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The theoretical basis of the choice of new locomotives for Ukraine in the post-war
period

In the case of the research of promising locomotives, we are dealing with a complex event —
"choosing a locomotive for implementation”. To effectively solve this problem, it is suggested to
decompose this event. Therefore, the purpose of this work is to develop a methodology for modeling the
evaluation process according to objective criteria of various options of new traction rolling stock. The
Saaty method has been developed by transforming the hierarchy into an artificial neural network. The
training of this network occurs automatically when analyzing the matrices of pairwise comparisons, and
at the output we have a generalized criterion — the rating of the locomotive R, the value of which varies
from O (the worst indicator) to 1. This allowed, unlike the existing approach, not to compare locomotives
by compiling a matrix of comparisons at the last stage. Instead, a matrix of comparisons of the most
important criteria by which traction rolling stock is evaluated has been compiled. The developed method
has the ability to support various strategies for the operation of the locomotive park. This is implemented
at the stage of drawing up the second-level criteria comparison matrix. Depending on the tasks facing
the railways, it is also possible to adjust the degree of preference of one criterion over another. This
provides even greater flexibility in using the proposed method.

Keywords: rolling stock, diesel locomotive, transport system, the Saaty method, artificial neural
network.

Introduction. Updating the locomotive park of Ukraine is a priority task in the post-war
development of the state. Over the past decades, the structure of the fleet of freight and passenger
locomotives has practically not changed. The most significant implementation was the acquisition of
new TE33AS diesel locomotives manufactured by General Electric. But this implementation has not yet
received further development and these diesel locomotives make up a small part of the operational fleet
of railways. In addition, some difficulties arose during the commissioning of these locomotives, which
could have been avoided with a more detailed analysis of their characteristics and operating conditions.
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Analysis of recent research and problem statement. Currently, the theoretical provisions
describing the choice between existing alternatives and management decision-making are sufficiently
developed. They are based on the pattern recognition theory presented in works [1-4]. Direct use of
approaches given in similar sources is not always possible. It is necessary to carry out sufficiently
extensive preparation of initial data, adaptation of physical quantities and characteristics of the rolling
stock to the conditions of theoretical calculations. The use of neural networks is also a promising method
for solving selection tasks [5,6]. This allows to conduct network training in an automated mode and
obtain reliable selection results. But this method is limited by the need to have a training sample. In our
case, it is necessary to have all the parameters of an "ideal locomotive" for training a neural network
according to classical algorithms [7]. This is usually impossible, as the choice is made from a limited
number of competing models. In addition, within one series of the locomotive, the characteristics may
deviate significantly within the established norms [8]. And if it is possible to conditionally set the "ideal"
values of individual parameters, then it is difficult to create a complex of such values under the condition
of their most optimal ratio, which can reduce the adequacy of the final result of the neural network.

Considering the above, the most promising is the use of the method of analysis of hierarchies [9] to
solve the task of choosing new locomotives. The Saaty method allows to evaluate several competing
series of locomotives based on a combination of their technical characteristics, operating conditions and
expert opinion.

The purpose and tasks of the study. Currently, there is no complete theoretical justification for the
selection of new locomotives among several competing series, which would take into account a wide
range of criteria and operational factors inherent in the operating conditions of Ukrainian railways.

In the process of planning the introduction of new equipment, railway transport specialists determine
a list of promising objects planned for implementation and evaluate the advantages and disadvantages
of each of them according to various criteria [10-12]. In the case of the research of promising
locomotives, we are dealing with a complex event — "choosing a locomotive for implementation”. To
effectively solve this problem, it is suggested to decompose this event. Although the decompositions
carried out by different people may differ from each other [13], experience shows that experts get close
estimates at the operational level when describing and defining this or that option for implementing new
technology on railways. Therefore, it is necessary to obtain a formalized model to describe this complex
procedure, which would allow taking into account a wide range of factors influencing the final choice
of a locomotive and obtain quantitative indicators of this choice. Therefore, the purpose of this study is
to develop a methodology for modeling the evaluation process according to objective criteria of various
options of new traction rolling stock.

Materials and methods of research. Building a hierarchy of locomotive selection.

Let's introduce some notation. Under the terms of the locomotive selection task, let’s obtain a set of
locomotives

Le(,l,,...1) (1)

where e L — set of all locomotives intended for selection;
I, — a separate locomotive series from the set L.
When comparing locomotives, let’s use the plural

C < (c,,C,,Cy, .., C,) 2
where C — the set of all significant criteria for choosing a locomotive;
cn — a separate criterion from the set C by which locomotives are compared.

If the set L is known and defined, then the set C needs clarification and structuring. This is due to the
fact that there is a very wide range of characteristics of locomotives. Different experts determine the
number of significant elements of the set C from 10 to 60, depending on the approaches and selection
tasks. In connection with such a large number of evaluation criteria, this work proposes to create a
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hierarchy of criteria for the selection of locomotives, which will ensure the structuredness, logic and
visibility of the representation of the set C.

According to the Regulation on the State Administration of Railway Transport of Ukraine [14], the
main tasks of Ukrzaliznytsia are:

1) organization of the coordinated work of railways and enterprises in order to meet the needs of
public production and the population in transportation;

2) ensuring effective operation of railway rolling stock, its repair and renewal,

3) development of railway transport development concepts;

4) taking measures to ensure the safety of railway transport, its infrastructure and the reliability of its
work.

In addition, there are three main regulatory documents that affect the strategy of using traction rolling
stock: the rules of technical operation of railways of Ukraine, the manual for the operation of a separate
series of rolling stock, and the financial plan of Ukrzaliznytsia. Therefore, it is considered appropriate
to combine all criteria for the selection of locomotives according to the following three groups:
""economic criterion", "operational criterion" and "safety criterion".

As a result of the analysis, a list of all significant criteria that influence the decision to choose a new
locomotive was obtained. The resulting set C consists of both individual elements (criteria) and subsets
(formula 3)

Ce (Cl’c27C3’C4()’ CS()'CG’C7’C8’C9’C10()'C11’ C12) (3)

where ¢, —"price of the locomotive" criterion;
¢, —"relative consumption of fuel and lubricants” criterion;
cs —"life cycle of the locomotive" criterion;
c4() — a subset of criteria "costs for service maintenance and repair";
cs() — a subset of "reliability" criteria;
cs — "coefficient of useful action of the locomotive" criterion
c¢7 — "coefficient of useful use of power of the internal combustion engine™ criterion;
cs — ""design speed" criterion;
Co — "power of the locomotive" criterion;
cio() — a subset of criteria "permissible influence on the track of a typical design" [15];
c11 — "modernity (year of commissioning of the series)" criterion;
c12 — "working conditions of the locomotive brigade" criterion.
Subsets of criteria include the following criteria for evaluating locomotives.

C,4 Oe (Czuv Cazs C43) (4)
where c41— "depot conversion costs" criterion;
C42 —"'maintenance costs" criterion;
Cs3 —"'expenses for current repairs" criterion.
Cs Oe (CSl’ Cs2,Cs3,Csys Css) (5)

where ¢s1 — "quality of the on-board diagnostic system™ criterion;
cs2 —'longevity of the locomotive" criterion;

Cs3 — "'repairability of the locomotive" criterion;

Cs4 — "locomotive reliability" criterion;

Css — "'locomotive maintainability" criterion.

C10() € (C101+ Ci02+ Cio3s Cioa) (6)
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where c101 — "axle load" criterion;

Cio2 — "lateral force" criterion;

C103 —'dynamic running load on the track from the cart" criterion;

C104— "the ratio of the maximum horizontal load to the average vertical load from the rail to the sleeper”
criterion.

The resulting hierarchy of locomotive selection criteria is presented in Fig. 1.

In this way, a general four-level hierarchy was obtained, at the top of which there is the goal — to
choose for purchase the most suitable locomotive for the existing conditions. For the practical use of the
Saaty method, it is necessary to obtain an algorithm that will ensure the achievement of the goal when
entering the initial data. The initial data are the values of all the criteria of the fourth (lower) level and
the values of the criteria belonging to the set C, with the exception of the subsets c4(), ¢s() and Cio().
These subsets represent the results of processing the fourth level criteria.

Selection of diesel
locomotive series
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C* - the ratio of the maximum horizontal load to the average vertical load from
the rail to the sleeper, no more

Fig. 1. Structure of the hierarchy of significant criteria for choosing a new locomotive.

At each level of the hierarchy, elements of this level are compared with each other [16]. Moreover,
the comparison is performed several times: as many elements as are contained at the highest level. Each
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comparison is made "from the position" of one of the elements of the higher level, which acts as a
criterion by which the elements of the current level are compared pairwise.

All groups of criteria, actually criteria and options are compared with each other according to the
classic scale 1..9 according to the scheme "each with each”, the results of the comparison are presented
in the form of a matrix of paired comparisons. A vector of weighting coefficients is formed for each
matrix of pairwise comparisons. For greater scientificity of the method, Saaty recommends calculating
the weighting coefficients as an eigenvector of the matrix of pairwise comparisons, which corresponds
to the largest eigenvalue of this matrix. There is no problem of calculating this eigenvector, but there is
no particular need for its calculation either: if to normalize the elements of the columns of the matrix of
pairwise comparisons by their sums, and then average the results obtained in each row, the result will
be very close to the Saaty eigenvector.

The construction of the matrix of pairwise comparisons is as follows. Let’s set a qualitative pairwise
comparison scale with the following conversion into points:

exactly, don't care = 1

slightly superior (worse) = 3 (1/3)

better (worse) =5 (1/5)

much more preferable (worse) =7 (1/7)

fundamentally preferable (worse) = 9 (1/9)

They are used in the case of an intermediate opinion

intermediate points 2, 4, 6, 8.

Next, using the given scale, let’s build a matrix of pairwise comparisons of the criteria of the second
level of the hierarchy. The purpose of this is to establish which criterion has the greatest influence when
choosing a locomotive. According to the survey of 26 experts (specialists in the fields of operation and
repair of locomotives, managers of locomotive depots, representatives of railway management), the
following matrix was obtained (Table 1).

Using the scale and terms given above, it is possible to say that the economic criterion is "slightly
more important” (3 on the scale) than the operational one.

Table 1. Matrix of pairwise comparisons of criteria of the second level

Criterion name Economic criterion | Operational criterion Safety criterion
Economic criterion 1 3 1/5
Operational criterion 1/3 1 1/2
Safety criterion 5 2 1

Let's analyze the matrix in Table 1. To do this, let’s normalize the matrix: find the sum of the elements
of each column (7) and divide all the elements of the matrix by the sum of the elements of the
corresponding column (8):

;=8 +a,; + (7
A= ©
'S

i

As aresult, let’s get a matrix of weighted average ratios between the criteria. By adding the
average values of each row to the tabular representation of this matrix, let’s get the weight column of
the criteria according to the goal (Table 2.)

Table 2. Normalized mean values of ratios between criteria
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Criterion name Economic Criterion
criterion Operational criterion Safety criterion | weight
Economic criterion 0,1579 0,5000 0,1176 0,2585
Operational criterion 0,0526 0,1667 0,2941 0,1711
Safety criterion 0,7895 0,3333 0,5882 0,5703

In practice, the "Weight of criteria” column allows to evaluate individual criteria according to their
importance and rank them. In our case, priority is given to the safety criterion when choosing
locomotives. It should be noted that in this way, the weight of the criteria based on the opinion of the
expert community is obtained. But an approach is also possible, when the railway management, when
making a decision to update the locomotive park, is guided by a given development strategy. This
strategy could theoretically involve prioritizing cost minimization or minimizing the time to process and
deliver cargo. Then, according to the goals, the decision-maker can manually assign weights to
individual criteria. Also, in the future, when carrying out specific calculations, it is possible to obtain
the relative cost of increasing the weight of safety or operational priorities, or evaluate the impact of an
operational criterion on the safety of transportation, etc.

The next step is the analysis of the third level criteria (Fig. 1). For example, let’s give this process
for establishing the relative weight of sub-criteria related to the "Economic criterion”. the matrix of
comparisons in this case will be presented in the form of a Table 3.

Table 3. Matrix of paired comparisons of the third-level criteria in relation to the ""Economic

criterion™

Subcriterion name 1 2 3 4 5 6
1 | Price 1 3 6 1/5 3 5
2 | Relative costs of fuels 1/3 1 7 2 1/3 3
3 | Term of operation 1/6 1/7 1 1/6 1/3 4
4 Service and repair costs 5 1/2 6 1 6 8
5 | Reliability 1/3 3 3 1/6 1 3
6 | Efficiency coefficient (Efficiency) 1/5 1/3 1/4 1/8 1/3 1

Let’s determine the average values of the relationships between the economic subcriteria and obtain
their weights (Table 4)

Table 4. Normalized average values of relations between economic subcriteria

Subcriterion name I

1 5 3 4 5 6 Crlt(_erlon

weight
1 | Price 0,14 | 0,38 | 0,26 | 0,05 | 0,27 | 0,21 0,22
2 | Relative costs of fuels 0,05 | 0,43 | 0,30 | 0,55 | 0,03 | 0,13 0,20
3 | Term of operation 0,02 | 0,02 | 0,04 | 0,05 | 0,03 | 0,17 0,05
4 | Service and repair costs 0,71 | 0,06 | 0,26 | 0,27 | 0,55 | 0,33 0,36
5 | Reliability 0,05 | 0,38 | 0,13 | 0,05 | 0,09 | 0,13 0,14
6 | Efficiency coefficient 0,03 | 004 | 001 | 0,03 | 0,03 | 0,04 0,03

(Efficiency)
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Using the example in Tables 2 and 3, tables of normalized average values of relations between other
sub-criteria of the third level, as well as between sub-criteria of the fourth level (Fig. 1) are prepared.

The next stage is the preparation of the initial data for the calculation of the selection of the
locomotive. Based on the physical meaning of the criteria of the third and fourth level, they all have
different dimensions and values. For the possibility of their processing, it is proposed to normalize the
initial data, that is, to present them in the form of numbers in the interval 0 > w¢i> 1, and the minimum
values are the least acceptable, and the maximum values are, respectively, the most acceptable for the
selection of the locomotive. Let’s also note that it is not desirable to obtain a normalized value of the
criterion equal to 0O, since this automatically excludes the criterion in the calculation of the higher-level
criterion in further calculations. This can lead to a distortion of the final result.

When carrying out normalization, it is necessary to take into account the logic of each indicator in
the general structure of the hierarchy. There are values whose increase has a positive effect on the choice
of a locomotive (efficiency coefficient, service life, power utilization factor, etc.), and there are values
whose increase has a negative effect on the choice (the price of the locomotive, the cost of its
maintenance, fuel consumption). Based on this, the formula for normalization of input values will have
the following form:

Cipresent

Yo =—, If ¢, > max

Ci max
)
C C
Xei =1=

ipresent — “imin

, iIf ¢, > min
c

imax

where yci — the normalized value of the criterion;
¢, —» max ( ¢, — min ) — an increase (decrease) in the value of the criterion increases the probability

of choosing a locomotive;
cimax —the maximum value of the criterion value from all locomotives selected for inspection;
cimin — the minimum value of the criterion value from all locomotives selected for inspection;
cipresent — the current value of the criterion value of the locomotive being checked at the moment.
Using formula (9) will approximate the normalized value of the criterion to 1 for all types of criteria,
provided that this value contributes to the final selection of the current locomotive being calculated.
From the lower level of the hierarchy to the upper level, information is transferred according to the
following expression:

K
Xi = ZWC(z—l)i * Xe(z-i (10)
i1

where - the normalized value of the i-th criterion of the z-th level of the hierarchy
k — the number of criteria at the hierarchy level (z-1).
wC(z-1)I — the weight of criterion si, calculated based on the results of the analysis of the matrix of
pairwise comparisons of the criteria of the (z-1)-th level of the hierarchy.
An artificial neural network can be built based on the hierarchy shown in Figure 1 [17] (Figure 2).
A set of analytical expressions describing the one shown in Fig. 2 neural network, offered in the
following form:
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C oC R—

C,) SC

Fig. 2. Artificial neural network for locomotive selection

3

c,()= ZWM()i * Xeapi
i1
5

c0= chs()i * Xespi
i1

4
Co() = chlo()i " Xe100i
i1

EC = Wchcl + Wczlcz + WC3Z(33 + Wc4C4 () + WcSCS () + WcGZc&B

(11)

OC = WchcZ + Wc3/}//c3 + Wc4C4 () + WC5C5 () + WCGZCB + Wc7/1/c7 +
FWeg Xog +Weo Xeo +WeroCro ) + Weas Zeas + Weao Zeao

SC = W3 ¥cs + WesCs () + Weg Zeg + WegoCio () + Wegy Xea + Weao Xeao

R=w.. -EC+w,. -OC+wg -SC
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where ¢ — the parameters of the locomotive (input data of the neural network) contained in the set (3);
w — the weight of the relevant criteria, which was obtained during the analysis of the comparison
matrices;

& - normalized values entering the input of the neural network from the set (3);

EC, OS, SC — values of economic, operational and safety criteria, respectively;
R — the value of the final rating of the locomotive from the set (1).

The presented neural network for locomotive selection has three layers: input neurons (marked by
circles), an inner layer (marked by squares) and an output layer consisting of one neuron R. The
activation function of the neural network is a simple linear function f(x)=x. In our case, the neural
network is already trained, using the method of hierarchy analysis we obtained the criteria weights,
which for the neural network are the synapse weights. The output neuron R at the output gives the value
[0;1], which characterizes a specific locomotive, represents its rating in comparison with other
locomotives. The maximum value of the rating makes it possible to choose the most suitable locomotive
from all presented for comparison.

Conclusions. When planning the introduction of new series of locomotives, railway management
faces a complex multi-criteria task. Obtaining a mathematical apparatus that will allow to objectively
evaluate each locomotive and predict the consequences of its operation will significantly speed up and
formalize this process. The method of analyzing hierarchies has already proven itself sufficiently and in
this case gives quite adequate results. This article develops the Saaty method by transforming the
hierarchy into an artificial neural network. The training of this network occurs automatically when
analyzing the matrices of pairwise comparisons, and at the output we have a generalized criterion - the
rating of the locomotive R, the value of which varies from 0 (the worst indicator) to 1. This allowed,
unlike the existing approach, not to compare locomotives by compiling a matrix of comparisons at the
last stage. Instead, a matrix of comparisons of the most important criteria by which traction rolling stock
is evaluated has been compiled. In this case, it is possible to enter input data for any locomotive and get
its general rating for the conditions embedded in the neural network. To retrain the network for other
conditions of operation of promising locomotives, it is only necessary to change the priorities of the
criteria in the matrices of their comparisons (for example, in the matrices of Table 1 and Table 3)

In addition, the developed method has the ability to support various strategies for the operation of
the locomotive fleet. This is implemented at the stage of drawing up the second-level criteria comparison
matrix. If the strategy of railway development is the preference of operational indicators over economic
ones, then this can be easily implemented by adjusting pairwise comparisons within the given scale, i.e.
giving greater preference to the "Operational Criterion". Depending on the tasks facing the railways, it
is also possible to adjust the degree of preference of one criterion over another. This provides even
greater flexibility in using the proposed method.

Gratitude. The work was carried out with the support of the National Research Fund of Ukraine
within the framework of the development of the project 2022.01/0224 on the topic "Development of
scientific foundations of comprehensive improvement of safety, efficiency of operation and
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Heuponny mepeacy. Hasuanms yiei mepeoici 8i00ysacmvpcs asmomMamuyHo HpU AHARIZT MAmMpuyb
NONAPHUX NOPIGHANb, d HA BUXOOT MAEMO Y3A2AbHEHUL Kpumepiii — peumune 10KomMomusa R, snavenns
K020 3mintoembes 6i0 0 (Hatieipwuti nokasnux) 0o 1. Lle 003601un0, Ha 6iOMIHY 610 iCHYI04020 HIOX00Y,
He NOpiHI8AmMU JOKOMOMUBY WISXOM CKIAOAHHS Mampuyi NOPIGHSAHb HA OCMAHHLOMY emAani.
Hamomicmv cknadeno mampuyio nopieHAHb HAUGANCAUGIUUX KPUMEPILs, 34 SAKUMU OYIHIOEMbCS
ms2oeutl pyxomuil cxkiad. Po3pobnenuti memoo mMae MONCIUSICMb RIOMPUMYEaAmU PI3HI cmpamezii
@DYHKYIOHYBAHHA TOKOMOMUBHO20 NAPKY. Lle peanizyemvbcs Ha emani CKIA0AHHS MaMpuyi NOPi 6HAHHS
Kpumepiie 0pyeoeo pieHs. 3anexcHo 6i0 3a60aHb, KL CMOSMb neped 3aNi3HUYEI0, MAKONC MONCHA
pezyniogamu Cmyninb nepegazu 00H020 Kpumepito Hao iHwum. Lle 3abe3neuye we Oinvuty eHyuKicmo
BUKOPUCTHAHHS 3ANPONOHOBAHO20 MEMOOY.

Knrouosi cnosa: pyxomuii cknaod, OuzenbHull T0KOMOMUS, MpAHCROPMHA cucmema, memoo Saaty,
WMYy4Ha HeUPOHHA Mepedica.
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