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Annotatsiya: Manyovr lokomotivining ishlashini kutayotgan ko‘p sonli yuk 

obyektlari sharoitida manyovr dispetcheri qaysi lokomotivlar bilan va qanday ketma-

ketlikda bu tashish ishlarini amalga oshirishni aniqlashi kerak. Bunday hollarda 

manyovr lokomotivlari ishini rejalashtirish mezonlari rejalashtirish intervali 

oralig‘idagi lokomotivlar ishining umumiy kutish vaqtini minimal miqdori tanlanadi. 

Ushbu maqolada ishlarning lokomotivlar uzatilishini kutishini minimallashtirish va 

samarali qarorni avtomatlashtirish uchun temir yo‘l stansiyalarida manyovr 

lokomotivlari ishini “tarmoqlar va chegaralar” usuli asosida rejalashtirishning 

matematik modeli ishlab chiqilgan. Ushbu model temir yo‘l stansiyasining 

ekspluatatsion xodimlariga bitta yoki yo‘l-yo‘lakay yo‘nalishlardagi yuk ob’ektlariga 

boradigan vagonlarni guruhlash va birlashtirish imkonini beradi. 

Kalit so‘zlar: manyovr lokomotivi, “tarmoqlar va chegaralar” usuli, matritsa, 

ishlarni birlashtirish, lokomotivlarning ishini kutish. 

Аннотация: В условиях больших чисел грузовых объектов, ожидающих 

работу маневрового локомотива маневровому диспетчеру необходимо 

определить какими локомотивами и в какой последовательности следует 

осуществить эти перевозки. В таких случаях критерии планирования работы 

маневровых локомотивов выбирается минимум суммарного ожидания 

локомотивов работами в течение интервала планирования. В данной статье 

разработана математическая модель планирования работы маневровых 
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локомотивов на железнодорожных станциях на основе метода «ветвей и границ» 

с целью минимизации ожидания локомотивов работами и автоматизации 

принятия эффективного решения. Данный модель позволяет оперативному 

персоналу железнодорожной станции объединить работы с целью группировки 

единичных работ, имеющих одинаковые или попутные адреса отправлении и 

назначения. 

Ключевые слова: маневровый локомотив, метод «ветвей и границ», 

объединение работ, ожидания работами локомотивов. 

Abstract: In conditions of a large number of cargo objects awaiting the 

operation of a shunting locomotive, the shunting dispatcher needs to determine which 

locomotives and in what sequence these transportations should be carried out. In such 

cases, the criteria for scheduling the work of shunting locomotives is the minimum of 

the total waiting time of locomotives for work during the planning interval. In this 

article, a mathematical model has been developed for scheduling the work of shunting 

locomotives at railway stations based on the “branches and boundaries” method in 

order to minimize the waiting of locomotives by work and automate an effective 

decision. This model allows the operating personnel of the railway station to combine 

jobs in order to group single jobs that have the same or associated departure and 

destination addresses. 

Key words: shunting locomotive, “branches and boundaries” method, 

consolidation work, locomotive work expectations. 

Introduction. Shunting work at railway stations has a significant impact on the 

transportation process and largely determines its efficiency, significantly affects the 

economy of the transportation process of JSC “O‘zbekiston temir yo‘llari”. 

To a greater extent, the role of shunting work on the sidings of railway stations 

is growing. The movement of a locomotive making shunting works should be 

controlled by only one employee - the head of the maneuvers, the trainer responsible 

for their correct implementation [1]. 

The work of all shunting locomotives in the station is coordinated by the station 

attendant. At marshalling yards, the work of shunting locomotives in the marshalling 

yard, the receiving yard is supervised by the person on duty on the hill. At stations with 

a large volume of cargo work, the shunting locomotive is in charge of the shunting 

dispatcher. 

In conditions of a large number of cargo objects awaiting the operation of a 

shunting locomotive, the shunting dispatcher needs to determine which locomotives 

and in what sequence these transportations should be carried out. In such cases, the 

criteria for scheduling the work of shunting locomotives is the minimum of the total 

waiting time of locomotives for work during the planning interval. 

One of the tools that contribute to improving the quality and efficiency of 

planning and control of technological processes at stations, as well as the best use of 

shunting means and devices is the operational planning of shunting locomotives based 

on modern methods of solving. 

Today, scientists and specialists of railway transport are carrying out a lot of 

work to improve methods for performing various types of shunting work and to 

develop such a technology of shunting, which would take into account the potential 
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capabilities of shunting means and devices, as well as the achievements of modern 

theory and practice of science. However, all these works are mainly aimed at the 

efficient operation of a shunting diesel locomotive without taking into account the 

expectation of their work, replacing shunting locomotives with locomotives, reducing 

the time for performing shunting operations due to the development of stations, 

improving their track development schemes and equipment with modern means of 

automation and tele mechanics [2- 7]. 

Based on the analysis of the experience of railways and the works of scientists, 

it can be concluded that the problem of resource conservation on railways both in the 

near and far abroad is given a lot of attention. However, studies on improving the 

methods of scheduling the work of shunting locomotives at stations on the basis of a 

minimum total waiting for locomotives for work during the planning interval have been 

performed insufficiently. 

Analysis and results. One of the tasks arising in the development of an 

automated transport control system is the scheduling of locomotives. The functions 

performed by locomotives are summarized by the concept of "work" (moving one or 

several cars from one cargo object to another, supply and cleaning of loaded and empty 

cars, shunting movements, train operation, reserve runs). Thus, the problem under 

consideration is solved after the workflow has been formed (submitted for execution). 

Let us introduce the following designations for the work parameters: 

𝑇𝑖 – the moment of presentation of the i-th work, starting from it is possible to 

perform it; 

𝑡𝑖 – the duration of the i-th job; 

𝑇𝑖
𝑐𝑟– the maximum permissible ("critical") moment of completion of the i-th 

work; 

||С𝑖𝑘|| (𝑖, 𝑘 = 1, 2, … , 𝑁;  𝑖 ≠ 𝑘) – the matrix of the times of the move between 

the points of the i-th and k-th jobs. 

There are M locomotives to perform N works submitted, with 𝑀 < 𝑁. Each of 

the locomotives is characterized by the value 𝑇𝑗 (the moment the j-th locomotive is 

ready to perform work) and a vector - the column of travel times 𝐶𝑗 = (𝐶1
𝑗
, 𝐶2

𝑗
, … , 𝐶𝑁

𝑗
) 

from the location of the j-th locomotive to the points of presentation of each work. It 

is assumed that the locomotive can perform only one job at a time and the started job 

cannot be interrupted. 

It is required to distribute the work between the locomotives and establish the 

sequence of work for each of them. 

When solving this problem, various optimality criteria and objective functions 

are practically used, depending on technological conditions: 

minimization of the total waiting time of locomotives for work submitted for 

execution; 

maximization of the number of works performed during the planning interval 

(subject to the obligatory performance of some works) or the number of reworked cars. 

Other criteria are also possible. 

In the considered formulation of the problem, the criterion “the minimum of the 

total waiting for locomotives by work during the planning interval” is adopted. The 
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waiting period is the time from the moment the work is presented to the moment it 

starts to be completed. This takes into account a number of restrictions: 

• some work must be done with zero waiting (eg replacement of wagons at the 

front of the blast furnace); 

• two locomotives are required to perform separate works at the same time; 

• certain works are interdependent (for example, the cleaning of cars from the 

cargo front must precede the delivery of cars to the same front), etc. 

The algorithm for scheduling the work of locomotives in the general case 

consists of the following enlarged blocks. 

The work flow formation block provides a sequential view of the system 

elements (loading and unloading points, station tracks, etc.) to identify the need to 

supply locomotives in the planning interval T. Since the problem under consideration 

is not solved autonomously, but in combination with other tasks, the work flow 

formation block is a direct continuation of the blocks that solve the tasks of planning 

these works. The identified works are written into an array, where the place of their 

implementation is indicated, and 𝑇𝑖 , 𝑡𝑖 , 𝑇𝑖
𝑐𝑟 are determined at the same time. The array 

of jobs is formed in ascending order 𝑇𝑖 . 

The block for combining jobs analyzes their array in order to group individual 

jobs that have the same or associated departure and destination addresses. In this case, 

the union is possible only if the shifts of the final moments of the possible execution 

of the combined jobs 𝑖, 𝑖 + 𝑘 (𝑇𝑖 ≤ 𝑇𝑖+𝑘) arising as a result of the union do not exceed 

𝑇𝑖
𝑐𝑟, 𝑇𝑖+𝑘

𝑐𝑟 . 
For the accepted option of combining, one work is recorded in the work matrix 

instead of two. 

The locomotive scheduling block solves the main problem of the algorithm. 

Various methods of solving it are possible. Below we consider algorithms based on the 

use of the branch-and-bound method [8-10]. 

The block for correcting the plan, taking into account the track scheme, checks 

the possibility of implementing the obtained plan in the conditions of the 

interdependence of trains as they move. For each of the trains and locomotives, the 

times of occupation of all elements of the route are calculated, and in case of 

coincidence of these times on individual elements or coincidence in time of hostile 

routes, dispatch control measures are taken (crossing, overtaking, delayed departure, 

etc.). 

The algorithm for solving this problem can be used in conditions of rigid zoning 

of locomotives or in cases where it is advisable to distribute work between locomotives 

on the basis of certain heuristic procedures. Further development of this algorithm 

makes it possible to use it to solve the problem of scheduling the work of several 

locomotives. The following designations have been introduced:  

𝐴1, 𝐴2, … , 𝐴𝑁 − the sequence of works submitted, 𝐴𝑖 = {𝑇𝑖 , 𝑡𝑖 , 𝑇𝑖
𝑐𝑟}; 

𝑆 = {𝑖1, 𝑖2, … , 𝑖𝑁} − the sequence of work numbers performed by one 

locomotive; 

 𝑇 − the moment the locomotive is ready to start work; 
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 𝜃𝑖 − the locomotive is late for the i-th job, if this job is 

performed first; 

 𝜃𝑖𝑘 − being late for the k-th job, if it follows the i-th; 

 𝜃𝑖1  𝑖2… 𝑖𝑟
− being late for the i-th job after completing jobs 𝑖1, 𝑖2, … 𝑖𝑟−1. 

We also denote 

𝛿𝑖𝑘 = 𝜃𝑖 + 𝑇𝑖 + 𝑡𝑖 + 𝑐𝑖𝑘 − 𝑇𝑘.      (1) 

Taking into account the introduced designations, you can write: 

𝜃𝑖 = max{0, 𝑇 + 𝑐𝑖𝑘 − 𝑇𝑘  }      (2) 

𝜃𝑖𝑘 = max{0, 𝛿𝑖𝑘  }      (3) 

or 

 𝜃𝑖𝑘 ≥ 𝛿𝑖𝑘       (4) 

𝜃𝑖1  𝑖2… 𝑖𝑟
= max{0, 𝜃𝑖1  𝑖2… 𝑖𝑟−1

+ 𝛿 𝑖𝑟−1𝑖𝑟
− 𝜃 𝑖𝑟−1

 }.    (5) 

Assuming that the matrix ||С𝑖𝑘|| contains the minimum travel times between 

points i, k, then the following inequalities are true: 
𝑐𝑖 + 𝑐𝑖𝑘 ≥ 𝑐𝑘;

𝑐𝑟𝑖 + 𝑐𝑖𝑘 ≥ 𝑐𝑟𝑘
}.      (6)  

this implies: 

𝛿𝑖𝑘 > 𝑐𝑘 − 𝑇𝑘;      (7) 

𝜃𝑖𝑘 > 𝜃𝑘.       (8) 

In other words, the delay of the locomotive to the k-th job will not decrease if 

this job is performed not the first, but the second. Similarly, one can prove that 

𝜃𝑖1  𝑖2… 𝑖𝑟 𝑘 ≥ 𝜃𝑘 .      (9) 

From formulas (5) and (9) it follows 

𝜃𝑖2… 𝑖𝑟
≤ 𝜃𝑖1 … 𝑖𝑟−1 + 𝜃 𝑖𝑟−1 𝑖𝑟

− 𝜃 𝑖𝑟−1
    (10) 

and for the last 𝑖𝑁- the job 

𝜃𝑖1… 𝑖𝑁
≤ 𝜃𝑖1 … 𝑖𝑁−1 + 𝜃 𝑖𝑁−1 𝑖𝑁

− 𝜃 𝑖𝑁−1.   (11) 

Based on conditions (10) and (11), we obtain 

𝜃𝑖1… 𝑖𝑁−1𝑖𝑁
≤ ∑ 𝜃𝑖𝑘 𝑖𝑘+1

𝑁−1
𝑘=1 − ∑ 𝜃𝑖𝑘 

𝑁−1
𝑘=2 = ∑ (𝜃𝑖𝑘 𝑖𝑘+1

𝑁−1
𝑘=1 − 𝜃 𝑖𝑘+1

) + 𝜃 𝑖𝑁. (12) 

Similarly, for any 𝑖𝑟- th job 

𝜃𝑖1… 𝑖𝑟
≤ ∑ (𝜃𝑖𝑘 𝑖𝑘+1

𝑟−1
𝑘=1 − 𝜃 𝑖𝑘+1

) + 𝜃 𝑖𝑟.   (13) 

Summing over r, we get: 

∑ 𝜃𝑖1  𝑖2… 𝑖𝑟

𝑁
𝑟=1 ≤ ∑ 𝜃 𝑖𝑟

𝑁
𝑟=1 + ∑ ∑ (𝜃𝑖𝑘 𝑖𝑘+1 −𝑟−1

𝑘=1 𝜃𝑖𝑘+1 )
𝑁
𝑟=2 = ∑ 𝜃 𝑖

𝑁
𝑟=1 +

(𝑁 − 1) × (𝜃𝑖1  𝑖2
− 𝜃 𝑖2

) + (𝑁 − 2)(𝜃𝑖1  𝑖2
− 𝜃 𝑖3

) + ⋯ + (𝑁 − 𝑘)(𝜃 𝑖𝑘𝑖𝑘+1
−

𝜃 𝑖𝑘+1
) + ⋯ + +(𝜃 𝑖𝑁−1 𝑖𝑁

) + 𝜃𝑖𝑁 .
    (14) 

Thus, (14) determines the upper bound for the sum of locomotive delays to 𝑁 

jobs (in the case 𝛿𝑖𝑘 ≥ 0 strict equality holds for all i, k). 

Consequently, the right-hand side of inequality (14 can be taken as an optimality 

criterion, to minimize the values of which we used method of the “branches and 

boundaries”. 

Objective function: 

𝑍 = ∑ 𝜃 𝑖
𝑁
𝑖=1 + ∑ (𝑁 − 𝑘)𝑁

𝑘=1 (𝜃 𝑖𝑘𝑖𝑘+1
− 𝜃 𝑖𝑘+1

)   (14) 

and since ∑ 𝜃 𝑖
𝑁
𝑖=1 = 𝑐𝑜𝑛𝑠𝑡 = 𝐶 0, the problem is to minimize the second sum in (14). 
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To obtain estimates of subsets of routes arising in the process of branching, 

construct the matrix 

𝑀 0 = ‖𝑎 𝑟𝑖‖ = ‖𝜃 𝑟𝑖 − 𝜃 𝑖‖.     (15) 

The objective function takes the form 

𝑍 = 𝐶 0 + ∑ (𝑁 − 𝑘)𝑁−1
𝑘=1 𝑎 𝑖𝑘𝑖𝑘+1

→ 𝑚𝑖𝑛   (16) 

and the problem is reduced to choosing the optimal values 𝑎 𝑖𝑘𝑖𝑘+1
 

We branch and evaluate the resulting vertices according to the following 

algorithm. 

0-th step. Calculated  𝑎𝑟
0 (𝑟 = 1,2, … , 𝑁) − the minimum values for the lines 

𝑀 0: 

𝑎𝑟
0 = min{𝑎 𝑟𝑖} , 𝑖 = 1, … 𝑁    (17) 

an ordered sequence is formed 

Г 0 = (𝑎𝑖1

0 , 𝑎𝑖2

0 , … 𝑎𝑖𝑁

0 ),     (18) 

satisfying the condition 

𝑎𝑖1

0 ≤ 𝑎𝑖2

0 ≤ ⋯ ≤ 𝑎𝑖𝑁

0      (19) 

As a lower bound for 𝑍 on the set of all routes, we take 

𝑍0 = 𝑐 0 + ∑ (𝑁 − 𝑘)𝑁−1
𝑘=1 𝑎𝑖𝑘

0 ,    (20) 

since it can be shown that for any schedule 𝑍 ≥ 𝑍0. 

1-st step. Branching into two subsets Ф 1, Ф 1 is carried out as follows. Let 𝑎 𝑖1
=

𝑎 𝑝𝑞, then Ф 1 – is a subset of routes for which the first two jobs are 

− 𝐴𝑝, 𝐴𝑞;  Ф 1  −subset of routes for which 𝐴𝑝, 𝐴𝑞 are not the first two jobs. 

Матрица 𝑀 0, исходная для 1-го ветвления, обозначается 𝑀 1, а матрица, 

полученная из 𝑀 1 вычеркиванием строк и столбцов с номерами 𝑝, 𝑞, 
обозначается 𝑀1

𝑝𝑞
. 

Since a possible continuation of any option 𝜑1 ∈ Ф 1 must begin with 𝐴𝑞, for 

the assessment of  Ф 1, an assessment sequence Г 1 is formed: 

Г 1 = (𝑎𝑖1

′ , 𝑎𝑖2

′ , … 𝑎𝑙𝑁

′ ),     (21) 

𝑎𝑖1

′ , = 𝑎𝑖2

′ = 𝑎 𝑝𝑞;      (22) 

 𝑎𝑖2

′ = 𝑚𝑖𝑛{𝑎 𝑞𝑙},      (23)  

𝑙 ≠ 𝑝, and as the rest 𝑎𝑖𝑘

′ 𝑘 = 3, … , 𝑁 take the values of the minimum along the 

rows of the matrix 𝑀1
𝑝𝑞∗

, arranged in ascending order. 

The estimate 𝑍1 for the set Ф 1 is calculated by the formula 

𝑍 = 𝑐 0 + ∑ (𝑁 − 𝑘)𝑁−1
𝑘=1 𝑎𝑖𝑘

′ .    (24) 

The evaluation sequence Г 1 for Ф 1 has the form 

Г 1 = (𝑎𝑖1

′ , 𝑎𝑖2

′ , … 𝑎𝑖𝑁

′ ),     (25) 

𝑎𝑖1

′ = 𝑚𝑖𝑛{𝑎 𝑟𝑡} = 𝑎 𝑠𝑡; 𝑟, 𝑙 = 1,2, … , 𝑁. (𝑟, 𝑙) ≠ (𝑝, 𝑞)    (26) 

The rest of the elements of Г 1 are taken from the original sequence Г 0 (18), 

from where the minimum over the s-th row was previously excluded. 

The estimate 𝑍 1 is calculated similarly to (24) by summing over the elements 

Г 1.  
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As a vertex for the subsequent branching Ф′ is chosen, for which 

𝑍′ = 𝑚𝑖𝑛 {𝑍1, 𝑍2}.     (27) 

𝑘-th step. With all subsequent branches, two cases may arise. 

1. After k branches, a sequence of works  𝐴 𝑖1
, 𝐴 𝑖2

, … , 𝐴 𝑖𝑞−1
, 𝐴 𝑖𝑞

, is selected for 

the sequence of works, which serves as the beginning of further steps. 

Objective function assessment 

𝑍0 ≥ [𝑐 0 + (𝑁 − 1)𝑎 𝑙1,𝑙2
+ ⋯ + (𝑁 − 𝑞 + 1)𝑎 𝑙𝑞−1,𝑙2

] = 𝑐 𝑘   (28) 

2. After k branches, no subsequence of jobs is chosen, ie, 𝑍𝑘 = �̅� 𝑙 , 𝑖 = 1, 2, … , 𝑘.  
This means that the matrix 𝑀 𝑘+1 is identical to 𝑀1, but the elements 

corresponding to the sequences not selected in the first k branches are replaced by very 

large numbers. 

The choice of a vertex for subsequent branching is similar to that described 

above. The branching process continues until all jobs take up space in the sequence. 

The Z score for the last vertex gives the value of the goal function. 

In the case 𝑎 𝑖𝑘 ≠ 0; for all i, to Z determines the true sum. 

The required sequence of operations is described by a work dependency graph, 

the vertices of which correspond to the activities, and the arcs determine the order of 

their execution. The first level of the graph contains independent vertices without 

incoming arcs. Works of the k-th level cannot be performed earlier than the previous 

works of 1, 2, … , (𝑘 − 1) -th levels. Taking these constraints into account significantly 

reduces the set of acceptable options. 

Results and discussion. The computational scheme of the sequence ordering 

algorithm is illustrated by the following simple example. Let us present the initial 

waiting matrix for locomotives by jobs 𝑀0 = ‖𝑎𝑟𝑙‖ for four jobs 𝐴1 … , 𝐴4;  𝜃𝑖 = 0, 𝑖 =
 1, 2, 3, 4, i.e., locomotives are not late for the first works. 

- А1 А2 А3 А4 ai 

А1 X 11 14 15 11 

А2 16 Х 10 15 10 

А3 44 35 Х 25 25 

А4 41 36 21 Х 21 

bi 16 11 10 15 - 

The original sequence Г0 = (10, 11, 21, 25). 
Assessment 𝑍0  =  3 ∙ 10 + 2 ∙ 11 + 1 ∙ 21 + 0 ∙ 25 = 73; 𝑎𝑖1

= 𝑎𝑝𝑞 = 𝑎23. 

We form two subsets: 𝑇1, where the first two jobs are 𝐴2, 𝐴3, and also �̅�1, where the 

first two jobs are not 𝐴2, 𝐴3. 

Let's form a matrix 

𝑀1
𝑝𝑞∗

= 𝑀1
23∗ = ‖

∞ 15
41 ∞

‖. 

We form a sequence Г1: 

𝑎𝑖 1

′ = 𝑎𝑖1
= 10; 𝑎𝑖 2

′ = 25; 

Г1 = (10, 25, 15, 41). 
Assessment 𝑍1 = 3 ∙ 10 + 2 ∙ 25 + 1 ∙ 15 + 0 ∙ 41 = 95. Next, we form the 

sequence Г̅1: 
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𝑎𝑖 1

′ = 11, Г̅1 = (11, 10, 21, 25). 

Assessment 𝑧1̅ = 3 ∙ 11 + 2 ∙ 10 + 1 ∙ 21 + 0 ∙ 25 = 74. 
74 < 95 and, consequently, for the subsequent branching we choose the vertex  

𝑧1̅, consistent with the sequence of works 2, 3. The further course of the solution is 

clear from Fig. 1. 

 
Fig. 1. An example of solving the problem of scheduling the work of shunting 

locomotives according to the criterion of minimum total waiting for work. 

From Fig. 1 that the optimal sequence when performing work with one 

locomotive {𝐴1𝐴2𝐴3𝐴4} gives the sum of delays 𝜃 = 78 minutes. 

Conclusion 

1. A mathematical model has been developed for scheduling the work of 

shunting locomotives at railway stations on the basis of the “branches and boundaries” 

method in order to minimize the waiting of locomotives by work and automate the 

effective decision-making. 

2. The developed model allows the operating personnel of the railway station to 

combine works with the aim of grouping single works that have the same or associated 

departure and destination addresses. 
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