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Abstract: Among the micro-logistic transport systems, railway stations should be highlighted, such as
one of the most important transport infrastructure elements. The efficiency of the transport industry
as a whole depends on the quality of their operation. Such systems have a complex multi-level
structure, and the incoming traffic flow often has a stochastic character. It is known that the most
effective approach to study the operation of such systems is mathematical modeling. Earlier, we
proposed an approach to transport hub modeling using multiphase queuing systems with a batch
Markovian arrival process (BMAP) as an incoming flow. In this paper, we develop the method
by applying more complex models based on queuing networks that allow us to describe in detail
the route of requests within an object with a non-linear hierarchical structure. This allows us to
increase the adequacy of modeling and explore a new class of objects—freight railway stations and
marshalling yards. Here we present mathematical models of two railway stations, one of which is a
freight railway station located in Russia, and the other is a marshalling yard in the USA. The models
have the form of queuing networks with BMAP flow. They are implemented as simulation software,
and a numerical experiment is carried out. Based on the numerical results, some “bottlenecks” in
the structure of the studied stations are determined. Moreover, the risk of switching to an irregular
mode of operation is assessed. The proposed method is suitable for describing a wide range of cargo
and passenger transport systems, including river ports, seaports, airports, and multimodal transport
hubs. It allows a primary analysis of the hub operation and does not need large statistical information
for parametric identification.

Keywords: mathematical model; queuing theory; railway station; traffic flow; simulation; risk
assessment; computational experiment

1. Introduction

Railway stations (RS) provide the most critical operations for the organization of car
flows: their processing and the formation of technical routes. The sustainability of the
transport process and the capacity of the railway network as a whole directly depend on the
successful operation of the railway stations [1,2]. Here, the reliability, safety, and efficiency
of the stations are affected by both positive and negative factors. This fact becomes
especially relevant at the design or modernization stage, when the real operational factors,
in particular, the volume of incoming train flows, are unknown in advance. In this case,
planning errors can seriously affect both traffic flows and the transport economy as a
whole. Risk analysis here is an essential tool that can be used for evaluating the quality of
service processes.

RS include many components, such as equipment, vehicles, structures, and various
technical subsystems, as well as the interrelations between them. At the same time, they are
affected by many random factors: weather conditions, equipment failure, human factors,
etc. In other words, stations are complex systems, and the possibility to perform various
full-scale experiments to study their operation (for obvious reasons) is minimal. In such
conditions, the most effective way to analyze and assess the quality of station operations is
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mathematical modeling and computer simulation [3]. The use of such models both at the
stage of project work and during dispatching control at stations allows one to make the
correct management decisions. Moreover, we note that an adequate mathematical descrip-
tion of the subject domain is an important aspect for creating intelligent transport systems.
Applying a suitable mathematical apparatus allows you to use computing resources more
efficiently and improve the quality of decisions made.

Optimization models are the most popular in the transport industry. For example,
book [4] provides an overview of rail freight transport planning models, including models
for managing the flow of empty and loaded freight cars. Papers [5,6] concern models
for optimizing train delivery time to the RS and the long-term plan of work at the RS.
Articles [7,8] propose optimization models for the formation of multi-group trains and
control of traffic flows. Article [9] describes a model for optimizing the size and structure of
yards at the station to serve various cargo flows. Methods for optimizing the schedule and
locating of urban transport stops, based on the multiobjective cellular genetic algorithm
and the multiobjective evolutionary algorithm, respectively, are developed in [10,11]. The
advantage of optimization models is that they allow you to show the movement of traffic
flows within the considered system and find the best solution in the sense of the chosen
criterion. However, if significant random factors affect the system, one has to deal with
a problem of stochastic optimization. Such problems are too complex to be solved (both
analytically and numerically) and do not always allow us to obtain meaningful results
for applications.

In this situation, a more rational way is to consider queuing theory models [12,13], as
well as reliability theory ones [14] that use similar mathematics. The probabilistic models
used here are best suited both for assessing various risks, which are usually stochastic
in nature and for identifying critical important elements in the design of a technical
system, taking into account the required level of service [13–15]. Such models are not
conventional in the transport domain; they often appear in the field of information [16] and
telecommunication technologies [17–19]. However, in the field of transport logistics, such
models are known. Thus, the German scientist G. Potthoff in the classical monograph [20]
showed the suitability of using probability theory methods in operational work. Queuing
theory plays here a special role [21,22]. It is known that queuing systems (QS) are well
suited to the study of objects in which the same type of activity is regularly repeated [20,21].
Therefore, it can describe any micro logistic systems, which, firstly, are characterized by
repeated execution of standard technological operations, and secondly, the incoming flow
and its further processing have a stochastic character.

Such logistic systems include railway stations and networks. Therefore, researchers
quite often use queuing theory apparatus to describe and analyze them [23,24]. In [25–29],
this theory is used to model and study the railway network and its particular sections.
In [25], an analytical model is proposed for estimating train delays on the Australian rail
network. The authors compare the calculation results with the results of simulating. Model
validation, which is carried out using a real-life suburban train network consisting of
157 trains, shows the model estimates to be on average within 8% of those obtained from a
large-scale simulation. Articles [26,27] present models of three lines of the Dutch railway
network: from Rotterdam to Utrecht, from The Hague to Utrecht, and from Amersfoort to
Zwolle. The models are designed to determine train delays, the capacity of rail networks,
and a long-term global assessment of their efficiency without regard to train schedules.
In these works, the authors use queuing networks with an infinite queue at each node to
model the railway network. In [28], a model based on a single-channel queuing system
is discussed and used to analyze railway lines’ capacity. It is, according to the authors,
widely applied in Germany. Mean knock-on delays are used as a quality-dependent
indicator of capacity, allowing to determine the admissible number of trains for a level
of service prescribed. In [29], the authors deal with a queuing network for modeling the
movement of suburban trains, where the network nodes are technical stations. The nodes
are arranged sequentially, have a single channel, and a queue of finite length. The effective



Appl. Sci. 2021, 11, 2425 3 of 15

capacity of the railway and the distribution of train travel time are calculated based on the
proposed model.

Queuing theory is also used to mathematically describe the operation of railway
stations and other elements of railway infrastructure [30,31]. Therefore, in [30], a railway
station model was created, and all its components are written as separate queues. It is also
assumed that the arrival time and service time obey an Erlang distribution, and the queues
are infinite. Paper [31] presents a mathematical model of the train disbanding by the hump.
It has the form of a queuing system with the presence of failures and a final queue.

Articles [32–34] deal with the simulation of the railway hubs operation. In [32], the
author uses Markov chains of a special type and calculates the queue length on the tracks
adjacent to the railway hubs. In [33], the authors apply a quasi-birth-and-death process
approach for the integrated modeling of capacity and reliability. By allowing for phase-
type distributed arrival, service, and repair processes, the model permits a wide range of
schedule and operational characteristics to be described. At the same time, the solvability
of Markovian processes and the information on the queue length distribution are preserved.
In article [34], railway nodes are divided up into a set of station tracks and the switching
zones constituting a station’s “throats” (route nodes). The nodes are described in the
form of multi-resource queues, and a system of equations to determine exactly the loss
probabilities for a route node is suggested.

Queuing theory is used in scheduling transportation on railway transport, in partic-
ular, to predict the time of clearing the track for the passage of an oncoming train [35].
The proposed approach is based on the use of semi-Markov queuing systems. Using
probabilistic models, it is also possible to estimate the capacity, the probability of system
overflow, and the loss probability (refuse to service an incoming request), i.e., the most
significant system operation risks [15].

For completeness, it should be noted that QS are not the only models that can consider
the influence of random factors on railway transport operation. Other types of probabilistic
models can be found in the scientific literature [36,37], in particular, the job shop models
and the delay propagation models [24,38,39].

Through this review, we want to emphasize that, firstly, at present, the apparatus of
the queuing theory is often used in world practice to study railway transport. Secondly,
our study presented below combines and develops ideas above as follows:

• queuing networks are used to describe the multi-level structure of railway stations
in detail and take into account the influence of random factors on the servicing of
cars [25–27,29];

• the limited capacity of the station, i.e., the presence of finite queues in the QS, is
assumed [29,31,34];

• special models are used to describe incoming group car traffic [18,19,40];
• group service of requests in channels is allowed [40,41].

Based on the mathematical apparatus of queuing theory, we developed a method for
modeling the operation of passenger transport systems [40,41]. In the proposed method,
multiphase QS are applied to describe the system structure [12,13], and the BMAP model
(Batch Markovian Arrival Process) to specify the incoming transport flow [42]. It is suitable
for describing systems with a linear structure, i.e., in which service devices (subsystems) are
arranged sequentially, and requests (passengers) are served once in each one. Unfortunately,
as will be shown later, RS do not always have a similar (simple) structure.

This paper develops the method by applying more complex models based on queuing
networks (QN) [12,13]. QN allow us to define in detail the route of requests within an
object with a non-linear hierarchical structure [29,30], as well as to describe a new class of
systems—freight railway stations and marshalling yards. Here the functioning process of
RS of a general form is considered, and its generalized mathematical model, which has the
form of a queuing network, is constructed. Mathematical models of two RS are presented.
The first one is a freight railway station located in Russia. The second one is a marshalling
yard located in Nebraska (USA). They are implemented as simulation software, and a
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numerical experiment is carried out. We determine the probability of failure of an incoming
train and “bottlenecks” in the structure of the studied stations based on the numerical
results and make recommendations for their elimination.

2. Subject Model

The organization of work at the railway station is determined by the technological
process, which includes the following steps [1,2,22]:

1. train acceptance at the receiving yard, where it is fastened and processed technically
and commercially;

2. train movement to the hump;
3. accumulation of cars at the sorting bowl to train integrity and performing operations

to finalize the train formation;
4. supply of the cars to the cargo yard, where cargo operations such as reception, loading,

unloading, delivery to recipients and storage are carried out;
5. cars handling at the cargo yard and its transfer to departure yard or receiving yard;
6. repeating steps 2–5 for the local car flow (if necessary) from the cargo yard;
7. train movement to the departure yard and its cars handling, arrival and accession of

the locomotive, and departure of the train.

The system parameters that are not explicitly taken into account in the model are as
follows: train formation plan, railway tracks specialization, time for fastening the rolling
stock. The first parameter governs the formation of all categories of car flows, including
the order of their departures. The model considers only incoming car flow for even and
odd directions. The second parameter is taken into account implicitly by the capacity of
the yards. The third one is included in the train idle time at the receiving yard [2,22].

It is also typical for the railway system to have feedback loops; for example, the
formed train remains in the sorting bowl until the track to the departure park is available.

Based on the considered typical technological process of station operation, we separate
the following functional subsystems (Figure 1):

1. Subsystem 1 «Arrival» includes train acceptance, processing and breaking-up of a
train at a hump (steps 1 and 2);

2. Subsystem 2 «Accumulation» consists of an accumulation of cars to train integrity at
the sorting bowl, their sorting and sending to the cargo yard (steps 3 and 4);

3. Subsystem 3 «Loading» includes car processing at the cargo yard and transfer (if
necessary) to the receiving yard for re-disbandment (steps 5 and 6);

4. Subsystem 4 «Departure» is the final formation of the train and departure (step 7).

Appl. Sci. 2021, 11, x FOR PEER REVIEW 4 of 16 
 

model, which has the form of a queuing network, is constructed. Mathematical models of 
two RS are presented. The first one is a freight railway station located in Russia. The 
second one is a marshalling yard located in Nebraska (USA). They are implemented as 
simulation software, and a numerical experiment is carried out. We determine the prob-
ability of failure of an incoming train and “bottlenecks” in the structure of the studied 
stations based on the numerical results and make recommendations for their elimination. 

2. Subject Model 
The organization of work at the railway station is determined by the technological 

process, which includes the following steps [1,2,22]: 
1. train acceptance at the receiving yard, where it is fastened and processed technically 

and commercially; 
2. train movement to the hump; 
3. accumulation of cars at the sorting bowl to train integrity and performing operations 

to finalize the train formation; 
4. supply of the cars to the cargo yard, where cargo operations such as reception, 

loading, unloading, delivery to recipients and storage are carried out; 
5. cars handling at the cargo yard and its transfer to departure yard or receiving yard; 
6. repeating steps 2–5 for the local car flow (if necessary) from the cargo yard; 
7. train movement to the departure yard and its cars handling, arrival and accession of 

the locomotive, and departure of the train. 
The system parameters that are not explicitly taken into account in the model are as 

follows: train formation plan, railway tracks specialization, time for fastening the rolling 
stock. The first parameter governs the formation of all categories of car flows, including 
the order of their departures. The model considers only incoming car flow for even and 
odd directions. The second parameter is taken into account implicitly by the capacity of 
the yards. The third one is included in the train idle time at the receiving yard [2,22]. 

It is also typical for the railway system to have feedback loops; for example, the 
formed train remains in the sorting bowl until the track to the departure park is available. 

Based on the considered typical technological process of station operation, we sep-
arate the following functional subsystems (Figure 1): 
1. Subsystem 1 «Arrival» includes train acceptance, processing and breaking-up of a 

train at a hump (steps 1 and 2); 
2. Subsystem 2 «Accumulation» consists of an accumulation of cars to train integrity at 

the sorting bowl, their sorting and sending to the cargo yard (steps 3 and 4); 
3. Subsystem 3 «Loading» includes car processing at the cargo yard and transfer (if 

necessary) to the receiving yard for re-disbandment (steps 5 and 6); 
4. Subsystem 4 «Departure» is the final formation of the train and departure (step 7). 

 
Figure 1. Functional subsystems of the railway station. Figure 1. Functional subsystems of the railway station.

Note the feature of Subsystem 1. It contains a hump, which is the primary sorting
device in the railway station, designed for the breaking-up of a train [1,2,22]. Therefore,
this subsystem plays a crucial role in RS operations.

It can be argued that stations are complex objects that have a nonlinear hierarchical
structure and a stochastic process of functioning. A suitable apparatus for describing such
objects, as was noted in the introduction, is the queuing theory, in particular, queuing
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networks. Next, we present a mathematical description of a QN and design a general
model of the RS operations.

3. Mathematical Model

Queuing network is a generalization of a multiphase queuing system. It is the union
of a finite number S ∈ N of QS (hereinafter referred to as nodes), in which requests move
from one node to another in accordance with the routing matrix P [12,13]. We deal with
open QN. It means that requests come from an external source. Then, if it is considered as
an additional node with index 0, a route of a request is determined by a stochastic matrix
P = ‖Pij‖. Here, P0j is the probability of an arriving request from the source to the j-th
node; Pj0 is the probability of a request leaving from the QS after servicing at the j-th node;
Pij is the probability of request transition from node i to node j (i, j = 1, S). It is obvious
that ∑S

j=0 Pij = 1 (i = 0, S), P00 = 0.
Each node of QS is characterized by four parameters. In accordance with Kendall’s

notation [12,13], they take the form A/B/m/n. Here, A describes the distribution of
durations between each arrival to the queue, B is the distribution of service times for
requests, m is the number of servers at the node and n is the buffer size. If the parameters
of the arriving flow are unknown, then in the first position (symbol A) we put the symbol
“*”. Next, it is assumed that at each node, requests are selected from the queue according
to FIFO (First in, first out).

To design the mathematical model of the railway station, let us first describe the
arriving flow and then consider the nodes of QN. The arriving train flow consists of flows
of even and odd directions, the parameters of which may differ significantly. The train
should be considered as a group of requests since the cars are serviced independently. To
describe such a flow, we use BMAP [42], which allows us to combine several incoming
flows with different characteristics into a single structure.

BMAP is a generalization of the group Poisson process, allowing the change in the
intensity of the arrival of request groups, but keeping the basic Markov structure. We have a
Markov chain vt with continuous time and state space {0,1, . . . ,W}. The intensity of arrival
request groups λv depends on the state number of the Markov chain vt. The residence time
in each state is exponentially distributed with parameter λv. With probability pk(v, v′) the
chain can go to state v′. This generates a group of random size k ≥ 0. The normalization
condition is satisfied:

∞

∑
k=0

W

∑
v=0

pk(v, v′) = 1.

The transitions intensities are written in matrix form:

(D0)v,v = −λv, v = 0, W ,(D0)v,v′ = λv p0(v, v′), v, v′ = 0, W, (Dk)v,v′ = λv pk(v, v′), v, v′ = 0, W, k ≥ 1 (1)

According to the subject model described in the previous section, the railway station
includes four subsystems (S = 4). Each of them is represented in the form of QS, the
numerical parameters of which are determined by the characteristics of a particular system
in the next section. Node 1 is «Arrival», Node 2 is «Accumulation», Node 3 is «Loading»,
and Node 4 is «Departure». The requests arrive only to Node 1. The acceptance policy is
complete rejection. It means that if there is not enough space for at least one request from
the group, then the whole group is rejected. Then the requests transit through the system in
accordance with the scheme shown in Figure 1. The routing matrix has the following form:

P1 =


0 1 0 0 0
0 0 1 0 0
0 0 0 0.5 0.5
0 0.5 0 0 0.5
1 0 0 0 0
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If there is no free place in the queue of Nodes 2–4 for accepting the request from the
previous Node, then the previous Node is temporarily blocked.

The routing matrix P1 shows that the probabilities of transferring a request from Node
2 to Nodes 3 and 4 are the same and equal to 0.5, as well as from Node 3 to Nodes 1 and 4.
It is assumed since, first, we do not know the probability of separate car moving between
subsystems in advance if there are two or more possible routings, and, second, to simplify
the model. Anyway, in the computational experiment, this value can be considered as an
algorithmic parameter. Generally speaking, according to the technological process [2,22,43],
after servicing in Node 2, requests can go to Node 3, then again go to Node 2, and only
then to Node 4. Such a route can be included in the model, for example, by introducing
request types. In this case, the requests change the type in Node 3 in order to exclude the
repeated transfer from Node 2. However, this greatly complicates the model and has little
effect on its accuracy. Therefore, simplification seems justified.

Thus, for structural identification of the model, it is necessary to determine the number
of nodes and specify the routing matrix P1. Parametric identification of the model in the
form of QN consists of two stages. Firstly, the parameters of arriving BMAP flow are
determined. Secondly, for each node, the number of channels, the distribution of service
time, the number of places in the queue (required), and the nature of the incoming flow of
requests (if possible) are determined.

The required parameters (effectiveness indicators) are the probability of failure, abso-
lute throughput, the average time of the request in each node and in the system, channel
blocking time, and some others (this depends on the modeling purposes).

The resulting model is challenging to study, and it seems to be impossible to find
effectiveness indicators analytically for it. To find them, we use simulation modeling [3].

4. Simulation Model

To implement the mathematical model, a simulation model of QN is proposed. It is
based on the following principles:

• The arriving flow consists of sequentially incoming groups of requests. The size of
the group and the duration between each arrival to the system are random variables
whose distribution law is set by the user.

• The system consists of S nodes. The requests transit from one node to another in
accordance with the routing matrix P.

• Each node is a queuing system, which has mi servicing channels and ni places in the
queue (i = 1, 2, . . . , S).

• Channels of each node work independently, and each channel has its own distribution
of service time and the size of the serviced group.

• As soon as the channel completed the service, it receives a request from the queue (if
there is one). If the line is empty, the channel goes into idle mode.

• Channels can be blocked to prevent loss of requests between nodes in case of
system overflow.

The simulation model is implemented as the authors’ software module using Object
Pascal programming language [40,41]. The main functions of the software module are
generating the number of requests in arriving groups and the durations between arrivals;
generating the service time and the number of simultaneously served requests in the
channel; checking the system status for overflow; displaying the service process in graphical
and tabular forms; saving the simulation results in MS Excel format.

The accuracy of the simulation model is evaluated on a series of three types of problem
with known characteristics. The first one is m-channel QS with losses (Erlang problem).
The second and the third ones are two- and three-phase QS with blockings and BMAP,
respectively [44]. The performance indicators of the QS obtained by the designed simulation
model are compared with those found by analytical formulas for each task. Based on the
results of the comparison, it was found that for all types of problem, the maximum relative
error does not exceed 4%.
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The following sections describe model experiments in which the operation of real
railway stations is studied. Each experiment includes a description of the station, the
construction of its mathematical model in the form of QS, and the numerical simulation
of the QS. The quality of operating of the selected station is evaluated based on the simu-
lation results.

5. Simulation

We have selected two railway stations for testing the developed approach and the
simulation model. The first station is Sukhovskaya, a freight station located on East Siberian
railway, Russia; the second is Bailey Yard, a marshalling yard located in North Platt, NE,
USA. The systems have different purposes. Freight stations provide mass loading and
unloading of cargo. As a rule, they have relatively small car traffic; five trains per day
arrive on Sukhovskaya on average. Such stations may perform some of the functions of
marshalling yards. Marshalling yards are intended for mass disbanding of trains into
separate groups of cars, sorting these groups in accordance with the further direction of
movement as well as forming and dispatching new trains.

Let us consider the freight RS Sukhovskaya, which was selected for the following
reasons. First, it is a standard station on the East Siberian Railway. Second, its structure
includes a round route for cars moving, which complicates the study. As for Bailey Yard, it is
one of the largest marshalling yards in the world and meets one of the modern directions of
development, which is to maximize the automation of technical processes [45,46]. Besides,
for both stations, it managed to get statistics on arriving train traffic.

5.1. Sukhovskaya Station

In this section, the freight RS Sukhovskaya is considered. It was selected for the
following reasons. First, it is a standard station on the East Siberian Railway. Second, it
managed to obtain statistics on arriving train traffic. Sukhovskaya station is designed for
the mass loading and unloading of cargo. It includes sorting devices (the hump, humping
tracks, draw-out tracks, etc.), the receiving yard, the sorting bowl, the cargo yard, and the
departure yard (see Figure 2).
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The technological process of the station is standard and shown in Figure 1. Now let
us describe its characteristics. The receiving yard has 5 railway tracks with an average
capacity of 87 conventional cars (conv. cars); the sorting bowl contains 16 tracks with an
average capacity of 73 conv. cars; the departure yard includes 10 tracks with an average
capacity of 67 conv. cars. From the receiving yard to the sorting bowl, a single diesel
locomotive moves cars using one humping track. Train breaking-up is performed by a
low-capacity hump with a processing capacity of up to 1500 cars per day. The processing
capacity of the cargo yard is 150 conv. cars per day, at the loading and unloading front,
there are 10 servicing devices that can accommodate no more than 30 conv. cars at a time.
The total capacity of the front is 300 conv. cars. The supply and retraction of cars from
the cargo yard, as well as the complete formation of trains, is carried out by one diesel
locomotive in each of the shunting areas. Table 1 shows parameters of the distribution of
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random variables, which describe servicing time and car group size. Here and below, N(µ,
σ) is the normal distribution, B(v, p) is the binomial distribution.

Table 1. Technical characteristics of Sukhovskaya station.

Receiving Yard Sorting Bowl Cargo Yard Departure Yard

Service time distribution, h. N(2.5, 0.30) N(4.5, 0.50) N(24.0, 0.50) N(4.2, 0.50)
Group size distribution B(90, 0.92) B(90, 0.92) Const = 30 B(90, 0.92)

Service time distributions were obtained from regulatory documents [43] and field
observations. These data include statistics on 91 trains that arrived at the station in
the period from 10 February 2020 to 28 February 2020. Also, by analyzing statistical
observations, it was found that the average number of trains arriving at the station during
the day and night shifts is 3 and 2, respectively. The number of cars on the train is
distributed as B(90, 0.92).

Trains arrive in the system in day and night shifts with different parameters. Hence,
there are two sub-flows, and the control Markov chain vt has two states {0, 1}. Since the
duration of the shifts is the same, the probabilities of the chain transition from one state to
another are p0 = p1 = p = 0.5. The maximum number of cars in a train is 90, therefore the
BMAP flow includes 91 matrices of size 2× 2, Dk, k = 0, 90. Their elements are calculated by
formulas (1), where λ0 = 3/12 = 0.25, λ1 = 2/12 = 0.16(6) and the transition probabilities
pkv, v′ = p f (k), v, v′ = 0, 1, k = 0, 90, f (k) is an arrival probability of a group of k cars, the
group size obeys binomial distribution B(90, 0.92).

Thus, in terms of the theory of queuing, the model of the Sukhovskaya station, con-
structed in accordance with the previously proposed approach, has the following form:

• Node 0—an external source
• Node 1 (Receiving Yard)—BMAP/GX/1/435
• Node 2 (Sorting bowl)—*/GX/2/730
• Node 3 (Cargo Yard)—*/GB/10/300
• Node 4 (Departure Yard)—*/GX/2/670

Here X = B(90, 0.92), B = 30 is maximum size of the served group. The movement of
requests between nodes is carried out by the routing matrix P1.

Figure 3 shows the general scheme of Sukhovskaya station model.
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Table 2 presents the average results for 10 launches of the simulation model. The
virtual simulation time for each start is 3 weeks. We have chosen this value because it
is the minimum time for which the simulation model allows calculating the stationary
characteristics of the studied QN.
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Table 2. Simulation results of the Bailey Yard station.

Arrived groups of requests 105.80 Probability of failure of a requests group 0.022
Arrived requests 8756.80 Probability of failure of requests 0.022

Accepted groups of requests 103.20 Average sojourn time of a request at the system (h) 46.13
Accepted requests 8540.20 Average sojourn time of a request at the system (m) 2767.80

Node parameters Node 1 Node 2 Node 3 Node 4

Average busy channels 0.89 1.49 8.37 1.33
Average queue length 84.74 0.00 57.96 12.84

Average sojourn time of a request at a Node (m) 400.77 288.89 1757.86 320.28
Total blocking time (m) 0.00 7.40 1.60 -

Based on the results of the simulation, it can be seen that the average time spent by
the request in the system is just over 46 h, which is due to the high load of the cargo yard
(Node 3). Node 3 has the largest average sojourn time of the request (more than 29 h),
which makes it a limiting element.

To increase the productivity of the station, it is recommended to reduce the time for
servicing requests in Node 3. Measures to reorganize the work of the cargo yard may
include reducing the time for servicing requests in channels or increasing their number.
In particular, it is technologically possible to reduce the average loading/unloading time
of trains by 16%, i.e., up to 20.16 h per train in the cargo yard. If you do not change the
parameters of the other subsystems, the estimated capacity of the station will increase by
13.2%. In this case, the average time spent by a separate car at the Sukhovskaya station will
be 40.45 h, and it will be possible to service 5.66 trains per day on average.

With a decrease in the average service time of trains in the cargo yard, the receiving
yard (Node 1) becomes the limiting element, the capacity of which is insufficient to increase
the intensity of train arrival further. The most obvious solution to reduce train service time
in this yard is to increase locomotives. However, there is only one humping track in this
subsystem. Therefore, this solution will be ineffective since one locomotive will occupy the
only humping track, and the second one will stand idle. Then it is advisable to increase the
number of service teams in the receiving yard, which will reduce the average service time
by 22%. Taking these two recommendations into account, the station will be able to serve
an average of 7.76 trains per day, i.e., 55.2% more than the current level.

5.2. Bailey Yard Station

Consider the largest foreign two-way marshalling yard Bailey Yard, which is located
in North Platt, NE, USA (Figure 4). The station has a developed track system (about
114 tracks) with reserves of up to 25%, which ensures high throughput and processing
capacity, as well as unhindered receiving of trains even during peak loads. An average
of more than 10,000 railroad cars pass through Bailey Yard every day, and the yard sorts
approximately 4000 cars daily using the yard’s two humps. The eastbound hump is a 10 m
tall mound, and the westbound hump is 6.1 m high. The receiving yards (East and West)
and departure yards (East and West) have 9 and 10 tracks, respectively. Besides, a coal
transit stream passes through the station [45] without processing (up to 32 trains per day).
These trains are not re-formed at the station and arrive only for technical and commercial
processing, as well as refueling the locomotive.

Due to the increase in transport work, Union Pacific has built special transit parks in
the “Western” system: Coal Spare Yard is designed to form its own coal routes, and the
Westbound Mini-Rip Yard is used to receive and send transit non-coal car traffic.
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Now let us describe the characteristics of the West part of Bailey Yard station. The
receiving yard has 9 railway tracks with an average capacity of 93 conv. cars; the sorting
bowl contains 64 tracks with an average capacity of 87 conv. cars; each departure yard
includes 8 tracks (for Westbound Mini-Rip Yard—10) with an average capacity of 97 conv.
cars. From the receiving yard to the sorting bowl, two diesel locomotives move cars using
two tracks. Train breaking-up is performed by the high-capacity hump with a processing
capacity of up to 4000 cars per day, and two parallel humping tracks and two diesel
locomotives are used. Three diesel locomotives perform the final train formation. This
allows the formed trains to be moved to the departure yard reasonably quickly. There
are also two transit yards located parallel to the departure park, which are intended for
handling coal and non-coal routes.

Table 3 shows parameters of the distribution of random variables, which describe
servicing time and car group size. This information was obtained from regulatory docu-
ments [43], statistical observations, and open data [46,47].

Table 3. Technical characteristics of the west system of Bailey Yard station.

West Receiving Yard Westbound Bowl West Departure Yard Coal Spare Yard Westbound Mini-Rip Yard

Service time distribution, h. N(2.59, 0.10) N(4.30, 0.50) N(1.43, 0.20) N(1.00, 0.20) N(1.86, 0.20)
Group size distribution B(90, 0.95) B(90, 0.95) B(90, 0.95) B(90, 0.95) B(90, 0.95)

Arriving car traffic is regulated by the Harriman Dispatching Center (Omaha, Ne-
braska), the main dispatch center of the Union Pacific Railroad. By analyzing statistical
observations and open data [46,47], it was found that the average sum number of trains
arriving at the station for day and night shifts is 36; the average number of cars per train is
85. The number of cars on the train is distributed as B(90, 0.95). BMAP flow is constructed
analogically.

The model of the West part of Bailey Yard station is as follows. The system has five
servicing nodes. Node 1 corresponds to the West Receiving Yard. We assume that the
two thrust locomotives and the hump are two channels; the tracks of the yard are the
queue with a capacity of 837 cars. Node 2 simulates the operating of the Westbound
Bowl. The channels are three thrust locomotives, the queue is the tracks of the park with
5568 places. Node 3–5 describes the operation of the West Departure Yard, Coal Spare Yard,
and Westbound Mini-Rip Yard, where we consider two servicing teams as channels; the
queue is also the tracks of these yards. Nodes 3 and 4 include the queue with 736 places.
The queue of Node 5 has 920 places. Thus, in terms of the theory of queuing, the model
of the west part of Bailey Yard station, constructed in accordance with the previously
proposed approach, has the following form:

• Node 0—an external source
• Node 1 (West Receiving Yard)—BMAP/GX/2/837
• Node 2 (Westbound Bowl)—*/GX/3/5568
• Node 3 (West Departure Yard)—*/GX/2/736
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• Node 4 (Coal Spare Yard)—*/GX/2/736
• Node 5 (Westbound Mini-Rip Yard)—*/GX/2/920

Note that the incoming car traffic model does not consider trains without processing.
This category of trains passes through Nodes 1 and 2 and goes directly to Nodes 3 and 5.
Their presence is taken into account implicitly by increasing the time of service requests in
the channels of Nodes 3 and 5 concerning Node 4. The distributions of the service time
and the sizes of the served groups of requests in the channels at each phase correspond to
the characteristics of the service devices, which are presented in Table 3. The movement of
requests between Nodes is carried out by the routing matrix:

P2 =



0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 0.5 0.25 0.25
1 0 0 0 0 0
1 0 0 0 0 0
1 0 0 0 0 0

.

Figure 5 shows the general scheme of the west part of Bailey Yard station model.
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Table 4 presents the average results for 10 launches of the simulation model. The
virtual simulation time for each start is 3 weeks.

Based on the results of the simulation, it can be seen that the average time spent by the
request in the system is less than a day (20.88 h). Thus, the intensity of processing incoming
trains and the formation of new ones from them is high. However, 77.55% of this time is
spent at one of the three departure yards (nodes 3–5). At the same time, the West Receiving
Yard and Westbound Bowl (Nodes 1 and 2) have a significant duration of channel blocking:
55.19 h for Node 1 and 115.88 h for Node 2. Consequently, all departure yards (Nodes 3–5)
are limiting elements. Their load is close to the maximum possible value.

To solve this problem, it is advisable to increase the number of service teams and the
reserves of locomotives (the number of channels) or to revise the technology of locomotive
operating. These changes are aimed at reducing the average service time in departure
yards. Therefore, if you reduce this parameter for West Departure Yard, Coal Space Yard,
and Westbound Mini-Rip Yard by 20%, the estimated system capacity will increase by at
least 12%.

It was not possible to assess the effectiveness of measures to reduce the service time
in departure parks due to a lack of information on internal traffic flows of Bailey Yard.
To obtain more accurate predictive estimates, the operational characteristics of the given
station, such as information on internal traffic flows, are needed.
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Table 4. Simulation results of the Bailey Yard station.

Arrived groups of requests 763.00 Probability of failure of a requests group 0.014
Arrived requests 65,928.00 Probability of failure of a requests 0.014

Accepted groups of requests 751.80 Average sojourn time of a request at the system (h) 20.88
Accepted requests 64,957.40 Average sojourn time of a request at the system (m) 1252.65

Node options Node 1 Node 2 Node 3 Node 4 Node 5

Average busy channels 1.55 2.09 1.99 1.93 1.94
Average queue length 132.17 199.45 592.90 392.17 580.75

Average sojourn time of a request at a Node (m) 113.33 167.87 1052.07 806.86 1055.39
Total blocking time (m) 3311.50 6952.60 0.00 0.00 0.00

Channel blocking probability 0.11 0.23 0.00 0.00 0.00

6. Discussion

According to the observed performance indicators, Sukhovskaya station and Bailey
Yard station both cope with the current load. Nevertheless, their throughput is close to
maximum. This means that in case of emergencies, they may not be able to cope with
the load. Examples of such situations are the breakdown of a locomotive in the sorting
bowl and/or repair work on the departure tracks. This is a topical problem for Bailey Yard
station since the possibilities for redirecting traffic are limited due to the large distance
between neighboring stations.

Note that in the presented simulation results (see Tables 2 and 4), there is a non-zero
fault probability for both stations, although it is insignificant (less than 0.03). It appears due
to inaccuracy of the model because it is allowed to receive more trains per shift (12 h) than
the receiving yard can accommodate. For example, Sukhovskaya station cannot accept six
or more trains per shift. At a real transport facility, this situation is unlikely due to dispatch
control, which contributes to a more uniform load distribution during the day, which is not
taken into account in the model. Nevertheless, the presence of a non-zero loss probability
once again confirms our assumption that the load of both stations is close to maximum and
there is the risk of switching to an irregular mode of operation.

Based on the simulation results, the limiting elements for both stations are found. For
the Sukhovskaya station, they are the cargo and receiving yards. To increase the capacity of
this station, it is advisable to reduce the average service time in the cargo yard by 16%, in
the receiving yard by 22%. Then the station will be able to serve an average of 7.76 trains
per day, i.e., 55.2% more than the current level.

For the west part of Bailey Yard, the limiting elements are three departure yards with
insufficient capacity. The estimated system capacity can be increased by at least 12% by
reducing the average service time in departure yards by 20%. It is not possible to assess
the effectiveness of measures to reduce the service time in departure parks due to a lack of
information on internal traffic flows of Bailey Yard. For the same reason, we can design a
model of only the West part of this station. Thus, the Bailey Yard station operation model
needs to be refined and expanded, but the available data was sufficient to make some
preliminary conclusions.

The results were discussed with the experts of the “Russian Railways” company and
received prefatory approval.

7. Conclusions

Currently, we can see a growing interest in rail transportation, as railway transport is
one of the most environmentally friendly ways of moving goods and passengers. In this
regard, it is essential to create new model-algorithmic tools and develop existing ones that
can be used for preliminary studies in the modernization of railway transport hubs. At the
same time, it is necessary, on the one hand, to take into account the stochastic nature of
the processes occurring, and on the other hand, to ensure the accuracy and adequacy of
modeling, which will allow for more effective risk management and regulation of transport
flows. Our research contributes to the solution of this problem, and we managed to apply
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and extend the approach that was previously mainly used in the field of information
technology (IT).

In this article, the new method of modeling micro-logistic transport systems based on
the queuing theory is proposed. The novelty lies in the use of queuing networks, instead
of multiphase QS, which we applied earlier [40,41] for the mathematical description of
passenger transport hubs. Queuing networks help us to describe in detail the route of
requests within an object with a non-linear hierarchical structure. This allows us, firstly,
to expand the capabilities of the model apparatus, and secondly, to explore a new class of
transport objects—freight railway stations and marshalling yards.

The proposed method is versatile and highly adaptive (it has already been used to
describe heterogeneous objects). Thus, it is suitable for describing a wide range of cargo
transport systems, including river ports, seaports, and airports, as well as multimodal
transport hubs.

At the same time, we should point out the limits of the model. It is not suitable
for well-scheduled processes, such as unimodal public transportation or corporate cargo
stations, where the influence of random factors needs to be minimized. Moreover, the
models offered are quite simple and cannot replace detailed descriptions of transport hubs.
In the models, elements such as train tracks and on-duty personnel are taken into account
only generically through the capacity of the system and the number of service devices.
Equipment failures, repairs, and other emergencies are not considered. Nevertheless, these
models allow us to make a primary analysis of the hub operation and do not need large
amounts of statistical information for parametric identification. Moreover, our models are
undemanding to system resources for computational experiments. You can use ordinary
personal computers and at the same time, obtain not only qualitative but also quantitative
estimates of the parameters characterizing the efficiency of the transport systems operating
and risk of switching to an irregular mode of operation.

Using this method, models of two operating stations are designed. The first station is
Sukhovskaya, a freight station located in Russia; the second is Bailey Yard, a marshalling
yard located in the USA. Thus, based on the numerical study of the constructed models,
the following results are obtained:

• the load on both stations is close to the maximum allowable value;
• there are limiting elements in both stations, the capacity of which needs to be increased.

For Sukhovskaya station, these are the cargo and receiving yards, and for the West
part of Bailey Yard, these are three departure yards;

• reducing the average service time in the cargo yard by 16% and in the receiving yard
by 22% will increase the capacity of Sukhovskaya station by 55.2%;

• reducing the service time at the three departure yards of the West part of Bailey Yard
by 20% will increase the total system’s capacity by at least 12%;

• the Bailey Yard station operation model needs to be refined and expanded.

Further research can be carried out in the following directions. The first is the im-
provement of the proposed approach through the use of a semi-Markovian service process.
This can help us address the possibility of changes in the operating characteristics of ser-
vice devices associated with breakdowns, temporary inactivity, or the transition of the
system from day to night shifts. Taking these features into account is essential for a more
accurate determination of various risks for both transport and other complex systems,
in particular, information [18,19]. The second direction concerns the expansion of the
model approach to cross-border multimodal transport to study the conditions for the
bullwhip effect and minimize its negative consequences. The third direction is related to
applying the proposed approach to assessing the anthropogenic impact of transport on the
environmental situation.

Moreover, one of the directions for further research is the creation of an intelligent
system based on the developed model-algorithmic and software apparatus [48] for the
automatic construction and study of models of micro logistics transport systems’ operation.
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