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Abstract. Railway rolling stock must meet the requirements related to its use in the transportation process. The
significance of these requirements can be determined using expert testing methods. The current research offers a
framework of 9 criteria, which have been developed by the authors of the study, and which contribute to a com-
prehensive assessment of their importance and priority in relation to each other using expert evaluation meth-
ods. The normalised weights of the criteria were determined using Average Rank Transformation Into Weight

Linear (ARTIW-L), Average Rank Transformation Into Weight Non-linear (ARTIW-N) and Direct Percentage Weight
(DPW) methods. The criteria were given ranks and percentage weights by 18 experts with consistent opinions,
which made it reasonable to consider the average of the experts’ opinions as the outcome of the task. The nor-
malised weights of the criteria have shown that the most important issues for the experts included passenger and
crew safety (0.1619), passenger and train staff ride comfort (0.1330) and environmental protection (0.1201). The
least important criteria for the experts cover the range per one electric charge or full tank of fuel (0.0776), the
dynamic performance of the traction rolling stock (0.0849), and the purchase price, the rebate system, the dura-
tion of the warranty period (0.0911). The other 3 criteria are of medium importance. The outcomes of this study

can be used in deciding on the best alternative for rail traction rolling stock.

Keywords: rail transport, traction rolling stock, serviceability criteria, weights, experts, priority.
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Notations

AHP — analytical hierarchy process;
ARTIW-L — average rank transformation into weight linear;
ARTIW-N - average rank transformation into weight non-
linear;
CFT - conventionally fuelled train;
CFV — conventionally fuelled vehicle;
CO, — carbon dioxide;
DPW - direct percentage weight;
ET - electric train;
FCH — fuel cell and hydrogen;
HT — hydrogen train;
JSC — joint-stock company;
MCDM — multiple-criteria decision-making.

Introduction

Quality of life depends on efficient transport that increas-
es people’s mobility. Travel is not only by road, but also
by rail. Nowadays, for travel people can use a variety of
means of transport, and they usually choose the one that
is the most suitable and reliable for them. The choice of
one mode of transport as an alternative to another is sub-
jective. It is usually based on passengers’ views regarding
the advantages and disadvantages of certain means of
transport. The methods and results of the study on pas-
sengers’ preferences for sustainable train travel as an alter-
native to travelling by bus (Maskelianaité, Sivilevicius 2021)
and by air (Sivilevi¢ius, Maskelitinaité 2018) are presented.
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To this day, rail transport continues to be popular all
over the world, with improvements in railway track and
rolling stock, the better quality of passenger service, and
increased safety of travel, which allow rail transport to
compete with other modes of transport (Maskelitnaité
2021). The assessment of the importance of energy quality
(Danwen et al. 2021) and energy efficiency (Garcia-Garre,
Gabalddn 2019) in electrified railways is carried out. Not
only passengers but also freight is carried by rail.

Alternative traction is a major focus for researchers and
rolling stock companies. The efficiency of energy, diesel,
and hydrogen traction as well as CO, emission reduction
in rail transport is being investigated (Hoffrichter et al.
2012). Due to environmental requirements, diesel traction
is being replaced by environmentally friendly alternatives
in many parts of the world. Rail lines are being electrified
rapidly; however, it is unlikely that all routes will be elec-
trified in the near future. In addition, passenger numbers
carried by rail will not justify the high infrastructure costs.
Some lines are likely to have a combination of hydrogen
and electric traction. The railway traction drives will need
to be modified to accommodate these new power sup-
plies. When evaluating new hybrid electric systems, a de-
tailed overview of the available traction motors and drives
is provided (Polater, Tricoli 2022).

The EU’s ambitions include the reduction of environ-
mental pollution and finding alternative means of trans-
port. European passenger carriers employ alternative trac-
tion - batteries or hydrogen. This is done with the view of
moving away from diesel engines. France and Germany
have started introducing hybrid trains. The UK is also test-
ing hydrogen and battery traction. Norway is considering
replacing diesel engines with battery-powered trains. The
White paper on Transport (EC 2011) provides the reduction
of CO, emissions: by 2030 - 30%, by 2035 - 50%, and
by 2050 - 90%. Priority is given to electrification and the
use of sustainable sources of electricity. Many countries
have significant electrification programmes in place, nota-
bly Germany, which has a target of 70% electrification by
2030, up from 52% today. However, electrifying railways
is a costly process that is not always “green”, depending
on the source of electricity. In recent years, the electrifi-
cation process has been problematic in UK, where diesel
continues to be the main form of traction on many impor-
tant lines. Other European networks with significant non-
electrified sections and potential for alternative traction
include the Scandinavian countries, Belgium, the Nether-
lands, Spain, Ireland, and Italy (Smith 2020).

In North America, despite some alternative traction
tests, railways continue to run diesel trains. The Northeast
Corridor is electrified, as are some commuter train lines,
although most cities in the US and Canada use diesel trac-
tion. Australia also uses diesel traction, as does Brazil and
much of the Russian network, as well as railways in Asia,
Latin America, and Africa. In North America and Australia,
the willingness of rail operators to move away from diesel
and the interest in alternative traction is very high (Smith
2020).
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Suppliers can offer a range of traction solutions to meet
the demand. It can be a hybrid battery solution and tradi-
tional electric traction with a range of 100...120 km on bat-
teries, or hydrogen fuel cells that can operate over a range
of 600...1000 km. Germany is the first country to enter
major contracts for battery-ETs. Government subsidies are
not yet in place in other countries, so demand for diesel
rail transport will remain stable, especially outside Europe.
Alternative traction currently accounts for less than 2% of
total orders. Moreover, diesel technology itself is becom-
ing much cleaner. Generation-V engines limit particulate
matter to 0.015 g/kW-h per rail car. This is a 40% reduction
compared to the previous emission limit of 0.025 g/kW-h
per rail car for Generation-IV engines. In some highly pol-
luted areas, the air emitted by the Generation-V engine is
cleaner than the surrounding atmosphere. Hybrid power
packs also help reduce fuel consumption and CO, emis-
sions by up to 25%. Moreover, there could still be good
developments in the diesel traction market (Smith 2020).

Diesel and 30% of electricity are mostly used for rail
traction. Concerns about environmental pollution and
public health are driving the research of traction alterna-
tives. Electrification is a traditional way to avoid fuel sup-
ply problems and environmental pollution. However, it
requires significant investment. As a result, diesel traction,
which is not dependent on the electrification of the railway
line, is sometimes the only option. Hydrogen as second-
ary energy can be produced from a variety of raw mate-
rials such as fossil fuels, nuclear energy, and renewable
energy sources. This reduces greenhouse gas emissions.
Studies have shown that hydrogen-powered rail traction
is technically feasible. It reduces energy consumption and
greenhouse gas emissions and is not dependent on oil
(Hoffrichter 2013). The studies aim to assess the safety,
adaptability, and efficiency of traction alternatives for rail
transport. One alternative does not have to be the best in
all respects. Studies on hydrogen fuel cell technology for
rail propulsion have been executed (Ehrhart et al. 2021).
Researchers focus on the potential of FCH technologies in
railways and identify technical and non-technical barriers
to market entry (Ruf et al. 2019).

ETs are the most energy-efficient means of transport.
They are powered directly by electricity. Other vehicles
need to store and carry electricity to use it. This is mostly
done by batteries; however, HTs can also store electricity.
This is because hydrogen can be produced by electrolysis.
It uses electricity to split water into hydrogen and oxy-
gen. HT fuel cells can then use it to generate electricity, a
process that effectively replaces the electrolysis, although
storing electrical energy in this way is more complicat-
ed and less efficient than using batteries. Siemens com-
ments that the efficiency of the different types of traction,
ranging from the primary energy source to power at the
wheels, is as follows: line electrification 80%, battery trac-
tion 65%, hydrogen 25% and diesel 25%.

A HT can travel longer distances than a battery train
because the energy density of hydrogen is twice that of
a battery. If diesel engines are discontinued in the future,
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hydrogen is the only self-propelled propulsion that can
power a passenger train for 1000 km/day. Hydrogen en-
ergy density is 1/8 that of diesel and its fuel tanks need to
be 8 times larger. This makes it unsuitable for freight and
high-speed passenger trains (Shirres 2020).

Interest in hydrogen-powered rail vehicles has gradu-
ally increased around the world in recent decades due to
global pressure to reduce greenhouse gas emissions. In-
crease access to technology and energy supply. Scientific
research and development have focused mainly on light
rail and regional trains. Recently, there has been a growing
interest in hydrogen-powered freight and heavy trains. The
technical feasibility has been established through project
studies and experiments. Several hydrogen-powered rail
vehicles are currently in operation or are the subject of
experimental programmes (Sun et al. 2021).

ETs and HTs are considered zero emission at the point
of use. True emissions are dependent upon non-tailpipe
sources, primarily in energy production. UK CO, operating
emission model outputs for CFTs, ETs and HTs between
2017 and 2050 under 4 National Grid electricity genera-
tion scenarios, are presented in research by Logan et al.
(2020). Results indicate by 2050 at 100% capacity CFTs
produce a fifth of the emissions of CFVs per kilometre per
person. Under 2 degree generation scenario, by 2050 ETs
produced 14 times and HTs produced 5 times less emis-
sions than CFTs. Policymakers should encourage shifts
away from private vehicles to public transport powered by
low-carbon electricity. The development of an integrated
hybrid train simulator for the Piedmont Intercity Railway
has been introduced in North Carolina (US). A case study
is used. The study includes 6 train configurations, 9 hy-
drogen supply options, without diesel supply. The results
show that a hybrid option is not only feasible, but a low-
carbon hydrogen supply chain may be possible (Madovi
et al. 2021).

In the development of railway transport, it is necessary
to constantly renew the traction vehicles. These vehicles
can use different types of energy. Which type of traction
most accurately economic, ecological, traffic safety and
other requirements can be determined by applying expert
research methods. The general opinion of the experts al-
lows to determine the significance of the criteria by which
the type of traction of the rolling stock is chosen.

MCDM is a research area that involves the analysis of
various available choices in the situations or researches,
which spans daily life, social sciences, engineering, medi-
cine, and many other areas. MCDM methods, also, are
used to solve transport scientific problems (Boghani et al.
2021; Hamurcu, Eren 2022; Li et al. 2020; Rostamzadeh
et al. 2020). In the MCDM methods used to select the most
suitable alternative, the subjective weights of the criteria
are usually determined at the beginning (Mastrocinque
et al. 2020; Sahin 2021; Sivilevicius, Maskelitinaité 2014).
The theory of criteria determination and evaluation is pre-
sented and suggested a suitable order of criteria (Bajec,
Tuljak-Suban 2020). Discussion are developed of criteria

for evaluating different methods of group decision-making
that range from the strictly technical, to the psychophysi-
cal, social and to the logical and scientific (Peniwati 2007).

The aim of this article is to research the types of rail-
way transport traction rolling stock and develop a system
of criteria that determine the suitability of railway traction
rolling stock for use. Using the opinions of rail transport
experts, determine the significance of these criteria using
expert evaluation methods.

1. Criteria for railway traction rolling stock

Each author of the article wrote down all, in his opinion,

important factors that indicate the necessary (required)

characteristics of rolling stock. These criteria were dis-

cussed and formulated by the authors. Their descriptions

are provided in the questionnaire. We aimed for a smaller

number of criteria, which allowed us not to divide them

into a hierarchical structure. The original form of the 9 cri-

teria questionnaire compiled by the authors was adapted

to evaluate the significance of the criteria by means of

ranks, percentage weights and the AHP method, filling

in the criteria pairwise comparison matrix. The prepared

questionnaire was submitted to several specialists per-

forming practical activities of railway transport in order to

make sure that the wording of all criteria is understand-

able and that no important criteria have been omitted.

There were no significant comments. The 9 criteria pro-

vide a comprehensive assessment of the properties that

are relevant in choosing the best type of rolling stock. The

study compares the following criteria, giving them ranks

and percentage weights:

= A — operating costs (labour costs, cost of energy re-
sources, maintenance costs: cost of lubricants, filters,
and other replaceable items) per defined mileage, i.e.
length of the road travelled (usually for 100 km);

= B — purchase price, rebate system, length of the war-
ranty period;

= C - environmental protection (emissions, external noise);

= D — passenger and train crew ride comfort (internal
noise, vibrations, temperature, air speed, air pressure,
relative humidity, lighting, high acceleration, and decel-
eration);

= E — safety of passengers and staff (in the event of a
derailment, collision with animals and other vehicles,
fire resistance, effectiveness of evacuation and medical
measures);

= F — distance travelled on a single electric charge or full
fuel tank;

= G — durability and reliability (sustainable performance,
service life before overhaul, survival time);

= H - infrastructure installation and maintenance costs
(rail track, power supply facilities, railway stations, equip-
ment, repair depots, crossings);

= | — dynamic indicators of the traction unit (maximum
tractive force of the locomotive or powered wagon, its
engine power, torque, speed).



The indicated criteria were set out in a questionnaire,
which started with an address to an expert and the pro-
cedure for completing the questionnaire. An expert gave
the criteria a ranking from 1 to 9 and percentage weights,
which had to add up to 100%. There could be no duplicate
ranks and percentage weights.

2. Experts

The description of the experts to whom the questionnaires
were administered is presented in Table 1. There were 18
experts who shared their opinion.

One of the most important steps in the study was the
selection of a panel of experts in the field. The opinion of
a group of experts is always more accurate than that of
a single expert. The composition and number of experts
are selected on the basis of their expertise, the required
reliability of the evaluations and the cost of the resources.
The issue to be researched requires the involvement of
specialists from a wide range of disciplines in the subject
area. The minimum number of experts can be calculated
by assessing the variation in their opinions (the principle
of sample size) for the required confidence and accuracy
(Maskelianaité, Sivilevicius 2021).

3. Methods for determine
the significance of criteria

The significance of criteria, expressed as their subjective
normalised weights, can be determined using different
methods (algorithms). None of them has a theoretical
advantage over the other methods. However, the general
principle of all these algorithms is the same: the most im-
portant criterion must be given the highest weight. The
sum of the significance weights of all criteria must be
equal to 1, i.e., they are normalised.

To increase the reliability of the research result, 3 expert
evaluation methods were chosen. Initially, the rank correla-
tion method presented by Kendall (Kendall, Gibbons 1990)
has been employed. From the researched criteria ranks,
applying ARTIW-L and ARTIW-N methods (Sivilevicius
2011; §aka|ys et al. 2019; Maskelitnaite, Sivilevicius 2021),
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the normalized criteria weights have been calculated. The
experts also gave the criteria percentage importance esti-
mates, which were used to calculate the total normalised
weights of their subjects using the DPW method.

The ARTIW-L and ARTIW-N methods were chosen to
determine the weights of the criteria, which are relatively
simple and accurate at the same time, as they allow the
weights to be calculated from the averages of the ranks.
DPW method is also not difficult because it is convenient
for the expert to give higher percentage weights to more
important criteria.

3.1. ARTIW-L method

This method calculates the average rank .‘31 given to each
criterion ({ = 1, 2, ..., m) in the study by the experts (j =
1,2, ... n):

n
S

R=L"\ ™M
n

where: R;; is the rank given to the ith criterion by the jth
expert; n is the number of experts.

The subjective normalised weight ; of each criterion
is calculated using the ARTIW-L method (Sivilevicius 2011):

(m + 1) -R,
AL . 8 @
R;
i=1
where: ﬁl is the average rank of the ith criterion; m is the
number of criteria describing the object of study.

The criteria weights o; calculated by the ARTIW-L
method are linearly correlated with the average ranks of
these criteria R..

To take the average of the opinions of a group of ex-
perts, expressed in ranks, scores, or weights, as the result
of a task, it is necessary to check that the opinions of all
the experts are not contradictory. Only when the assess-
ment of all the experts is consistent (not contradictory) is
the average a reasonable solution. For this purpose, Ken-
dall's rank coefficient of concordance W (Kendall, Gibbons
1990), which can range from 0 to 1, is calculated to indi-

Table 1. Characterization of the experts who have assessed the significance of railway traction rolling stock

No Expert Number of respondents
1 Director-General, JSC “LTG Link” (the railway passenger company of Lithuania) 1
2 Heads of Departments, JSC “LTG Link" 3
3 Heads of Department Divisions, JSC “LTG Link" 3
4 Project managers, JSC “LTG Link” 2
5 Engineers, UAB “LTG Link" 6
6 Professor and Associate Professor, Faculty of Transport Engineering, 2
Vilnius Gediminas Technical University
7 BSc Student of Railway Transport Engineering, Faculty of Transport Engineering, 1

Vilnius Gediminas Technical University

Total number of respondents: 18
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cate the consistency of the experts’ opinions:
12-S B 12-S
nz-(m3—m) n2~m~(m2—1)'

The sum S of the squares of the sum of the deviations
n

W = 3)

of the ranks ZRU of each mth criteria from the average
_ J=1
rank R, is calculated from the formula:

2
n
=1

Szi jZRij—;n(mH) , (4)

where: m is the number of criteria (i = 1, 2, ..., m); n is the
number of experts (j = 1, 2, ..., n).

The calculated value W is compared with its minimum
value W,,;», which depends on the chosen significance lev-
el o (assumed o = 0.05 or more stringent o = 0.01) and
the number of degrees of freedom v = m — 1 (Sivilevicius
2011):

W._. :X‘Zli'v ©)

™ n(m-1)’
where: Xi,v is the Pearson criterion statistic, found in the
mathematical statistics appendix table (Montgomery 2012;
Cekanavicius, Murauskas 2000).

The integrity of the experts’ opinions can be checked
by calculating a random variable:

12-S

%2 :W-n-(m—1):m,

(6)
which follows a ¥2 (chi-squared) distribution with degrees
of freedom v =m - 1.

According to the chosen significance level o (0.05 or
0.01) from %2 the distribution table (Cekanavicius, Muraus-
kas 2000), the critical value Xé,v is found with a degree
of freedom v = m — 1. If the value 2 calculated accord-
ing to Equation (6) is greater than Xi,w then the experts’
judgements are considered to be in agreement (flawless,
similar).

The compatibility (consistence) coefficient k., which is
calculated from the Equation (7), shows how many times
the calculated concordance coefficient W is greater than
its minimum (critical) value Wi, and how many %2 times
it is greater than its critical value %2

2
AN @
Wmin Xo,v

When the opinions expressed by the experts are in
agreement, then k. > 1. Otherwise (when k. < 1), the opin-
ions expressed by the experts differ significantly, i.e., they
are not harmonised.

3.2. ARTIW-N method

The criteria normalised weights o; can be calculated by
employing another average rank R; transformation into
weights method. The criteria weights ®; calculated ac-

cording to Equations (8) and (9) are related to the criteria
average ranks E[ by a non-linear inverse correlation (func-
tional). Therefore, this method is named ARTIW-N method
by the authors of this research (MaskeliGnaité, Sivilevicius
2021).

By applying the ARTIW-N method, at the beginning
the ratio of the most important criterion u; with the low-
est average rank m_inﬁi to the average ranks EI of all the
other ith criteria is calculated:

minR;
up = lﬁ» . (8)

L

After normalizing the values of each criterion u; their
subjective significances (weights) w; are calculated:

0 =—t—. )

t m
D

i=1

The criteria weights o; calculated by the ARTIW-N
method are non-linearly correlated with the average ranks
of these criteria. This correlation shows that the signifi-
cance of the most important and the least important crite-
ria is "amplified” by reducing the significance of the criteria
of medium importance.

3.3. DPW method

This is the most common method used in practice. The
DPW method is as clear and logical as the ranking (rank
correlation) method for indicators criteria, but its accu-
racy is much higher. For the DPW method, the sum of
the weights of all the evaluations of the research criteria
for each of the expert's objects shall be equal to 100%.
With percentage evaluations, they are divided by 100. It
is easier to rank the criteria in percentages if they have
been ranked at the start: a lower rank corresponds to a
higher weight. .

The sums Zpif of the percentage weights p; of all n
j=1
experts (j = 1, 2, ..., n) for each ith criterion and their nor-
malized weights ; are calculated:

n
2P
j=1

S , 10
®=700-n (19)

where: p; is the percentage weight given to the ith crite-
rion by the jth expert; n is the number of experts.

When assigning percentage weights to criteria, it is
preferable that there are no identical (duplicate) weights.
As a result, they may be given to the nearest tenth of a
percentage.

The criteria weights o; calculated by the DPW method
are non-linearly correlated with the average ranks E[ of
these. Most of the time, “non-linearity” is decided by the
“increased” significance of the most important criteria.



3.4. Criteria average weights of the 3 expert
evaluation methods

The principle of mathematical statistics is applied, which
states that the arithmetic mean of the subject parameter
x of a sample consisting of N samples is closer to the
population mean p than the value x; of any individual sam-
ple. It is likely that the arithmetic mean of the weights
of each criterion determined by 3 methods of research is
closer to the actual weight of this criterion than the weight
determined by other method.

Expert evaluation methods that have become classical
or generally accepted that produce close or different crite-
ria weights have no theoretical advantage over each other.
The average results of several methods can be used to
increase the reliability of the study outcomes. The criteria
weights arithmetic mean calculated by 3 expert evaluation
methods is computed from Equation (11), with no prefer-
ence (advantage) given to any of them:

r
zw"k ARTIW-L ;  ARTIW-N  DPW
o + 0 + o

®; = k:‘r = 3 , (11)

where: the weight o, of the ith criterion is calculated by
the kth expert evaluation method (k = 1, 2, ..., r); ris the
number of expert evaluation methods used in the study
(r =3).

It is likely that (f)[ is closer to the population aver-
age, which would be obtained by interviewing a very large
number of experts, than the values of the criteria weights
calculated by any of the 3 methods used in the study.

4. Results and their analysis (discussion)

Each of the 18 experts read the questionnaire, studied, and
understood the description of the 9 criteria detailed in the
questionnaire. With reference to their personal expertise,
knowledge, experience, and intuition the experts ranked
them from 1 (the most important criterion) to 9 (the least
important criterion) (Table 2).

These criteria were then ranked by the experts, so that
the most important criterion was given the highest per-
centage weight and the least important criterion the low-
est percentage score (Table 3).

In order that the arithmetic mean ﬁl of the ranks R;
given to each criterion by all the experts could reason-
ably be taken as the overall (average, collective) opinion
of the group of experts, the consistency of their opinions
was checked, as indicated by the concordance coefficient
W. Calculating W (Equation (3) the sum of the squares
deviations was found to be S = 3628 (Equation (4), n =
18, m = 9):

12-S 12-3628

W= n2-m~(m2—1) B 182-9v(92—1)

=0.1866.

The minimum value of the concordance coefficient
Wiin (Equation (5)) at which the opinions of the experts
are considered to be in agreement (non-contradictory),
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and when the level a. = 0.05 of significance and the num-
ber of degrees of freedomv=m-1=9-1=38,is:

2
- Jav 2009 4305,

Wrin n-(m-1) " 18-(9-1)

The consistency of the experts’ opinions was verified
by another proposed method (Kendall, Gibbons 1990),
which is suitable for practical use when more than m =7
criteria are compared. For this purpose, a %2 statistic has
been calculated (Equation (6)):

5 2.5 12.3628
“n-m-(m+1) - 18-9-(9+1)

% = 26.87.

The statistics x2 = 26.87 calculated from the survey
data are higher than the critical value Xé‘os;a =20.09, thus,
the expert opinions are said to agree.

The concordance coefficient W = 0.1866 is higher than
Wipin = 0.1395, and the chi-square statistic 2 = 26.87 is
higher X(Zx,v =20.09. Than the compatibility coefficient k
which is a measure of their ratio, which is marginally high-
er than 1 (Equation (7)):

w x> 01866 26.87

kc =— =5 - =— =
w_. 2 0.1395 20.09
Xo,v

1.338.

This result shows that the opinions of 18 experts in
assessing the significance of the 9 criteria of railway roll-
ing stock are aligned. The authors of the study expected
a better concordance of expert opinions. Experts with a
good knowledge of rail transport also differed in their
views because they work in the areas assigned to them,
thus being involved in the research related to these areas.
Other issues that are not the expert's concern, for which
they have little responsibility, become less important.

Each criterion average ranks E{ were used to calculate
normalised subjective weights for these criteria using the
ARTIW-L and ARTIW-N methods (Table 2). Calculated ac-
cording to Equations (2), (8) and (9). The highest weights
calculated by both expert evaluation methods are for cri-
terion E (ofRTW-L =0.1580, ofRTW-N =0.1813), which in-
dicates the safety of passengers and crew. The weights for
criterion D (@pRTWL = 0.1321, @fRMWN = 0.1291), which is
in the second place and which measures the ride comfort
of passengers and train crew, are slightly lower.

The average opinion of the expert group shows that
criterion F (wfRTW- =0.0790, ofR™W-N = 0,0813), which
assesses the range covered by a single electric charge or
full tank of fuel, is the least important to them. Criterion
I (m’E*RT'W'L =0.0815, opRMWN =0,0827), which assesses
the dynamic performance of traction rolling stock, is also
of little relevance to them.

The percentage weights given to the criteria by the
experts, as calculated by the DPW method (Table 3),
show that, in the same way as in the ARTIW-L and
ARTIW-N methods, the highest weights are given to crite-
ria Eand D (oRPW =0.1464, 0B’V = 0.1377). Criteria F and
| {oPPW =0.0727, oPPW = 0.0906) are the least important
for the experts.
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Table 2. Significance in ranks R;; of the indicators determining the serviceability of railway traction rolling stock

Expert,j = 1,2, . n Factor (criterion), i = 1,2, ... m The sum
A B C D E F G H I of the ranks
E1 3 1 5 8 6 4 2 7 9 45
E2 7 8 3 2 1 5 4 9 6 45
E3 5 6 1 3 2 8 4 7 9 45
E4 3 5 4 2 1 7 8 6 9 45
E5 4 8 2 3 1 9 5 6 7 45
E6 4 8 7 1 2 6 5 9 3 45
E7 9 7 4 6 5 8 3 2 1 45
E8 6 9 7 5 1 3 8 2 4 45
E9 6 9 2 3 7 4 1 8 5 45
E10 9 7 4 2 1 6 8 5 3 45
E11 7 2 3 1 4 5 6 9 8 45
E12 1 7 8 2 3 6 5 9 4 45
E13 6 7 4 5 3 9 2 1 8 45
E14 5 7 8 6 1 9 4 2 3 45
E15 1 3 4 5 2 7 9 6 8 45
E16 2 7 4 8 3 6 5 1 9 45
E17 3 1 2 7 4 8 6 5 9 45
E18 1 8 7 4 5 6 2 3 9 45
n
ZR,j 82 110 79 73 52 116 87 97 114 810
=1
n
ZR’j 4.56 6.11 4.39 4.06 2.89 6.44 4.83 5.39 6.33 45
n
! n- (m + 1)
R,-j - > -8 20 -1 =17 -38 26 -3 7 24 0
i=1
. 2
Ry ——-n-(m+1) 64 400 121 289 | 1444 | 676 9 49 576 3628
=1
ARTIW-L
(m + 1) -R
o m 0.1210 | 0.0864 | 0.1247 | 0.1321 | 0.1580 | 0.0790 | 0.1148 | 0.1025 | 0.0815 1
R
i=1
Priority ARTIW-L 4 7 3 2 1 9 5 6 8 45
ARTIW-N
;= miigﬁi 0.63 0.47 0.66 0.71 1.00 0.45 0.60 0.54 0.46 5.516
i
o = ui
. iui 0.1150 | 0.0857 | 0.1193 | 0.1291 | 0.1813 | 0.0813 | 0.1084 | 0.0972 | 0.0827 1
i=1
Priority ARTIW-N 4 7 3 2 1 9 5 6 8 45
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Table 3. Significance in percentage weights p; of the indicators determining the serviceability of railway traction rolling stock

. Factor (criterion), i = 1,2, .., m The sum
Expert,j = 1,2, .1 A B C D E F G H I of the weights
E1 10.1 30.0 9.9 4.9 5.2 10.0 20.0 5.1 4.8 100.0
E2 6.0 5.0 15.0 20.0 24.0 9.0 10.0 4.0 7.0 100.0
E3 9.9 5.2 25.0 15.0 20.0 5.0 10.0 5.1 48 100.0
E4 14.1 10.0 14.0 16.0 17.0 7.1 7.0 9.9 4.9 100.0
ES 10.2 9.8 15.0 10.3 15.1 9.6 10.1 10.0 9.9 100.0
E6 10.1 5.0 5.1 30.0 15.0 7.9 10.0 4.9 12.0 100.0
E7 3.0 6.0 13.0 9.0 12.0 4.0 16.0 18.0 19.0 100.0
E8 9.0 7.8 8.0 9.2 25.0 10.1 79 13.0 10.0 100.0
E9 10.0 3.0 17.0 14.0 9.0 12.0 20.0 4.0 11.0 100.0
E10 4.0 6.0 13.0 18.0 21.0 7.0 5.0 10.0 16.0 100.0
E11 5.0 25.0 10.0 30.0 9.9 53 5.1 4.8 4.9 100.0
E12 23.0 6.0 3.0 18.0 14.1 7.0 12.0 29 14.0 100.0
E13 8.0 6.0 12.0 10.0 15.0 20 20.0 220 5.0 100.0
E14 10.0 7.5 6.1 8.5 20 5.9 12.0 16.0 14.0 100.0
E15 30.0 10.0 9.9 9.1 10.1 89 5.0 9.0 8.0 100.0
E16 20.0 6.9 10.0 6.0 12.0 7.0 8.0 25.0 5.1 100.0
E17 10.2 25.0 15.1 9.8 10.1 5.0 9.9 10.0 4.9 100.0
E18 20.1 7.9 8.0 10.0 9.0 8.1 17.1 12.0 7.8 100.0
n

zpy 2127 182.1 209.1 24738 263.5 130.9 205.1 185.7 163.1 1800
Jj1

p; 11.817 | 10.117 | 11.617 | 13.767 | 14639 | 7272 | 11394 | 10317 | 9.061 100
o; 0.1182 | 0.1012 | 0.1162 | 0.1377 | 0.1464 | 0.0727 | 0.1138 | 0.1032 | 0.0906 1.0000
Priority DPW 3 7 4 2 1 9 5 6 8 45

Table 4. Comparison of the criteria weights ®; their maximum differences ®;max — ®;min @nd their averages calculated by the

different methods

Indicator Factor (criterion), i = 1,2, ..., m Total
A B C D E F G H I

ofRTIW-L 0.1210 0.0864 0.1247 0.1321 0.1580 0.0790 0.1148 0.1025 0.0815 1.0000
@fRTIW-N 0.1150 0.0857 0.1193 0.1291 0.1813 0.0813 0.1084 0.0972 0.0827 1.0000
wPPW 0.1182 01012 0.1162 0.1377 0.1464 0.0727 0.1138 0.1032 0.0906 1.0000
Dimax = Dimin 0.0060 0.0155 0.0085 0.0086 0.0349 0.0086 0.0064 0.0060 0.0091 0.1036
o; 0.1181 0.0911 0.1201 0.1330 0.1619 0.0776 0.1123 0.1010 0.0849 1.0000
Priority 4 7 3 2 1 9 5 6 8 45

The criteria weights decided by all 3 methods show al-
most the same priority of the criteria: E>-D > C> A >G>
H>B >~ 1>F (Table 4, Figure).

The difference between the criteria weights ©;may —
®;min Calculated by the different expert evaluation methods
varied from 0.006 to 0.0091 (criteria A, C, D, E, E, H, and ).
This difference was higher for criteria B and E: 0.0155 and
0.0349, respectively. The purchase price of railway traction
rolling stock, the rebate system and the length of the war-
ranty period were more important to the experts in terms
of percentage weights than in terms of ranks. The highest
weight difference of 0.0349 between the different meth-
ods employed, is for the most important criterion E, as it
has the highest significance w2RTW-N =0.1813, which was
calculated by the ARTIW-N method. This indirect method

"upscales” the most important and least important criteria,
while “"downscaling” the moderately important criteria.

Although the experts opinions are harmonized (coeffi-
cient of compatibility k. = 1.338), a higher degree of com-
patibility was expected. The railway transport specialists
who assessed the significance of the criteria are usually
responsible for a separate area in the company, for which
the criteria they assess seem most important to them.

The outcomes of this study will be used in deciding on
the best alternative for rail traction rolling stock. A future
study will compare 4 traction alternatives: diesel, electric
contact, battery-electric and hydrogen. Research data can
be used to develop a strategy for the renewal of railway
rolling stock in the country. JSC "LTG Link" specialists and
managers are interested in them.
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Figure. The subjective normalised weights and the priority of significance (serviceability indicators)
of railway traction rolling stock, which have been decided by different methods

Conclusions

Conclusions of the carried-out research are:

1. to select the best rail traction alternative, firstly the
factors (criteria), which determine the serviceability
of rolling stock are identified. The article has formu-
lated 9 original criteria, which in terms of ranks and
percentage weights were assessed by 18 experts. To
increase the reliability of the results, 3 expert evalu-
ation methods (ARTIW-L, ARTIW-N, DPW) were em-
ployed to calculate each criterion subjective normal-
ised weight. The experts’ opinions in assigning ranks
to the criteria were harmonised (non-contradictory),
which allowed each criterion average ranks and av-
erage percentage weights to be used as the result
of the issue under analysis;

2. the average normalised weights of the criteria, cal-
culated by the 3 expert evaluation methods, show
that passenger and crew safety (0.1619), passenger
and train staff ride comfort (0.1330) and environ-
mental protection (0.1201) are the most important
issues for the experts. The least important criteria
for the experts cover the range per one electric
charge or full tank of fuel (0.0776), the dynamic per-
formance of the traction rolling stock (0.0849), and
the purchase price, the rebate system, the duration
of the warranty period (0.0911). The other 3 criteria
are of medium importance: They include operating
costs (0.1181), durability and reliability (0.1123) and
the cost of installing and maintaining the infrastruc-
ture (0.1010);

3. although the experts opinions are harmonized (co-
efficient of compatibility k. = 1.338), a higher degree

of compatibility was expected. The railway transport
specialists who assessed the significance of the cri-
teria are usually responsible for a separate area in
the company, for which the criteria they assess seem
most important to them. The opinions of the group
of individual rail transport specialists did not always
coincide. Therefore, when determining the signifi-
cance of the criteria, it became necessary to attract
specialists from various fields to the expertise.
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