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We suggest a mathematical model to allocate locomotives for transportation of freight
trains. The aim of the optimization in this model is to minimize the number of locomotives
used for the transportation of the trains by choosing routes of the trains and locomotives.
Tt is supposed that the trains can be transported only at defined time intervals (so-called
train paths); every locomotive has possible routes called railway hauls. We take into account
the necessity of periodic maintenance. We use graph theory and integer optimization to
formulate the problem. We suggest mathematical definitions of a railway haul, a train path,
a train route, and a locomotive route. An heuristic search algorithm to find an approximate
solution of the problem is suggested. The main idea of the algorithm is maximal usage of
locomotives that started earlier than other ones. The algorithm contains three stages. A
solution of the previous stage is improved at each following stage. We use transfers of the
locomotives to improve the current solution. We describe software development to optimize
the model. We solve the problem using the historical data of Moscow railway.

Keywords: graph theory; integer optimization; allocation of locomotives.

Introduction

The problem of transportation by railway has been researched in many works, e.g.
[1-6]. In these works, the structure of freight trains transportation is described and different
mathematical models of freight transportation are suggested. A literature review on this
topic may be found in [4].

It should be noticed that currently transportation by railway is not effective in Russia.
It is related with delays of the freight trains formation, delays of prepared freight trains
due to the lack of locomotives, delays of freight trains on the way, etc. Only 30% of
planned traffic is performed on time. Moreover, only 30% of locomotives from depots
are exploited effectively. 70% of locomotives are not exploited at each moment. So, it
is necessary to perform a set of works to improve the quality of traffic planning. This
problem contains the formation of freight trains, formation of so-called train paths (i.e.,
time intervals when trains may depart), timetable of trains departure and allocation of the
locomotives, transfers of the locomotives in case of their deficit at a departure station. One
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of the important parts of this problem is the selection of an effective strategy to allocate
the locomotives. For solution of this problem it is needed to develop a mathematical model
of the locomotives allocation for the freight trains transportation, to perform a software
implementation of algorithms and to explore a computer program on real data.

In this paper the further development of mathematical model [7] is described. Unlike
[7], the necessity of periodic maintenance and train weights are taken into account. The
description of the developed algorithm and the computer program of an approximate
problem solution search is presented.

1. Main Definitions

Let a directed graph G = (V, A) correspond to a part of a railway, where V' is a set of
vertices, A is a set of edges. The vertices of the graph G are the main stations (stations
where freight trains are made up and locomotives are changed). The edges of the graph
G are the ways connecting the main stations. Some main stations are also depots. Let us
denote the corresponding subset of V' by D.

Locomotives may move only by defined routes (so-called railway hauls), so we introduce
the following definition.

Definition 1. A sequence of vertices vy, ...,vr, of the graph G is a railway haul P if the
following conditions hold:

1. Each vertex v; is connected with the previous verter: (v;i_1,v;) € A, 1 = 2, 1p.

2. All edges connecting adjacent vertices are different.

3. The first verter coincides with the last one, it is a depot, and differs from other
vertices in the sequence: vy = vp € D, v; # vy fori=21p — 1.

Also, we will consider subhauls and simple subhauls.

Definition 2. Any subsequence of adjacent vertices v, vit1,...,v; (1 < i < j < Ip)
belonging to the haul P is a subhaul of the haul. Any couple of vertices (v;_1,v;) belonging
to the haul P is called a simple subhaul.

Let L be the set of all locomotives from the considered depots. For any locomotive
[ € L, a set of feasible railway hauls is determined.

Let us define the set P, for any set P, [ € L. The set P, contains all simple subhauls
of hauls of the set P;. Suppose that a weight function w;(-): P, — R takes each simple
subhaul of the haul P; for any locomotive [ € L to the maximum weight of a train, which
can be carried by this locomotive. Consider the following equivalence relation on the set
L of locomotives:

ll ~ l2 g Pll = Pl2> Vp S Ph wyy (p) = w12<p)' <1)

The corresponding set of equivalence classes will be denoted by £.

Definition 3. The set £ of equivalence classes generated by (1) is called the set of
applicable types of locomotives.

Let S be a set of carried freight trains. Fach train is described by its weight w?,
dispatch station vg, receiving station v}, readiness time ¢j, time 77, until which the train
has to arrive at the receiving station. It means that the tuple (w®, v, t3, v}, T;) corresponds
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to the train s. Notice that this tuple defines the plan of transportation.
Locomotives and trains can move by preassigned routes only in certain periods of time
called train paths.

Definition 4. A sequence of tuples (v1,l1,v2,72), (Ua,t2,v3,73), ...,
(Vin—1,tin—1,VIy, TIy ), 15 Said to be a path N if the following conditions hold:

1) veV,i=1LIy,t, eR i=1In—1,1,€R, =21y,

2) (Uiavi-i-l) € A, 1= 1,[]\[ — 1,’

3) ti < Tig1, 1= 17[N —1;

4) 7 <t i=21Iy.

In this definition, ¢; corresponds to departure time from the station v;, 7,41 corresponds
to arrival time to the station v; 1. The introduced conditions show restrictions related with
the movement of locomotives. Conditions 1 and 2 require that the locomotives can move
only by edges, condition 3 means that the departure time from the current station is
earlier than the arrival time to the next station, condition 4 means that the arrival time
to a station is earlier than the departure time from this station.

By analogy with subhauls and simple subhauls, let us introduce subpaths and simple
subpaths.

Definition 5. Any subsequence of adjacent tuples belonging the train path N is called a

subpath. Any tuple (v;,t;, viv1,Tis1), @ = 1, N — 1, belonging to the train path N is called
a stmple subpath.

Let a set A/ of train paths be given. Let the unordered set of all simple subpaths
belonging to each path N € N denote by F(N). We denote the set of all simple subpath
belonging to the set N by N, i.e.

N =] F).

NeN

Define a function W (-) with domain 2 x N/, which is the Cartesian product of the set of
all locomotive combinations and the set of all simple subpaths. The function value defines
the maximal weight, which can be carried by the corresponding locomotives combination.
It is obvious that W({l}, (v,t,v', 7)) = wi((v,v")) if | € L, (v,v’) € P;. Also, the values
wy((v,v")) coincide for all | € L, where £ € £ is an applicable type of locomotives. The
combination of locomotives is called a complex locomotive. The complex locomotives are
used to carry heavy trains.

Since the locomotives move only by paths and hauls, we introduce the definition of a
feasible route with respect to the set of hauls. In this definition we take into account that
the locomotives have to undergo maintenance not later than in time 7' (48 hours) after
the previous maintenance. The duration of maintenance is denoted by t7o (8 hours). It is
assumed that at the initial time each locomotive [ € L is described by time interval Tk,
which has passed since the previous maintenance. If a locomotive undergoes maintenance
at the initial time then the value 71, is negative and is equal in magnitude to the time
remaining until the finish of the maintenance.

Definition 6. A subsequence of simple subpaths (vi,t1,v9,72), (ve,ta,v3,73), ...,
(vr—1,tr,—1,v1,71,) is called a feasible route M; of the locomotive | with respect to the
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set of hauls Py if the following conditions hold:
1) T Stz, = 2,]1— 1,’
2) (vi,viq1) €P i =1,1 —1;
3) there exists an increasing subsequence iy,...,i5 of numbers from the set

{2,3,...,I;} such that
Tho + 7 < T,
ti, — 7, >tro, j=1,—1
T, =ty <T, j=2f,
T, —ty, <T,if fi # 1.

Condition 1 requires that the arrival time to a station is earlier than the departure time
from this station. Condition 2 restricts a feasible transportation by the hauls. Condition
3 requires maintenances in certain time interval. The sequence t; ,...,%; fz corresponds to
the times of the maintenances start. According to (2) the time of the first maintenance
start is not later than time interval 7" since the previous maintenance. According to (3)
the maintenance cannot be less than tro. It follows from (4) that time interval between
the departure after the maintenance and the next maintenance cannot be more than 7'
According to (5) the departure time after the last maintenance must be later than the
time 7' before the arrival to the route termination.

Note that the route is a spatiotemporal concept. Let us denote the set of feasible routes
of the locomotive [ by M;. The initial and terminal stations of the route M; are denoted
by vo(M;) and vg(M;) respectively. The time of the first path beginning in the route is
denoted by to(M;). The arrival time to the terminal station is denoted by 77(M;).

Let us introduce the definition of a train feasible route. This concept is also
spatiotemporal.

Definition 7. A sequence of simple subpaths (vi,ti,v9,7), (vo,te,v3,73), ...,
(vr,—1,tr,—1,v1,,71,) 18 called a feasible route of the train s € S and is denoted by Ry
if the following conditions hold:

1) vy =v§;

2) vr, = v§;

3) T; Stz; 1= 2,]5 - 1,’

4) 5 <t

5) TF > I,

Conditions 1 and 2 define the initial and terminal stations of the route, condition 3
restricts departure and arrival time, conditions 4 and 5 require to carry out all needed
transportation on time.

The set of feasible routes of the train s is denoted by R.

Let us define the set F(M;) of all simple subpaths belonging to the route M, for all
locomotives [, | € L,. Also, we define the set F(Ry), s € S, of all simple subpaths belonging
to the route R, of the train s.

For all simple subpaths n € N and all sets M = {M;},c;, of routes let us define the
set m,(M). This set contains all locomotives that move by the simple subpath n if the set
M is fixed:

l €m,(M)<=ne F(M). (6)
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2. Statement

Let us consider the part of the railway, which corresponds to the graph G = (V, A)
defined above. Suppose that L is a set of locomotives, S is a set of trains, N is a set of
paths. Let A be the corresponding set of simple subpaths. Let a weight function W (-) of
complex locomotives be given. For all locomotives [ € L a set P; of hauls is defined. Let
P, be the set of simple subhauls.

At the initial time some locomotives can move, so it is supposed that a locomotive
[ € L can depart only from a fixed station v}, after the time .

Let the time 74, since the previous maintenance be given for all locomotives [ € L.
The set of feasible routes M, is given according to definition 6 taking into account the
time 71, for all locomotives [ € L. Similarly, for all trains s € S, the set of feasible routes
R is given. Let |L| be the number of locomotives from the set L with non-empty route.

Let the set of paths A, C N that can be used to carry the train be given for all trains
s € S . The set of all corresponding simple subpaths is denoted by N,. These constraints
are needed because some paths can be used only for certain transportation.

Let M = {M,},cr be a selected set of routes for all locomotives, R = {Rs}scs be
a selected set of routes for all trains, M = {M;},cr be a set of feasible routes for all
locomotives, R = {R}ses be a set of feasible routes for all trains.

It is required to select a set M of the locomotive routes and a set R of the train routes
such that the number |L| of the exploited locomotives is minimal and all train routes are
covered by locomotive routes. It means that the following problem should be solved:

|L| - min (7)
MeM,ReER
subject to
M, e M;, l € L, (8)
R, e Ry, s€S, 9)
U F®,) c|JFn), (10)
seS leL

F(R)NF(Ry) =0, s#5, 5,8 €8,
W(m,(M),n) > w®*, ne€ F(Rs), s €S,
F(M)CN,lel,

F(Rs) C N, s€S,
vo(M;) = v},
to(M;) > th.

Conditions (8) and (9) mean that we consider only the feasible locomotive routes and
train routes. In particular, it means that feasible hauls exist for the feasible routes. Also,
notice that the feasible route requires to carry out the plan on time.

Condition (13) requires that the train routes contain only simple subpaths, because

the set |J F(M;) C N contains simple subpaths that belong to some route of locomotive.
leL

Condition (14) defines the similar requirement for train routes, moreover, it restricts the
selection of feasible paths to carry a train. Condition (10) means that all simple subpaths
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belonging to the route of a train are used for a locomotive, i.e., all trains are carried by the
locomotives. Also, it follows from this condition that the locomotives can move by simple
subpaths that are not used by trains. Therefore, each used path corresponds to a train
with one or several locomotives or to a locomotive without train.

Condition (11) means that the routes of trains cannot intersect, i.e., one simple
subpaths cannot be used for two trains. Since the locomotives can move together or with
a train (so-called auxiliary run), the similar condition is not used for the locomotives.

Condition (12) sets weight norms of complex locomotives, i.e., the complex locomotive
(M) exploited at a path n € F(Rs) and carrying the train s has to be able to carry a
train with weight W (m,(M),n) not less than w®.

Conditions (15) and (16) define an initial state of the locomotives.

Notice that the set S of trains and the set N of paths are defined by the daily
transportation plan and by the number of days of the general plan.

In the formulated problem, routes of the locomotives and trains should be selected.
Although practically the paths are given for the certain trains. So below we suppose that
the set of feasible routes Ry of the train s € S contains only one route. Therefore, the
problem is reduced to a problem of locomotive allocation to carry trains with certain
routes.

3. Algorithm of Locomotives Allocation

Formulated problem (7) is a combinatorial problem of high dimension. Tt is difficult
to find the exact problem solution. Therefore, we propose an heuristic algorithm for an
approximate solution. We assume that the routes of all trains s € S are defined, i.e., a path
to move is defined for each train. The algorithm consists of three stages: the construction of
basic solution and two stages for the advancement of the solution obtained in the preceding
stage. The algorithm is based on the idea of maximal usage of the locomotive with the
minimum initial time of movement. That enables uniform utilization of the locomotives
taking into account the maintenance. The locomotives move to the maintenance according
to the using queue. The basic solution involves an unlimited number of locomotives at each
station at the initial time. As a result the implementation of the transport plan gives great
value |L|. To improve the basic solution at the second stage of the algorithm we use the
transfers of locomotives finished their movement. As shown by the results of calculations,
this transfer can improve the solution significantly. If the results are unsatisfactory, then
we can use the third stage of the algorithm, which runs more complex transfers described
below. For simplicity, in the description of the algorithms we do not consider limitations
on the weight for the transported trains. In case of these restrictions we need to search
complex locomotives.

3.1. Construction of a Basic Solution

Let a non-empty set S = {s; | i = 1,|S|} of trains with non-empty routes be given.
Let vs(l), 7(I) be the terminal station of the route M; (or initial station in case of an
empty route) and the arrival time of the locomotive [ € L at the station. The & denotes
the concatenation operation of two routes of locomotives. The result of the concatenation
of the two routes is a new route, obtained by attaching simple subpaths included in the
second route, to the first one. The operation of concatenation is well-defined only for the
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case when the second route starts at the same station as the first route ends.

Algorithm 1 (Construction of the basic solution)

1.Let i:=1,j:=1, M;:=0,l € L.

2. If j < I, then fix the subpath j n; = (vo(n;),t(n;),ve(n;),7(n;)) of the route of
the train s;. Otherwise j := 1, ¢ := i + 1; if i < |S|, repeat step 2, otherwise finish the
algorithm.

3. Find the locomotive | € L such that vo(n;) = vs(l), 7(1) < t(n), M; ®n; € M. If
the locomotive is found, add simple subpath n; of the route M;: M; := M;®nj, j:=j5+1
and go to step 2. If the locomotive is not found, then go to step 4.

4. Take the new locomotive [ € L from the depot at the station vj, 7 = j + 1,
M, := {n;}, then go to step 2.

In this and all subsequent algorithms the priority is given to the locomotive with the
earliest initial time of the movement in the case when several locomotives can be chosen.

3.2. Searching of the Complex Path

For a locomotive transfer we must find the path that connects station at which the
locomotive has stopped and the station from which the train is departed. Let t(n) be the
initial time of the movement of simple subpath n, 7(n) be the terminal time of the simple
subpath n. NV, denotes the set of simple subpaths corresponding to the edge a € A. To each
edge of the graph G the weight characteristics equal to the average time for its movement
is assigned:

Wa = TR Y (r(n) = t(n), (17)

where |V,| denotes the cardinality of the set N,. Let n*(vo, t, vy, 7) be the complex path,
passing along the shortest path, joining station vy and vy, with initial time later than ¢
and terminal time not later than 7. To find the shortest paths between vertices of the
weighted directed graph we can use, for example, the Floyd — Warshell algorithm [8].

3.3. Transfer 1

Suppose that as a result of the basic solution searching we have found a set L =

{l; | i = 1,1} of locomotives with non-empty routes. Let 7(M;) be the arrival time of the
locomotive [, vg(M;) be the terminal station of the route M.

Algorithm 2 (transfer 1)

1. Let 7 := 1.

2. If 1 > l:, then finish the algorithm. Otherwise, 7 := 4+ 1 and go to step 3.

3.1f j > [, then 7 := i 41 and go to step 2. Otherwise, if [; ~ [; and 7(M,,) < to(M,),
then go to step 4; otherwise, j := j + 1 and repeat step 3.

4. Search a path 0 = n*(vy(M,), 7(My,),vo(My,), to(My,)), satisfying the condition
M, ® 0 ® M;;, € M,,. If such path is found, go to step 5; otherwise j := j + 1 and go to
step 3.

5. Assign My, == My, ® 0 @ My, L:= L\ {l;}, J:=j + 1 and go to step 3.

The purpose of this algorithm is to find pairs of locomotives [; and [; such that all
the locomotive [; movements can be given to the locomotive [;. Herewith, the trip of the
locomotive with more ordinal number is given to the locomotive with the lower number.
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3.4. Transfer 2

During application of the algorithm 2 locomotives are replaced by each other only if
the start of the second locomotive movement is later than the end of the first locomotive
movement. If the locomotive has a big break in the movement, then Algorithm 2 does not
provide the transfer of locomotive trips. To give these trips to other locomotives, we offer
the following algorithm. Suppose that we received a set L = {l;}._, of locomotives with
non-empty routes as a result of applying algorithm 2.

Algorithm 3 (transfer 2)

1. Let 5 := 2.

2.1f j <l leti:=1, N*:=0, L* := () and proceed to step 3. Otherwise, complete the
algorithm.

3. If F(M;,;) € N*, proceed to step 5. If i > 7, let j := j+1 and go to step 2, otherwise
proceed to step 4.

4. If I ~ I; and there is a couple of simple subpaths n, € F(M,,), N} € F(M,,)\ N*,
satisfying the following conditions:

T(nh) <t(n), t(n?) < t(nt,,);
30, = 1 (op(nd), (), v (), 2));
30y = n*(vp(n?), 7(n}), v (qH),t(n; 1);
(Nll,...,né,@l,nf,eg,nqﬂ,...,n}l)GMZ

(3

then L* := L*U{l;}, N* := N*U{6,}U{n?} U{6,} and repeat step 4. Otherwise, i := i+1
and go to step 3.

5. Allocate locomotives from the set L* to the corresponding simple subpath from the
set N*, L:= L\ {l;}, j:=7+1 and go to step 2.

Conditions (18)-(21) mean that the locomotive [; can make one trip by a path n? of
l; locomotive.

4. Software Implementation

C++ programming language was chosen to develop the software system to allocate
locomotives for transportation of freight trains. Microsoft Visual C-++ 12.0 was chosen as a
development environment. This environment supports C++ 11 standard, which provides
many powerful features actively used for this software. Initial data for the program is
provided in CSV and XLSX formats. COM technology is used to read and write data with
the help of Excel 2010 program from the Microsoft Office 2010. Component Object Model
(COM) is a binary-interface standard for software components introduced by Microsoft.
It is used to enable inter-process communication and dynamic object creation. Microsoft
Office provides usage of COM technology, so it allows us to use all the features of this
package to develop other programs. The program system uses COM to interact with Excel
to operate with CSV and XLSX files.

The program system consists of 5 classes.

1. "Depot" class stores information about depot stations and adjacent hauls. Class
methods provide correct locomotives movements.

2. "Station" class stores information about all main stations of the railway net. It is
used to form the graph, presented in the form of an adjacency list. Map structure is used
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to present this list. The first element of the map is a station, the second element is an
adjacent stations vector.

3. "Locomotive" class stores information about locomotives (order number, tonnage,
time of maintenance, route, etc.). This class is used to allocate locomotives to trains and
for locomotive movements. Class methods form movement statuses on simple subpaths,
namely point if the locomotive is performing with a train on the selected simple subpath or
without train, or in a complex locomotive. The selected statuses with locomotives numbers
are recorded in the appropriate "Path" class properties. There are also methods, which
provide movement specifications calculations such as with train, without train, in complex
locomotive.

4. "Train" class stores information about trains (train order number, freight weight,
estimated freight delivery time). It is used to form the train route, so that to find a path,
on which that is carried.

5. "Path" stores information about all simple subpaths (time, departure station,
destination station, route matching appropriate subroute, information about locomotives
movement by this subpath).

The software system consists of four parts:

1) initial data reading;

2) initial data processing;

3) algorithm execution;

4) result output.

Initial data is presented in the form of tables except for the railway graph which is
presented as an adjacency list.

1. File containing information about stations which take part in the traffic, such as
station type and number, depot presence and type.

2. File containing information about web topology presented by a graph in the form
of adjacency list.

3. File containing information about paths.

4. File containing daily movements plan.

The initial data processing consists of:

1) graph creation;

2) simple subpaths set formation from the initial paths set by the help of division;

3) simple subpaths cauterization on graph edges and weight assignment;

4) search the shortest paths through all graph vertices using the Floyd — Warshall
algorithm;

5) trains allocation to paths using algorithms 1-3.

There are many output formats for results visualization. All of them are tables stored
in XLSX format. The main output format is a list of all train routes that is the sequence
of all simple subpaths to be used by every locomotive. The visualization is performed on
the last step of the program execution.

"Locomotives usage" table is formed for the quality assessment. This table provides
efficiency evaluation of locomotive usage. This table is a lower triangular matrix. Let us
describe the table structure. Table rows and columns corresponds to calendar days. The
value of each cell with index (7, ) is formed from locomotives quantity used during the
i-th day and departed from a depot during the j-th day.

The software system is designed to perform a full cycle of calculations for each set
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of initial data. This means that every change in initial data requires a new launch of the
system.

5. Numerical Experiment Results

Numerical experiment was executed with the help of data provided by Moscow Railway.
The data was gathered from 20 Sep. 2015 until 1 Oct. 2015. Initial data characteristics
are presented in Table 1.

Table 1
Initial data

The number of stations 40
The number of depot-stations 16
The number of marshalling yards 16
The number of trains in daily movement plan 592
The number of paths per day 1254
Plan period (days) 10

All calculations were made considering both restrictions on maintenance and without
them. In case of considering restrictions it is assumed that locomotives should undergo
8-hour maintenance at least once every 48 hours. Software system execution time depends
on the initial data. For example, the decrease of plan period will increase the execution
time significantly. Any change in the trains quantity will not affect the execution time.
For initial data presented above the execution time is about 10 minutes. The results are
provided in Table 2.

Table 2
The solution of the problem
Algorithm Number of locomotives Number of locomotives
(with maintenance) (without maintenance)
Algorithm 1 2700 2989
Algorithm 2 500 581
Algorithm 3 297 369

Table 3 "Locomotives usage" was made for the considering maintenance restrictions
case. There are 11 rows in Table 3 because the first and the last days are not complete
(12 hour period was considered). It is not difficult to see that the matrix track is the value
of the objective function. Let us mention that new locomotives are not being put into
operation at the end of the period. This indicates the stabilization process which means
that the value of the objective function is close to the overall locomotive fleet count. Let
us compare the solution with the historical data of locomotives usage by Moscow Railway.
Overall locomotive Moscow Railway fleet is about 900 locomotives. Every day 700 of them
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Table 3
Locomotives usage (with maintenance)

Number of | Number of locomotives exploited during the i-th day Total
trains and taken in the j-th day
299 201 | 0 0 0 0 0 0 0 0 0 0 201
592 198 |83 |0 0 0 0 0 0 0 0 0 281
592 201 |78 |48 |0 0 0 0 0 0 0 0 327
592 197 |83 |34 |9 0 0 0 0 0 0 0 323
592 193 |69 |40 |7 14 |0 0 0 0 0 0 323
592 199 |81 |34 |9 10 |7 0 0 0 0 0 340
592 181 |69 |33 |9 14 15 1 0 0 0 0 312
592 195 |79 |36 |9 11 15 1 2 0 0 0 338
592 183 |71 |34 |7 14 |4 1 0 0 0 0 314
592 187 |75 |33 |6 13 |5 1 0 0 4 0 324
293 139 |47 |17 |4 9 3 0 0 0 1 0 220

are used. Thus we can make a conclusion that our solution is two times better than the
current one.

Conclusion

In this work the mathematical model to allocate locomotives for transportation
of freight trains is suggested, the algorithm to solve the problem and its software
implementation are developed. The result of numerical experiments has shown that the
suggested method allows us to reduce the number of exploited locomotives about twice.
However, we should notice that in practice this result is difficult to obtain, because in the
considered example a lot of constrains are not taken into account, particularly, we consider
only one type of maintenance, we do not consider possible random deviations from the
timetable. But the obtained result allow us to hope that the found solution will provide
effective locomotives usage.
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AJITOPUTMUNYECKOE U ITPOI'PAMMHOE
OBECIIEYEHUE /TJId HASHAYEHN A JIOKOMOTUBOB
C OEJIBIO ITEPEBO3KU I'PY30BbIX COCTABOB

B.M. Azanos, M.B. Byanos, /.H. I'atinanos, C.B. Hseanos

IIpenmaraerca maTeMaTuIecKasa MOJIENTh HA3HAUEHUS JJOKOMOTHBOB JIJIsI IEPEBO3KHU T'PY-
30BBIX COCTABOB. llenbi0 ONITUMHU3aIuN B MOJIENIN SABISETCS MUHAUMU3AINS IUCIIa 331eHCTBO-
BAHHBIX JIJIsi MIEPEBO3KH COCTABOB JIOKOMOTHBOB 33 CUET BBIOOPA MAapIIPyTOB COCTABOB U
JokoMOTHBOB. [Ipeanonaraercst, 9T0 COCTABHI MOTYT MEPEBO3UTHLCS B OTIPEIETIEHHBIE TTPOME-
KYTKHU BPEMEHH, KOTOPble Ha3bIBAIOTCA HUTKAMU, JIJIS KaXKJOTO JIOKOMOTHBA yCTAHOBJIEHBI
JMONMYCTUMbIE BAPUAHTHI MEPEIBUKEHNs, HA3BIBAEMbIE ILJIE€IAMU. Y YUTHIBAETCS HEOOXOIU-
MOCTD TI€PUOIUIECKOr0 MPOBEJIEHU TEXHUIECKOTO OCMOTPA JIOKOMOTUBOB. [laa dopmysu-
POBKU 331391 UCIIOJIB3YETCS AlIaPAT TEOPUH rpadoOB U MEN0YNCIeHHOH onTuMu3anun. Pop-
MaJIU3YI0TCs YKEJIe3HOI0POKHBIE [IOHATHS [LJI€Ya, HUTKY, Peiica CoCTaBa u MapiipyTa 00opo-
Ta, JIOKOMOTHBA. [Ipeanaraercs 3BpUCTUIECKU AJITOPUTM TIOUCKA TTPUOIMKEHHOTO PEIIEH ST
zagaan. OCHOBHOI uaeeil mpeaIaraeMoro ajJirOPUTMa, SIBJISeTCS MAKCUMAJIBHOE UCIIOIb30Ba~
HHE JIOKOMOTHBOB C PAHHUM HAYAJIOM JIBUXKEHWA. AJITOPUTM COCTOUT W3 TPEX ITAIMOB, HA
KazK/IOM U3 KOTOPBIX YIIYUINaeTCd MPEAbIAYINee HAleHHOe PEIeHre. YIydIlleHne PeIeHns
OCYIIIECTBJISIETCS 33 CYET [IEPErOHOK JIOKOMOTUBOB. [IpuBoauTres onucanne pazpaboTaHHBIX
MPOTPAMMHBIX CPEJICTB JIJIST ONITUMU3AINN JaHHON Mogenu. [IpoBemeHbl YnCIeHHbIe SKCITe-
PUMEHTHI Ha, MPUMEPEe UCTOPUIECKUX TaHHBIX MOCKOBCKOI »KeIe3HON JOPOTy.

Karuesnvie caosa: meopus 2pagﬁ06; YUEAOYUCAEHHAA ONTNMUMU3AUUA, HA3HAYEHUE A0KO-

MOMUBOE.
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