections. At the same time, 

track development, train disbanding management, 

and processed train flow are considered consolidated 

elements of the sorting hump. There are physical and 

information connections between system elements. 

The external environment relative to the sorting 

hump is the surrounding natural environment and 

the railway station. The state of the system changes 

over time and is characterized by the position in 

space of individual elements of the track develop-

ment of the hump and the cars on it. The input of the 

system is the flow of cars arriving for processing and 

the state of the external environment. The output of 

the system is formed by trains that are accumulated 

on the tracks of the sorting park. The behaviour of 

the system is determined mainly by the influence of 

physical forces acting on the rolling stock (gravita-

tional force, traction force of the locomotive, move-

ment resistance forces), and the influence of the con-

trol system. One of the elements of the control sys-

tem is a human operator. That is, the sorting hump is 

an ergatic system. The general characteristics of the 

sorting hump as a system is given in table. 1.  

 

Table 1. Characteristics of the sorting hump as a sys-

tem 
Classification feature System class 

The nature of the elements Real  

Origin  Artificial  

Variability of properties Dynamic  

Predictability of states Stochastic  

Character of behaviour Controlled  

Degree of difficulty Complex  

The degree of communication with the 

external environment 
Open 

The degree of human participation in the 

implementation of control influences 
Ergatic 

 

The goals of this system are to ensure the disband-

ing-forming of the flow of trains at a given pace with 

minimal operating costs and with unconditional 

compliance with traffic safety conditions. These 

goals are contradictory. In particular, an increase in 

the level of safety can be achieved by reducing the 

rate of disbanding of trains or by improving the tech-

nical support of humps. 

The main violations of the safety of the operation of 

hump devices during the implementation of the pro-

cess of disbanding and forming trains are the derail-

ments of cars on switches, car retarders and on 

tracks; damage to cars and cargo due to exceeding 

the permissible speed of coupling of cars on the sort-

ing tracks or due to the lack of passages on the 

switches of the descending part of the hump. In ad-

dition, a violation of the safety of the sorting process 

can lead to injuries to workers who ensure the re-

lease of trains. 

The safety of the operation of sorting humps is a fea-

ture of their control system and devices of the hump 

complex to ensure the disbanding of trains without 

violating the established requirements. In turn, the 

violation of operational safety requirements is a con-

sequence of hazardous situations, the sources of 

which can be both individual factors and various 

combinations of them, in particular: 

− hazardous failures of hump devices and control 

systems; 

− incorrect actions of operators (hump yard mas-

ter, operators assisting hump yard master, loco-

motive driver, speed controllers of cars); 

− low-quality technical operation and errors of 

service personnel; 

− hazardous failure of the track and rolling stock 

(breakage of rails, falling of car parts on the 

rails, etc.); 
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− natural phenomena, etc. 

In these conditions, employees of sorting humps per-

form various roles related to the direct control of the 

following routes and the speed of movement of cars, 

safety control of the process of disbanding and, if 

necessary, transferring it to safe modes or stops. At 

the same time, people themselves, as elements of the 

system, are simultaneously both the source of haz-

ardous destabilizing factors and the objects of dam-

age. 

The reason for the emergence of sorting humps in 

the 19th century was the need to intensify the sorting 

process (Droege, 1912). The first humps were char-

acterized by the presence of people who ensured the 

sorting process, directly in the area where the rolling 

stock was moving. In particular, the control of the 

rolling speed of the hitches on the humps was carried 

out by the adjusters with the help of brake shoes. The 

adjustment of the speed of the humps with shoes (see 

Fig. 1) remains to this day as the main method for 

humps with a small amount of processing and addi-

tional in case of non-standard and emergency situa-

tions on all humps. 

The presence of workers directly in the area of 

movement of cars was a source of constant hazard-

ous situations and industrial injuries. Further devel-

opment of hump technologies took place in the 

direction of mechanization, automation and ro-

botization of technological processes, which corre-

sponds to the general trends of industrial production 

(Sasor & Wydrych, 2004; Yao et al., 2015; Zhu-

kovyts’kyy & Pakhomova, 2018). The technical 

means that ensured the removal of people from haz-

ardous zones was the invention of car retarders. For 

the first time, retarders for sorting humps were pa-

tented in 1923 in the USA (Signal Section, A.R.A., 

1935). The introduction of retarders made it possible 

to create mechanized sorting humps, the control 

function of which was retained by a person, but the 

control influences were carried out remotely (see 

Fig. 2).  

Further intensification of the sorting process was as-

sociated with its automation. The first system of au-

tomatic control of the rolling speed of the cuts on 

sorting humps was implemented in 1948 at the North 

Platt station (USA) (“Builds second large retarder 

yard to improve operations,” 1948). With the im-

provement of microprocessor technology at the end 

of the 20th and the beginning of the 21st century, 

hump systems were developed that allow for the dis-

banding of trains in automatic mode, such as MSR32 

from SIEMENS (“Innovative approaches in railway 

management,” 2024) and PROYARD (Rhodes, 

2014) from General Electric.

 

 
Fig. 1. Non-mechanized brake position 
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Fig. 2. Operator of a mechanized sorting hump 

 

They include various systems for collecting infor-

mation about the parameters of the cuts, the process 

of their rolling and the conditions of the external en-

vironment. On the basis of the received data, the 

control system determines the need to adjust the 

speed of the cuts, which is implemented with the 

help of beam retarders. The main problem of such 

systems is the complexity, since the effectiveness of 

their work depends significantly on the complete-

ness and reliability of the information used to make 

management decisions. Another approach to the au-

tomation of slide processes is based on the quasi-

continuous adjustment of the rolling speed of the 

cuts with the help of DOWTY system retarders. An 

overview of the systems of quasi-continuous control 

of the speed of rolling of cuts is given in works 

(Rhodes, 2014; Barwell, 2013; Hill & Petkova, 

2000; Nazarov, 2016; Zarecky et al., 2008; Zhang et 

al., 2000). In contrast to systems with beam retard-

ers, systems of quasi-continuous adjustment of the 

rolling speed of cuts do not require complex control, 

as the principle of their operation is based on main-

taining the desired speed of movement of cuts due to 

the insignificant effects of a large number of low-

power point retarders. The complexity of imple-

menting these systems is associated with special re-

quirements for the longitudinal profile of the sta-

tions, the arrangement of which requires a complete 

reconstruction of the stations, and sometimes the ap-

proaches to them. In general, systems have been cre-

ated today that are capable of managing the sorting 

process on humps in automatic mode. However, de-

spite the availability of technical solutions to auto-

mate the sorting process, the rate of automation of 

sorting humps has decreased in the last decade. This 

is due to the transition of railways to technologies 

for the transportation of goods by routes such as the 

unit train and shuttle train in North America and the 

block train in Western Europe, as well as the high 

cost of construction and operation of automated sort-

ing humps. Sorting humps are a key element that de-

termines the processing capacity of railway stations 

(Cenek, 1996; Lin & Cheng, 2011; Trykoz & Bagi-

yanc, 2017). However, improving the technical sup-

port of the humps is not the only possible measure 

to increase the processing capacity of the stations.  

The studies carried out in (Monek & Fischer, 2024) 

show that the introduction of automated control sys-

tems for the disbanding of trains on sorting humps is 

cost-effective under the conditions of a stable flow 

of cars entering processing. At the same time, short-

term peak loads on sorting stations in conditions of 

unstable car flows should be processed by increasing 

the number of shunting locomotives, redistributing 

shunting work between sorting hump and extraction 

tracks, as well as by increasing the number of em-

ployees. Although this approach increases the cost 

of converting cars, it provides an opportunity to 

quickly reduce technical support and staff in the 

event of a drop in the volume of work. Increasing 

environmental requirements, which is a trend of re-

cent decades, also complicates the mechanization 

and automation of sorting humps, as brake retarders, 

especially point ones, are a source of intense noise 

pollution (Smith, 2013; Zvolenský et al., 2017). Be-

cause of these factors, human involvement in ensur-

ing the disbandment and formation of trains on sort-

ing humps will continue to be significant and needs 

to be studied.  

Problems of the influence of the human factor on the 

functioning of railway transport were studied in 

works (Golightly et al., 2024; Ohar et al., 2017; 

Ryan et al., 2021; Staccioli & Virgillito, 2021; Ur-

sarova et al., 2022; Wagner et al., 2021; Banerjee et 

al., 2017; Kurhan et al., 2024). Despite the existence 

of a close connection between operational indicators 

and safety indicators of the functioning of railway 

transport as a man-machine system, insufficient at-

tention is paid to the problems of researching the re-

lationships between them. Quantitative estimates are 

determined mainly only at the level of enterprises 

and the industry as a whole on the basis of statistical 

methods (Ursarova et al., 2022). Traffic incidents 

and safety violations on sorting s humps are subject 
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to investigation (Zhang & Li, 2010a; Zhao et al., 

2022). Their result, as a rule, is the development of 

additional instructions for personnel, which are ac-

tually additional restrictions for the execution of the 

technological process. At the same time, the pro-

cessing capacity of the stations is not reassessed af-

ter their implementation. 

Implementation of modern systems of mechaniza-

tion and automation on sorting humps requires tech-

nical and economic substantiation of projects. At the 

same time, the possibility of making calculations is 

complicated by the lack of methods of quantitative 

assessment of the risks of hazardous situations asso-

ciated with the participation of people in the process 

of disbanding trains. It should be noted that the cou-

pling of cars at high speeds, as a rule, does not lead 

to derailment or visible damage to cars and cargoes 

directly during the sorting process. The main unde-

sirable consequence of such couplings is the accu-

mulation of residual deformations in the structure of 

the cars and their accelerated failure. Moving of cuts 

on the tracks inappropriately during the operation of 

the humps takes place systematically. Elimination of 

the consequences of such events requires the organ-

ization of breaks in the disbanding of trains and the 

performance of additional shunting work. However, 

such cases are analyzed only when their conse-

quences led to train delays. Despite the large number 

of violations, traffic incidents on humps are recorded 

relatively rarely and are mostly explained by the in-

fluence of the human factor. In particular, on the 

railways of Ukraine, in 2015, at the Korosten station, 

an incident of derailment of one tank car with diesel 

fuel took place. In 2018, an accident occurred at the 

Znamyanka station, which consisted in the derail-

ment of a tank with diesel fuel. Given that in both 

cases the transport incidents occurred with cars 

transporting hazardous goods, they could potentially 

lead to serious consequences in the event of an un-

favorable combination of circumstances. An exam-

ple of such an event is the explosion of a propane 

tank during the sorting of cars at the Syzran-1 station 

(USSR) in 1980, which killed 41 people and de-

stroyed 44 houses.  

The process of rolling down the cuts from the hump 

is one of the main elements of the disbanding and 

formation of freight trains at stations. In modern 

conditions, research into the process of cars rolling 

down a hump is performed using the method of 

mathematical modelling. The first models of rolling 

down the cuts appeared at the beginning of the 20th 

century and used classical methods of traction cal-

culations, the same as for researching the movement 

of trains. However, despite the common principles, 

the nature and duration of the forces acting on the 

rolling stock on the humps and on the trains are dif-

ferent. The peculiarity of hump processes is the 

movement of cars mainly under the influence of 

gravity, control of the rolling speed of cars with the 

help of external influence on them by retarders or 

brake shoes, a rapid change in the state of the system 

within fractions of a second. To account for these 

features, a significant number of studies were con-

ducted to evaluate the running properties of car cuts 

and to develop models of their rolling dynamics. In 

particular, in the early 1970s, the USSR All-Union 

Scientific Research Institute of Railway Transport 

conducted an extensive series of observations, field 

tests, and scale model experiments to assess the sta-

tistical patterns of freight car rolling resistance. 

These findings were published in Issue 545 (1975) 

of the institute's proceedings, titled «Resistance to 

Movement of Freight Cars when Rolling down 

Humps». Similar studies were conducted in the 

United States during the same period (Wong et al., 

1981). The availability of data on car rolling re-

sistance enabled the development of high-quality 

mathematical models for their descent from sorting 

humps. Currently, mathematical modeling is the pri-

mary method for investigating humping processes. 

During modelling, the calculation of the speed and 

time of rolling of the cuts is, as a rule, carried out on 

the basis of the solution of the differential equation 

of motion, where the variable is the distance: 
 

𝑑𝑥 =
𝑣d𝑣

𝑔′(𝑖(𝑥)−𝑤𝑟𝑟−𝑤𝑝𝑟(𝑥,𝑣)−𝑤𝑐𝑟(𝑥,𝑣)−𝑤𝑒𝑤(𝑣)−𝑤𝑟(𝑥))
  (1) 

 

or time 
 

𝑑𝑡 =
d𝑣

𝑔′(𝑖(𝑥)−𝑤𝑟𝑟−𝑤𝑝𝑟(𝑥,𝑣)−𝑤𝑐𝑟(𝑥,𝑣)−𝑤𝑒𝑤(𝑣)−𝑤𝑟(𝑥))
  (2) 

 

where g' – acceleration of gravity with wheels rota-

tional inertia effect, m/s2; 

x – distance from top of the hump to the first axle 

of the rolling cut (m); 

v – cut velocity (m/s); 

i(x) – gradient under the cut of cars (‰);  

wrr – rolling resistance coefficient (N/kN); 

wpr(x, v) – point resistance coefficient (N/kN);  
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wcr(x, v) – curve resistance coefficient (N/kN); 

wew(v) – environment and wind resistance coeffi-

cient (N/kN);  

wr(x) – retarders or rail skates resistance coefficient 

(N/kN). 

Simulation models, constructed on the basis of the 

aforementioned expressions, form the foundation of 

the software widely used for designing the layout 

and longitudinal profile of hump yards. Such models 

are presented, for example, in the works (Nazarov, 

2016; Botirovich et al., 2022; Guo et al., 2016; 

Kampczyk, 2023; Khadjimuhametova et al., 2022; 

Khadjimuhametova, 2020; Maxkamov et al., 2021; 

Meng & Zhang, 2014; Mezitis et al., 2019; Ohar et 

al., 2020; Panchenko et al., 2018; Saidivaliev, 2023; 

Zhang & Li, 2010b; Zhang et al., 2017). 

The disadvantage of the models traditionally used in 

the design of sorting humps is that they do not fully 

take into account the stochastic and controllable na-

ture of their operation. The disbanding of the trains 

is a sequential rolling of the cuts. At the same time, 

it is necessary to maintain time intervals between 

them sufficient for the operation of shift changes and 

brake retarders, and the speed of the approach of the 

cuts to the cars on the sorting tracks should not ex-

ceed the permissible one. When solving design prob-

lems, it is accepted that the calculated parameters of 

cuts and the operating conditions of the sorting 

humps are the most unfavorable. However, the mod-

els used in the design are deterministic and all their 

parameters are known before the start of calculation 

experiments. The complexity of solving problems of 

operation of sorting humps is connected with the fact 

that the parameters of the cuts differ among them-

selves. Moreover, the exact values of the parameters 

of the cuts and the characteristics of their rolling 

conditions are unknown (Sasor & Wydrych, 2004; 

Wong et al., 1981; Moczarski, 2020; Kozachenko et 

al., 2024; Novytskyi et al., 2019; Bobrovskiy et al., 

2016; Zhang et al., 2015). 

Solving this problem on automated sorting humps is 

ensured by implementing various systems for col-

lecting information about rolling conditions and the 

application of adaptive control algorithms that adjust 

retarder operations based on refined data (Novytskyi 

et al., 2019; Zhu et al., 2009; Savage et al., 1981). 

However, this approach complicates humps sys-

tems, increases the cost of their construction and op-

eration. Moreover, even with the availability of ac-

curate data on the running properties of the cuts, 

operators of sorting humps and regulators are not 

able to accurately implement the necessary modes of 

their braking. Therefore, an important direction of 

scientific research in the field of railway transport 

operation is the development of algorithms for the 

automatic control of the process of rolling down the 

cuts in the absence of accurate information about 

their running characteristics and the conditions of 

rolling down the cuts (Kozachenko et al., 2018).  

Since simulation modeling of car cuts allows for 

high accuracy in reproducing the dynamics of 

wagon movement on sorting humps, this method 

was chosen as the primary approach in our study. To 

account for the influence of random factors on the 

humping process, the Monte Carlo method and 

mathematical statistics are applied to estimate the 

distribution parameters of such random variables as 

cut velocity and travel time. It should be noted that 

the existing models of cuts disbanding are focused 

on automated humps, and little attention is paid to 

the processes taking place on mechanized and non-

mechanized sorting humps. At present, automatic 

control systems for sorting humps are characteristic 

of only a small number of the most powerful sorting 

stations. At the same time, management of the pro-

cess of disbanding trains at the majority of stations 

is carried out manually. The lack of train disbanding 

models, which take into account the participation of 

people in the control of the rolling speed of the cuts, 

on the one hand makes it difficult to obtain reliable 

estimates of the effectiveness of measures for the au-

tomation of sorting humps, and on the other hand, 

limits the possibility of using computer technology 

for planning the disbanding. In this regard, the im-

provement of simulation models in order to take into 

account the human influence on the process of dis-

banding of trains is an urgent scientific and applied 

task. 

 

3. Methods 

3.1. Object of research 

A sorting hump with three brake positions was cho-

sen as the object of research in this work. The first 

and second brake positions are located on the de-

scending part of the hump and are mechanized by 

beam retarders. The third brake position is located 

on the sorting tracks and is served by the speed con-

trollers of the cars. The scheme of track develop-

ment of the sorting hump is presented in fig. 3. For 

comparison, the same hump is considered under 



Taran, I., Ursarova, A., Kozachenko, D., Klyga, O., Hrevtsov, S. 

Archives of Transport, 77(1), 109-129, 2026 

115 

 

 

conditions of mechanization of the braking position 

on sorting tracks and automation. 

In the process of disbanding, before passing the top 

of the hump, the train is divided into groups of cars, 

which are called cuts. After crossing the top of the 

hump, the cuts roll down under the influence of 

gravity. By reducing the speed of individual cuts at 

braking positions, it is necessary to ensure the sepa-

ration of cuts on shift changes when following the 

routes to different sorting tracks, as well as the per-

missible speed of movement of cuts on the hump and 

their approach to cars standing on the sorting tracks.  

In order to assess the working conditions of the per-

sonnel at the braking positions, the operation of the 

speed regulators of the cars was observed. In the pro-

cess of work, regulators are exposed to a large num-

ber of hazardous and harmful destabilizing factors, 

namely:  

− rolling stock, vehicles, devices and mecha-

nisms;  

− increased noise level;  

− increased level of vibration;  

− increased dustiness and gassiness of the air in 

the working area;  

− increased or decreased air temperature of the 

working area;  

− increased humidity and air mobility;  

− insufficient lighting of the working area in the 

dark;  

− physical overloads. 

Before disbanding the train, the senior control of-

ficer distributes the sorting tracks among the control 

officers. As a rule, from 3 to 6 sorting tracks are 

fixed behind the control officer, depending on the 

intensity of the arrival of cars on them.  In the ma-

jority of cases, the control officer is located on the 

track in advance of passing through the branch of the 

border post. During the movement of the cut in the 

area of the shoe brake position, a visual assessment 

of its speed and driving characteristics is carried out. 

As a rule, the control officer accompanies the cars 

until they cross the shoe-dropper. As a result of the 

survey of control officers, it was established that in 

the absence of accurate information about the driv-

ing characteristics of the cuts and the braking effect 

of the shoes, the use of late braking of the cuts allows 

to more efficiently implement the requirements of 

aimed regulation of their speed. Used shoes accumu-

late after the shoe dropper. Before release and if 

there are breaks between the arrival of cuts, the con-

trol officer moves the shoes to the initial position. 

The control officer cannot switch to another track if 

it is crossed by a rolling cut. 

Potentially hazardous situations were recorded dur-

ing the observation: 

− - lack of sufficient time to move the control of-

ficer between tracks and switch to running; 

− maintenance of tracks that were not fixed in the 

initial plan of disbanding, as assistance to other 

control officers; 

− stopping of cuts in the area of the shoe brake 

position and blocking the passages between the 

tracks for the control officers; 

− passing cars on separate tracks without escort.  

 

 
 

Fig. 3. Plan of track development of the sorting hump 
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The main reason for the occurrence of potentially 

hazardous situations is the small time intervals be-

tween the arrival of cuts on different tracks. 

Observation results highlight a substantial diver-

gence of the real-world shunting process from the 

idealized models of automated hump yards typically 

found in modern research and standards (Savage et 

al., 1981). This gap is primarily driven by the human 

factor in hump yard operations. While automated 

systems can perform instantaneous, parallel man-

agement of numerous objects, human participation 

necessitates a sequential control logic during the 

train disbanding process. In particular, operations 

such as separating cuts at switches and regulating 

their speed at retarders are processes constrained by 

the operator's cognitive switching and reaction time. 

According to research (Naweed & Rainbird, 2015; 

Reinach & Viale, 2006), limited reaction time is a 

primary factor contributing to transport safety 

breaches. Therefore, under conditions of high-inten-

sity disbanding, human physical and psychophysio-

logical capabilities become a limiting factor, reduc-

ing the efficiency and safety of the humping process 

compared to idealized automated systems. To ac-

count for this fact, our model treats the human oper-

ator as a specific control link within the system. In 

alignment with the systems-thinking principles for-

mulated by Leveson (Leveson, 2011), this study 

does not treat human error as the root cause of haz-

ardous transport incidents. Instead, operator errors 

are viewed as symptoms of underlying systemic de-

ficiencies—specifically, when a control system is 

inadequately designed and fails to provide the hu-

man operator with the necessary operational condi-

tions and temporal buffers required for safe perfor-

mance. This approach allows for the continued use 

of existing verified mathematical models of hump-

ing processes, while augmenting them with parame-

ters of human activity. Given that human psycho-

physiological parameters and the standards for per-

forming technological operations, such as reaction 

time and movement speed, are well-established, the 

reliability of the results is ensured by the synthesis 

of a proven physical core for the car-rolling model 

and the application of standardized parameters of 

human activity. Therefore, the objective of improv-

ing the simulation modeling method is to establish 

train humping control modes that, with a high degree 

of probability, provide the human operator with a 

time interval for performing technological opera-

tions that is no less than the established standard. 

The implementation of such control directly depends 

on the spatial characteristics of the track sections 

where the interaction between the human and the 

cars occurs. In the future, we will refer to the area of 

25 m long from the shoe dropper in the direction of 

the hump as the speed control zone. The control of-

ficer must be located in the regulation zone before 

the cut enters it. The total length of the speed control 

zone ensures a safe passage between the tracks and 

an initial assessment of the running characteristics 

and speed of the cut. We will call the braking zone a 

part of the speed control zone with a length of 20 m 

from the shoe dropper towards the top of the hump 

in which shoes are placed under the cars. At the same 

time, the length of the cut does not lead to the for-

mation of sliders on the wheels.  

Control of mechanized brake positions on the de-

scent part is carried out by operators. Each operator 

remotely controls four retarders. The evaluation of 

running characteristics and speed of rolling of cuts 

is carried out on the basis of the data of type sheets 

and visually. 

The analysis of the functioning of the sorting hump 

and the results of field observations show that the 

human factor is an inseparable element of the sorting 

humps, where the management of the disbanding 

process is carried out manually. For such humps, 

taking into account the influence of the human oper-

ator in simulation models is critically necessary to 

obtain reliable estimates of carrying capacity, cost 

and, most importantly, the safety of their operation. 

 

3.2. Model of the rolling process of cuts 

Simulation modelling is used as the main research 

method in this work. Modelling of the movement of 

the cuts is carried out on the basis of the numerical 

solution of the differential equation of motion in 

which the variable is the distance (1). The advantage 

of this method is a higher speed of obtaining a solu-

tion in comparison with methods based on equation 

(2). This is important as obtaining statistical charac-

teristics of the rolling process requires a series of ex-

periments. The disadvantage of the models based on 

equation (1) in comparison with the models based on 

equation (2) is that the rolling of each cut is carried 

out separately and to simulate the disbanding of the 

train, it is necessary to carry out additional 
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operations to synchronize the results of the rolling of 

individual cuts. 

The model of the cut rolling process contains a 

model of the plan and longitudinal profile of the 

sorting hump, as well as a model of the cut. 

The input model of the sorting hump is intended for 

human preparation of the output data for modelling. 

In this model, the sorting hump is given by a 

weighted directed graph in which arcs are sections 

of track, and vertices are characteristic points in plan 

and profile connecting arcs with different character-

istics. As arcs, straight sections, sections of circular 

curves, shift changes and brake positions are distin-

guished. The direction of the arcs is chosen from the 

top of the hump to the sorting tracks. The input 

model is automatically converted into an internal 

model, which is directly used in the simulation of 

rolling. In the internal model, the hump is considered 

as a set of rolling routes. In this study, a rolling route 

is defined as the track section extending from the be-

ginning of the approach track before the hump crest 

to the end of the destination classification track, 

which allows for simulating the movement of the cut 

from the moment of its separation from the train un-

til it comes to a complete stop. The rolling route plan 

is considered as a set of mik  M, 𝑖 = 1. . 𝑛̅̅ ̅̅ ̅̅ , 𝑘 =
1. . 𝐾𝑖
̅̅ ̅̅ ̅̅ ̅ (here M is the set of rolling routes;; i is cut 

number; n is cuts amount; k is number of the element 

of the rolling route; Ki is the amount of elements on 

the rolling route of the i-th cut). Each element of the 

rolling route is represented by a structure 
 

𝑚𝑖𝑘 = {𝑙𝑖𝑘 , 𝑢𝑖𝑘 , 𝑅𝑖𝑘 , 𝑤𝑠𝑐,𝑖𝑘 , 𝑤𝑟,𝑖𝑘},  (3) 

 

where lik stands for section length, m; 

uik stands for element type (uik =0 is straight section; 

uik =1 is curve; uik =2 is switch change; uik =3 stands 

for brake position); 

Rik stands for radius of the curve on the section, m; 

wsc,ik stands for average weighted coefficient of re-

sistance of switches and curves on the site;  

wr,ik stands for specific braking resistance on the 

track section N/kN. 

The longitudinal track profile along the rolling route 

Si is described by a modified cubic spline, each node 

of which is represented by a structure 
 

𝑠𝑖𝑗 = {𝑥𝑠,𝑖𝑗 , 𝑏0,𝑖𝑗 , 𝑏1,𝑖𝑗 , 𝑏2,𝑖𝑗 , 𝑏3,𝑖𝑗},  (4) 

 

where xs,ij is abscissa of the j-th node of the spline on 

the rolling route of the i-th cut, m; 

𝑏0,𝑖𝑗 , 𝑏1,𝑖𝑗 , 𝑏2,𝑖𝑗 , 𝑏3,𝑖𝑗 are spline coefficients; 

j is spline node vertex number, 𝑗 = 1. . 𝐽𝑖 + 1; 
Ji is the number of profile elements on the rolling 

route of the i-th cut. 

The slope at some point x on the rolling route is de-

termined by the formula 

 
 

𝑖(𝑥) = 𝑏0,𝑖𝑗 + 𝑏1,𝑖𝑗(𝑥 − 𝑥𝑠,𝑖𝑗) + 

         + 𝑏2,𝑖𝑗(𝑥 − 𝑥𝑠,𝑖𝑗)2 + 𝑏3,𝑖𝑗(𝑥 − 𝑥𝑠,𝑖𝑗)3.  
(5) 

 

In the input model, the cut represents a set of cars, 

where each car is matched with its type and mass. 

For simulation, the input model is automatically 

converted to the internal model. In the internal 

model, the cut is modelled as an inextensible flexible 

rod. At the same time, the cut is set by the structure 
 

𝑐𝑖 = {𝑞𝑖 , 𝑤𝑟𝑟,𝑖 , 𝐾𝑒𝑤,𝑖 , 𝐀𝑖},  (6) 

 

where qi is mass of the i-th cut, t; 

wrr,i  is the main specific resistance of the movement 

of the i-th cut, t; 

Кew,i is coefficient for calculating the resistance of 

the external environment and wind; 

Ai is vector of interaxial distances of the cut. 

The given model is supplemented with data on initial 

launch speed, distance to the aiming point, ambient 

temperature, wind speed and direction. 

The calculation of the resistance to the movement of 

the cut on the basis of the model is carried out by 

traditional methods (Hill & Petkova, 2000; 

Kampczyk, 2023; Zhang et al., 2017; Kozachenko et 

al., 2024), which have passed the adequacy test. 

Equation (1) is solved by the Runge-Kutta IV 

method. To ensure the accuracy of the numerical so-

lution of the differential equation of motion, the roll-

ing route of the cuts is discretized with a baseline 

step of Δs = 1.0 m. In cases where a change in the 

character of the forces acting on the cut occurs 

within the step Δs, such elements are subjected to 

additional sub-segmentation. This approach, to-

gether with the use of the Runge-Kutta IV method, 

ensures high accuracy and computational efficiency 

in simulating the controlled rolling of the cut. The 

result of the solution is the dependence of speed and 

time of rolling on the coordinate, respectively v=f(x) 

and t=f(x). To take into account the stochastic nature 
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of the rolling process, a series of its simulations is 

carried out with random deviations of the values of 

the mass of the cut and movement resistance. 

The brake positions realize the set speeds of the re-

lease of the cuts from them with an error. It is as-

sumed that the error value has a normal distribution 

law. At the same time, the average squared deviation 

of the actual speed of the cut exit from the specified 

one with automatic retarder control is 0.06 m/s, with 

operator control of the retarders 0.2 m/ s, and at non-

mechanized braking positions 0.3 m/ s. Unlike tradi-

tional models, which, as a result of a calculation ex-

periment, allow you to set v and t values for each 

characteristic point of the route with the x 

coordinate, the proposed model allows you to obtain 

samples of random values {v1, v2,…, ve} and {t1, 

t2,…, te} (here e is the number of calculation exper-

iments). Based on the data of these samples, the de-

pendences of the mathematical expectation and the 

mean square deviation of the speed and the rolling 

time from the coordinate are determined, respec-

tively М[v]=f(x), s[v]=f(x) and М[t]=f(x), s[t]=f(x). 

For example, fig. 4 and 5 present the results of 300 

simulation experiments on the rolling of the cut from 

the sorting slide with automatic control of braking 

positions and with control of the decelerators of the 

descent part by operators and non-mechanized brak-

ing positions on the sorting tracks.
 

 
Fig. 4. Curves of the speed and time of rolling of the cut during automatic control of brake positions 
 

 
Fig. 5. Curves of the speed and time of the rolling of the cut when controlling the retarders of the descent 

part by operators and non-mechanized braking positions on the sorting tracks 
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3.3. Management of the disbanding process 

Management of the train disbanding process in-

cludes dividing the train into groups of cuts whose 

disbanding is carried out continuously, selection of 

the speed of disbanding for each such group, selec-

tion of exit speeds from braking positions for each 

cut. The total time spent was chosen as an integral 

indicator by which the control of disbanding of the 

train is evaluated Tb. 

We will call the vector vi={v1,i, v2,i} (here v1,i, v2,i are 

the exit speed of the cut from the first and second 

braking positions) the tap cut mode. The output 

speed of the cut from the third braking position is 

dependent on v1,i, v2,i. The cut braking mode is de-

termined by the speed of the cut entering the braking 

position, the running characteristics of the cut and 

the power of the braking position. These modes are 

limited by aimed and interval speed control require-

ments. In accordance with the requirements of the 

aimed adjustment the exit speed of the cuts from the 

braking positions should be chosen so that the cuts 

do not stop at the switch zone and approach the cars 

standing on the sorting tracks at permissible speeds. 

The stop of the cut on the boom neck causes the need 

for additional maneuvering work and a break in the 

disbanding. There is also a risk of damage to cars 

and cargo due to exceeding the permissible coupling 

speed between the standing cars on the track and the 

tolling cuts. Economic losses are the consequence of 

stoppages of trains at boom neck. It is assumed that 

the admissible probability of trains stopping at boom 

necks is 0.005. Exceeding the permissible coupling 

speed of rolling cars with cars on sorting tracks leads 

to the risk of damage to cars and cargo. Such un-

wanted events are frequent and result in economic 

losses. It is assumed that the permissible probability 

of exceeding the permissible coupling speed of roll-

ing cars with cars on the sorting tracks is 0.1.  

Permissible braking modes under the conditions of 

targeted adjustment of the rolling speed of cuts can 

be presented in the form of closed areas of permissi-

ble braking modes i (Bobrovskiy et al., 2016; Sav-

age et al., 1981). 

The requirements for the interval adjustment of the 

speed of the cuts provide for the creation of intervals 

at shift changes and braking positions sufficient to 

separate the cuts along different rolling routes. The 

probability of non-separation of cuts on the separa-

tion element is determined by the expression 

𝑝(𝛿𝑡𝑖 < 𝑡𝑑𝑒,𝑖) (here 𝛿𝑡𝑖 stands for the time interval 

between the moment the separation element is re-

leased by the i-th cut and the moment it is occupied 

by the i+1-th cut; 𝑡𝑑𝑒,𝑖 is the minimum permissible 

separation interval between the i-th and i+1-th cuts) 

and can be established based on the results of a series 

of experiments using the formula (Bobrovskiy et al., 

2016) 
 
 

𝑝(δ𝑡𝑖 < 𝑡𝑑𝑒,𝑖) =

= (
θ𝑖 − 𝑡𝑑𝑒,𝑖 − 𝑀[τ𝑖] + 𝑀[𝑡𝑖+1]

√𝐷[τ𝑖] + 𝐷[𝑡𝑖+1]
) 

(7) 

 

where Ф(x) is the Laplace function; 

θ𝑖 is the initial interval between the i-th and i+1-th 

tap at the cut of the hump, s; 

τ𝑖 and 𝑡𝑖+1 are respectively, the rolling time of the 

i- th cut from the moment of detachment to the mo-

ment of release of the separating element and the 

next cut to the moment of occupation of the separat-

ing element, s; 

𝑀[τ𝑖], 𝑀[𝑡𝑖+1]  are respectively the mathematical 

expectation of quantities τ𝑖 and 𝑡𝑖+1, s; 

𝐷[τ𝑖], 𝐷[𝑡𝑖+1] are respectively, the variance of val-

ues τ𝑖 and 𝑡𝑖+1, с2. 

The consequence of not separating the cuts at shift 

changes and brake retarders, as well as in the case of 

stopping the cuts at the shift zone, is economic loss. 

It is accepted that the permissible probability of such 

an event is 0.005.  

The operator's participation in the process of releas-

ing the cuts imposes additional restrictions on the in-

terval adjustment of the sliding speed, which are not 

taken into account in the existing models. In contrast 

to automatic systems that control the movement of 

cuts on different tracks in parallel, during simultane-

ous control of retarders, the operator must divide at-

tention between them (see Fig. 6). Such activities are 

undesirable and can lead to economic losses. 

It is assumed that the interval between the release 

and arrival of cuts on retarders controlled by one op-

erator should be sufficient for cognitive switching 

and be at least tr=3 seconds. Failure to comply with 

this requirement may result in economic losses. It is 

assumed that the permissible probability of such an 

undesirable event is 0.1. 
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a) b) 

  
Fig. 6. Undesirable options for the location of cuts on decelerators controlled by one operator: a – at the brake 

position of the descent part of the slide; b – on the parking brake position 

 

In the case of operation on a hump of non-mecha-

nized braking positions, the time interval between 

the release of the speed control zone by the previous 

cut and the entry of the next cut into the control zone 

must be sufficient for cognitive switching of the con-

troller, its passage between tracks and taking the in-

itial position in the braking zone 
 

𝑡𝑐ℎ =
𝑙𝑚

𝑣𝑚
+ 𝑡𝑟 + 𝑡𝑠, (8) 

 

where lm, vm are the distance and speed of the speed 

controller passage between the brake positions, re-

spectively m and m/s; 

ts are time spent on taking the brake shoe and taking 

the initial position, s.  

The route of travel of the railway traffic controller 

between the tracks may or may not require crossing 

the route of the cut. In the first case, the limitation in 

the transition time between brake positions leads to 

the risk of injury or death of the railway traffic con-

troller. It is accepted that such events should be un-

likely, and the probability of their occurrence should 

not exceed 10-6. In the second case, violation of the 

requirement may cause economic losses. It is ac-

cepted that the probability of occurrence of such un-

desirable events should not exceed 0.005.  

The value of the initial interval between the cuts at 

the top of the hump can be determined by the expres-

sion 
 

θ𝑖 = (𝑙𝑖 − х𝑢,𝑖 + 𝑥𝑢,𝑖+1)/𝑣ℎ (9) 

 

where 𝑙𝑖 is length of the i-th cut, m; 

х𝑢,𝑖 , 𝑥𝑢,𝑖+1  are respectively, the coordinates of the 

separation points of i and i+1 cuts, m; 

𝑣ℎ is disbanding speed, m/s. 

The speed of disbanding of the train is limited by the 

technical characteristics of the hump in the interval 

 

𝑣ℎ ∈ [𝑣min, 𝑣mах], (10) 

 

where 𝑣min, 𝑣mах are respectively, the minimum and 

maximum permissible disbanding speed, m/s. 

The process of disbanding the train can be divided 

into parts by stopping it and organizing breaks. Let 

z be a vector of Boolean values that determines the 

place of formation of breaks in the dissolution of the 

composition. Each element of this vector zi (here 

i=1,…,n−1) indicates the presence of a break be-

tween the i-th and i+1-th cut:  

- zi =0 means that i-th and i+1-th cuts belong to one 

group and their disbanding occurs continuously; 

- zi =1 means that the disbanding of the train stops 

after the i cut, and starting from the i+1 cut, the dis-

banding of another group begins. 

Let us denote the speed at which the i-th cut is dis-

banded by 𝑣ℎ,𝑖. It is assumed that the speed of dis-

banding of all cuts included in the same group is the 

same. Then the duration of disbanding of the train 

can be set by the expression 

 

𝑇𝑏 = ∑
𝑙𝑖

𝑣ℎ,𝑖

𝑛
𝑖=1 + 𝑡𝑝𝑠 ∑ 𝑧𝑖

𝑛−1
𝑖=1 , (11) 

 

where tps is the duration of the break between dis-

bandings. 

The method of finding acceptable parameters of dis-

banding of the train consists in solving the problem 

of minimizing the duration of its disbanding (5) un-

der the restrictions imposed by the requirements of 

aimed and interval adjustment of the rolling speed of 

cuts. To find a solution to this problem, an iterative 

algorithm is used, at each step of which one cut is 

added to the previous train. 
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Consider a composition consisting of one cut. The 

permissible rolling modes of a single cut are deter-

mined by its area i. The existence of such an area 

for all possible cuts is ensured at the stage of design-

ing the sorting hump. 

Let's consider the elementary task of disbanding a 

train of two cuts. We will call the mode in which the 

braking of the cuts is delayed at the positions that are 

further from the top of the hump, the fast rolling 

mode of the vf.i  cuts. This mode ensures the earliest 

moments of release of the separating elements  i. 

We will call the mode in which cut braking is per-

formed at positions located as close as possible to 

the top of the hump as the slow rolling vs.i mode of 

the cut. This mode provides the latest moments of 

occupation of dividing elements ti. The absolutely 

optimal rolling mode of the first cut is the fast mode, 

as its use ensures the maximization of the intervals 

between it and the following of the train, and there-

fore minimizes the probability of non-separation 

with them.  

The search for an permissible mode of disbanding of 

the train of two cuts is performed on the basis of the 

following algorithm. 

1. Set vh,i=vmax (i=[1, 2]), z1=0, v1=vf,1. 

2. If during the rolling of the second cut in the fast 

mode v2=vf,2 the probability of its non-separa-

tion with the first cut (3) assumes an acceptable 

value, then accept v2=vf,2. End of solution. 

3. If, when rolling the second cut in the slow mode 

v2=vs,2, the probability of its non-separation 

with the first cut (3) takes an unacceptable 

value, then it is impossible to disband the com-

position with the given speed vh,i. As a mode of 

disbanding of the train, it is necessary to adopt 

a regime that involves reducing the rate of dis-

banding or dividing the train into groups so that 

z1=1. As the mode of disbanding, the one that 

provides less time consumption is chosen (5).  

4. Permissible conditions for the disbanding of 

the train are provided by the intermediate mode 

(vf,2, vs,2). The establishment of such a mode 

can be performed by direct search methods, for 

example, the golden section. End of the solu-

tion. 

The search for the permissible speed of cut disband-

ing is performed according to the following algo-

rithm 

1. Set vpr=vh,i, vh,i = vmin, v1=vf,1. 

2. If at v2=vs,2 the probability of non-separation 

of cuts (3) takes an unacceptable value, then it 

is impossible to disband the train by one group. 

End of solution.  

3. To know within the interval [vmin, vpr] such 

disbanding speed vh,I, at which the probability 

of non-separation of cuts (3) is equal to the per-

missible value. Solving this problem can be 

performed by direct search methods. 

Consider a train of n2 cuts for which the condition 

holds 

 

∑ 𝑙𝑖
𝑛1
𝑖=1

𝑣ℎ𝑝1
+ 𝑡𝑝𝑠 +

∑ 𝑙𝑖
𝑛2
𝑖=𝑛1+1

𝑣ℎ𝑝2
<

∑ 𝑙𝑖
𝑛2
𝑖=1

𝑣ℎ𝑢
, (12) 

 

where 𝑣ℎ𝑝1, 𝑣ℎ𝑝2 are speed of disbanding of the first 

and second groups of cuts of the train, m/s; 

𝑣ℎ𝑢is speed of disbanding of combined train, m/s; 

n1 is the number of cuts in the first group. 

Adding a new n2+1 cut causes the need to check the 

conditions of its separation with the previous cuts. 

At the same time, adding a new cut only imposes ad-

ditional restrictions on the rolling modes of previous 

cuts and does not allow improving the conditions for 

their separation. 

So, 𝑣ℎ𝑝1 ≥ 𝑣ℎ𝑝1
∗ , 𝑣ℎ𝑝2 ≥ 𝑣ℎ𝑝2

∗ , 𝑣𝑢𝑝 ≥ 𝑣𝑢𝑝
∗  (here 

𝑣ℎ𝑝1
∗ , 𝑣ℎ𝑝2

∗ , 𝑣𝑢𝑝
∗  are optimal speeds of disbanding of 

the first and second groups of cuts, as well as the 

combined train after adding a new cut). 

The selection of the train disbanding mode after add-

ing n2+1 cut is performed as follows. 

1. If the condition is met  

 

∑ 𝑙𝑖
𝑛2
𝑖=𝑛1+1

𝑣ℎ𝑝2
+ 𝑡𝑝𝑠 +

𝑙𝑛2+1

𝑣max
≤

∑ 𝑙𝑖
𝑛2+1
𝑖=𝑛1+1

𝑣ℎ𝑝2
 (13) 

 

then it is advisable to allocate n2+1 cut to the 

third group of cars without checking the sepa-

ration conditions with previous cuts. Take 

𝑧𝑛2
= 1 , 𝑣ℎ,𝑛2+1 = 𝑣max , 𝐯𝑛2+1 = 𝐯𝑓,𝑛2+1 . 

End of solution.  

2. If at the speed 𝑣ℎ𝑝2  and the braking mode 

𝐯𝑛2+1 = 𝐯𝑓,𝑛2+1 the requirements for the inter-

val adjustment of the n2+1 cut with all the cuts 

of the second group are met, then connect the 

n2+1 cut to the second group. Take 𝑧𝑛2
= 0, 
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𝑣ℎ,𝑛2+1 = 𝑣ℎ𝑝2, 𝐯𝑛2+1 = 𝐯𝑓,𝑛2+1. End of solu-

tion. 

3. If at the speed 𝑣ℎ𝑝2  and the braking mode 

𝐯𝑛2+1 = 𝐯𝑠,𝑛2+1 the requirements of the inter-

val adjustment of the n2+1 cut with all the cuts 

of the second group are met, then connect the 

n2+1 cut to the second group and find the max-

imum permissible speed 

𝐯𝑛2+1ϵ(𝐯𝑓,𝑛2+1, 𝐯𝑠,𝑛2+1] . Take 𝑧𝑛2
= 0 , 

𝑣ℎ,𝑛2+1 = 𝑣ℎ𝑝2. End of solution. 

4. Take 

 
𝑣ℎ𝑝2

∗ =

=     ∑ 𝑙𝑖

𝑛2+1

𝑖=𝑛1+1

(
∑ 𝑙𝑖

𝑛2+1
𝑖=1

𝑣ℎ𝑢
−

∑ 𝑙𝑖
𝑛1
𝑖=1

𝑣ℎ𝑝1
− 𝑡𝑝𝑠)⁄ , 

(14) 

 

If there is a mode of disbanding the group from n1+1 

to n2+1 cut, in which the requirements of interval 

speed regulation at the speed 𝑣ℎ𝑝2
∗  are met, then 

keep the break in disbanding after cut n1. It is opti-

mal to disband the group from n1+1 to n2+1 cut at 

the speed [𝑣ℎ𝑝2
∗ , 𝑣ℎ𝑝2), or its division into two parts. 

End of solution. 

It is optimal to disband the train from 1 to n2+1 cut 

at the speed [𝑣min, 𝑣ℎ𝑝2
∗ ), or to divide it into two 

parts. End of solution. 

It should be noted that the given algorithm deter-

mines the permissible mode of formation of the 

train, which ensures minimal time consumption. The 

search for braking modes that provide minimal risks 

of separation of cuts during their rolling and minimal 

"windows" on sorting tracks is the subject of specific 

studies and is not considered in this work. 

 

3.4. Simulation results 

Graphically, the restrictions imposed by the require-

ments of the aimed adjustment of the speed of the 

rolling cut can be represented in the form of the area 

of permissible modes of its braking i. Fig. 7 shows 

the areas of permissible braking modes of the cut in 

the conditions of automatic control of retarders a,i, 

when retarders are controlled by operators m,i and 

in conditions of non-mechanized braking position on 

sorting tracks n,i. The decrease in the area of per-

missible braking modes of cuts when the braking 

positions are controlled by operators in comparison 

with automatic control is explained by a worse as-

sessment of the running characteristics and speed of 

movement of the cuts. Unlike automatic systems, 

which are capable of obtaining quantitative evalua-

tions, operators evaluate these values only qualita-

tively: "good runner", "bad runner", "very fast", 

"fast", "slow", etc. The decrease in the area of per-

missible braking modes at a non-mechanized brak-

ing position compared to a mechanized one is ex-

plained by the limitation of the speed of the cuts en-

tering the shoe, the lower power of the braking posi-

tion and the need for systematic use of the decelera-

tors of the descent part of the hump not only for in-

terval, but also for aimed adjustment of the speed of 

the cuts. The perimeter of area a,i is 26.8 m/s, area 

m,i is 24.8 m/s, area n,i is 19.6 m/s. According to 

the research results given in (Kozachenko et al., 

2024), the optimal regimes of interval adjustment of 

the speed of cuts are reached at the boundary of the 

area i. Therefore, human participation in the pro-

cesses of adjusting the speed of rolling cuts leads to 

the exacerbation of contradictions between the goals 

of aimed and interval adjustment of the speed of 

cuts. 

For permissible modes within the i area, the indi-

cator of the quality of the system of aimed adjust-

ment of the rolling speed of cuts is the average value 

of the "window" – the distance between the actual 

stopping point of the cut and the aiming point on the 

sorting track. For the example shown in fig. 6, in the 

conditions of automatic control of retarders, the av-

erage value of the "window" is lwa=0.06 m, in the 

conditions of mechanized braking positions 

lwm=0.98 m, in the conditions of non-mechanized 

braking positions on the sorting tracks lwn=4.11 m. 

The increase in the mathematical expectation of the 

"window" value is associated with a worse human 

assessment of the running characteristics of the cuts 

and its implementation of braking modes. This 

causes the need to perform additional shunting work 

to eliminate gaps between cars on sorting tracks. 

Thus, the proposed model makes it possible to ob-

tain a quantitative assessment of human influence on 

the quality of filling the sorting fleet with cars from 

the time of disbanding of trains. 
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 Hump with automated braking positions 

 Hump with mechanized braking positions 

 Hump with mechanized braking positions 1 and 2 and non-mechanized position 3 
 

Fig. 7. Areas of permissible braking modes of cuts 

 

The graphic interpretation of condition (3) is pre-

sented in Fig. 7 and 8. In both cases, the rolling of 

the same pair of cuts onto adjacent sorting tracks is 

considered. The second cut of the pair has better run-

ning characteristics and to ensure its separation from 

the first cut, it must brake. Fig. 8 corresponds to a 

hump with automatic retarder control. On such a 

hump, it is necessary to observe an interval between 

cuts lasting 1 s from the moment of release of the 

turnout, which divides the following routes into sort-

ing tracks by the first cut, to the moment of its occu-

pation by the second cut. The non-separation of cuts 

corresponds to the simultaneous occurrence of a ran-

dom value of the rolling time of the first and second 

cuts in the zone of non-separation (see Fig. 7). In or-

der for the probability of occurrence of such events 

not to exceed 0.005, the average interval between 

cuts on the dividing shift change should be at least 

2.3 s. Such conditions are achieved when the first cut 

is rolling in fast mode and the output speeds of the 

second cut are set v1,2=6.9 m/s and v2,2=5.0 m/s 

(point A in Fig. 6). 

Fig. 9 corresponds to a hump with mechanized brak-

ing positions on the descent part and non-mecha-

nized braking positions on the sorting tracks. The 

speed control mode in this case requires a further de-

crease in the speed of the second cut to ensure a time 

interval sufficient for the transition of the speed con-

troller of the cars between the tracks. Due to the poor 

predictability of the cut sliding time at low speeds, 

the mathematical expectation of the interval between 

cuts should be at least 24.2 s. An increase in the time 

interval between cuts is achieved by reducing the 

speed of movement of the second cut and setting the 

exit speeds of its exit from the braking positions 

v1,2=6.4 m/c and v2,2=1.8 m/c (point B in Fig. 7). As 

a result, this leads to a worsening of the conditions 

for aimed adjustment of the speed of its movement 

and the conditions for the separation of the second 

cut with subsequent cuts.  
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Fig. 8. Separation of cut on the shift change of the sorting hump with automated brake positions 

 

 
Fig. 9. Separation of cuts on the shift change of the sorting hump with mechanized braking positions on the 

descent part and non-mechanized braking positions on the sorting tracks 

 

For a comprehensive assessment of the human influ-

ence on the conditions of interval regulation of the 

speed of rolling of cuts, the disbanding of a train of 

15 cuts on a sorting slide was considered, a fragment 

of which is shown in fig. 3. The parameters of the 

composition are indicated in the table. 2. The table 

indicates ltg – the distance from the top of the hump 

to the cars on the sorting tracks; PL – platform car; 

PV – semi-car; KR – covered car; CS – tank car. 

The optimal time-consuming mode of disbanding 

the train on the hump with mechanized braking po-

sitions on the descent part and non-mechanized 

braking positions on the sorting tracks is given in the 

table 3. 
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Table 2. Parameters of the disbanding trains  
Cut 

№  

Car 

№  
Type  Train mass ltg, m 

Destination 

track 

Cut 

№ 

Car 

№. 
Type Train mass ltg, m 

Destination 

track 

1 1 PL 42 412 14 7 12 CS 77 422 13 

2 

2 PV 71 

467 11 

8 13 PV 85 437 14 

3 PV 71 
9 

14 PL 79 
504 16 

4 PV 71 15 PL 79 

3 
5 CS 22 

486 17 
10 16 PV 30 474 17 

6 CS 22 11 17 CS 80 787 14 

4 
7 KR 54 

504 11 12 
18 PV 58 

1085 12 
8 KR 54 19 PV 58 

5 9 CS 80 787 13 13 20 PL 80 669 15 

6 
10 KR 65 

492 18 
14 21 PV 70 462 17 

11 KR 65 15 22 PV 78 1070 12 

 

Table 3. Time-optimized train disbanding mode on the hump with mechanized braking positions on the de-

scent part and non-mechanized braking positions on the sorting tracks  
Cut 1 2 3 4 

break 

5 6 7 8 

vр, m/s 1.7 1.7 

Mode  FM FM FM FM FM FM FM FM 

 

Cut 

break 

9 10 

break 

11 12 13 14 15 

vр, m/s 1.7 1.7 

Mode  FM FM FM Separation 

with cut 

11 on ar-
row 4 

FM Separation 

with cut 

13 on ar-
row 4 

FM Р 

Rolling of all cuts can be carried out in fast mode 

(FM), with the exception of cuts 12 and 14, the brak-

ing modes of which are selected from the conditions 

of ensuring their separation, respectively, with cuts 

11 and 13 on the arrows of the descending part of the 

hump. In order to ensure sufficient time intervals for 

the transition of the speed controller between the 

sorting tracks, breaks should be provided between 4 

and 5, 8 and 9, 10 and 11 cuts. The total time for 

disbanding the train under manual control is 4.0 

minutes. In contrast, on an automated hump, the 

same train can be processed at a constant speed of 

1.7 m/s without interruptions, resulting in a total 

time of 3.0 minutes. The obtained results demon-

strate that ensuring operational safety when humans 

are involved in controlling the rolling speed of car 

cuts necessitates a reduction in the humping rate to 

accommodate the conflicting requirements of inter-

val and target speed regulation. Thus, the proposed 

model enables a quantitative assessment of human 

influence on the duration of the disbanding process. 

Furthermore, these results can be integrated into 

comprehensive sorting yard simulation models 

(Bobrovskiy et al., 2014; Dick, 2021) to evaluate the 

potential impact of automation on overall station 

performance. 

 

4. Scientific novelty and practical significance 

The scientific novelty of the work consists in the im-

provement of the model of the formation of trains on 

the sorting humps, which, unlike the existing ones, 

allows to take into account the influence of operators 

of brake positions and speed regulators of cars on the 

indicators of the sorting process. 

The practical significance of the work lies in the fact 

that its results make it possible to improve the meth-

ods of evaluating the effectiveness of the implemen-

tation of automated train disbanding control sys-

tems, as well as to develop information and advisory 

systems for speed planning and breaks in the dis-

banding of trains, taking into account the inaccurate 

assessment of the running characteristics of cuts and 

the implementation of their braking modes by brake 

position operators and car speed controllers. 

 

5. Conclusion 

Disbanding and forming of freight trains and shunt-

ing gears on sorting humps is one of the main 
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processes in railway transport. To date, technical 

systems have been created that are capable of man-

aging the sorting process on humps in automatic 

mode. However, due to the high cost of construction 

and operation of such systems, they are typical for 

only a small number of the most powerful sorting 

stations. At the same time, management of the pro-

cess of disbanding trains at the majority of stations 

is carried out with the participation of people as op-

erators of mechanized brake positions or speed reg-

ulators of cars. The lack of models of disbanding of 

trains, which take into account the participation of 

people in the control of the rolling speed of cuts, on 

the one hand, makes it difficult to obtain reliable es-

timates of the effectiveness of measures for the au-

tomation of sorting humps, and on the other hand, 

limits the possibility of using computer technology 

for planning disbanding.  

As a result of the performed research, the simulation 

model of the process of disbanding of trains was im-

proved, which takes into account the ergatic and sto-

chastic nature of the functioning of the sorting hump 

as a system. In order to take into account the human 

participation in the process of disbanding the trains 

in the simulation model, additional restrictions are 

set on the choice of braking modes of cuts, which are 

associated with the need to switch the attention of 

the operator during the simultaneous control of sev-

eral braking positions, as well as with the transition 

of the regulator between different tracks. In order to 

take into account the lack of accurate information 

about the characteristics of cuts and the conditions 

of their rolling, the evaluation of indicators of the 

sorting process is carried out on the basis of a series 

of calculation experiments on rolling of cuts under 

the influence of random factors. 

The use of modelling makes it possible to evaluate 

the impact of human participation in the process of 

controlling the rolling speed of cuts on humps in 

comparison with sorting humps where automatic 

control of retarders is implemented. For the per-

formed experiments, the average distance from the 

cut stop point to the cars standing on the sorting 

track on a hump with a non-mechanized brake posi-

tion is 68.5 times greater than the same indicator for 

a hump with automated brake positions, the duration 

of train disbandment on a hump with a non-mecha-

nized brake position is 1.33 times higher than the 

same indicator for a hill with automated brake posi-

tions. The reasons for this are the lower accuracy of 

a person's assessment of the driving characteristics 

of cuts and environmental conditions, the lower 

braking power of the shoe braking position com-

pared to brake retarders, and the presence of addi-

tional restrictions on the braking modes of cuts. 

The consequence of human participation in the pro-

cess of controlling the speed of rolling of the cuts is 

a decrease in the rate of disbanding of the trains, and 

accordingly, the processing capacity of the sorting 

humps. At the same time, the developed model al-

lows to establish safe modes of disbanding of com-

positions taking into account the uncertainty that a 

person brings to the sorting process. On sorting 

humps that have reserves of processing capacity, the 

use of this approach allows for the creation of cheap 

information and reference systems that are able to 

establish safe disbanding modes depending on the 

quality of input information about the sorting pro-

cess and the accuracy of control of the speed of cuts. 
 

References 

1. Banerjee, S., Hempel, M., & Sharif, H. (2017). A Survey of Railyard Worker Protection Approaches and 

System Design Considerations. 2017 Joint Rail Conference. https://doi.org/10.1115/jrc2017-2246 

2. Barwell, F. T. (2013). Automation and control in transport (3rd ed.). Elsevier. 

3. Bobrovskiy, V., Kozachenko, D., & Vernigora, R. (2014). Functional simulation of railway stations on 

the basis of finite-state automata. Transport Problems, 9(3), 57-65.  

4. Bobrovskiy, V., Kozachenko, D., Dorosh, A., Demchenko, E., Bolvanovska, T., & Kolesnik, A. (2016). 

Probabilistic Approach for the Determination of Cuts Permissible Braking Modes on the Gravity Humps. 

Transport Problems, 11(1), 147-155. https://doi.org/10.20858/tp.2016.11.1.14 

5. Botirovich, J. S., Umarkhojaevich, S. S., Aktamovich, A. B., & Sheralievich, Z. B. (2022). Graphic re-

sults of determination of car movement on the sorting slope of the slide with a fair wind. International 

Journal of Scientific Trends, 1(3), 31-38.  

6. Builds second large retarder yard to improve operations. (1948, October 30). Railway Age, 125(18), 88-

91.  



Taran, I., Ursarova, A., Kozachenko, D., Klyga, O., Hrevtsov, S. 

Archives of Transport, 77(1), 109-129, 2026 

127 

 

 

7. Cenek, P. (1996). Simulation of processes in a marshalling yard. WIT Transactions on the Built Envi-

ronment, 20. https://doi.org/10.2495/CR960501 

8. Droege, J. A. (1912). Freight terminals and trains. McGraw-Hill Book Company.  

9. Golightly, D., Lonergan, J., & Ethell, D. (2024). Human performance in the rail freight yard. Ergonom-

ics, 68(5), 662-672. https://doi.org/10.1080/00140139.2024.2375013 

10. Guo, Y., Wen, Y., & Xiao, J. (2016). Research on the influence of 27t axle-load to the reliability analysis 

of hump reducer. 2016 International Conference on Electromagnetics in Advanced Applications 

(ICEAA), 546–549. https://doi.org/10.1109/iceaa.2016.7731451 

11. Hill, R. J., & Petkova, M. (2000). Modelling and simulation of marshalling yard operation providing 

semi-continuous speed control. WIT Transactions on the Built Environment, 50. 

https://doi.org/10.2495/CR000441 

12. Innovative Approaches in Railway Management: Leveraging Big Data and Artificial Intelligence for 

Predictive Maintenance of Track Geometry. (2024). Tehnicki Vjesnik – Technical Gazette, 31(4). 

https://doi.org/10.17559/tv-20240420001479 

13. Kampczyk, A. (2023). Correlation of factors defining the calculation height of a hump. In Transport 

Problems 2023: Proceedings of the XV International Scientific Conference (pp. 289-295). Silesian Uni-

versity of Technology, Faculty of Transport and Aviation Engineering. 

14. Khadjimuhametova, M. A. (2020). A modern approach to the formation of surface and elements of sort-

ing slide profiles. JournalNX – A Multidisciplinary Peer Reviewed Journal, 6(7), 312-319.  

15. Khadjimuhametova, M., Merganov, A., & Egamberdiev, R. (2022). An innovative method of designing 

the surface and elements of the hump profiles. 2021 Asia-pacific conference on applied mathematics and 

statistics, 2471, 030046. https://doi.org/10.1063/5.0089818 

16. Kozachenko, D., Bobrovskiy, V., & Demchenko, Y. (2018). A method for optimization of time intervals 

between rolling cuts on sorting humps. Journal of Modern Transportation, 26(3), 189-199. 

https://doi.org/10.1007/s40534-018-0161-2 

17. Kozachenko, D., Hermaniuk, Y., & Grevtsov, S. (2024). The influence of random factors on the estima-

tion of the speed and time of rolling cuts from sorting humps. MATEC Web of Conferences, 390, 04001. 

https://doi.org/10.1051/matecconf/202439004001 

18. Kurhan, M., Fischer, S., Tiutkin, O., Kurhan, D., & Hmelevska, N. (2024). Development of High-Speed 

Railway Network in Europe: A Case Study of Ukraine. Periodica Polytechnica Transportation Engi-

neering, 52(2), 151-158. https://doi.org/10.3311/pptr.23464 

19. Leveson, N. G. (2011). Engineering a Safer World: Systems Thinking Applied to Safety. Cambridge, 

MA: The MIT Press. 534 p. https://doi.org/10.7551/mitpress/8179.001.0001 

20. Lin, E., & Cheng, C. (2011). Simulation and analysis of railroad hump yards in North America. Pro-

ceedings of the 2011 Winter Simulation Conference (WSC). https://doi.org/10.1109/wsc.2011.6148064 

21. Maxkamov, N., Djalilov, K., & Kamilov, K. (2021). About designing the height of the first profile of the 

marshalling hump. E3S Web of Conferences, 264, 05017. 

https://doi.org/10.1051/e3sconf/202126405017 

22. Meng, L. J., & Zhang, C. (2014). Computer implementation of hump checking. Applied Mechanics and 

Materials, 584-586, 1913-1916. https://doi.org/10.4028/www.scientific.net/AMM.584-586.1913 

23. Mezitis, M., Panchenko, V., Kutsenko, M., & Maslii, A. (2019). Mathematical model for defining ra-

tional constructional technological parameters of marshalling equipment used during gravitational target 

braking of retarders. Procedia Computer Science, 149, 288-296. 

https://doi.org/10.1016/j.procs.2019.01.137 

24. Moczarski, J. (2020). Modeling and simulation in the research of automatic wagon shunting control sys-

tems. In Proceedings of the 24th International Scientific Conference Transport Means 2020, Part 1. 81-

84.  

25. Monek, G. D., & Fischer, S. (2024). Expert Twin: A Digital Twin with an Integrated Fuzzy-Based De-

cision-Making Module. Decision Making: Applications in Management and Engineering, 8(1), 1-21. 

https://doi.org/10.31181/dmame8120251181 

https://doi.org/10.3311/pptr.23464
https://doi.org/10.7551/mitpress/8179.001.0001
https://doi.org/10.1109/wsc.2011.6148064


128 

 

Taran, I., Ursarova, A., Kozachenko, D., Klyga, O., Hrevtsov, S. 

Archives of Transport, 77(1), 109-129, 2026 

 

 

26. Nazarov, O. A. (2016). Reduction in cuts speed at the beginning of a sorting sidings, equipped with 

quasi-continuous speed control system. Science and Transport Progress, 4(64), 47-54. 

https://doi.org/10.15802/stp2016/77881 

27. Naweed, A., Rainbird, S. (2015). Recovering time or chasing rainbows? Exploring time perception, con-

ceptualization of time recovery, and time pressure mitigation in train driving. IIE Transactions on Oc-

cupational Ergonomics and Human Factors, 3(2), 91-104. 

https://doi.org/10.1080/21577323.2014.989339 

28. Novytskyi, O., Taran, I., & Zhanbirov, Z. (2019). Increasing mine train mass by means of improved 

efficiency of service braking. E3S Web of Conferences, 123, 01034. 

https://doi.org/10.1051/e3sconf/201912301034 

29. Ohar, O., Berestov, I., Kutsenko, M., Smachilo, J., & Kogaro, Ii. (2020). Using the New Car Braking 

Systems in Marshalling Yards. ICTE in Transportation and Logistics 2019, 203-210. 

https://doi.org/10.1007/978-3-030-39688-6_27 

30. Ohar, O., Rozsokha, O., Kutsenko, M., & Smachilo, Y. (2017). Evaluation of the railway traffic safety 

level using the additive resultant indicator. Eastern-European Journal of Enterprise Technologies, 6(3 

(90)), 48-57. https://doi.org/10.15587/1729-4061.2017.119237 

31. Panchenko, S., Ohar, O., Kutsenko, M., & Smachilo, J. (2018). A method of complex calculation of 

rational structural parameters of railway humps. Acta Polytechnica, 58(6), 370-377. 

https://doi.org/10.14311/ap.2018.58.0370 

32.  Reinach, S., Viale, A. (2006). Application of a human error framework to conduct train accident/incident 

investigations. Accident Analysis & Prevention, 38(2), 396-406. 

https://doi.org/10.1016/j.aap.2005.10.013 

33. Rhodes, M. (2014). North American railyards: Updated and expanded edition. Voyageur Press. 

34. Ryan, B., Golightly, D., Pickup, L., Reinartz, S., Atkinson, S., Dadashi, N. (2021). Human functions in 

safety - developing a framework of goals, human functions and safety relevant activities for railway 

socio-technical systems. Safety Science, 140, 105279. https://doi.org/10.1016/j.ssci.2021.105279 

35. Saidivaliev, Sh. U. (2023). Determining the kinematic parameters of railcar motion in Hump yard re-

tarder positions. THE THIRD INTERNATIONAL SCIENTIFIC CONFERENCE CONSTRUCTION ME-

CHANICS, HYDRAULICS AND WATER RESOURCES ENGINEERING (CONMECHYDRO 2021 AS), 

2612, 060016. https://doi.org/10.1063/5.0115115 

36. Sasor, M., Wydrych, J. (2004). Using fuzzy logic in order to determinate cut's out speed from wagon 

retarder-practical experiments. Zeszyty Naukowe. Transport/Politechnika Śląska, 55, 375-380. 

37. Savage, N. P., Tuan, P. L., Gill, L. C., Ellis, H. T., & Wong, P. J. (1981). Railroad classification yard 

technology manual: Volume II: Yard computer systems (Report No. FRA/ORD-81/20.II; PB81-200578). 

Federal Railroad Administration, Office of Research and Development. 

38. Signal Section, A.R.A. (1935). Hump yard systems (Chapter XXI). In American railway signaling prin-

ciples and practices. A.R.A.  

39. Smith, K. (2013). Putting the brakes on hump yard noise. International Railway Journal, 53(6), 43-44. 

40. Staccioli, J., & Virgillito, M. E. (2021). Back to the past: the historical roots of labor-saving automation. 

Eurasian Business Review, 11(1), 27-57. https://doi.org/10.1007/s40821-020-00179-1 

41. Trykoz, L. V., & Bagiyanc, I. V. (2017). Failure-free operation of classification yards through technology 

optimization. TTS Technika Transportu Szynowego, (7-8), 76-80.  

42. Tyler Dick, C. (2021). Quantifying the Relative Influence of Railway Hump Classification Yard Perfor-

mance Factors. Journal of Transportation Engineering, Part A: Systems, 147(8). 

https://doi.org/10.1061/jtepbs.0000529 

43. Ursarova, A., Mussaliyeva, R., Mussabayev, B., Kozachenko, D., & Vernyhora, R. (2022). Multi-criteria 

evaluation of professional qualities of railway dispatching personnel using computer simulations. Nau-

kovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2, 141-147. 

https://doi.org/10.33271/nvngu/2022-2/141 

https://doi.org/10.15802/stp2016/77881
https://doi.org/10.1080/21577323.2014.989339
https://doi.org/10.14311/ap.2018.58.0370


Taran, I., Ursarova, A., Kozachenko, D., Klyga, O., Hrevtsov, S. 

Archives of Transport, 77(1), 109-129, 2026 

129 

 

 

44. Wagner, A., Haramina, H., & Michelberger, F. (2021). Proposal of an Ergonomic Interface for Supervi-

sion and Control of an Automated Shunting Device. Proceedings of the 8th International Ergonomics 

Conference, 241-249. https://doi.org/10.1007/978-3-030-66937-9_27 

45. Wong, P. J., Sakasita, M., Stock, W. A., Elliott, C. V., & Hackworth, M. A. (1981). Railroad classifica-

tion yard technology manual: Volume I: Yard design methods (Report No. FRA/ORD-81/20.I; PB81-

200560). Federal Railroad Administration, Office of Research and Development. 

46. Yao, J., Huang, Y., Jiang, G., Gao, S., Xiao, R., & Yu, H. (2015). Design and its characteristic analysis 

of a wheeled train uncoupling robot with multi-degrees-of-freedom. Proceedings of the Institution of 

Mechanical Engineers, Part C: Journal of Mechanical Engineering Science, 230(10), 1673-1684. 

https://doi.org/10.1177/0954406215582017 

47. Zarecky, S., Grun, J., & Zilka, J. (2008). The newest trends in marshalling yards automation. Transport 

Problems, 3(4), 87-95.  

48. Zhang, C., & Li, Y. (2010). Analysis of over-speed coupling accidents on hump based on fuzzy Petri 

Net. 2010 IEEE 17Th International Conference on Industrial Engineering and Engineering Manage-

ment, 1014-1018. https://doi.org/10.1109/icieem.2010.5646453 

49. Zhang, C., & Li, Y. (2010). Research on Multi-objective Optimization of Vertical Section of the Hump 

Pushing Zone. 2010 International Conference on Optoelectronics and Image Processing, 262-265. 

https://doi.org/10.1109/icoip.2010.274 

50. Zhang, C., Wei, Y., Xiao, G., Wang, Z., & Fu, J. (2000). Analysis of Hump Automation in China. Traffic 

and Transportation Studies (2000), 285-290. https://doi.org/10.1061/40503(277)45 

51. Zhang, H.-L., Yang, H., & Xia, S.-L. (2015). Effect of meteorological data accuracy on hump height 

design. Journal of Transportation Systems Engineering and Information Technology, 15(3), 185-189. 

52. Zhang, H., Yang, J., & Yang, T. (2017). Multiobjective Optimization Model for Profile Design of Hump 

Distributing Zone. Mathematical Problems in Engineering, 2017(1). Portico. 

https://doi.org/10.1155/2017/9318025 

53. Zhao, J., Dick, C. T., & Kang, D. (2022). Analysis of Derailment Severity Comparing Unit Trains at 

Transload Terminals and Manifest Trains at Railroad Switching and Hump Classification Yards. Trans-

portation Research Record: Journal of the Transportation Research Board, 2677(5), 793-811. 

https://doi.org/10.1177/03611981221137593 

54. Zhu, Z., Liu, X., & Zhang, Q. (2009). Using ATIS Realizing Detection of Coupling Distance. Interna-

tional Conference on Transportation Engineering 2009, 4441-4446. 

https://doi.org/10.1061/41039(345)731 

55. Zhukovyts’kyy, I., & Pakhomova, V. (2018). Research of token ring network options in automation 

system of marshalling yard. Transport Problems, 13(2), 149-158. 

https://doi.org/10.20858/tp.2018.13.2.14 

56. Zvolenský, P., Grenčík, J., Pultznerová, A., & Kašiar, Ľ. (2017). Research of noise emission sources in 

railway transport and effective ways of their reduction. MATEC Web of Conferences, 107, 00073. 

https://doi.org/10.1051/matecconf/201710700073 

 
 

https://doi.org/10.20858/tp.2018.13.2.14

