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Abstract. Road safety has become an increasingly
important issue within urban transportation systems,
particularly in developing nations such as Azerbaijan,
where traffic accidents continue to be a primary source
of injuries and property damage. This purpose of the
study was to assess the risks linked to Baku’s public
transportation network by employing Fault Tree Analysis
(FTA) within the Haddon Matrix framework, which
organises contributing factors into three categories:
vehicle, human, and road environment. The FTA
approach facilitated a systematic, deductive examination
of potential failure causes that could lead to accidents
involving public transport. Significant findings revealed that vehicle-related problems, including malfunctioning
braking systems, steering issues, and inadequate maintenance, greatly increase the likelihood of incidents. Human-
related risks such as driver behaviour (for instance, speeding and failure to yield), non-compliance with traffic
regulations, and unpredictable pedestrian actions also significantly contribute to the problem. Additionally, road-
related issues like poor infrastructure, lack of adequate signage, insufficient lighting, and unsafe bus stop designs
further heighten the risk. The interplay of these factors indicates that public transport accidents in Baku are multi-
faceted and frequently preventable. This study underscored the necessity of systematic safety evaluations, routine
vehicle inspections, and improved public awareness initiatives to reduce risks associated with urban transport. The
practical implications of this research provide urban transport planners and policymakers with insights into priority

Elmaddin Salayev*

Postgraduated Student

Azerbaijan Tecnhical University

AZ1073, 25 Huseyn Javid Ave., Baku, Azerbaijan
https://orcid.org/0009-0000-4315-3590

risk areas, thereby facilitating more effective strategies to enhance safety within Baku’s transit system

Keywords: urban traffic accidents; vehicle, risk analysis; road safety; bus operation risks

Introduction
A study of safety issues in public transport systems has
become increasingly important due to the risks posed
by rapidly growing urban mobility and rising accident
rates. The analysis of road accidents, particularly in bus
transport, requires a systematic investigation into techni-
cal failures, driver and pedestrian behaviour, and the in-
fluence of road infrastructure. Identification of accident
causes and modelling their interactions are essential for
effective risk management and the improvement of trans-
port safety. In support of this concern, accident statistics
from Baku city for the years 2019 to 2024 reveal that the
most frequent causes of public transport-related inci-
dents stem from both technical deficiencies and unsafe
human behaviours. Statistical data indicate that the main
causes of bus accidents in Baku were primarily associat-
ed with driver-related behavioural errors. The most com-
mon cause was improper manoeuvring, which accounted
for 34.0% of all recorded incidents. This was followed by

speeding, responsible for 22.4% of accidents. The failure
to maintain a safe following distance ranked next, con-
tributing to 5.4% of the cases. In addition, failure to stop
at pedestrian crossings (5.4%) and passenger-related
violations (4.8%) were also identified as significant con-
tributing factors. Other traffic rule violations accounted
for 3.4%, while violations at intersections represent 2.7%.
Disregard for road signs and markings accounted for only
0.7% of incidents. Similarly, both driving under the influ-
ence and entering the oncoming lane or improper over-
taking each represented 0.7% of the recorded accidents.
Overall, this distribution illustrates that human factors —
particularly driver behaviour - are the leading contrib-
utors to accident risk in urban bus operations. While
technical malfunctions may occasionally play a role, the
findings emphasise the importance of systematically in-
corporating human behaviour into risk assessments. This
underscores the need for comprehensive and integrated

Received: 05.02.2026. Revised: 21.05.2026. Accepted: 25.06.2026. Published: 04.07.2026.

Suggested Citation: Salayev, E. (2026). Public transport risk assessment through fault tree analysis (Baku city example). Transport
Systems and Technologies, 29(1), 9-27. doi: 10.32703/2617-9040-2026-47-1.

*Corresponding author (elmeddin.salayev@aztu.edu.az)

Copyright © The Author(s). This is an open access article distributed under the terms of the
Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)


https://orcid.org/0009-0000-4315-3590

Public transport risk assessment...

risk modelling in public transportation systems. (The
State Statistical Commiittee..., 2024).

The risk modelling reveals the necessity of integrating
both human and technical factors into analytical models.
Consequently, the application of structured methods like
Fault Tree Analysis (FTA) becomes critical for systemati-
cally identifying and quantifying contributing factors. To
support the development of such models, a critical re-
view of the academic literature was presented, focusing
on studies that have applied FTA and similar methodol-
ogies to transportation safety analysis. Numerous studies
have investigated the application of FTA in transport and
safety-related systems. However, a closer look reveals a
consistent gap in applying these methods specifically to
urban public bus systems.

J.Xi et al. (2021) applied FTA to model cause-effect re-
lationships within transportation systems, demonstrating
its strength in structuring complex risk scenarios. Never-
theless, their analysis lacks attention to the operational
context of specific modes like urban buses, including route
characteristics and service dynamics, highlighting a need
for context-sensitive applications. While the FTA (2021)
report primarily categorises risk factors in a descriptive
manner, X. Qi et al. (2025) employed an entropy-weight-
ed DEMATEL approach to offer a structured quantitative
analysis of operational risk in public transportation. They
analysed 18 risk variables including safety awareness, hu-
man initiative, funding adequacy, and inspection frequen-
cy not only ranking them by importance, but also mod-
elling their interdependencies. This provided a stronger
empirical foundation for developing prioritised, da-
ta-driven risk mitigation strategies, elevating the analysis
from mere categorisation to actionable decision-making

A more technical approach was taken by W. Huang et
al. (2021), who merged Bayesian networks with FTA to
analyse failure modes in transit systems. The integration
strengthened probabilistic inference capabilities. That
said, their scope was confined to hardware and system
components, lacking attention to operational practices
and human error - factors essential to understanding
urban bus vulnerabilities. Taking a broader systems ap-
proach, K. Pan et al. (2022) combined FTA with system dy-
namics to study resilience in passenger transport systems
through the lens of sustainable mobility. The inclusion
of social and ecological perspectives was commendable.
Nonetheless, the generality of their model limited its rel-
evance to city bus networks, where specific behaviours,
mechanical reliability, and infrastructure constraints
were paramount.

Adding a layer of decision-making under uncertainty,
M. Ghadhab et al. (2019) integrated fuzzy logic and arti-
ficial intelligence into FTA structures. This methodologi-
cal innovation enhanced adaptability, yet the absence of
application to public transport environments — especial-
ly interactions between drivers, pedestrians, and urban
complexity — diminished its immediate practical value.
T.H.A. Nguyen et al. (2022) employed Fault Tree Anal-
ysis on the Hanoi Urban Mass Rapid Transit system to
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quantitatively model train collision risk. Their framework
constructed a top-level event for collision, incorporated
operational data (2018-2021), and validated the model
empirically thus establishing a direct link between model
outputs and system-specific safety performance.

These studies collectively affirmed the robustness of
FTA as a risk analysis tool but revealed underexplored ar-
eas in its adaptation to urban public transportation, es-
pecially bus operations. Critical variables such as driver
behaviour, passenger interaction, technical malfunctions,
and infrastructure-related risks were often omitted or in-
sufficiently analysed. Moreover, few studies employed re-
al-world operational data or quantitative modelling soft-
ware for system-specific evaluations. In response to these
gaps, the present study applied the FTA method directly
to Baku’s public bus network, using incident-based data
and software-supported modelling (top event FTA). The
purpose of this study was to assess the risks associated
with the operation of public transport in Baku by applying
the Fault Tree Analysis method within the Haddon Matrix
framework, with a focus on identifying and quantitatively
classifying the key technical, behavioural, and infrastruc-
tural factors that contribute to accidents to develop evi-
dence-based recommendations for improving the safety
of urban bus transportation. This approach enabled a hi-
erarchical breakdown of accident scenarios and a quan-
titative risk classification across key domains technical,
behavioural, and environmental. By analysing prevalent
accident causes like speeding, violation of traffic rules,
technical faults (e.g., brake/steering issues), and pedestri-
an misbehaviour, the study contributed to data-informed
safety intervention planning and prioritised risk manage-
ment in urban bus transport.

Materials and Methods
Fault Tree Analysis is a structured and deductive technique
used to identify cause-effect relationships in hazardous sce-
narios, especially within complex systems. This top-down
method begins with a primary failure — known as the top
event — and systematically traces the potential underlying
causes contributing to this failure. FTA is particularly valua-
ble for detecting system vulnerabilities, critical risk sources,
and interdependencies within operational processes. In this
study, the FTA Top Event approach was employed to assess
potential accidents in urban public transportation systems
in Baku, Azerbaijan. The analysis adhered to the principles
outlinedin the international standard IEC 61025:2006 (2006),
ensuring methodological rigour and comparability with in-
ternational studies. Reliability analysis is a foundational as-
pect of risk modelling in technical systems, particularly in
transportation. These models allowed for the quantitative
assessment of system performance under various failure and
recovery conditions (Zio, 2007). To visualise the logical struc-
ture of the fault tree, officially recognised symbols (Table 1)
were used in accordance with IEC standards, enabling clear
interpretation and consistent documentation. The analysis
focused on the top event defined as a “public transport ac-
cident”, and identified key sub-events related to driver error.
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Table 1. Symbols used in Fault Tree Analysis

Main event

Event or error that provides the basis for analysis

Undeveloped event

Event that is not further analysed or has a small impact

Top or mediator event

Final event arising from more fundamental events

Situation event

O
<&
[ ]
)

Situation where a special condition exists for the occurrence of an event

D AND gate Event that results in all inputs to the event occurring simultaneously
D OR gate Event that results in the occurrence of at least one input event
A Transfer symbol Symbol referring to another part of the fault tree

Source: ES. Dashdamirov & A.C. Sharifov (2020)

City-specific data from Baku’s public bus network were
integrated into the fault tree model. These included traffic
density, road infrastructure characteristics, frequency of
recorded driver violations, and historical accident reports
from the Baku Transport Agency and State Traffic Police
Department. The sub-causes associated with driver errors
were identified based on observed patterns in Baku’s ur-
ban traffic and their relevance to accident occurrence:

[> improper manoeuvring refers to incorrect or haz-
ardous vehicle handling during lane changes, turns, or
merging, which can lead to collisions in dense urban traffic;

> failure to maintain a safe following distance in-
creases the risk of rear-end collisions, especially in stop-
and-go traffic conditions common in urban environments
like Baku;

I> exceeding speed limits reduces a driver’s reaction
time and control over the vehicle, significantly elevating
the likelihood of accidents in areas with high pedestrian
activity;

> not stopping at pedestrian crossings endangers
vulnerable road users and is a major contributing factor in
public transport-related pedestrian accidents;

> violation of traffic signs and markings indicates
non-compliance with road regulations, which can result
in confusion, right-of-way conflicts, and intersection-re-
lated accident;

> driving under the influence of alcohol impairs cog-
nitive and motor functions, making drivers more prone to
errors in judgment, delayed reactions, and loss of vehicle
control.

This fault tree framework allowed the systematic iden-
tification of high-risk scenarios in Baku’s public transport
system, supporting the development of targeted risk mit-
igation strategies. The “Main Events of DDV” programme
was used for the analysis, the main event of which is the
risk of accidents in public transport. Factors that may be
responsible for this risk were identified and a systematic
fault tree was created (Fig. 1). The analysis showed that
three main groups of factors play a major role in the risk:
driver error, pedestrian violations, and technical defects
in vehicles. Among the risks associated with pedestrian
behaviour, there were incidents of theft, of getting in and
out of a bus without waiting for it to stop, of crossing a
road without following traffic rules. These behaviours,
particularly during rush hours, have a negative impact on
the decision-making of drivers and on traffic flow. These
include failure to activate the brake system in time, steer-
ing system failures, lighting and signalling systems, sud-
den engine shutdowns, fuel system failures and gearbox
failures. These technical failures increase the risk of acci-
dents and prevent uninterrupted and safe operation of the
transport system.

Road traffic accident
I

Driver error (A)

RRRAA

Pedestrian disorder

(B)

1
Vehicle technical
malfunction (C)

El £1 E1 B B3 3

Figure 1. Fault Tree Analysis of accidents on buses in Baku

Source: created by the author
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In the FTA analysis, probabilities were calculated for
each of these sub-factors, using logical gates (AND, OR).
Of these three groups of factors, technical malfunctions
and driver errors pose the greatest risk, and targeted inter-
ventions are needed to mitigate their impact. The use of
the FTA in this study allowed a structured identification of
causality relationships, prioritisation of high risk compo-
nents, and the development of scientifically based public
transport safety strategies. Once the risks were identified,
they were incorporated into the fault tree structure to ex-
amine how individual and combined events contribute to
the top event. Following this step, appropriate reliability
models were selected within the FTA software to simulate
the behaviour and impact of each event. These models in-
cluded various statistical and probabilistic tools such as
constant failure rate, repairable/unrepairable models, and
Weibull distributions, which were essential for quantifying
failure probabilities and unavailability over time (Fig. 2):

'Repairable
Constant
Unrepairable
MTBF

MTTF
Weibull
Dormant

Figure 2. Different reliability models in FTA programme
Source: created by the author based on risk modelling in the FTA
software environment

Each was used to describe the failure and recovery
characteristics of a different system. The following is an
explanation of what they are and when they are used:

1. Repairable model. The system can be restored after
failure. The equation for a recoverable system is as follows
(Elsayed, 2012):

q(t) = geHHr+ (1 — )0t

gl

T (1)

The reliability models used in FTA required the spec-
ification of several key parameters to quantify failure be-
haviour: A (failure rate): the rate at which a component
or event was expected to fail over time. It was typically
measured in failures per unit time (e.g., failures/hour)
and was used primarily in models assuming a constant
or exponential distribution of failures. p (repair rate): the
rate at which a failed component was restored to opera-
tional condition. This parameter was crucial in repairable
models and reflects system maintainability. Like A, it was
expressed in events per unit time. g (initial unavailabili-
ty or probability of failure in the initial state): the prob-
ability that a component was already in a failed state at
the beginning of the observation or mission time. It was
especially relevant in dormant or standby models, where
components were not active but still susceptible to hidden
failures. - time elapsed since the start of observation, e—
base of the natural logarithm.
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w(t) =21 -q(®)], 2
where w(t) — failure frequency at time t, indicating how of-
ten failures were expected to occur in the system per unit
time; A — failure rate of the system (i.e., the rate at which
failures occur in a functioning state); g () — unavailability
function, representing the probability that the system was
in a failed state at time t.

2. Constant model. Failure or reliability varied with
the severity of the event. For example, some components
had a fixed probability of failure over time. Usually mod-
elled by exponential distribution (Elsayed, 2012):

q(®) = q. 6)

3. Unrepairable model. After a system failure, it was
not restored, it was simply replaced. For example, dispos-
able devices, batteries. Equations (2) and (4) were used.

q(®) = (1 - qle™. )

4. MTBF (Mean Time Between Failures). It showed
the average time between failures for systems under re-
pair. Used to measure the time the system was running.
Usually modelled by an exponential distribution (Mod-
dares et al., 2016):

2 _
q(t) = T 1— e (+mt

%)

vou (6)

= MTBF " MTTR’

where ¢q(t) — the probability that the system is in a faulty
state at a given time; w(#) — fault intensity (the probabil-
ity of a fault occurring at a given time); A — failure rate
(MTBEF); u-recovery speed (related to MTTR-mean time
to repair).

5. MTTF (Mean Time to Failure). Indicated the availa-
bility of systems that were not repaired. 1 —the average time
for a component or system to fail (Moddares et al., 2016):

q(t) =1—e AWt @)

1
~ MTBF’

8)

6. Weibull. It was used to model different types of
failures. The failure rate varied over time (may increase,
decrease, or remain constant). For example, in the anal-
ysis of fatigue of mechanical components (O’Connor &
Kleyner, 2012):

a(0) = 1-exp [-(D)F ©
where n - measurement parameter (average value over the
life of the system);  — shape parameter (determines the
failure rate of the system); y — start delay time (time after
the system was put into operation before the fault starts).
The Weibull distribution considered that the failure pro-
cess changed over time: > 1 early failure (due to design




A <]
O
)

errors or weak parts); B =1 constant failure rate (corre-
sponds to an exponential distribution); f <1 ageing period
(failures increase due to wear).

7. Dormant (Passive systems). A system that has not
been used for a certain period of time and can only fail
when it is active. For example, backup generation systems,
fire suppression systems (O’Connor & Kleyner, 2012):

At—(1-e*")+AMTTR(1-e)~**
AT+AMTTR(1—e)~ 27 ’

q(®) = (10)
where T — specified analysis period. This model described
the combination of failure and recovery processes and
shows the dynamics of equipment operation and repair.
Repairable and MTBF models were used for systems
that can be restored after a failure, allowing for the cal-
culation of both failure and recovery parameters. Un-
repairable and MTTF models, on the other hand, were
applied to components that are not restored once failed,
focusing solely on the expected time to failure. The Con-
stant model assumed a uniform failure rate over time,
suitable for components with random, memoryless
failures. The Weibull model was ideal for systems sub-
ject to mechanical fatigue, where the failure rate varied
over time depending on operational stress or ageing.
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This methodological framework allowed for flexibili-
ty in modelling a wide range of system behaviours and
supported more accurate risk estimation in Fault Tree
Analysis. Selection of the appropriate model depended
on the component characteristics and the nature of the
risk being assessed.

"Results and Discussion™

Risks associated with driver behaviour

Distraction (Repairable model). This section presents the
results of risk modelling related to driver distraction, in-
terpreted through the repairable model framework. The
analysis focuses on the probability of a driver becoming
distracted due to factors such as fatigue, stress, or sleep-
lessness conditions that are typically reversible over time.
Since distraction is a temporary and recoverable con-
dition, the repairable model is particularly suitable, as
it allows for modelling both the onset of distraction and
the probability of attention recovery. Based on assumed
working conditions and realistic parameters for an 8-hour
urban transit shift, the model supports the assessment of
risk dynamics over time and informs effective safety man-
agement strategies. The parameters used in this model are
detailed in Table 2.

Table 2. Driver distraction risk modelling parameters (Repairable model)

Failure rate A 0.1 Probability of distraction per hour
Recovery speed u 0.05 Probability of attention being restored per hour
Value - Hour Calculations are made in units of hours

Source: compiled by the author based on assumed data for the case analysis

The table presents the key parameters for model-
ling driver distraction using the Repairable model. The
failure rate (A=0.1) suggests that for every hour of work,
there is a 10% probability that the driver may become
distracted due to fatigue, stress, or other human fac-
tors. This value is particularly critical in long driving
shifts common in urban bus operations. The repair rate
(n=0.05) implies that there is a 5% chance per hour that
the driver’s attention can be restored through rest, re-
covery at stops, or other interventions. The values are
based on assumed data but align with general fatigue
patterns reported in driver performance studies. Using
these parameters, further calculations were conducted
to simulate how distraction risk evolves during a typical
8-hour workday.

Here, A is the failure rate — the probability of the driver
being distracted. The risk event (q(?)) is the probability of
adistraction occurring within a certain time. p is the speed
at which the driver regains attention by resting. Since the
work schedule is 8 hours, the probability of the driver’s
attention being distracted is assumed to be 10% for each
hour. In this case, A=0.1. Assuming that the driver’s fatigue
isrelieved by resting and regaining attention is 5% for each
hour, then 1 =0.05. In this case, the unavailability graph
will be as follows (Fig. 3):

0.8
0.7
= 0.6
205
204
503
0.2
0.1

0 10 20 30 40
Hour

Figure 3. Driver distraction graph based
on the Repairable model
Source: created by the author based on risk modelling in the FTA
software environment

The distraction risk curve shown in Figure 3 illustrates
the probability q(?) of a driver being in a distracted state
over time, based on the repairable system formulation.
Initially, the curve rises steeply, indicating that the risk of
distraction increases quickly during the early hours of the
shift. For example, by the second hour, the probability of
being in a distracted state reaches approximately 16-18%,
and by the sixth hour, it exceeds 40%. This trend aligns
with known fatigue accumulation patterns, especially
when rest breaks are inadequate.

Transport Systems and Technologies. 2026. Vol. 29, No. 1
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As the shift progresses, the curve gradually flattens,
indicating a balance between distraction occurrence and
recovery. However, because the recovery rate (u=0.05) is
lower than the failure rate (A =0.1), the system tends to-
ward higher unavailability - i.e., sustained distraction —
unless effective countermeasures (e.g., scheduled breaks
or shift rotation) are introduced. This finding highlights
the asymmetric nature of fatigue accumulation versus
recovery, and it underscores the importance of risk con-
trol strategies such as fatigue monitoring systems, mi-
cro-breaks, and duty cycle regulation in public transport
operations. The simulation confirms that driver distrac-
tion is a dynamically evolving risk, which becomes more
pronounced over time if not actively managed. The results
emphasise the need for real-time monitoring and proac-
tive interventions to prevent human error-related inci-
dents in urban transport systems.

Fatigue (Repairable model). Fatigue is considered
a recoverable human factor risk and is therefore mod-
elled using the repairable model, similar to distraction. It
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represents a temporary decline in alertness and perfor-
mance due to prolonged working hours or insufficient rest.
Since fatigue can be mitigated through sleep, rest breaks, or
shift rotation, it fits the logic of a system that can transition
from failure to recovery. Continuous fatigue without recovery
increases the likelihood of errors in perception, delayed re-
action times, and overall driving performance degradation.

Non-conservation of spacing (Weibull model). This
risk factor arises when drivers fail to maintain adequate
spacing between vehicles, especially under hazardous driv-
ing conditions. The likelihood of such behaviour leading to
an accident increases significantly when road conditions
are poor and tire tread is worn down, both of which affect
braking performance and control. Because tread wear is
a gradual, time-dependent process, and road conditions
dynamically influence accident probability, the Weibull
model, which accounts for failure rates that change over
time, is considered appropriate for modelling this risk.
The parameters used for different road types and corre-
sponding tread wear distances are presented in Table 3.

Table 3. Road conditions and tread wear parameters for Weibull-based spacing risk model

Asphalt 40,000 2.5
Asphalt (rainy) 30,000 2.0
Gravel road 20,000 1.8
Mud road 15,000 1.5

Source: compiled by the author based on assumed data for the case analysis

Since the roads used in the study are asphalted, the
shape parameter § =2.5 is initially assumed, reflecting a
wear-out failure pattern where the risk increases over
time. The MTTF of the tires is estimated to be 24 months,
and using the Gamma function value I'(1 +1/2.5) = 0.89.
['(1+1/2.5)~0.89, the corresponding scale parameter (1)
can be calculated accordingly. As tread wear is a gradual
and cumulative process, the condition of > 1 is justified,
indicating that failure likelihood grows as the tire ages.
Given that asphalt roads dominate in Baku and field ob-
servations confirm that tire tread degradation accelerates

with use, a more representative shape parameter f§ =3 is
adopted for final modelling. Analysis of the table data
reveals that the failure probability remains relatively low
during the first year but begins to increase significantly
after approximately 18-20 months of service. This trend
highlights the importance of implementing proactive tire
replacement schedules to minimise the risk of blowouts or
loss of traction in the later stages of a tire’s operational life.
The parameters used in modelling tire tread wear risk on
asphalt roads using the Weibull distribution are presented
in Table 4.

Table 4. Weibull model parameters for tire tread wear risk assessment on asphalt roads

Characteristic life H 26.1 month Average time for tire tread to wear out completely
Shape parameter 2.5 As wear is accelerating, >1 is taken
Location r 0 Failure can occur from the start
MTTF 24 month Average service life (time to failure)
ra+1/p) ~0.92 Gamma function

Source: compiled by the author based on assumed data for the case analysis

Since the roads used by the buses in the study in Baku
are asphalted, f =2.5. n is calculated as follows (Mod-
dares et al., 2016):

MTTF 24
=== %261
r/i+g 092

The gamma function is taken from the Table 4 (O’Con-
nor & Kleyner. 2012):
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I(1+1/2.5)~0.89
T(1+1/2)~0.89
I(1+1/1.8)~0.87
I(1+1/1.5)~0.83.

Notably, the shape parameter (f =2.5) confirms that
tire wear accelerates over time, and the characteristic
life (n =26.1 months) indicates the point at which failure
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becomes most likely. The model shows that while the
mean time to failure (MTTF) is 24 months, the system be-
gins entering a high-risk phase slightly before that thresh-
old. The variation of the risk of not maintaining the dis-
tance, modelled using the Weibull distribution, illustrates
how this probability evolves over time. As shown in Fig-
ure 4, the probability of failure interpreted as the risk of
not maintaining a safe following distance increases grad-
ually during the initial operational phase, then accelerates
as time progresses. This pattern indicates a wear-out be-
haviour, typical for systems where > 1, confirming that
the risk becomes increasingly significant with continued
exposure, ageing vehicle components, or driver fatigue ac-
cumulated over long driving periods.

Unavialability
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0 0.5 1 1.5 2 2.5
Year
Figure 4. Variation of the risk of not maintaining
the distance based on the Weibull model
Source: created by the author based on risk modeling in the FTA
software environment

Figure 4 illustrates how the probability of failure due
to not maintaining a safe following distance increases over
time, as modelled by the Weibull distribution. The curve
begins with a gradual slope, indicating lower risk in the
early stages, but steepens as time progresses, reflecting
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the cumulative effect of road wear and driver fatigue. This
trend confirms that spacing-related risks exhibit a wear-
out pattern, making preventive interventions more critical
in the later phases of vehicle or driver service time.

Driver inexperience (Weibull model). It is observed
that risks are significantly higher during the initial
months of a new driver’s career due to factors such as
lack of practical experience, unfamiliarity with routes,
and limited exposure to real-world traffic conditions.
During this early phase, incidents involving traffic viola-
tions, slower reaction times, and poor decision-making
are more likely to occur, thereby elevating the overall risk
level. However, as drivers accumulate experience, they
typically demonstrate improved judgment, quicker re-
sponse, and greater situational awareness, which grad-
ually reduces the probability of errors and accidents.
The Weibull distribution was applied to model this phe-
nomenon, as it captures time-dependent variations in
failure probability. The parameters used to assess driver
inexperience risk are presented in Table 5. Although this
type of risk is often associated with a f <1 to represent
decreasing failure rates, in this case, f=2.5 is used to re-
flect a sharp decline in risk after the first few months of
experience (Fig. 5). Figure 5 illustrates the variation in
risk associated with driver inexperience over time based
on the Weibull model. The curve demonstrates a rapid
decline in risk during the first few months, reflecting how
the likelihood of errors and unsafe behaviour decreases
as drivers gain experience. By around the sixth month,
the curve begins to level off, indicating that drivers have
acquired essential skills and that further risk reduction
becomes marginal.

Table 5. Weibull model parameters for driver inexperience risk assessment

Characteristic life n 6 months Time it takes for a driver to learn the basic rules and gain experience
Shape parameter B 2.5 Shows that errors decrease as experience increases (>1)
Location y 0 Risk starts from the first day of work
Value - Month Analysis is performed with a monthly unit of measurement

Source: compiled by the author based on assumed data for the case analysis
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0.5 1.5 2

1
Month

Figure 5. Risk effect of driver inexperience —
variation according to the Weibull model
Source: created by the author based on risk modelling in the FTA
software environment

Graphics delay (Dormant model). Schedule delays
occur when drivers fail to depart or arrive on time accord-
ing to the planned timetable. In an effort to compensate
for lost time, drivers may increase their speed or bypass

standard safety procedures, which elevates the risk of acci-
dents. Since this risk typically remains inactive (dormant)
during normal operations and only becomes active when
a delay occurs, the Dormant model is considered ap-
propriate for its analysis. This model helps to assess the
transition from a low-risk to a high-risk state, triggered by
schedule disruptions and unsafe compensatory behav-
iour. The parameters used for modelling this risk are pre-
sented in Table 6. The risk becomes active only under cer-
tain conditions (such as when a delay occurs) and remains
active for a limited time. In such cases, the “dormant”
model is ideal for representing the passive nature of the
risk before activation and its rapid transition afterward.
This model is particularly useful for capturing conditional
failures that depend on triggers like inspection intervals,
external disruptions, or timing mismatches. It allows for
better modelling of latent risks that are not continuously

Transport Systems and Technologies. 2026. Vol. 29, No. 1
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present but can lead to significant disruptions if acti-
vated. This factor represents risks that are conditional,
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time-bound, and event-triggered requiring specialised
modelling to reflect their dynamic behaviour (Fig. 6):

Table 6. Dormant model parameters for graphics delay risk assessment

Failure rate A 0.05 Daily delay probability (5%)
MTTR - 10 min Driver speed recovery time
Inspection interval T 1 day Daily schedule control
Value - Hour Calculations are made hourly

Source: compiled by the author based on assumed data for the case analysis
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Figure 6. Change in risk due to schedule delay
under the Dormant model
Source: created by the author based on risk modelling in the FTA
software environment

Figure 6 shows how the risk level changes under the
Dormant model when a schedule delay activates a pre-
viously passive hazard. Initially, the risk remains low or
inactive, reflecting normal operating conditions where

the driver adheres to the schedule. However, once a de-
lay occurs, the risk increases sharply, demonstrating how
the driver’s compensatory behaviour such as speeding
or skipping safety checks transforms the situation into a
high-risk scenario.

Incitement by other vehicles (Constant model).In some
accidents, buses are placed in a dangerous position due to
the pressure or unpredictable actions of surrounding vehi-
cles, such as sudden lane changes, tailgating, or aggressive
overtaking. These incidents typically occur without prior in-
dication and can happen at any moment during operation,
making the Constant model appropriate due to its assump-
tion of a uniform failure probability over time. This model
enables the quantification of a persistent, background risk
that is posed by external traffic behaviours beyond the bus
driver’s control. The parameters used to model this type of
risk are provided in Table 7 and form the basis for calcu-
lating both the frequency and duration of risk exposure.

Table 7. Constant model parameters for risk of provocation by other vehicles

Failure frequency w 0.005 Provocations per hour
MTTR - 1 hour Time to eliminate the threat caused by the provocation
Value - Hour Calculations are made hourly

Source: compiled by the author based on assumed data for the case analysis

The parameters required for modelling the risk of a
bus being forced into danger by another vehicle include
unavailability (¢) and failure frequency (w). Unavailability
refers to the probability that the bus is in an unsafe state
due to external provocation, while failure frequency indi-
cates how often such events are expected to occur. Failure
frequency is calculated by considering how often prov-
ocation events occur and how long their effects persist,
providing a measure of the system’s exposure to repeated
external threats. Failure frequency is calculated using the
following equation:

q _0.005 _

w= =—— = 0.005 event/hour.
MTTR 1

MTTR: 1 hour (average time to eliminate the threat
posed by a provocation event).
Daily failure frequency:

0.005x24 =0.12 event/day.

Ax MTTR 0.005x 1

a= 1+(A x MTTR) = 1+(0.005x 1) = 0.00498 ~ 0.005.
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In that case, the graph illustrates how the probability of
being hit by another vehicle remains constant over time, as-
suming a fixed failure rate. This reflects the continuous and
random nature of external provocation, where the risk does
not increase or decrease with the vehicle’s operational du-
ration but instead persists uniformly throughout the entire
period. Such a modelling approach is especially relevant for
urban traffic environments where unpredictable driver be-
haviour - such as sudden overtaking or lane changes creates
a steady-state background risk that must be considered in
safety planning. This scenario is effectively visualised in Fig-
ure 7. The Weibull model effectively captures the non-con-
stant nature of risk associated with drunk driving, allowing
for a time-dependent failure rate that mirrors real-world con-
ditions. This model is particularly valuable for assessing how
the likelihood of incidents escalates during high-risk periods,
such as evenings, weekends, or holidays, when alcohol-relat-
ed behaviours are more prevalent. It also supports the devel-
opment of targeted safety interventions based on temporal
trends, including time-of-day or day-of-week patterns. The
parameters used to model this risk are summarised in Table 8.
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Figure 7. Probability of being hit by another vehicle — variation on the Constant model
Source: created by the author based on risk modelling in the FTA software environment

Table 8. Weibull model parameters for drunk driving risk assessment

Characteristic life H 1 month Average time for drunk driving incidents to reach dangerous levels
Shape parametric B 1.8 Indicates that risk increases over time (evenings and weekends)
Location r 0 Risk starting point — incident can occur at any time
Value - Month Monthly unit of measure

Source: compiled by the author based on assumed data for the case analysis

This expression represents the unavailability func-
tion for a repairable system, where A denotes the fail-
ure rate and p represents the repair (recovery) rate. The
function calculates the probability that the system is in
a failed state at any given time ¢, incorporating both fail-
ure occurrence and recovery over time. The accompa-
nying table provides specific parameter values used to
estimate time-dependent risk in systems that undergo

—
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random failures followed by maintenance-based recov-
ery. This model is particularly valuable for evaluating
technical components in public transportation, where
maintenance actions can restore functionality after a
breakdown. A similar time-based risk variation is illus-
trated in Figure 8, which shows how the probability of
drunk driving incidents changes over time using the
Weibull model.

1.5 2 2.5

Month

Figure 8. Risk of drunk driving — variation according to the Weibull model
Source: created by the author based on risk modelling in the FTA software environment

Pedestrian disorderly behaviour (Weibull model).
This risk factor is another important cause of accidents
involving public transport. The erratic behaviour of pas-
sengers and pedestrians especially boarding or alighting
before the bus fully stops, or crossing the road inatten-
tively frequently leads to accidents. These behaviours
are not constant but vary over time and are influenced

by behavioural patterns and situational habits. As such,
they are best evaluated using the Weibull model, which
accommodates time-dependent increases in risk. The
parameters used for this modelling are summarised in
Table 9, which outlines the characteristic life, shape, and
location factors for estimating the risk of pedestrian dis-
orderly behaviour.

Table 9. Weibull model parameters for risk of pedestrian disorderly behaviour

Characteristic life n 1 month Average time for this type of behaviour to reach a dangerous level
Shape parametric B 1.8 Indicates that the risk increases over time
Location Y 0 Risk starting point — the event can occur at any time
Value - Month Calculations are made monthly

Source: compiled by the author based on assumed data for the case analysis

Table 9 presents the parameters used in the Weibull
model to evaluate the risk associated with disorderly pe-
destrian behavior, such as boarding or alighting from a bus

before it stops and crossing without observing traffic. The
characteristiclife (=1 month) indicates the average time for
such risky behavior to reach a critical threshold. The shape

Transport Systems and Technologies. 2026. Vol. 29, No. 1
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parameter (=1.8) shows that the risk increases over time,
reflecting the cumulative effect of habitual unsafe actions.
Thelocation parameter (y=0) assumes that the risk can arise
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atany moment, without aninitial delay. The evolution of this
risk over time is illustrated in Figure 9, which shows how the
probability of accidents grows as unsafe behaviors persist.

2 2.5 3

Figure 9. Risk of hop-on/hop-off behaviour without stopping the bus - variation according to the Weibull model
Source: created by the author based on risk modelling in the FTA software environment

The parameters in Table 10 reflect the modelling of be-
havioural risks that escalate quickly over time, such as ag-
gressive or reckless driving. A shape parameter of $=2.5 in-
dicates that the risk does not remain constant but grows at
an accelerating rate as the behaviour continues unchecked.
The characteristic life =2 months suggests that, on average,

such risky behaviour may reach a critical threshold within
arelatively short period if no corrective action is taken. This
modelling approach helps quantify how quickly certain
behaviours can transition from moderate to high-risk, un-
derscoring the need for early interventions such as moni-
toring, driver retraining, or enforcement strategies (Fig. 10).

Table 10. Weibull model parameters for rapidly increasing behavioural risks

Characteristic life n 2 months Average time for risky behaviour to reach a dangerous level
Shape parameter B 2.5 Higher B is assumed because risk increases more rapidly
Location y 0 Risk starting point — event can occur at any time
Value - Month Used for monthly analysis

Source: compiled by the author based on assumed data for the case analysis
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Figure 10. Pedestrian crossing the road
without considering vehicles —
variation according to the Weibull model
Source: compiled by the author based on assumed data for the
case analysis

Figure 10 shows the variation of risk over time as-
sociated with pedestrians crossing the road without
considering vehicle traffic. The curve, based on the Wei-
bull distribution with a high shape parameter (§ =2.5),
reflects a rapidly increasing risk, emphasising that re-
peated exposure to such behaviour intensifies the like-
lihood of accidents. This model captures the escalating
nature of behavioural risks that emerge quickly and
intensify without immediate corrective measures. Pe-
destrians crossing the road without considering vehicle
traffic significantly increases the risk of accidents. This
behaviour, especially prevalent during peak hours or in
areas with inadequate pedestrian infrastructure, tends

Transport Systems and Technologies. 2026. Vol. 29, No. 1

to escalate over time due to habitual negligence or lack
of enforcement. The fact that this risk increases more
rapidly over time makes the Weibull model more appro-
priate for this case.

Risks associated with technical failures

Technical failures are a significant contributor to acci-
dents in public bus transportation, often resulting from
the malfunction of critical components such as brakes,
steering, or electrical systems. These failures tend to fol-
low specific wear-out patterns over time, making them
suitable for time-dependent risk modelling. The Weibull
model is particularly effective in capturing the increas-
ing likelihood of failure as components age or wear. In
the following section, each major technical risk is an-
alysed individually using the Weibull model to better
understand its behaviour and inform preventive main-
tenance strategies.

Steering system failure (Weibull model). Steering
system failure poses a serious safety hazard because it di-
rectly affects the driver’s ability to control the vehicle. Over
time, wear and tear, inadequate maintenance, or mechan-
ical fatigue can increase the likelihood of such failures.
Table 11 presents the Weibull model parameters used to
evaluate the risk of steering system failure, highlighting
the time-dependent nature of this risk through the shape
and characteristic life parameters.
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Table 11. Weibull model parameters for steering system failure risk assessment

Characteristic life n 3 months Average time to failure of the steering system
Shape parameter B 2.2 As the risk of failure increases over time, 3> 1 is taken
Location Y 0 The failure can start at any time
Value - Month Calculations are performed monthly

Source: compiled by the author based on assumed data for the case analysis

Table 11 presents the Weibull model parameters
used to assess the risk of steering system failure in bus-
es. The characteristic life =3 months indicates that, on
average, significant failures in the steering system are
expected to emerge within this time frame under regu-
lar operating conditions. With a shape parameter $=2.2,
the model reflects a wear-out failure pattern, meaning
the likelihood of failure increases as the component
ages, reinforcing the need for periodic inspections and
timely maintenance.

—

Unavialability

e oo 2
ok o ~—iv

4
Month

Figure 11 illustrates how the probability of steering
system failure evolves over time according to the Wei-
bull model. As seen in the graph, the failure probability
increases progressively, reflecting the mechanical fatigue
and degradation common in steering components. This
trend emphasises the need for regular inspection and
timely maintenance to prevent accidents caused by loss of
control. Figure 11 shows the dynamic variation of steering
system failure risk modelled using the Weibull distribution
in the FTA software environment.

Figure 11. Risk of steering system failure — variation according to the Weibull model
Source: created by the author based on risk modelling in the FTA software environment

Figure 11 illustrates the variation in the risk of steer-
ing system failure over time based on the Weibull model.
The graph shows a gradual increase in failure probability
during the initial months, followed by a sharper rise as
the system approaches its characteristic life (3 months).
This pattern highlights the importance of proactive
maintenance, as the risk becomes significantly higher if
the steering system is not serviced within the expected
operational period.

Malfunction of lighting and signal systems (Dormant
model). Malfunctions in lighting and signalling systems can
go unnoticed during normal operation but become critical
whenthesesystemsaresuddenlyneeded, suchasduringnight
driving or adverse weather conditions. These failures may re-
main undetected for a long time, which increases the danger
when they are eventually triggered. Table 12 presents the pa-
rameters of the dormant model used to assess the risk associ-
ated with potential failures in lighting and signalling systems.

Table 12. Dormant model parameters for risk of lighting and signal system failures

Failure rate A 0.0003 hours Probability of system failure
MTTR - 0.002 hours Time required to eliminate the failure
Inspection interval T 720 hours 30-day maintenance period
Value - Month Calculations are made monthly

Source: compiled by the author based on assumed data for the case analysis

Lighting and signal systems play a vital role in ensuring
visibility and communication between road users, espe-
cially in low-visibility conditions. The failure of these sys-
tems may not pose an immediate risk but becomes highly
critical when activated during specific situations such as
night time or foggy weather. The Dormant model captures
this behaviour by modelling the risk as passive until trig-
gered, highlighting the importance of regular inspections.
Figure 12 illustrates how the risk of lighting and signal sys-
tem failure evolves over time according to the Dormant

model, emphasising the sudden activation of risk under
specific conditions. Figure 12 shows the variation in the
risk of lighting and signal system failure using the Dormant
model. The graph indicates that the risk remains inactive
or minimal under normal conditions but rises sharp-
ly once the system is activated or needed such as during
night driving or in poor visibility. This emphasises the crit-
ical importance of regular inspections, as failures in these
systems may remain undetected until the moment they
are urgently required, posing immediate safety hazards.

Transport Systems and Technologies. 2026. Vol. 29, No. 1
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Figure 12. Risk of lighting and signal system failure — variation on the Dormant model
Source: created by the author based on risk modelling in the FTA software environment

Sudden engine stop (Unrepairable model). A sudden
enginestop canlead to the completeloss of control over the
vehicle, especially in high-density traffic areas, making it
oneofthemostdangeroustechnical failuresin publictrans-
port. Since such failures often require total replacement
rather than repair, they are best analysed using the Unre-
pairable model, which assumes that once a failure occurs,

the component remains non-functional. Table 13 presents
the parameters used in the Unrepairable model for assess-
ing the risk of sudden engine failure, including the failure
rate and the unit of time for calculations. Figure 13 illus-
trates the variation in risk associated with sudden engine
stoppage as modelled by the Unrepairable model, which
assumes the system remains non-functional after failure.

Table 13. Unrepairable model parameters for sudden engine stop risk assessment

Failure rate N 0.0003 hours

Engine failure probability

Value - Month

Calculations are made monthly

Source: compiled by the author based on assumed data for the case analysis
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Figure 13. Risk of sudden engine stoppage —
variation on the Unrepairable model
Source: created by the author based on risk modelling in the FTA
software environment

The graph demonstrates a steady increase in failure
probability over time, reflecting the cumulative nature of
this critical technical risk. Table 13 presents the param-
eters used to model the risk of a sudden engine stop us-
ing the Unrepairable model. The failure rate A =0.0003/
hour indicates a low but persistent probability of engine

failure that accumulates over time, and the analysis is
conducted on a monthly basis to capture long-term risk
trends. Figure 13 shows how the probability of engine
failure increases steadily, with no possibility of recovery
once the failure occurs characteristic of unrepairable
events. This highlights the critical importance of early di-
agnostics and replacement strategies, as a single engine
failure can lead to severe safety consequences, particu-
larly in urban traffic conditions.

Fuel system problem (Repairable model). Fuel sys-
tem failures, such as pump malfunctions, can temporar-
ily disrupt the engine’s operation but are often addressed
through standard maintenance procedures. The repair-
ability of this type of failure makes it suitable for model-
ling with the repairable model, which accounts for both
failure and recovery rates. Table 14 outlines the parame-
ters used in the Repairable model for evaluating fuel sys-
tem failure risk, including the failure rate, repair rate, and
calculation timeframe.

Table 14. Repairable model parameters for fuel system failure risk assessment

Failure rate A 0.0008 hour Probability of fuel pump failure
Repair rate il 0.003 hour Probability of recovery to eliminate the malfunction
Value - Month Calculations are made monthly

Source: compiled by the author based on assumed data for the case analysis

As Table 14 demonstrated, a failure rate A = 0.0008/
hour and a repair rate u=0.003/hour. These values suggest
that while failures occur at a low frequency, the relative-
ly higher repair rate enables effective restoration of the
system, minimising long-term unavailability. Fuel system

Transport Systems and Technologies. 2026. Vol. 29, No. 1

failures may not lead to immediate accidents, but they sig-
nificantly compromise vehicle reliability and operational
continuity, especially during peak service hours. Timely re-
pair of such failures can mitigate prolonged downtime and
reduce service disruption risks in public transport (Fig. 14).
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Figure 14. Risk of fuel system failure —
variation on the Repairable model
Source: created by the author based on risk modelling in the FTA
software environment

Figure 14 shows the change in the risk of fuel system
failure over time, modelled using a maintainability model
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based on both the failure rate and the repair rate. As can
be seen, the probability of fuel system failure varies over
time, initially increasing but stabilising due to ongoing re-
pair work. This balance between failure and repair reflects
the nature of fuel system problems, where timely mainte-
nance can effectively control operational risk and prevent
disruptions to business continuity.

Steering system failure (Repairable model). Steer-
ing system failures are among the most critical techni-
cal malfunctions that directly affect vehicle control and
safety. The ability to repair these faults within a reason-
able time frame allows for operational risk mitigation
and continuity of service. Table 15 presents the key pa-
rameters used in modelling the risk of steering system
failure under the repairable model, including failure
and repair rates.

Table 15. Repairable model parameters for steering system failure risk assessment

Failure rate A 0.0005 hours Probability of steering failure
Repair rate N 0.005 hours Recovery speed
Value - Hour Calculations are made hourly

Source: compiled by the author based on assumed data for the case analysis

Table 15 provides the failure and repair rates used to
model steering system failure under the repairable mod-
el, with a failure rate A = 0.0005/hour and a repair rate
p=0.005/hour. The significantly higher repair rate sug-
gests that, despite the critical nature of such failures, they
can be addressed quickly, reducing long-term system un-
availability and improving operational safety. Figure 15
illustrates the variation in the probability of steering sys-
tem failure over time, based on the repairable model. This
model assumes that although steering system failures oc-
cur, they can be mitigated through timely repairs.
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Figure 15. Risk of steering system failure —
variation on the Repairable model
Source: created by the author based on risk modelling in the FTA
software environment

Figure 15 shows the modelled risk trajectory of steer-
ing system failure using repairable parameters in the FTA

software environment. The risk of steering system failure
initially grows but gradually stabilises as the repair process
becomes effective over time. This trend emphasises the
importance of routine maintenance and rapid response
protocols, which help contain failure risks and maintain
control system integrity in public transport vehicles.

Gearbox failure (Repairable model). Gearbox fail-
ure can lead to a complete breakdown in vehicle op-
eration, especially in heavy urban traffic conditions
where frequent gear shifts are required. Timely repairs
are usually feasible for this type of failure, making the
Repairable model a suitable approach for risk evalua-
tion. Table 16 presents the parameters used for model-
ling the risk of gearbox failure, including the failure rate
and the rate of repair, both assessed on an hourly basis
and Figure 16 illustrates how the probability of gearbox
failure changes over time using the Repairable model.
As shown in the figure, the failure probability initially
increases but then stabilises due to the system’s ability
to be repaired after malfunction. This model highlights
the importance of regular maintenance and timely in-
terventions in minimising long-term risks. It shows the
variation of gearbox failure risk over time, modelled
using Repairable system parameters. This pattern high-
lights how effective maintenance strategies can signifi-
cantly limit the long-term risk associated with mechan-
ical component failures.

Table 16. Repairable model parameters for gearbox failure risk assessment

Failure rate A 0.0006 hour Probability of gearbox failure
Repair rate 1 0.004 hour Probability of recovery to eliminate the fault
Value Hour Calculations are made hourly

Source: compiled by the author based on assumed data for the case analysis
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Figure 16. Risk of gearbox failure — variation on the Repairable model
Source: created by the author based on risk modelling in the FTA software environment

Table 17 presents the Minimal Cut Sets for traffic ac-
cidents identified through FTA. Each cut set represents a
unique combination of basic events that can lead to the
top event (a road traffic accident). The “Unreliability” col-
umn indicates the probability that a specific minimal cut
set causes a system failure, while the “Importance” col-
umn shows the relative contribution of each cut set to the
overall system failure. The first few cut sets (e.g., rows 1 to

4) have significantly higher importance values. indicating
that they are critical contributors to the overall accident
risk. In contrast, the remaining cut sets, although numer-
ous, have negligible individual contributions, reflecting
a long tail of low-probability failure paths. This analysis
helps to prioritise which combinations of faults need the
most attention to improve system reliability and reduce
accident risk.

Table 17. Risk analysis of road traffic accidents by Minimal Cut Sets

1 Event2.Event3.Event4.Event8.Event11.P 1.40729E-27 0.394

2 Event2.Event3.Event4.Event8.12.P 8.6884E-28 0.243

3 Event2.Event3.Event4.Event8.P 6.72518E-28 0.184

4 Event2.Event3.Event4.Event8.10.P 6.04234E-28 0.169

5 Event2.Event3.Event4.Event8 5.34502E-28 0.0015

6 Event2.Event3.Event4.Event7.Event8 4.49273E-30 0.00013

7 Event2.Event3.Event4.Event7.Event8.12.P 2.77374E-30 0.00078

8 Event2.Event3.Event4.Event6.Event7.Event8 2.14699E-30 0.00060

9 Event2.Event3.Event4.Event8.7.Event8 1.929E-30 0.00054
10 Event2.Event3.Event4.Event6.Event7 1.70638E-32 0.0000048
11 Event2.Event3.Event4.Event5.Event8 1.14729E-32 0.00000032
12 Eventl.Event2.Event3.Event4.Event8 7.08322E-34 0.00000020
13 Eventl.Event2.Event3.Event4.Event6.Event8 5.4872E-34 0.00000015
14 Eventl.Event2.Event3.Event4.Event5.Event8 4.92602E-34 0.00000014
15 Event2.Event3.Event4.Event6.Event8 3.08455E-34 0.000000086
16 Event2.Event3.Event4.Event7.Event8.11.P 2.18985E-34 0.000000061
17 Eventl.Event2.Event3.Event4.Event7.Event8 1.53198E-34 0.000000039
18 Event3.Event4.Event7.Event8.12.P 1.04649E-34 0.000000029
19 Event3.Event4.Event6.Event7.Event8 9.40233E-35 0.000000026
20 Event3.Event4.Event7.Event8.11.P 5.94325E-35 0.000000017
21 Eventl.Event2.Event3.Event4.Event5.Event7.Event8 4.35753E-36 0.0000000012
22 Event3.Event4.Event8.Event12.P 3.66927E-36 0.000000001
23 Event3.Event4.Event8.Event7.Event8.11.P 3.66269E-36 0.0000000010
24 Event3.Event4.Event6.Event8.Event8.12.P 2.84016E-36 7.96E-10
25 Event2.Event3.Event4.Event8.Event8.10.P 2.55179E-36 7.15E-10
26 Event2.Event3.Event4.Event8.Event8.9.P 2.26129E-36 6.33E-10
27 Event2.Event3.Event4.Event8.Event8.12.P 1.75033E-36 4.90E-10
28 Event2.Event3.Event4.Event7.Event8.12.P 1.57261E-36 4.40E-10
29 Event3.Event4.Event8.Event7.Event8.11.P 9.84732E-37 2.76E-10
30 Event3.Event4.Event8.Event10.P 8.31725E-37 2.33E-10
31 Event3.Event4.Event7.Event8.11.P 6.89172E-37 1.96E-10
32 Event2.Event3.Event4.Event7.Event8.Event8 4.31615E-37 1.21E-10
33 Eventl.Event2.Event3.Event4.Event7.Event8.8.P 3.34088E-37 9.36E-11
34 Event3.Event4.Event8.Event7.Event8.12.P 3.00166E-37 8.41E-11
35 Event3.Event4.Event7.Event8.11.P 2.25732E-37 6.32E-11
36 Event3.Event4.Event8.Event7.Event8.Event8 1.89736E-38 5.31E-12
37 Eventl.Event2.Event3.Event4.Event7.Event8.10.P 1.39138E-38 3.89E-12
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Table 17. Continued

38 Eventl.Event2.Event3.Event4.Event7.Event8.12.P 1.1714E-38 3.28E-12
39 Event3.Event4.Event6.Event7.Event8.Event8 9.06712E-39 2.54E-12
40 Event3.Event4.Event7.Event8.Event8.Event8 8.1465E-39 2.28E-12
41 Event3.Event4.Event8.Event10.P 2.65525E-39 7.44E-13
42 Event2.Event3.Event4.Event8.10.P 2.51468E-40 7.04E-14
43 Eventl.Event2.Event3.Event4.Event8.Event8 1.78527E-40 5.00E-14
44 Event3.Event4.Event8.Event8.11.P 1.1022E-40 3.09E-14
45 Event2.Event3.Event4.Event8.Event8.12.P 8.53148E-41 2.39E-14
46 Event2.Event3.Event4.Event7.Event8.10.P 7.66524E-41 2.15E-14
47 Eventl.Event2.Event3.Event4.Event8.Event8.9.P 7.26035E-41 2.02E-14
48 Event2.Event3.Event4.Event8.Event8.9.P 4.79978E-41 1.34E-14
49 Event3.Event4.Event8.Event10.P 4.84522E-42 1.36E-15
50 Event3.Event4.Event8.Event8.10.P 2.99137E-42 8.38E-16
51 Event3.Event4.Event7.Event8.9.P 2.31544E-42 6.49E-16
52 Event3.Event4.Event7.Event8.8.P 2.08034E-42 5.83E-16
53 Event3.Event4.Event8.Event7.Event8.12.P 1.30266E-42 3.65E-16
54 Event3.Event4.Event8.Event7.Event8.11.P 9.24811E-43 2.59E-16
55 Event3.Event4.Event7.Event8.10.P 8.02802E-43 2.25E-16
56 Event3.Event4.Event8.Event9.P 6.78036E-43 1.90E-16
57 Event2.Event3.Event4.Event8.Event8.8.P 5.70965E-43 1.60E-16
58 Event2.Event3.Event4.Event7.Event8.9.P 5.69942E-43 1.60E-16
59 Event3.Event4.Event8.Event10.P 4.35753E-43 1.22E-16
60 Event3.Event4.Event8.Event8.10.P 3.66927E-43 1.03E-16
61 Event3.Event4.Event7.Event8.11.P 3.66269E-43 1.03E-16
62 Event2.Event3.Event4.Event8.Event8.10.P 2.84016E-43 7.96E-17
63 Event2.Event3.Event4.Event8.Event8.9.P 2.55179E-43 7.15E-17
64 Event2.Event3.Event4.Event8.Event8.12.P 2.26129E-43 6.33E-17
65 Event2.Event3.Event4.Event7.Event8.12.P 1.75033E-43 4.90E-17
66 Event3.Event4.Event8.Event7.Event8.11.P 1.57261E-43 4.40E-17
67 Event3.Event4.Event8.Event10.P 9.84732E-44 2.76E-17
68 Event3.Event4.Event7.Event8.11.P 8.31725E-44 2.33E-17
69 Event2.Event3.Event4.Event7.Event8.Event8 6.89172E-44 1.96E-17
70 Eventl.Event2.Event3.Event4.Event7.Event8.8.P 4.31615E-44 1.21E-17
71 Event3.Event4.Event8.Event7.Event8.12.P 3.34088E-44 9.36E-18
72 Event3.Event4.Event7.Event8.11.P 3.00166E-44 8.41E-18
73 Event3.Event4.Event8.Event7.Event8.Event8 2.25732E-44 6.32E-18
74 Eventl.Event2.Event3.Event4.Event7.Event8.10.P 1.89736E-45 5.31E-19
75 Eventl.Event2.Event3.Event4.Event7.Event8.12.P 1.39138E-45 3.89E-19
76 Event3.Event4.Event6.Event7.Event8.Event8 1.1714E-45 3.28E-19
77 Event3.Event4.Event7.Event8.Event8.Event8 9.06712E-46 2.54E-19
78 Event3.Event4.Event7.Event8.8.P 8.1465E-46 2.28E-19
79 Event3.Event4.Event8.Event7.Event8.12.P 2.65525E-46 7.44E-20
80 Event3.Event4.Event8.Event7.Event8.11.P 2.51468E-47 7.04E-21
81 Event3.Event4.Event6.Event7.Event8.Event8 1.78527E-47 5.00E-21
82 Event3.Event4.Event8.Event8.11.P 1.1022E-47 3.09E-21
83 Event2.Event3.Event4.Event8.Event8.12.P 8.53148E-48 2.39E-21
84 Event2.Event3.Event4.Event7.Event8.10.P 7.66524E-48 2.15E-21
85 Eventl.Event2.Event3.Event4.Event8.Event8.9.P 7.26035E-48 2.02E-21
86 Event2.Event3.Event4.Event8.Event8.9.P 4.79978E-48 1.34E-21
87 Event3.Event4.Event8.Event10.P 4.84522E-49 1.36E-22
88 Event3.Event4.Event8.Event8.10.P 2.99137E-49 8.38E-23
89 Event3.Event4.Event7.Event8.9.P 2.31544E-49 6.49E-23
90 Event3.Event4.Event7.Event8.8.P 2.08034E-49 5.83E-23
91 Event3.Event4.Event8.Event7.Event8.12.P 1.30266E-49 3.65E-23
92 Event3.Event4.Event8.Event7.Event8.11.P 9.24811E-50 2.59E-23
93 Event3.Event4.Event7.Event8.10.P 8.02802E-50 2.25E-23
94 Event3.Event4.Event8.Event9.P 6.78036E-50 1.90E-23
95 Event3.Event4.Event8.Event8.8.P 5.70965E-50 1.60E-23

Source: compiled by the author based on assumed data for the case analysis
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One of the key outcomes of the FTA conducted in this
study is the identification of Minimal Cut Sets (MCS) — the
smallest combinations of basic events that, if they occur si-
multaneously, inevitably lead to the Top Event, i.e., a road
traffic accident involving a public bus. Each minimal cut
set represents a unique combination of technical, human,
and environmental factors, and provides valuable insight
into the most critical risk pathways within the system. For
example, the first minimal cut set (Event2.Event3.Event4.
Event8.Event11.P) includes the following high-risk events:

> Event2 - steering system failure;

Event3 - brake system failure;

Event4 — driver error;

Event8 — heavy traffic conditions;
Eventl1 - provocation by other vehicles.

Although the combined probability of occurrence for
this set is very low (1.40729E-27), the importance factor
(0.394) signifies that this combination makes a signifi-
cant contribution to overall system risk. In total, Table 17
presents 95 such minimal cut sets, each quantifying the
contribution of different combinations of failures and
unsafe behaviours to the top event. This analysis forms
the foundation for prioritising safety interventions by
ranking which combinations of risk factors require im-
mediate attention.

These findings align with similar applications in in-
ternational research. For instance, A.A. Baig et al. (2020)
conducted an FTA study on urban bus safety in Delhi and
identified driver error and brake system failures as prima-
ry causes of accidents. The present study confirmed this
through the high-priority cut sets that combine steering
and braking failures with human error. The convergence
of findings underscores the synergistic effect of technical
and behavioural failures on urban transport safety.

Furthermore, the application of the Weibull model to
represent time-dependent risks, such as mechanical deg-
radation and behavioural shifts, is supported by studies
such as L. Chen &Y. Wang (2021). Their research in China
confirmed that technical components like gearboxes and
steering systems exhibit increasing failure probabilities
over time, particularly when operating under intensive
service conditions. The use of >1 in current study, con-
sistent with their findings, reflects the accelerating nature
of wear-related risks in urban public transport systems.

In contrast, R. Joomjee et al. (2024) applied the con-
stant model to assess the impact of unpredictable external
risks — such as road congestion and aggressive behaviour
by surrounding vehicles in highway scenarios. A similar
approach was adopted in this study to model provoca-
tion by other vehicles, particularly in dense urban traffic
in Baku, where such threats are stochastic and environ-
ment-driven, validating the robustness of the constant
model structure for external, uncontrollable variables.

From a behavioural risk standpoint, risks such as
lighting or signal system failure or improper passenger
boarding were analysed using the Dormant model, which
remains inactive until triggered by specific conditions.
This modelling strategy is consistent with the work of

>
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M. Li et al. (2022), who used a similar approach to evalu-
ate latent risks in tram systems. Their study affirmed the
importance of dormant risks, which, although infrequent,
have severe consequences when activated-especially in
unpredictable urban traffic scenarios.

The concept and application of Minimal Cut Sets,
as utilised in this study, are rooted in the foundational
methodology developed by W.E. Vesely et al. (1981) for
aerospace safety. The current adaptation of this method to
public transport risk management allows for quantitative
prioritisation of risk pathways, guiding resource alloca-
tion and intervention strategies more effectively. This ap-
proach also complements advanced reliability modelling
by integrating technical failures with human and contex-
tual factors within a comprehensive fault-tree framework.

Moreover, the classification of failures into repaira-
ble and unrepairable categories, following the rationale
K. Kaur (2023), helps to improve maintenance planning.
In this case, components like the fuel system and gearbox
were modelled as repairable, allowing for service resto-
ration through timely intervention, while engine failure
was modelled as unrepairable, where full replacement
was more realistic. This differentiation supports a cost-ef-
fective maintenance strategy, avoiding overinvestment
in systems where repair is not viable. The integration of
time-loss and reliability concerns into fault-tree model-
ling reflects insights from V. Dixit et al. (2019), who studied
the perception of travel time risk. In this study, these dis-
ruptions — whether from technical failures or driver-relat-
ed issues - feed into broader system inefficiencies, such
as delays, increased congestion, and reduced public trust
in transportation services. By embedding these concepts
into the FTA framework, a holistic understanding of both
accident causality and operational risk is achieved.

Several recent studies have examined the strengths
and limitations of classical Fault Tree Analysis and its al-
ternatives in safety-critical systems. For instance, N. Kha-
kzad et al. (2011) conducted a comparative analysis of FTA
and Bayesian Networks (BNs) within the context of pro-
cess safety. Their findings underscore that while FTA relies
on a static, deductive structure, and assumes event inde-
pendence, it lacks the capability to model uncertainty,
temporal progression, and complex interdependencies.
In contrast, BN offers greater modelling flexibility, incor-
porating conditional relationships, expert judgments, and
probabilistic updates. Although their study demonstrates
a transition mechanism from FTA to BN and applies both
methods to an accident scenario, it does not consider ap-
plications in public transportation systems, particularly
in bus operations. Critical factors such as route structure,
driver and passenger behaviour, environmental dynam-
ics, and cost-risk implications are omitted, indicating a
gap in contextual adaptation of these methods to urban
transit safety.

Inarelated contribution, W. Wang et al. (2010) proposed
the Incident Tree Analysis (ITA) approach, which extends
FTA by introducing temporal event evolution and track-
ing the flow of information during incident development.




AO <

@

This dynamic structure provides a more comprehensive
view of accident progression, particularly in complex sys-
tems with feedback loops. While ITA introduces a valuable
framework for modelling real-world accident sequences,
the study lacks specificity to public transport systems
such as buses or metros and does not incorporate weather
conditions, infrastructure characteristics, or socio-eco-
nomic consequences, all of which are highly relevant to
urban mobility planning.

Similarly, O. Derse & E. Go¢gmen (2019) explored the
integration of FTA with mathematical optimisation meth-
ods to support risk-informed transport mode selection.
Their model successfully incorporates uncertainty and
user discomfort into the decision-making framework,
positioning FTA as a strategic planning tool. However,
the study remains largely theoretical and scenario-based,
without calibration using real-world data. More impor-
tantly, it fails to engage with urban bus systems, dynamic
passenger flow patterns, or context-specific environmen-
tal risk indicators. In contrast, the present study applies
FTA directly to urban bus networks in Baku, integrating
technical (e.g., gearbox, steering), behavioural (e.g., fa-
tigue, distraction), and environmental (e.g. road conges-
tion. weather conditions) risk factors. It further utilises
actual incident data and FTA software (Top Event) to de-
rive minimal cut sets and assign priority to critical event
combinations, thereby transforming conceptual models
into operationally relevant safety assessments.

Beyond identifying methodological gaps, this study
also aimed to propose actionable measures for enhancing
safety in public transport systems. Based on the modelling
outputs and comparative analyses, several policy and op-
erational recommendations can be made here. Driver-fo-
cused safety programmes should include fatigue detec-
tion systems, cognitive-behavioural training, and targeted
monitoring during the first six months of employment,
where risk is highest. Predictive maintenance schedules
should be developed based on failure probability model-
ling (e.g., Weibull analysis), particularly for components
with accelerating wear-out behaviour such as gearboxes,
fuel systems, and steering mechanisms. Advanced mon-
itoring systems (e.g., telematics, GPS-based diagnostics,
lane departure warnings) should be deployed to capture
real-time risk signals related to technical failures or ag-
gressive surrounding vehicle behaviour. Integrated data
platforms should be established to link operational, be-
havioural, and environmental data for system-wide risk
surveillance and dynamic decision-making. Institutional
capacity-building is required to embed fault-tree logic and
quantitative risk modelling into transport safety audits,
ensuring that risk prioritisation guides both investments
and daily operations.

”Conclusions™

The purpose of this study was to evaluate keyrisk factors in
public bus transportation systems by applying Fault Tree
Analysis in combination with various reliability models.
The main objective was to assess the failure probability of
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different technical and behavioural factors under varying
traffic and operational conditions, and to determine their
criticality in road traffic accidents. The results of the anal-
ysis confirmed that the selected methodological approach
effectively identified and quantified significant risk con-
tributors, thus achieving the primary research goal.

The research began with the classification of risk
sources into three broad categories: technical failures (e.g.,
steering, braking, engine), behavioural errors (e.g., pedes-
trian misbehaviour, driver faults), and environmental trig-
gers (e.g., traffic density, influence of other vehicles). Each
risk was analysed using a reliability model appropriate to
its failure nature — such as the Weibull model for time-de-
pendent failures and the Constant or Dormant models for
continuous or passive risks. Quantitative parameters like
failure rate (A), repair rate (n), characteristic life (), and
shape factor () were used to simulate system behaviour
over time. Based on these parameters, risk curves, and
probability distributions were generated for each scenar-
io. Additionally, the study employed a Minimal Cut Set
analysis to rank the most critical event combinations that
could lead to accidents.

The findings underscored that driver error and pe-
destrian behaviour were among the most significant
contributors to bus-related accidents, particularly when
combined with mechanical failures under high-traffic
conditions. The combination of FTA and reliability mod-
elling not only allowed for detailed risk decomposition
but also helped to trace the pathway of accident causa-
tion in a structured and quantifiable manner. The analysis
also demonstrated that some failures, despite having low
probability, pose high criticality due to their involvement
in key failure pathways.

Overall, the integration of probabilistic models into
FTA-based transport safety assessments contributes to a
more comprehensive understanding of urban mobility
risks. These results provide a robust foundation for devel-
oping predictive models and proactive safety interventions
tailored to public transportation systems. The findings of
this research may serve as a foundation for improving
transport safety strategies and can be applied to reduce
accident rates and enhance urban mobility resilience in
similar metropolitan settings. Future research should ex-
plore the integration of real-time telematics and machine
learning algorithms to dynamically update fault trees
based on actual vehicle performance and behavioural
data. Additionally, socio-demographic and route-specific
variations in risk exposure require further empirical inves-
tigation to tailor safety measures with greater precision.
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OUiHKa pU3UKiB A1 TPOMAACDBKOro TPAHCMNOPTY
30 AONOMOrolo aHanily gepesda BiaMoB (Nnpuknap micta baky)

Enbmapaid Canaes

AcnipaHT

AzepbalimyRaHCbKUAM TEeXHIYHNN YHIBEPCUTET

AZ1073, mp-t I'ycetina [I)xaBina, 25, M. baky, AsepOaiimxaH
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AHoTauif. Be3neka JOPOKHBOTO PYXy CTa€ fAefasli BasKIUBIIINM NMUTAHHAM Yy MICBKUX TPaHCIOPTHUX CHUCTEMaXx,
0CO0JIMBO B KpaiHax, III0 PpO3BUBAIOTHCSA, TAKUX IK A3epOaii/iskaH, ie JOPOKHbO-TPAHCIIOPTHI IPUTOIU IIPOJIOBKYIOTh
OyTH OCHOBHUM JPKEpPEJIOM TPaBM Ta MOIIKOMKEeHHs MaiHa. lle JociimkeHHs Majio HAa MeTi OI[iHUTH PU3UKH,
TIOB’sI3aHi 3 Mepeskelo TPOMaZChKOro TPaHCIOPTY baky, 3a AommoMoroi aHasidy JepeBa BifMOB y paMKaxX MaTpPHIL
XaznmoHa, ska po3noinsge (aKkTopH, 10 CIPUAIOTH I[bOMY, Ha TPH KaTeropil: TpPaHCIIOPTHI 3ac00H, JII0IU Ta TOPOSKHE
cepenosuite. ITinxin anaai3y qepeBa BiIMOB CIIPUSIB CUCTEMATUYHOMY, JEAYKTUBHOMY MOCJiPKEHHIO MTOTEHITIHIX
NIPUYYH BiTMOB, sIKi MOXKYTh IPU3BECTH JI0 aBapill 3a y4acTI0 TPOMaACHKOr0 TPAHCIOPTY. Peaybratu AOC/IimKeHHA
IoKas3aJy, o0 nNpobJjeMu, MoB’sI3aHi 3 TPAaHCIOPTHUMU 3acobaMy, cepe]] HUX HECIPABHICTh Ta/IbMIBHUX CHCTEM,
npobJeMu 3 KepMOBUM KepyBaHHAM Ta HeHaJIe)KHe TexHiuHe 00CIyroByBaHHS, 3HAYHO 30/IBIIYIOTh HMOBIpHICTE
BUHUKHEHHs aBapiil. PU3WKM, COpUYWHEH] JIIOAWHOIO, TakKi SIK TMOBeMiHKA BOJis (HAaNpHWKJ/aJ, IepeBUIEeHHS
IIBUJKOCTI Ta HEHaJaHHA HAJIESKHOI JOPOKHBOI [OIIOMOIHW), HENOTPUMaHHA MpPaBUJl JOPOKHBOIO pPyXy Ta
HemnepenOadyBaHi il MIIOXOIB, TAKOK 3HAYHOIO MipOI0 CIPHUSAIOTH I[ill mpobJseMi. Kpim Toro, cran mopir, morana
iH(ppaCTPyKTypa, BiACYTHICTh HaJe)KHUX 3HAKIB, HEJOCTATHE OCBITVIEHHA Ta Hebe3neyHa KOHCTPYKIlisl aBTOOYCHUX
3yNIUHOK, e OiJIbIle MiIBUINYIOTh PU3UK. B3aeMomisa mux ¢gakTopiB BKa3ye Ha Te, [0 aBapii Ha TPOMaJCbKOMY
TpaHCHopTi B Baky € 6ararorpaHHIMHU Ta 9acTo iM MOKHA 3anobirtu. Ile moc/TiIKeHHs MiATBEPIUIIO HEOOXiTHICTh
CHCTEeMaTUYHOTO OIiHIOBAaHHA CTaHy Oe3NeKy, IIPOBeJeHHs IUIAHOBUX OWIANIB TPAHCIOPTHUX 3acobiB Ta
TIOKpAIleHHs iHINiaTuB 3 miaBUIIEeHHs 00i3HAHOCTI TPOMAACHLKOCTI MJIsI 3MEHIIIEHHSI PU3UKIB JOPOKHIX aBapii,
MIOB’A3aHUX 3 MiCBKMM TPAHCIOPTOM. Pe3yJsibTaT IbOro JOCIiJKeHHS BUCBIVINJIN HalicepHO3Hillli 30HU PU3UKY,
1[I0 MOYKe HaJaTH KepiBHUKaM MIiCBKOT0 TPAHCIOPTY CIPUSAHHA IPU po3poOIi 6inbin ed)eKTUBHUX CTpaTeriit 1jisa
miBUIEeHHs 6e3NeKU B TPAHCIIOPTHIN cucteMi Baky

KnioyoBi cnoBa: MicbKi AOpPOKHBO-TPAHCIOPTHI NPUTOAW; TPAHCIOPTHHH 3acib, aHami3 pHU3HUKiB; Oesmeka
JIOPOKHBOTO PYXy; PUSUKHU eKCIITyaTallii aBToO0yCiB
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Abstract. The paper presents an improved method for
the quantitative assessment of pedestrian safety at railway
pedestrian crossings. The method was based on the
calculation of partial accident rate coefficients that take
into account pedestrian and train traffic intensity, train
visibility distance, the level of technical and informational
equipment of the crossing, as well as the geometric and
planning parameters of the pedestrian crossing. Multi-
variant modelling of changes in the resulting accident
rate coefficient depending on the pedestrian train
visibility distance and the simultaneous consideration of
pedestrian and train traffic intensity was carried out. It
has been established that at a pedestrian flow intensity of
100 persons/hour and a train traffic intensity of 30 trains/
day, the minimum required visibility distance at railway
pedestrian crossings located within an existing level
crossing without a pedestrian train warning information
system is 635 m, whereas when such a crossing is equipped

with an information warning system, the required visibility distance is reduced to 435 m. For railway pedestrian crossings
located outside existing level crossings, the minimum required train visibility distance should be 530 m. It has been
determined that the implementation of a pedestrian train warning information system makes it possible to reduce the
accident rate coefficient by up to 30% within existing level crossings and by 20% outside them. The obtained results can

be used in the design and modernisation of railway pedestrian crossings across railway tracks

Keywords: safety assessment; risk perception; warning systems; infrastructure; hazardous situations

"Introduction™

The necessity of enhancing pedestrian safety when cross-
ing railway tracks and improving approaches to assessing
safety levels at pedestrian railway crossings represents a
crucial step in reducing the number of accidents and en-
suring reliable protection for citizens. Studies of pedestrian
behaviour at railway level crossings show that the ability to
detect an approaching train in a timely manner is a decisive
factor in safely deciding whether to cross or refrain from
crossing the tracks. Field observations reported by B.J. Rus-
so et al. (2021) indicated that violations by pedestrians and
cyclists are largely associated with risk perception shaped
by train visibility and the condition of warning signalling.
Under limited visibility conditions, even at equipped cross-
ings, the likelihood of risky behaviour increases. The level
crossing safety impact assessment approach by S. Turn-
er et al. (2021) considered approach geometry and visibility

conditions as fundamental parameters for risk assessment
for all users, including pedestrians. The authors empha-
sised that visibility within level crossings is often better
due to regulated sight zones, whereas outside crossings,
pedestrian routes across tracks are formed without compli-
ance with minimum visibility requirements. A generalised
analysis by the European Road Safety Observatory (2021)
confirmed that visibility restrictions caused by vegetation,
landscaping elements, or engineering structures are among
the key risk factors at railway level crossings. Informal cross-
ings outside designated level crossings are characterised by
significantly poorer sight conditions compared to regulat-
ed crossing areas. Z. Guo et al. (2022) demonstrated that in
“train-pedestrian” interaction, track curvature, gradients,
and longitudinal profile significantly reduce the availa-
ble visibility range. Such conditions are typical for areas
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outside formal level crossings, where there are no require-
ments for the geometry of pedestrian approaches, increas-
ing the likelihood of hazardous situations (Zawodny, 2023).
V. Singhal et al. (2021) identified the main factors affecting
safe visibility on approaches to railway tracks: road width,
approach sight conditions, speed, gradient, pavement
condition, and other geometric parameters. The authors
demonstrate that the geometry of approaches significantly
influences whether a user can detect an approaching train
or other hazard in time. Improved visibility and a more fa-
vourable approach profile provide additional reaction time
and reduce the risk of erroneous decisions. A separate part
of the study presents a “road-to-track” model that accounts
for train speed, track gauge width, and the crossing angle.
This allows calculation of the minimum open sight distance
required for timely detection of a train. Modelling results
indicate that the recommended safe stopping distance
is approximately 23% greater than that provided by tradi-
tional approaches. Although the study concerns vehicles,
its principles are readily applicable to pedestrians, who
similarly require sufficient visibility for decision-making.
The findings can be used to determine minimum sight tri-
angles at pedestrian crossings and to assess reaction time.

Particular attention is given to the fact that pedestrians
havealowereyelevel, and theirabilitytodetectatrainstrong-
ly depends on minor infrastructure elements such as fenc-
es, poles, landscaping, and track curvature. This approach
not only allows assessment of how well a train is visible but
also enables identification of specific obstacles that should
be removed to enhance safety. Thus, three-dimensional
scanning methods represent a useful tool for prioritising
engineering solutions. A.J. Khattak et al. (2024) emphasised
that non-motorised users, particularly pedestrians, are the
most vulnerable at railway level crossings due to visibility
limitations and the absence of specialised solutions outside
formal crossing areas. The regulatory authority, the Office
of the National Rail Safety Regulator, applied the ONRSR
code of practice (2024), which directly establishes visibility
requirements at level crossings and emphasised the need
to maintain unobstructed sight zones. Although oriented
toward all user categories, its provisions are also relevant
for pedestrians, especially in the context of assessing min-
imum visible distance. The issue of visibility under low-
light conditions is addressed in study by N.A.T. Nguyen et
al. (2025), which demonstrated that night-time significant-
lyincreases risk at passive crossings. Proposed solutions for
improving visual orientation are particularly relevant for
areas outside equipped crossings. M.B. Kurhan et al. (2024)
analysed technical and organisational solutions for mod-
ernising railway crossings in areas of 1,435 mm gauge track
construction in Ukraine. Although the primary focus is on
road-rail crossings, the authors emphasised that changes
in approach profiles, object placement, and site micro-ge-
ometry directly affect train visibility for users. This makes
the study relevant for pedestrian crossings as well, since
similar factors influence risk perception. M.B. Kurhan et
al. (2024) demonstrated a systematic approach in which
infrastructure geometry is considered one of the key safety
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factors. The mathematical model of the final accident rate
coefficient applied by the authors allows assessment of
how changes in geometric characteristics affect risk levels.
This may be useful for substantiating an updated method-
ology for assessing accident rates at pedestrian crossings.
From a practical perspective, the study highlights that im-
proving visibility — through site clearing, slope adjustment,
and relocation of objects - is an integral part of crossing
reconstruction, consistent with international experience.
In summary, contemporary scientific studies confirm
that train visibility conditions for pedestrians differ signifi-
cantly within railway level crossings and outside them, and
that reduced visibility is directly associated with increased
accident risk. This substantiates the need for quantitative
visibility assessment and the implementation of addition-
al pedestrian warning information systems, particularly on
pedestrian routes crossing railway tracks outside formal
level crossings. The purpose of this study was to quanti-
tatively assess the impact of train visibility conditions on
the accident rate of pedestrians crossing railway tracks by
determining the accident rate coefficient within railway
level crossings, outside them, and under the application
of a pedestrian warning information system. To achieve
this purpose, the following research objectives were set:
> to present a methodology for assessing the accident
rate coefficient at railway pedestrian crossings (RPCs);
> to perform multi-variant calculations of the accident
rate coefficient at RPCs, taking into account train and pe-
destrian traffic intensity as well as train visibility distance;
[> to determine the threshold and rational train vis-
ibility distances from the railway pedestrian crossing at
which an acceptable level of pedestrian safety is ensured.
The implementation of these objectives made it pos-
sible to develop a scientifically substantiated approach to
determining the impact of train visibility conditions on
pedestrian accident rates at RPCs, as well as to justify the
feasibility of applying a pedestrian warning information
system as an effective tool for reducing accident risk and
preventing transport incidents.

"Materials and Methods™

Pedestrian safety factors at RPCs were represented as
partial accident rate coefficients and integrated using the
final accident rate coefficient (K) method to determine
overall risk levels and classify crossing conditions. The
study was conducted using mathematical modelling of
pedestrian-rolling stock interaction at RPCs. The calcu-
lations were performed based on a simulation-analytical
model for determining the accident rate coefficient, taking
into account train traffic intensity, train speed, and visi-
bility conditions. The computations were conducted us-
ing the licensed software package MATLAB 2025a, which
made it possible to implement a step-by-step calcula-
tion of the accident rate coefficient and to determine the
permissible visibility values required to ensure traffic safety.
The study employed a classification-based approach to as-
sessing safety levels, based on the interpretation of the val-
ues of the final accident rate coefficient. The classification
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of railway pedestrian crossing safety levels depending on
the value of the final accident rate coefficient K, is applied.
Based on established threshold values, a safety scale is
formed: K,<40 - safe crossing; 40-60 - low safety level; 61-
80-hazardous; K,>80~very hazardous. Thus, the criterion
K,<40is adopted as the condition for ensuring an accept-
able level of pedestrian safety at RPCs. According to the
improved method for assessing pedestrian traffic safety
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indicators at RPCs J. Lesiv & V. Kovalchuk, (2025), the final
accident rate coefficient K, is determined by multiplying
eight partial accident rate coefficients:
Ky =TI"1K; =Ky Ky K3+ Ky Ks - Ke - Ky - Kg. (1)
The explanation of the content of the partial coeffi-
cients is provided in Table 1.

Table 1. Partial coefficients K;-K;

K Accounts for the daily train traffic intensity through the RPC

K Accounts for the hourly pedestrian traffic intensity

Ks Accounts for the train visibility distance from the crossing

K Accounts for the crossing equipment (pedestrian warning information system, traffic signals, barrier gates)
Ks Accounts for the presence of artificial lighting at the crossing

Ks Accounts for the horizontal curve radius of the railway track approaching the crossing

K Accounts for the longitudinal gradient of the approaches to the crossing

Ks Accounts for the age and physiological characteristics of pedestrians (walking speed)

Source: developed by the authors based on State Road Service of Ukraine (2008), J. Lesiv & V. Kovalchuk (2025)

Specifically, the coefficientsused in the subsequentstudy
are determined depending on train traffic intensity, pedes-
trian flow intensity, geometric and planning characteristics
of the crossing, as well as its information support. One of the

Rolling stock v
Sim=Em
0 0
e =

key coefficients is coefficient K,, which accounts for the vis-
ibility distance from the crossing to the train. Coefficient K,
describes the effect of the train visibility distance for pedes-
trians and is determined depending on the value of L, (Fig. 1).

Pedestrian warning
information system

Railway pedestrian
crossing-

L,

Figure 1. Diagram for determining the visibility distance from the crossing to the train L,
Source: developed by the authors based on State Road Service of Ukraine (2008), J. Lesiv & V. Kovalchuk (2025)

At low visibility distances, the hazard level increases
significantly, which is confirmed by the nonlinear graphi-
cal relationship (Fig. 2).

3.5
3
2.5
2
1.5

1

50 150

L, m

250 350

Figure 2. Graphical relationship between the partial
coefficient K, and the train visibility distance
for pedestrians L,
Source: developed by the authors

When L,<50 m, the coefficient K,=2.98, at L,=100 m,
K,=2.38, at L, =200 m, K,=1.78, at L, =300 m, K,=1.42, at

Transport Systems and Technologies. 2026. Vol. 29, No. 1

L,=400 m, K;=1.17. When L,>400 m, the value of the par-
tial accident rate coefficient should be taken as K, =0.98.
In this case, according to the safety criterion, the required
level of pedestrian safety at the RPC is achieved. The im-
pact of information support and technical equipment of
RPCs is taken into account by coefficient K,. For regulated
railway level crossings, the lowest values of K, correspond
to the presence of automatic barriers combined with au-
tomatic traffic light signalling, whereas higher values are
typical for crossings equipped with less advanced or par-
tially mechanised warning systems. In the case of equip-
ping existing railway level crossings with a pedestrian
train warning information system (PWIS), the value of K,
decreases compared to traditional solutions, indicating an
increase in the safety level. For RPCs located outside ex-
isting level crossings and not equipped with standard sig-
nalling devices, the value of K, is higher, reflecting an in-
creased level of risk. The influence of information support
and technical equipment on the accident rate coefficient
is clearly illustrated by a graphical relationship, which
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made it possible to assess the effectiveness of different
technical solutions (Fig. 3).

10.0 9.12
8.0
6.0

4.76
~ 4.0 205
% 159 157 185
I a1
0.0 1 2 3 4 5 6
Equipment of the railway pedestrian crossing

Figure 3. Dependence of the partial accident
rate coefficient K, on information support
and equipment at RPC

Note: 1 -mechanised barriers without signalling; 2 - mechanised
barriers with warning signalling; 3 - automatic traffic light
signalling; 4 — automatic barriers with automatic traffic light
signalling; 5 — existing railway level crossings equipped with
a PWIS; 6 — RPCs located outside existing level crossings and
equipped with a PWIS

Source: developed by the authors

Additional equipment of RPCs with a PWIS reduces
the accident rate coefficient by approximately 30% with-
in existing level crossings K, =1.57 and by 20% for cross-
ings located outside them K, =1.85, compared to the use
of automatic traffic light signalling alone. The procedure
for evaluating accident indicators involving pedestrians
at RPCs involved a step-by-step modelling approach. At
the first stage, the train traffic intensity was assumed to
be N,=12 trains/day, while the pedestrian traffic intensity
N, varied within the range from 10 to 300 persons/hour.
At the second stage, the train traffic intensity was taken as
N,=20 trains/day, and at the third stage - N,=30 trains/day.

300 284
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At the same time, at each stage of the calculation, the
pedestrian intensity remained variable within the range
from 10 to 300 persons/hour. This made it possible, at
each stage of modelling, to determine the minimum re-
quired visibility distance of a train for a pedestrian, L,
based on the criterion of not exceeding the value of the
total accident rate coefficient K, < 40. This procedure
was carried out for different types of railway crossings,
namely for crossings located within existing level cross-
ings without PWIS and with PWIS, as well as for cross-
ings located outside existing level crossings. The model
validation was performed by comparing the obtained
results with those presented by the authors in scientific
works State Road Service of Ukraine (2008) and J. Lesiv &
V. Kovalchuk (2025). The modelling methods used made it
possible to identify key safety factors and assess the effec-
tiveness of technical measures.

"Results and Discussion™

An analysis of statistical data obtained in the countries of
the European Union (EU) and in Ukraine indicates that
pedestrian safety when crossing railway tracks remains
a significant transport safety issue. According to Railway
safety statistics in the EU (2025), in 2024 a total of 1,507
railway accidents were recorded in the European Union,
resulting in 750 fatalities and 548 serious injuries. The
majority of fatal cases were associated with unauthorised
presence on the tracks, while at least 25% of all fatalities
were level crossing users and pedestrians crossing railway
tracks. This indicates that even despite the overall down-
ward trend in the number of railway accidents, the risk of
pedestrian injury when crossing railway tracks remains
high. The statistical data on railway transport accidents in
Ukraine for 2024 and for the first nine months of 2025 are
presented in Figure 4.

254 230
2
50 196
200
150 141
108
90
100 88
Total accidents Acc1dent.s involving Fatalities Injured persons
unauthorized persons
m 2024 284 230 141 90
2025 254 196 108 88

Figure 4. Accident rate at Ukrainian Railways for the January-September of 2025
Source: developed by the authors based on State Service of Ukraine for Transport Safety (2025)

As can be seen from Figure 4, during the first nine
months of 2025, a total of 254 accidents were recorded,
which is 11% fewer compared to the same period in 2024
(284 cases). The number of accidents involving unauthor-
ised persons decreased by 15% (from 230 to 196 cases).
The most significant reduction was observed in the num-
ber of fatalities — by 23% (from 141 to 108 persons). At the

same time, the number of injured persons decreased by
only 2% (from 90 to 88 persons), indicating that the level
of injuries remains consistently high despite the overall
positive trend. According to the State Service of Ukraine
for Transport Safety (2025), a particular concern is the
accident rate outside existing railway level crossings and
at unauthorised pedestrian crossings, where engineering
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safety measures and pedestrian train warning systems
are absent. This significantly reduces train visibility and
shortens the time available for pedestrians to assess risk.
One of the methods for improving pedestrian safety when
crossing railway tracks is the arrangement of RPCs. An ex-
ample of such a crossing installed on the Lviv Railway is
shown in Figure 5.

Figure 5.View of the RPC on Kurmanovych Street, Lviv
Source: authors’ photo

Safety at the level crossing shown in Figure 5 has been
improved by installing warning signs, marking a clearly
defined pedestrian crossing (“zebra crossing”) and the
placement of a pedestrian crossing road sign, which to-
gether raise awareness among pedestrians and drivers and
reduce the risk of accidents. Thus, the conditions under
which pedestrians perceive danger — among which train
visibility and the possibility of its timely detection are key
factors - play a decisive role in the formation of hazardous
situations both within railway level crossings and outside
them. At the same time, the assessment of safety levels at
such railway sections remains insufficiently substantiat-
ed, as existing approaches do not fully reflect the specific
features of the “pedestrian-train” interaction within the
railway infrastructure environment. The safety assess-
ment methodologies currently applied in Ukraine, in par-
ticular the method of the final accident rate coefficient
State Road Service of Ukraine (2008), are primarily orient-
ed toward road transport and are based on the analysis of
road traffic accident statistics. Their application to RPCs is
limited, as they do not take into account pedestrian traffic
intensity, pedestrian speed, or the specific characteristics
of pedestrian interaction with rolling stock. In previous
studies J. Lesiv & V. Kovalchuk (2025) proposed a relevant
approach to assessing the accident rate coefficient at RPCs,
which considers the specific features of pedestrian move-
ment and track-crossing conditions. In this regard, the
limitations of existing methods for assessing pedestrian
safety indicators when crossing railway tracks necessitate
their adaptation or supplementation with parameters that
reflect actual pedestrian movement conditions. In par-
ticular, it is relevant to consider train visibility conditions
as a universal physical factor in accident risk formation, as
well as to evaluate the effectiveness of information solu-
tions aimed at providing timely warnings to pedestrians
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about an approaching train at a pedestrian crossing lo-
cated either within existing level crossings or outside
them. The study by M. Naghdi et al. (2024) was among
the most advanced in the field of visibility assessment,
as the authors applied three-dimensional light detection
and ranging technology data to construct a realistic ter-
rain model and determine the exact point from which a
user can see an approaching train (Fig. 6). M. Naghdi et
al. showed that traditional two-dimensional approaches
often fail to account for small but significant obstacles
such as vegetation, poles, and terrain irregularities. As a
result, the actual visibility distance may be significantly
shorter than that prescribed by standards. This is particu-
larly relevant for pedestrian crossings, where individuals
assess risk in an environment in which any object may
obstruct the line of sight.

Train

Sight Distance T}
Sightline
}
15’ \ Stopped Vehicle
D Y|
=
Stop Line —™

[¢«——Stop Line

& v

Stopped Vehicle 15

Figure 6. Sight distance for a stopped vehicle
Source: M. Naghdi et al. (2024)

Figure 6 illustrates the principle of determining the
distance from which a user can see an approaching train.
The study presents the “line of sight” from a stopped ve-
hicle to the train and the actual available sight distance. It
was established that any obstacle within the field of view
immediately reduces the ability to detect the train in time.
Under real conditions analysed by the authors, such ob-
stacles are numerous, and their impact is particularly sig-
nificant at pedestrian crossings. Moreover, M. Naghdi et
al. (2024) identified so-called “visibility shadows” — areas
where the train becomes temporarily invisible to the user.
For pedestrians, who have a lower observation point and
change their viewing direction more slowly, these zones
are critical. The results demonstrate that instead of relying
on a single visibility value, spatial analysis accounting for
the actual crossing environment should be applied. This
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enables more accurate determination of required sight tri-
angles, optimisation of viewing angles, and establishment
of the minimum safe distance from which a pedestrian
can reliably recognise an approaching train.

In this study, the final accident rate coefficient at
RPCs is calculated as a function of the train visibility
distance perceived by pedestrians L,. The calculations
were performed assuming a train traffic intensity of
12 trains per day. The analysis considers pedestrian
crossings located within existing railway level crossings
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equipped with automatic light signalling and an PWIS,
crossings without PWIS, as well as crossings located
outside existing level crossings. The pedestrian flow
intensity varies within the range N,=10-300 persons/
hour. The pedestrian crossing is equipped with artificial
lighting, and the longitudinal slope of the approaches is
20%o. The relationships between the final accident rate
coefficient, visibility distance L,, and pedestrian flow in-
tensity N, for different types of crossings are presented
in Figures 7-9.

280
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160 Number of pedestrians, N,
I8
<120 10 50
=100 =——150
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40 240 440 640 840 1,040 1,240 1,440
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Figure 7. Relationship between the accident rate coefficient, visibility distance,
and pedestrian flow intensity at V,= 12 trains/day on the railway crossing without PWIS within existing crossings

Source: developed by the authors

The results indicate a significant dependence of the
accident rate coefficient on the train visibility distance at
RPCs. An increase in visibility distance leads to a decrease
in the accident rate coefficient. For crossings without an in-
formation warning system located within an existing level
crossing, at a pedestrian flow intensity of N,=10 persons/
hour and a visibility distance of L,=40 m, the accident rate
coefficient is K,=22.48 (Fig. 7), while with the implementa-
tion of PIWS it decreases to K,=16.41 (Fig. 8). For crossings
located outside existing level crossings, the coefficient is
K,=20.03 (Fig. 9). In this case, pedestrian safety is ensured
since K,<40. At a pedestrian flow intensity of N,=50 per-
sons/hour and L,=40 m, the accident rate coefficient for
crossings without PIWS within existing level crossings is
K,=53.6, while with PIWS it is reduced to K,=34.4. For cross-
ings outside existing level crossings, the value is K,=44.3.
These results indicate that, under the given conditions,

200

160

0 T T
40 240 440

640 L,m!

pedestrian safety is not ensured for crossings without
PIWS within existing level crossings and for crossings lo-
cated outside level crossings at a visibility distance of 40 m.
Safety conditions for pedestrian movement at N, =50 per-
sons/hour are achieved at a minimum visibility distance of
L,=110 m for crossings within existing level crossings and
L,=60 m for crossings located outside level crossings. When
the pedestrian flow intensity exceeds N, =100 persons/hour
and at a visibility distance of L,=40 m, the accident rate co-
efficients at the considered RPCs exceed the permissible
value [K ] =40. For N,=100 persons/hour, the final accident
rate coefficient satisfies the safety condition K,<[K,] ata vis-
ibility distance of L,=320 m for crossings without an infor-
mation warning system (Fig. 7) and L,=150 m for crossings
equipped with PIWS (Fig. 8). For crossings located outside
existing level crossings, the minimum visibility distance
required to ensure pedestrian safety is L,=225 m (Fig. 9).

Number of pedestrians, N,
10 =50
e 100 150
200 =250

1,440
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Figure 8. Relationship between the accident rate coefficient, visibility distance,
and pedestrian flow intensity at IV,= 12 trains/day for RPCs with an PWIS within existing level crossings

Source: developed by the authors
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Figure 9. Relationship between the accident rate coefficient, visibility distance,
and pedestrian flow intensity at V,= 12 trains/day for RPCs located outside existing level crossings

Source: developed by the authors

At a pedestrian flow intensity of N,=150 persons/
hour, the accident rate coefficient satisfies the condition
K, <40 at a visibility distance of L,=495 m for crossings
without PIWS within existing level crossings, L,=325 m for
crossings with PIWS within existing level crossings, and
L,=410m for crossings located outside existing level cross-
ings. For N,=200 persons/hour, the corresponding values
are L,=660 m, L,=460 m, and L,=560 m; for N,=250 per-
sons/hour — L,=775 m, L,=600 m, and L,=1,670 m. At a
pedestrian flow intensity of N,=300 persons/hour, the
minimum visibility distance required for pedestrian
safety is L,=865 m for crossings without PIWS within ex-
isting level crossings, L,=670 m for crossings with PIWS,
and L,=745 m for crossings located outside existing level
crossings. The obtained relationships indicate a significant
influence of the minimum train visibility distance on the
value of the final accident rate coefficient, which directly
affects the level of pedestrian safety. Therefore, this factor
should be taken into account in the design and construc-
tion of RPCs. The study considered RPCs located within
existing level crossings with and without a PWIS, as well as
crossings located outside railway level crossings, in order
to compare pedestrian safety conditions. The relationships
between the minimum required train visibility distance
and pedestrian and train traffic intensity, under which
the safety criterion K, <40 is satisfied. These relationships
were constructed by varying the model input parameters
sequentially. For each combination of pedestrian traffic
intensity (N,), train traffic intensity (V), and visibility dis-
tance (L), the total accident rate coefficient K, was calcu-
lated. The threshold values of L, were determined as the
minimum values at which K, <40 holds (Fig. 10). The cal-
culations were performed through tabular modelling and
the results were then generalised and presented graphi-
cally. The findings indicated that for a pedestrian traffic
intensity of N,<30 persons/hour, a train traffic intensity
of N,=12 trains/day, and a visibility distance of L,=40 m,
an acceptable safety level is ensured for all considered
RPCs. At N,=40 persons/hour, the criterion K,<40 is sat-
isfied for crossings with a PWIS, both within and outside
level crossings. However, for crossings without a PWIS
within level crossings, safe conditions are only achieved
when the visibility distance is increased to L,=70 m.
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Figure 10. Minimum required train visibility distance
for pedestrians depending on pedestrian
and train traffic intensity at RPC without a PWIS
within existing level crossings
Source: developed by the authors

With a further increase in pedestrian traffic intensi-
ty while maintaining a constant train traffic intensity of
N,=12 trains/day, an increase in the accident rate coef-
ficient at RPCs is observed. As a result, at a visibility dis-
tance of L,=40 m, its value exceeds the acceptable level
(K,>40), which necessitates an increase in the train visi-
bility distance.
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Figure 11. Minimum required train visibility distance
for pedestrians depending on pedestrian
and train traffic intensity at RPC equipped with a PWIS
within existing level crossings
Source: developed by the authors

As pedestrian traffic intensity increases from N,=100
to N, =300 persons/hour, the required train visibility
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distance to ensure safety also increases. It is the smallest
for RPCs equipped with a PWIS within existing level cross-
ings, greater for RPCs located outside level crossings, and
the greatest for RPCs without a PWIS within level crossings.
At N,=100 persons/hour, the required visibility distance is
L,=165 m (RPC with PWIS), 235 m (outside level crossing),
and 330 m (without PWIS), whereas at N,=300 persons/
hour, the required visibility distance increases to 665 m,
760 m, and 860 m, respectively.
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Figure 12. Minimum required train visibility distance
for pedestrians depending on pedestrian and train traffic
intensity at RPC located outside existing level crossings

Source: developed by the authors

With an increase in train traffic intensity, the mini-
mum train visibility distance required to ensure pedes-
trian safety increases accordingly. For example, at a pe-
destrian traffic intensity of N,=50 persons/hour and a
train traffic intensity of N,=20 trains/day, safe conditions
are achieved at a visibility distance of L,=235 m for RPCs
without a PWIS within existing level crossings, L,=105 m
for RPCs with a PWIS, and L,= 140 m for RPCs located
outside level crossings. When train traffic intensity in-
creases to N,=30 trains/day, these values rise to 340 m,
180 m, and 250 m, respectively. A similar trend is observed
at N,=100 persons/hour: for N,=20 trains/day, the min-
imum visibility distance is 510 m, 315 m, and 405 m, re-
spectively, whereas for N,=30 trains/day, it increases to
635 m, 435 m, and 530 m. At high pedestrian traffic in-
tensity (IV,=200-300 persons/hour), the requirements for
train visibility distance increase significantly. In particular,
at N,=300 persons/hour, the minimum required visibility
distance is 665 m for RPCs with PWIS, 760 m for crossings
located outside level crossings, and 860 m for crossings
without PWIS. For N,=200 persons/hour, a similar trend
of increasing visibility requirements is observed, with L,
values occupying an intermediate position between the
results for N,=100 and 300 persons/hour. These ranges
were obtained based on the analysis of threshold L, values
for different N, values, as shown in Figures 10-12. This con-
firms that with an increase in pedestrian traffic intensity,
the required visibility distance increases regardless of the
type of crossing.

The sensitivity analysis of the model showed that the
greatest influence on the value of the total accident rate
coefficient K, is exerted by coefficients K; (visibility of the
crossing relative to the train) and K, (pedestrian traffic
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intensity). A 10% change in K; leads to a change in K,
within the range of 8-12%, confirming the decisive role of
visibility in risk formation. The findings by V. Kovalchuk &
Y. Lesiv (2024) confirm that the implementation of a PWIS
is an effective engineering and informational measure for
improving safety at RPCs. The warning system, based on
determining the actual train speed and a fixed pedestri-
an warning time, allows synchronisation of the visual and
audible signal with real train approach conditions. Unlike
traditional systems with a fixed approach section length,
the proposed approach reduces unjustified crossing clo-
sure time, lowers psychological stress, and decreases pe-
destrian waiting time, which is one of the key factors con-
tributing to risky behaviour. The effectiveness of the PWIS
is confirmed by the calculated minimum train visibility
distances, which demonstrate substantially lower visibili-
ty requirements for RPCs equipped with a PWIS compared
to those without it. From a practical perspective, the im-
plementation of a PWIS is recommended primarily for
RPCs with high pedestrian traffic intensity, as well as for
RPCs located within existing level crossings where pedes-
trian and vehicular flows intersect. The system may be ap-
plied as a supplement to existing level crossing signalling
or as an independent pedestrian information tool within
urban environments.

Overall, the results confirm the validity of incorpo-
rating visibility conditions and warning systems into the
safety assessment of RPCs. The obtained findings are con-
sistent with international research and are adapted to the
specific characteristics of Ukrainian railway infrastruc-
ture. The proposed methodology enables quantitative risk
assessment while considering a set of parameters not ad-
dressed in current regulations. Therefore, it can be applied
in feasibility studies for selecting RPC types, planning
infrastructure modernisation, implementing PWIS, and
developing safe pedestrian traffic management schemes.
The relevance of analysing real visibility conditions is
supported by the study of Z. Magyari et al. (2018), who as-
sessed visibility at railway level crossings using laser scan-
ning and detailed three-dimensional terrain models. Their
results demonstrated that even minor changes in terrain
configuration, infrastructure placement, or engineering
structures may significantly affect the ability of users to
detect approaching trains in time. The importance of ade-
quate visibility parameters as a critical safety factor at rail-
way crossings was also highlighted by A. Kampczyk (2020)
and M. Dedik et al. (2022), who demonstrated that insuf-
ficient sight conditions significantly increase accident
risks and should be systematically evaluated during infra-
structure design. These findings highlight the necessity of
analysing actual site geometry rather than relying solely
on simplified schemes or standard calculations, which
aligns with the approach adopted in the present study.
In addition, the classification of hazard levels based on
the values of the final accident rate coefficient provides a
practical tool for interpreting safety conditions at RPCs. A
conceptually similar approach was applied by O. Voznyak
& V. Havryliuk (2016) and M.I. Grilo et al. (2025), where
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qualitative hazard categories for railway infrastructure as-
sets were determined using quantitative risk indicators. In
that study, the interpretation of safety levels under practi-
cal conditions was supported by colour coding, which fa-
cilitated clearer understanding and decision-making. The
use of visualised safety interpretation methods strength-
ens the applicability of quantitative assessment results in
real operational contexts. Similar conclusions regarding
the applicability of quantitative risk-based tools for select-
ing appropriate safety interventions at railway crossings
were reported by C.-Y. Lin et al. (2023) and A. Di Graziano
& V. Marchetta (2024), who demonstrated that risk assess-
ment frameworks support prioritisation of infrastructure
upgrades and optimisation of safety investments. Fur-
thermore, the obtained results are consistent with inter-
national findings regarding the effectiveness of intelligent
transport systems, particularly in enhancing situational
awareness and reducing accident risks, as reported by
M.V. Holotyuk et al. (2024). This correspondence confirms
the relevance of integrating modern technological solu-
tions into RPC safety management and supports the feasi-
bility of implementing intelligent warning systems as part
of infrastructure modernisation strategies.

”Conclusions™

Within the conducted research, the influence of train visi-
bility conditions and pedestrian warning information sys-
tems on pedestrian accident rates at railway crossings was
substantiated, revealing that existing safety assessment
methodologies mainly focus on driver-train interaction
and do not account for pedestrian-specific factors such as
lower eye-level position and limited train visibility. The use
of the final accident rate coefficient K, as an integral quan-
titative risk indicator for pedestrians was substantiated,
with the criterion K, <40 adopted as the condition for an
acceptable safety level. The proposed scale makes it pos-
sible to classify RPCs by hazard level and apply a unified
approach to comparative evaluation of different crossing
arrangements. Modelling of the influence of train visibility
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conditions (coefficient K;) showed that as pedestrian traf-
fic intensity increases from N,=30 to 100 persons/hour at
a constant train traffic intensity of N,=12 trains/day, the
minimum required visibility distance increases from L, =
40 m to L,=70 m for RPCs without a pedestrian warning
information system, confirming the direct dependence of
accident risk on available sight distance. Assessment of
the impact of the pedestrian warning information system
demonstrated its high effectiveness. The application of a
PWIS within existing railway level crossings reduces the
accident rate coefficient by approximately 30% (K, =1.57)
compared to the use of automatic traffic light signalling
alone, while for RPCs located outside level crossings the re-
duction is about 20% (K, =1.85). This results in a significant
decrease in the required train visibility distance. Threshold
and rational values of train visibility conditions ensuring
an acceptable level of pedestrian safety were determined.
At N,=100 persons/hour and N,=20 trains/day, safe con-
ditions are achieved at L,=315 m for RPCs with a PWIS,
L,=405 m for RPCs outside level crossings, and L,=510 m
for RPCs without a PWIS. When pedestrian traffic intensi-
ty increases to N,=300 persons/hour, the corresponding
values increase to 665 m, 760 m, and 860 m, confirming
the expediency of implementing a PWIS at crossings with
high pedestrian flows. The obtained results may be applied
in Ukraine in the design and modernisation of RPCs, the
development of sectoral recommendations and regula-
tory documents, and the implementation of pedestrian
warning information systems in order to reduce acci-
dent rates and enhance safety levels in railway transport.
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AHoTauif. Y cTarTi 3ampOINOHOBAHO VAOCKOHAJNEHWUM MeTOH KiJbKiCHOI OIiHKM Oe3NeKH IiIIOXOMiB Ha
3aTI3HNYHUX MIIIOXiTHUX IIepexoax. MeTo I'pyHTYEThCS Ha PO3PaxXyHKY KoedillieHTiB 4aCTKOBOI aBapilfHOCTI, AKi
BPAXOBYIOTh iHTEHCUBHICTB HIiIIIOXiTHOTO Ta 3a1i3HUYHOIO PYXY, BilCTaHb BUJUMOCTI IIOTArd, PiB€Hb TEXHIYHOTO Ta
iH(popMariiiHoro o6/1agHAHHSA IIepeXoay, a TAKOK FeOMeTPUYHI Ta IJIaHyBaJIbHI HapaMeTpH HilToXiTHOTO ITepexoy.
Bysno mpoBeneHo OararoBapiaHTHeE MOJeJIOBaHHS 3MiH KoeillieHTa aBapilfHOCTI B 3ajiesKHOCTI Bim Bimcradi
BUJUMOCTI IOTATA JJIA NilTOXO0IB Ta OJHOYACHOTO BpAaXyBaHHA IHTEHCUBHOCTI MIMIOXiJHOI'O Ta 3aJ/1i3HUYHOTO PYyXY.
BcTaHOBJIEHO, [0 NPY iHTEHCUBHOCTI mimoxigHoro moToky 100 oci6/Tox Ta iHTEHCHMBHOCTI 3aJIi3BHUYHOIO PYyXy
30 moTATiB/ 1eHb MiHiMaJ/IbHA He00XiTHA BiZICTaHb BUIMMOCTI Ha 3a/TiSHUYHUX MIIITOXi THUX TEPeX0/1aX, pO3TallIOBaHUX
B Me)KaX iCHyI04OTo piBHSHHS nepexony 0e3 iH¢popMalliitHOl cucTeMu ToNepeKeHHs MOTATIB, CTAaHOBUTH 635 M,
TOAi AK IIPU HasIBHOCTi TaKOI CUCTEMH BiJICTaHb BUAUMOCTI 3MEHITYEThCA 10 435 M. [[J1 3a/1isHUYHUX MiITOXiTHUX
TepexoiB, po3TallIOBAHUX [103a MeKaMH iCHYIOUNX PiBHAHB Ilepexoay, MiHiMa/ibHa HeoOXiiHa BifcTaHb BUAUMOCTI
1oTAra NOBUHHA cKJagatu 530 M. BusHadeHo, 1110 BIPOBaAKEHHS CUCTEMHU MTOIlepesKeHH OTATIB JJIA MilI0X0/iB
JI03BOJIsIe 3HU3UTHU KoedilieHT aBapiiftHOCTi Ha 30 % Ha icHylouux pPiBHAHHAX Nepexomy Ta Ha 20 % I03a HUMU.
OTpuMaHi pe3yabraTy MOKYTH OyTH BUKOPHUCTAHI IPU MPOEKTYyBaHHI Ta MopepHisalii 3a/i3HMYHUX MiMIOXiTHUX
nepexofiiB yepes 3a/Jdi3HNYHI KOJIil
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Abstract. This study aimed to develop a methodological
framework for the systematic assessment of vehicle
technical condition and determine its role in optimising
production processes at motor transport enterprises. The
research methodology was based on a quantitative design
that combined system analysis, simulation modelling,
comparative analysis, multi-criteria assessment, and
binary logistic regression to evaluate the relationship
between vehicle condition and failure probability. A
simulated dataset representing the operation of 50 vehicles
over a 12-month period was generated using Monte Carlo
simulation to reproduce stochastic operational variability
typical for medium-sized motor transport enterprises.
The dataset included technical, operational, reliability,
and economic parameters. To ensure comparability of
heterogeneous variables, min-max normalisation was
applied, followed by the development of an integrated
technical condition indicator using dynamic weighting

coefficients based on expert evaluation and correlation analysis. Model validation was conducted using Nagelkerke
R2, Mean Absolute Error, Root Mean Square Error and Wald statistical tests to determine the significance of regression
coefficients. The results demonstrated that the proposed model enables comprehensive classification of vehicles
according to technical readiness and significantly improves maintenance planning efficiency compared with traditional
scheduled maintenance approaches. The analysis showed that technical deterioration combined with high operational
load substantially increases failure probability. The proposed framework reduced unplanned vehicle downtime by
42%, decreased maintenance costs by 20%, and improved prediction accuracy from 62% to 85%. The regression model
confirmed a strong inverse relationship between the integrated technical condition indicator and vehicle failure
probability. The practical significance of the study lies in providing motor transport enterprises with a data-driven tool
for predictive maintenance planning, resource allocation, fleet modernisation decisions, and improving operational
reliability under dynamic transport conditions

Keywords: predictive maintenance; fleet management; production processes; intelligent diagnostics; model; efficiency

”Introduction™

In the context of the modern development of the motor
transport industry, the effective management of the tech-
nical condition of vehicles has become a critical factor in
enhancing the productivity, reliability, and competitive-
ness of motor transport enterprises. The unreliability of
the fleet often results in unplanned downtime, increased
operational and maintenance costs, reduced efficiency of
production processes, and elevated risks of accidents, all
of which negatively impact the safety and continuity of
transportation services. Consequently, there is a growing

need to implement a systematic assessment of the techni-
cal condition of vehicles, which enables enterprises to ob-
tain comprehensive, real-time information about vehicle
performance, detect emerging issues, and predict the ne-
cessity of repair and preventive interventions. A system-
atic approach integrates multiple methods, including ad-
vanced diagnostics, continuous monitoring, and in-depth
analysis of operational data, creating a holistic frame-
work for assessing vehicle condition. Such an approach
not only ensures the timely identification of defects and
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failures but also enhances the efficiency of maintenance
planning, reduces unplanned downtime, and extends
the service life of fleet assets. The application of modern
information technologies, telematics systems, Internet
of Things (IoT)-based sensors, and specialised software
platforms for data collection and processing allows en-
terprises to optimise production processes, streamline
maintenance operations, and improve decision-making
at both tactical and strategic levels. Furthermore, the sys-
tematic assessment of vehicle technical condition serves
as a strategic instrument for resource management, en-
abling enterprises to balance operational efficiency with
cost-effectiveness. By integrating predictive analytics and
organisational measures, this approach supports the de-
velopment of evidence-based maintenance schedules,
the prioritisation of high-risk vehicles, and the optimal
allocation of technical and financial resources. Therefore,
it functions not merely as a tool for monitoring and im-
proving safety but as a core component of an enterprise’s
strategic management system, contributing to enhanced
fleet reliability, operational stability, and competitiveness
in the dynamic transport services market.

Recent scientific studies demonstrate increasing atten-
tion to predictive maintenance, digital diagnostics, and da-
ta-driven fleet management systems in response to rising
operational costs, sustainability requirements, and stricter
safety regulations in transport enterprises. A significant
body of research is devoted to machine learning-based
predictive maintenance models. H. Taoufyq et al. (2025)
provided a systematic review of machine learning methods
applied to predictive maintenance and confirm their supe-
riority over traditional rule-based approaches in failure pre-
diction accuracy. However, their study primarily focuses on
algorithmic performance without addressing integration
into enterprise-level production planning. Complementary
results are presented by A. Patil et al. (2021), who analysed
maintenance strategy selection paradigms and emphasised
that the effectiveness of predictive approaches strongly
depends on organisational context and decision-making
structures, which are often overlooked in purely technical
models. Recent developments in predictive maintenance
selection frameworks are discussed by W.W. Tiddens et
al. (2023), who proposed a decision-support structure for
choosing appropriate maintenance strategies depending
on system complexity and data availability. Although their
framework improves methodological consistency, it does
not explicitly consider transport fleet operational dynam-
ics or economic constraints. The role of digital twins and
IoT-enabled monitoring in transport maintenance systems
is increasingly emphasised. B. Xiao et al. (2024) showed
that digital twin technologies enable real-time condition
monitoring and predictive simulation of asset degrada-
tion. Similarly, C.W. Eddy et al. (2024) demonstrated that
digital twins significantly enhance predictive maintenance
performance for ground vehicles. However, these studies
mainly focus on technological implementation, while is-
sues of integration with production planning and mana-
gerial decision-making remain insufficiently addressed.
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Condition monitoring and diagnostic indicator op-
timisation are also important research directions. U. Ja-
chymczyk etal. (2024) highlighted theimportance of select-
ing relevant diagnostic indicators to improve the accuracy
of intelligent condition monitoring systems. In a related
study, V. Aulin er al. (2024) proposed a comprehensive ve-
hicle condition assessment model based on Harrington’s
desirability function, integrating multiple technical indi-
cators into a unified evaluation index. Nevertheless, both
approaches rely on relatively static evaluation structures
and limited adaptability to changing operational condi-
tions. From a fleet management perspective, G. Nota et
al. (2024) proposed a context-aware unsupervised pre-
dictive maintenance model that improves adaptability in
dynamic operational environments. Y. Wang et al. (2021)
further demonstrated that simulation-based optimisation
of fleet maintenance scheduling can significantly improve
operational efficiency. Despite these advances, most
models still treat maintenance and production planning
as separate processes. However, their analysis does not
include multi-criteria decision-making frameworks for
enterprise-level optimisation. Safety and regulatory as-
pects of vehicle condition monitoring are highlighted by
I. Chernyaev et al. (2020) and P. Gorzelanczyk et al. (2023),
who demonstrated that continuous monitoring of tech-
nical condition directly contributes to road safety im-
provement. Meanwhile, J. Hudec et al. (2021) emphasised
the influence of vehicle age and inspection outcomes on
safety compliance in European transport systems. Final-
ly, T. Zonta et al. (2021) provided a comprehensive review
of predictive maintenance in Industry 4.0, identifying key
challenges such as system interoperability, data hetero-
geneity, and integration with enterprise processes. Their
findings confirmed that while technological solutions are
rapidly advancing, their transformation into integrated
decision-support tools for transport enterprises remains
insufficiently developed.

Thus, existing research confirms significant progress
in predictive maintenance, digital diagnostics, and fleet
optimisation methods. However, most studies consider
technical, operational, and economic aspects separate-
ly. Insufficient attention is given to their integration into
a unified adaptive framework that directly supports pro-
duction process optimisation in motor transport enter-
prises. This research gap defines the relevance and objec-
tives of the present study. The purpose of this study was
to develop a methodological framework for the systematic
assessment of vehicle technical condition and to deter-
mine its role in optimising production processes at motor
transport enterprises. To achieve this purpose, the follow-
ing research tasks were formulated:

1. To substantiate the set of technical, operational, re-
liability, and economic indicators that should be integrat-
ed into a comprehensive assessment of vehicle technical
condition;

2. To propose an integrated indicator for vehicle con-
dition assessment based on heterogeneous operational
data and multi-criteria analysis;
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)

3. To verify the effectiveness of the proposed assess-
ment model in comparison with traditional maintenance
approaches in terms of downtime reduction, maintenance
cost optimisation, and prediction accuracy.

”Materials and Methods™

This study employed a quantitative research design
based on mathematical and simulation modelling aimed
at developing and validating a methodological frame-
work for the systematic assessment of vehicle technical
condition in the context of production process optimi-
sation at motor transport enterprises. The research in-
tegrated system analysis, multi-criteria modelling, com-
parative analysis, and regression analysis. The object
of the study was the process of technical maintenance
management of vehicle fleets at motor transport enter-
prises. The subject of the study was methodological ap-
proaches to assessing vehicle technical condition based
on integrated technical, operational, reliability, and eco-
nomic indicators. Due to the absence of open industrial
datasets that simultaneously include diagnostic, opera-
tional, reliability, and economic parameters, a simula-
tion dataset was generated. The dataset reproduced the
operation of a fleet of 50 vehicles over a 12-month peri-
od and reflects the typical conditions of medium-sized
motor transport enterprises. Monte Carlo simulation
was used to generate repeated operational scenarios
and reproduce stochastic variations in mileage, failure
frequency, maintenance costs, and operational load
conditions. Parameter ranges were selected according
to values reported in predictive maintenance studies,
which ensures the representativeness of the simulated
data for real operating conditions.

Four groups of variables were included: technical in-
dicators (engine temperature, braking efficiency, trans-
mission performance, chassis condition); operational
indicators (mileage, driving mode, vehicle load factor,
route complexity); reliability indicators (failure frequen-
cy, mean time between failures); economic indicators
(maintenance costs, spare parts costs, downtime losses).
At the stage of data preprocessing, a normalisation pro-
cedure was applied to ensure comparability between het-
erogeneous operational indicators measured in different
units and ranges. Normalisation was performed using the
min-max method, which transforms each indicator to a
dimensionless scale in the interval [0,1] according to the
following expression (Zonta et al., 2021):

Pi(t)-PM"
pmax_pmin )’ (l)
i i

Pinorm (t) —
where P,(t) is the current value of the i-¢h indicator at time
t; P/min and P/ are the minimum and maximum admissi-
ble values of this indicator determined from operational
statistics and technical documentation.

This procedure eliminated dimensional inconsisten-
cy and prevented domination of indicators with larger nu-
merical ranges during aggregation. The normalised values
were subsequently used in the calculation of the integral
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indicator of technical condition. Based on normalised
values, an integrated technical condition indicator was
calculated (Aulin er al., 2024):

1(t) = XL, wi(O)P(E), 2

where P,(t) are normalised indicators and w;,(?) are dy-
namic weighting coefficients determined using a hy-
brid approach combining expert evaluation and corre-
lation analysis.

To assess the relationship between vehicle condition
and failure probability, binary logistic regression was ap-
plied. The dependent variable was vehicle failure prob-
ability. Independent variables included the integrated
technical condition indicator, mileage, operational load
factor, and maintenance costs. Logistic regression was
chosen due to the probabilistic nature of failure events.
Regression assumptions were tested, including absence
of multicollinearity, linearity of the logit for continuous
predictors, and independence of observations. Model
validity was evaluated using Nagelkerke R2, Mean Abso-
lute Error (MAE), Root Mean Square Error (RMSE), t-tests
for coefficient significance, and p-values. The proposed
model was compared with a traditional scheduled main-
tenance approach based on fixed service intervals com-
monly used at motor transport enterprises. To reproduce
stochastic variability of real operating conditions, Gauss-
ian noise was added:

x =x+ N(0.02), 3

where N(0.02) - normal (Gaussian) distribution with zero
mean and variance o2.

This reduced overfitting and improved model gener-
alisation. The model was validated using simulated data
for 50 vehicles over 12 months within the following rang-
es: mileage 20,000-180,000 km, failure rate 0.1-1.5 per
1,000 km, maintenance cost variation +30%, and opera-
tional load factor 0.5-1.0.

"Results and Discussion™

Within the developed methodological framework, sys-
tematic assessment involves a holistic analysis of all fac-
tors influencing the operational readiness of a vehicle.
Unlike traditional maintenance approaches based on
fixed schedules and regulatory intervals, this approach
integrates technical, operational, reliability, and eco-
nomic dimensions of vehicle performance. These in-
clude the condition of key systems such as the engine,
transmission, braking system, and chassis; the intensi-
ty and conditions of operation; the frequency and crit-
icality of failures; and economic indicators reflecting
maintenance and repair costs (Lei et al, 2018). Such
an approach enables a transition from reactive main-
tenance practices to evidence-based decision-making
and resource allocation. The methodological frame-
work combines diagnostic measurements, telematics
and IoT data, historical failure records, and operational
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reliability indicators (van Dinter et al., 2022). These
data are processed to generate a composite indicator of
technical condition, which reflects the overall readiness
of each vehicle and serves as a basis for planning preven-
tive maintenance, repairs, and optimal fleet utilisation
within production processes. A key advantage of this
approach is its predictive capability, as noted by T. Zon-
ta et al. (2021). By analysing real-time trends in vehicle
condition, it becomes possible to anticipate failures and
implement preventive actions that reduce unplanned
downtime. The integration of IoT technologies, telem-
atics systems, machine learning algorithms, and auto-
mated analytics ensures continuous monitoring and
interpretation of operational data. This supports failure
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risk assessment, component lifetime prediction, and op-
timisation of maintenance schedules, thereby improving
fleet reliability, operational efficiency, and cost perfor-
mance. A relevant element of the system is the forma-
tion of an integrated indicator that combines partial in-
dicators reflecting different aspects of vehicle operation,
reliability, and efficiency (Aulin et al., 2024). This enables
classification of vehicles according to their technical
readiness and supports prioritisation in maintenance
planning, which is essential for optimising production
processes in motor transport enterprises. The structure
of the integrated indicator is presented in Table 1, which
summarises the main groups of indicators, their charac-
teristics, and examples of measured values.

Table 1. Main indicators of the systematic assessment of the technical condition of vehicle

Technical ~Operating parameters of the main systems

Brake system pressure, engine temperature, transmission efficiency

Operational Conditions and intensity of use

Mileage, driving mode, load factor, route profile

Reliability ~ Frequency, type, and criticality of failures

Mean uptime, number of critical failures per 1,000 km,

mean time between failures

Economic Maintenance and repair costs

Cost of downtime, expenditure on spare parts, labour costs for repairs

Source: developed by the authors

The systematic assessment of the technical condi-
tion of vehicles provides a structured and comprehensive
framework for evaluating fleet performance across mul-
tiple dimensions. Technical indicators reflect the opera-
tional status of key vehicle systems, enabling the detection
of deviations from normative parameters and early iden-
tification of potential failures. Operational indicators cap-
ture the conditions under which vehicles are used, includ-
ing mileage, driving mode, and intensity ofload, which are
critical for understanding wear patterns and planning pre-
ventive interventions. Reliability indicators allow for the
quantification of past failures and operational dependa-
bility, supporting predictive maintenance strategies and
resource allocation decisions. Economic indicators link
technical performance with financial metrics, enabling
assessment of the cost-effectiveness of maintenance prac-
tices and identifying opportunities for optimising repair
and operational expenses. The integration of these indica-
tors into a systematic assessment directly contributes to
the optimisation of production processes in motor trans-
port enterprises. It allows for more informed planning of
vehicle utilisation and scheduling, reduces unplanned
downtime, increases the technical readiness coefficient of
the fleet, and promotes rational allocation of repair and
maintenance resources. Consequently, enterprises benefit
from reduced overall operational costs, improved stability
and predictability of transport operations, and enhanced
efficiency in the use of rolling stock. By linking technical,
operational, reliability, and economic data, this approach
transforms fleet management from a reactive practice
into a proactive, data-driven strategy that supports both
operational performance and economic sustainabili-
ty. To formalise this integrated assessment framework, a
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mathematical representation of the system is introduced.
In particular, the overall condition of the fleet is described
using a single aggregated measure that combines multi-
ple heterogeneous indicators into one unified index. The
integral indicator, as formalised by V. Aulin et al. (2024), is
defined as:

I =X [wi() - P(D)], 4)
where P,(t) - normalised indicators depending on time and
operating conditions; w,(t) — dynamic weight coefficients.

To ensure consistency and comparability between
different types of input data, a normalisation procedure
is applied prior to aggregation. This step is essential due
to the heterogeneous nature of the operational indicators.
To ensure comparability of heterogeneous indicators,
normalisation was performed using the min-max method
(Zonta et al., 2021):

min
x;(£)—x]
in’
xmax_ximm

Pi(t) = 5)
where x,(#) — actual value of the indicator; x;7i», x7— min-
imum and maximum values within the dataset.
Following normalisation, the next stage concerns
the determination of the weighting coefficients, which
define the relative importance of each indicator within
the integral index. The weight coefficients w, were deter-
mined using a hybrid approach combining expert evalu-
ation and operational data analysis. Initial weights were
assigned based on expert judgment and subsequently
refined using statistical correlations between individu-
al indicators and observed failure frequencies. This en-
sures a balance between domain expertise and empirical
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evidence. According to U. Jachymczyk et al. (2024), this
approach ensures:

[> adaptability to operating conditions;

[> consideration of both engineering expertise and
empirical data;

[> improved robustness of the integral indicator.

The dynamic weight structure is further defined as
(Aulin et al., 2024):

VVz(t) =a;- (L/ Lmax) + ﬂl : (E/ Fmax): (6)

where L - mileage; F, - failure frequency; «,
tance coefficients.

Finally, based on the constructed integral indicator,
the system risk level is derived as a complementary meas-
ure, reflecting the degradation state of the fleet. The risk
function is defined as:

; — impor-

Diagnostic Analysis Formation W - Optimisation
& > oftechnical > of integral > a“f“*‘_ge“a production
data . o decisions
conditiom indicator processes
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The process of systematic assessment of the techni-
cal condition of vehicles is presented in Figure 1. As can
be seen, vehicle diagnostic data is collected and analysed
to form an integral indicator of technical condition. The
obtained indicator serves as the basis for management
decisions regarding maintenance planning, which, in
turn, ensures optimisation of the production processes
of the motor transport enterprise. The diagram consists
of four main stages: data collection, analysis of technical
condition, formation of an integral indicator and making
management decisions to optimise production process-
es. Figure 1 demonstrates how systematic assessment of
the technical condition of vehicles combines monitoring
of technical condition with management decisions to im-
prove the efficiency of the fleet.

Figure 1. Systematic assessment of vehicle technical condition

Source: developed by the authors

Figure 1 illustrates how a systematic assessment of
the technical condition of vehicles integrates continuous
technical condition monitoring with informed manage-
ment decisions, thereby ensuring enhanced operational
efficiency, reliability, and economic performance of the
fleet. According to A. Giannoulidis & A. Gounaris (2022),
the process is structured into four main stages, each con-
tributing to the formation of a comprehensive, data-driv-
en approach to fleet management:

[> Data Collection. This initial stage involves com-
prehensive vehicle diagnostics, the deployment of tele-
matics systems for real-time remote monitoring, and the
analysis of historical failure data. The goal is to establish
a complete and structured information base that reflects
both current operational conditions and past perfor-
mance of the rolling stock. By collecting accurate and
extensive data, enterprises can ensure that subsequent
analyses and decision-making are based on reliable, evi-
dence-based inputs.

> Technical Condition Analysis. At this stage, the
parameters of the main vehicle systems, including the
engine, transmission, braking system, and chassis, are as-
sessed. Operational data, such as mileage, driving modes,
intensity of use, and load conditions, are recorded and
analysed. This stage allows the identification of critical
components, early signs of wear, and patterns that may
indicate potential failures. By analysing these technical
and operational factors together, fleet managers can pri-
oritise maintenance interventions and better understand
the underlying causes of equipment degradation.

> Formation of an Integral Indicator. The collected
technical, operational, reliability, and economic indica-
tors are integrated into a single comprehensive metric

known as the integral indicator of technical condition.
This enables the comparison of vehicles within the fleet,
classification by readiness levels, and identification of pri-
ority targets for maintenance or replacement. The integral
indicator serves as a key tool for strategic planning and
operational optimisation, consolidating multiple dimen-
sions of fleet performance into a single actionable metric.
> Management Decision-Making. Based on the in-
tegral indicator, specific measures are formulated for
scheduling maintenance, allocating repair resources, and
planning vehicle deployment. This ensures the optimisa-
tion of production processes, minimisation of unplanned
downtime, efficient use of repair and financial resources,
and enhancement of overall fleet economic efficiency.
The diagram clearly demonstrates the interconnec-
tion between data collection, condition analysis, for-
mation of an integral indicator, and management deci-
sion-making, highlighting the importance of a systematic,
evidence-based approach to fleet management. Moreover,
the implementation of systematic assessment creates the
foundation for predictive maintenance, where decisions
regarding repairs, preventive interventions, or decommis-
sioning of vehicles are based on forecasts of changes in
technical condition. This predictive approach is particu-
larly valuable for motor transport enterprises with large
fleets, as even minor reductions in downtime can result
in substantial economic benefits, improved service relia-
bility, and more effective utilisation of resources. By com-
bining diagnostic data, operational analysis, and predic-
tive algorithms, systematic assessment transforms vehicle
management from a reactive process into a proactive,
strategic practice (Ersoz et al., 2022). To improve fleet effi-
ciency, modern enterprises use a predictive maintenance
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approach that integrates with resource management and
production processes. Figure 2 demonstrates the logic of
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interaction of predictive maintenance with rolling stock
planning and repair resource management.

Condition Analysis

e System parameters evaluation

| e Wear trend etection \l/

Data Collection

¢ Vehicle diagnostics
o Telemetry
e Failure history

Feedback & Monitoring

e Performance evaluation
e Adjustment of plans

&——— * Maintenance planning

Predictive Modelling

e Machine learning algorithms
e Failure prediction

.

Fleet Management Integration

e Fleet utilisation optimisation
e Resource allocation

Figure 2. Integration of predictive maintenance with fleet management

Source: developed by the authors

The implementation of an integrated predictive
maintenance system enables motor transport enterpris-
es to transition from traditional reactive management to
a proactive and predictive approach to fleet operations.
Unlike conventional maintenance strategies, which rely
primarily on scheduled inspections or repairs after fail-
ures occur, predictive maintenance is based on forecasts
of changes in the technical condition of vehicles, derived
from continuous monitoring, data analytics, and histor-
ical performance records. This approach allows enter-
prises to anticipate potential malfunctions, plan preven-
tive interventions, and optimise the timing and scope of
maintenance activities. The adoption of predictive main-
tenance significantly reduces unplanned downtime, en-
hances the technical readiness and reliability of rolling
stock, and lowers overall operational costs. According to
J. Hudec et al. (2021), by minimising unexpected equip-
ment failures, enterprises can ensure more consistent
service delivery, improve safety standards, and increase
the lifespan of vehicle components. This is particularly
valuable for organisations operating large fleets, where
even minor reductions in downtime can have substantial
cumulative economic benefits and improve the overall
efficiency of transport operations. The effectiveness of
predictive maintenance is further enhanced through the
automation of data collection and analysis using modern
digital technologies, including telemetry systems, the IoT
devices, and machine learning algorithms. These tools
enable real-time monitoring of vehicle performance,

early detection of anomalies, and dynamic prediction
of component failures. Consequently, managers can
make informed decisions regarding repair prioritisation,
scheduling, and allocation of resources, ensuring that
maintenance activities are both timely and cost-effective
(Carvalho et al., 2019).

Integrating predictive maintenance with broader fleet
resource management provides a systematic framework
for optimising production processes. It supports strategic
distribution of repair capacity, prioritisation of high-risk
vehicles, and rational allocation of technical and financial
resources. Ultimately, this integration enhances the eco-
nomic efficiency of the enterprise, improves operational
reliability, and positions the organisation to meet grow-
ing demands in a competitive transport services market
while ensuring sustainable, data-driven management of
fleet operations. Such formalisation allows adapting the
integral indicator to the operating conditions of a specif-
ic fleet by adjusting the composition of parameters and
weighting factors, provides classification of vehicles by
level of technical readiness, and creates a quantitative ba-
sis for sound planning of maintenance and repair. For a
more visual representation of the difference between the
traditional approach and the systematic assessment of the
technical condition of vehicles, it is advisable to consider
key indicators and characteristics in the form of a compar-
ative table. Table 2 demonstrates the key differences be-
tween the traditional approach to assessing the technical
condition of vehicles and the system assessment.

Table 2. Comparison of approaches to assessing the technical condition of vehicles

Service basis Scheduled intervals

Actual technical condition of the vehicle

Nature of management Passive (repair after failure)

Active (predictive maintenance planning)

Integration level

Individual indicators (node control)

An integral indicator of technical condition that takes
into account technical, operational and economic factors

Impact on production of production processes)

Limited (does not affect the optimisation

Comprehensive (allows planning of the use
of rolling stock and minimises downtime)

Source: developed by the authors
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As can be seen from Table 2, the traditional approach
to vehicle maintenance is based on regulated intervals
that do not take into account the actual condition of the
equipment and do not allow for a prompt response to
changes in its performance. This approach can lead to
unnecessary costs associated with premature replace-
ment of components, as well as unforeseen failures and
downtime, which negatively affects the efficiency of pro-
duction processes. Instead, the systematic assessment
of the technical condition of vehicles provides a com-
prehensive, predictive-oriented approach that goes be-
yond traditional maintenance practices. This approach
integrates a wide range of information, including tech-
nical parameters, operating conditions, historical failure
data, and the reliability of individual vehicle systems,
thereby forming an integral indicator of the overall tech-
nical condition. Such a metric enables managers to plan
maintenance and preventive interventions in a way that
minimises disruptions to production processes, reduc-
es unplanned downtime, and improves the overall effi-
ciency of fleet operation. By combining diagnostic data,
performance monitoring, and predictive analytics, the
systematic assessment enhances the accuracy of evaluat-
ing the condition of rolling stock, allowing enterprises to
identify potential failures before they occur and to allo-
cate resources more effectively. Moreover, this approach
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contributes significantly to the optimisation of produc-
tion processes within a motor transport enterprise. It
ensures a balance between maximising the operation-
al efficiency of vehicles and achieving resource savings,
while simultaneously enhancing productivity, safety,
and reliability across the fleet. By providing compre-
hensive insights into vehicle performance, it supports
decision-making related to fleet management, repair
scheduling, and investment planning, ensuring that both
technical and economic aspects are taken into account.
For the practical implementation of a systematic assess-
ment of the technical condition of vehicles, a phased
approach is recommended. This allows for a structured
and methodical organisation of data collection, in-depth
analysis of technical condition, and informed manage-
ment decisions. Table 3 summarises the main stages of
system implementation, the specific actions to be per-
formed at each stage, and the expected outcomes. Such a
phased approach facilitates effective planning of mainte-
nance activities, continuous monitoring of technical and
economic efficiency, and seamless integration of collect-
ed data into the enterprise’s strategic fleet management
framework. Consequently, it enables motor transport en-
terprises to achieve sustainable operation, reduce opera-
tional risks, and enhance both short-term and long-term
performance of the vehicle fleet (Bokrantz et al., 2020).

Table 3. Stages of implementing a systematic assessment at a motor transport enterprise

Implementation of diagnostic and telemetry systems

Automated data collection

Analysis of technical condition and failures

Identifying bottlenecks and critical components

Classification of vehicles by technical condition

Maintenance and repair planning

Minimising downtime and optimising resources

1
2
3 Formation of the integral indicator
4
5

Performance monitoring

Control of economic and technical benefits

Source: developed by the authors

In order to verify the effectiveness and practical ap-
plicability of the proposed methodological approach, it
is necessary to conduct a comprehensive experimental
validation. While the theoretical framework and math-
ematical model provide a solid basis for assessing the
technical condition of vehicles, their reliability and pre-
dictive capability must be confirmed through systemat-
ic testing under conditions that approximate real-world
fleet operation. Given the complexity and variability of
working environments in road transport undertakings,
the validation process should take into account numer-
ous influencing factors, including the intensity of vehicle
use, failure rates, maintenance costs and stochastic dis-
turbances inherent in real operating conditions. Thus, a
simulation-based experimental approach is used, allow-
ing controlled variation of key parameters and evalua-
tion of model performance in a representative range of
scenarios (de Jonge et al., 2017). The primary objective of
the experimental study is to assess the accuracy, robust-
ness, and practical efficiency of the proposed model in
predicting vehicle failures and optimising maintenance

processes. To achieve this, a dataset reflecting typical op-
erational characteristics of a vehicle fleet is generated,
and a set of quantitative performance metrics is applied
to compare the proposed approach with conventional
maintenance strategies. Following data preprocessing
and noise augmentation, the model performance was
evaluated using a set of standard and domain-specific
metrics, including MAE, RMSE, Prediction Accuracy, and
Downtime Reduction Ratio. These indicators provide a
comprehensive assessment of both predictive precision
and operational effectiveness (Wang et al., 2021):

MAE = =% Iy, = 9; |, ®)

RMSE = /%2(% - 92, 9)

To benchmark the proposed approach, its perfor-
mance was compared against several baseline methods,
including threshold-based maintenance, a static weighted
model, and a random scheduling strategy. The compara-
tive results are summarised in Table 4.
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Table 4. Comparative performance evaluation of the proposed model and traditional maintenance approach

Downtime reduction 42% 18%
Cost reduction 20% 8%
Accuracy 85% 62%
RMSE 0.12 0.29

Source: developed by the authors

Table 4 demonstrates the superiority of the proposed
model across all key operational indicators. In addition
to the performance assessment, a regression analysis was
carried out to further examine the relationship between
the system state indicator I(#) and the probability of fail-
ure. The regression results confirmed the anticipated re-
lationship: variations in I(#) significantly affect the like-
lihood of failure, indicating that it can serve as a reliable
indicator for predictive maintenance. The relationship
between I(#) and failure probability was modelled using a
logistic function:

1
1+e-@+bi(®)’

R() = (10)
coefficient of determination R2=0.91

The key findings indicate that the incorporation of
dynamic weights led to a 12-18% improvement in predic-
tion accuracy, while the integration of economic indicators
contributed to cost reductions of up to 20%. Furthermore,
the implementation of predictive maintenance resulted
in a decrease in downtime of over 40%. Collectively, these
results confirm the applicability of the proposed model for
real-world fleet management systems, demonstrating its
effectiveness in enhancing both operational performance
and economic efficiency. The obtained results are consistent

with previous studies on predictive maintenance and
fleet management optimisation. Compared to traditional
approaches, the proposed model provides a more com-
prehensive and flexible framework for assessing vehicle
condition. The integration of multiple indicator groups
into a single metric allows for improved decision-making
and resource allocation. In contrast to static models, the
use of dynamic weights enhances adaptability to chang-
ing operating conditions. However, the study has certain
limitations related to the use of a limited dataset and the
absence of real-time industrial validation, which should
be addressed in future research. Beyond the quantitative
evaluation of model performance and statistical valida-
tion, it is also important to consider the system-level im-
plications of the proposed framework. The obtained results
confirm that the developed approach is not only effective
in terms of predictive accuracy but also supports a transi-
tion toward an integrated fleet management architecture.
In particular, the implementation of all stages presented
in Table 3 enables the enterprise to move from fragment-
ed control of the technical condition of individual vehicles
to a unified, data-driven fleet management system based
on real-time information and predictive analytics. Fig-
ure 3 illustrates the relationship between the probability
of vehicle failure and the integrated condition indicator.
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Figure 3. Relationship between integral indicator and probability of vehicle failure

Source: developed by the authors

Figure 3 illustrates a strong inverse relationship be-
tween the integral indicator of a vehicle’s technical con-
dition and the probability of its failure: as the value of the
integral indicator increases, the risk of failure decreases.
This transition ensures timely maintenance planning,
reduces the risk of unplanned downtime, optimises the
utilisation of repair resources, and improves the overall
economic efficiency of the enterprise. Furthermore, the
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proposed system forms a foundation for strategic fleet
development, enabling long-term risk assessment and
supporting informed decisions regarding vehicle mod-
ernisation or replacement. The overall procedure of sys-
tem operation can be formalised as a sequential algorithm
comprising several stages. Initially, data are collected from
IoT devices and diagnostic systems, followed by pre-pro-
cessing to ensure consistency and quality. Next, the data
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undergo normalisation, after which relevant indicators
are calculated. These indicators are then aggregated into
an integral index, which is used to classify vehicles accord-
ing to their operational status. Finally, the results of this
classification inform decision-making, enabling timely
interventions and optimised fleet management.

The obtained results confirm the effectiveness of the
proposed systematic approach to assessing vehicle tech-
nical condition within predictive maintenance systems
and production process optimisation at motor transport
enterprises. The developed model demonstrated im-
provements in reducing vehicle downtime, increasing
forecasting accuracy, and enhancing maintenance cost
efficiency compared with traditional scheduled main-
tenance approaches. These findings align with current
trends in the digital transformation of maintenance man-
agement, where data-driven and adaptive decision-sup-
port systems are increasingly replacing static planning
strategies. Recent research by S. Werbiriska-Wojciechows-
ka et al. (2024) highlighted the role of digital twin tech-
nologies in transportation maintenance systems. Their
systematic review showed that digital twins enable con-
tinuous synchronisation between physical vehicles and
their virtual models, improving diagnostic precision and
operational transparency. In contrast to their primarily
architectural focus, the present study extended this con-
cept by integrating adaptive weighting coefficients and
multi-criteria evaluation indicators tailored specifically
for motor transport enterprises, thereby enhancing prac-
tical applicability in production environments. Further
evidence supporting the obtained results was provid-
ed by A. Crespo del Castillo & A.K. Parlikad (2024), who
proposed a dynamic fleet management framework that
integrates predictive and preventive maintenance with
operational workload balancing. Their findings demon-
strated that coordinated scheduling of maintenance and
transport operations can significantly reduce operational
costs and improved fleet utilisation. The present research
complemented this approach by prioritising systematic
technical condition assessment as the primary input for
decision-making, enabling more accurate risk-sensitive
maintenance planning under uncertain operating con-
ditions. The importance of broader organisational and
managerial integration is emphasised by J. Bokrantz et
al. (2020), who outlined a research agenda for smart main-
tenance in industrial systems. They argued that effective
maintenance requires not only advanced technologies but
also structured knowledge management and human-sys-
tem interaction. The proposed model corresponds to this
perspective by combining technical, operational, reliabil-
ity, and economic parameters into a unified assessment
framework that supports managerial decision-making in
transport enterprises. A relevant complementary contri-
bution is provided by A. Lorenc & M. KuZnar (2024), who
showed that optimising maintenance intervals can signif-
icantly reduce material waste and improve resource effi-
ciency in transport systems. Their findings additionally
highlighted the sustainability dimension of maintenance

Kulbovskyi & Staruk 47

optimisation, demonstrating that improved maintenance
scheduling can reduce material waste and enhance re-
source efficiency in transport systems. Overall, the com-
parison with recent studies confirmed that integrating
adaptive assessment mechanisms, predictive analytics,
and multi-dimensional evaluation significantly improves
maintenance effectiveness.

”Conclusions™

The systematic assessment of the technical condition of
vehicles represented a highly effective and strategic in-
strument for optimising production processes in motor
transport enterprises. Unlike traditional approaches that
focus on fragmentary inspections of individual compo-
nents, this methodology enables a holistic, data-driven
analysis of the entire fleet, integrating diagnostic param-
eters, operational indicators, failure histories, and eco-
nomic metrics into a unified framework. The proposed
integrated model of technical condition assessment
allowed enterprises to accurately predict potential fail-
ures, prioritise maintenance interventions, and make ev-
idence-based decisions that align with both operational
and economic objectives. Implementation of a systemat-
ic assessment contributes significantly to enhancing fleet
readiness, minimising unplanned downtime, optimising
repair and maintenance expenditures, and improving the
overall efficiency of production processes. The approach
provided a structured mechanism for classifying vehicles
according to their readiness levels, determining main-
tenance priorities, and implementing predictive main-
tenance strategies, thereby ensuring rational allocation
of resources and maximising the economic efficiency of
enterprise operations. By integrating technical diagnos-
tics with organisational and economic considerations,
motor transport enterprises can transform maintenance
management from a reactive task into a proactive, strate-
gic process. In conclusion, the systematic assessment of
the technical condition of vehicles functions not merely
as a technical monitoring tool, but as a central compo-
nent of an integrated fleet management strategy. Its ap-
plication enhances operational reliability, ensures safety,
optimises resource utilisation, and supports sustainable
economic performance, positioning motor transport en-
terprises to meet the growing demands of modern trans-
portation systems with resilience, efficiency, and strate-
gic foresight. Promising directions for further research
include the development of advanced digital decision
support systems capable of integrating data from telem-
atics, IoT sensors, and analytical software to provide re-
al-time monitoring and assessment of vehicle condition.
Another important area involves the implementation of
machine learning and artificial intelligence algorithms
to support automated failure prediction, adaptive main-
tenance scheduling, and more efficient resource alloca-
tion. Further research should also focus on the compre-
hensive evaluation of the economic impact of systematic
technical assessments at the enterprise level, particu-
larly regarding the reduction of unplanned downtime,
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AHoTauif. MeTo0 IIbOr0 NOCTiKeHHA 0yJI0 po3p0o0JIeHHS METO0JIOTiYHOI OCHOBH /IS CHCTEMHOTIO OI[iHIOBaHHSA
TeXHIYHOTO0 CTaHy TPAHCIOPTHMUX 3aco0iB Ta BU3HAYeHHs HWOro poJii B oNTHMi3allili BUPOOHWYMX NPOIECiB Ha
MiJIPUEMCTBAX aBTOMOOIIBHOTO TPaHCIOPTY. MeTomoJIOrisA JOCHiPKeHHS I'PyHTyBaJacs Ha KidbKiCHOMY Iigxomi,
SAKUUTIOETHYBAB CUCTEMHUY aHaIi3, MOJIe/IIOBAaHHA Ha 0CHOBI CUMYJIALIN, TOPiBHAIBHUIN aHAJI3, baraTokpUTepianbHy
OIIiHKy Ta GiHapHY JIOTiCTHYHY perpeciio [Jis1 BU3HaYeHHA B3a€EMO3B’'sI3KY Mi’K CTAaHOM TPaHCIOPTHOTO 3acoby Ta
“MoBipHicTIO fforo BitMoBH. /11 BIATBOpPEHHS CTOXaCTUYHOI OIepaliffHOl MiHJIMBOCTI, XapaKTepHOI AJIA cepefHix
MiJIPHUEMCTB aBTOMOOITBHOIO TPaHCHOPTY, 6y7I0 po3pob/ieHO CUMYJbOBAaHWM MacHB JaHUX, IO BimoOpaskas
eKkcIutyaranito 50 TpaHCHOPTHHUX 3aco0iB mporaroM 12 MicAmiB 3a gomoMoron cuMyssnii Monre-KapJio.
MacuB [aHUX BKJIIOYAB TEXHIYHI, €KCITyaTaliifHi, HamilfHOCTI Ta eKOoHOMIiuHi mapamerpu. [lyiss 3abe3meyeHHS
NOPiBHAHHOCTI reTepOreHHUX 3MiHHUX 3aCTOCOBYBaJsIacs HOpMaJliallis MeTOL0M «MiHIMyM-MaKCUMYM», IIiCJIsl 4OTO
OyJ10 po3po0bJieHO iIHTerpOBaHMH IHIUKATOP TEXHIYHOTO CTAaHy 3 BUKOPUCTAHHSAM AMHAMIYHUX KoedillieHTiB Baru Ha
OCHOBI €KCIIepTHOI OLIIHKY Ta KOpeJIAIiHOro aHaTi3y. Basimaris mozeJti 3aificHIoBaIacs 3a 10MoMoroio Koedirienra
Nagelkerke R2, cepeguboi abCOIOTHOT HOMUJIKH, KOPEHSI CEPEeTHHOKBAIPATHYHOI TIOMHUJIKU T CTATUCTUYHUX TECTIB
Baspa i1 BU3HAYeHHsI 3HAYYMIOCTi KoedillieHTiB perpecii. Pe3yabraTy mokasasiy, M0 3alpOIIOHOBAaHA MOIEJb
JI03BOJISIE 3MIMICHIOBATH KOMIIJIEKCHY KJIacu(ikaliio TpaHCIOPTHUX 3ac06iB 3a piBHEM TeXHIYHOI rOTOBHOCTI Ta
3HAYHO MiBUINYeE e(DeKTUBHICTH IIJIAHYBAHHA TEXHIYHOT0 00CIYrOBYBaHHA MOPIBHAHO 3 TPAAUIIHHUMHY MigX01aMu
JI0 TIJTAHOBUX PEMOHTIB. AHAJIi3 3aCBiqUYMB, 10 TEXHIYHE MOTIpIIEeHHs Y MOEIHAHHI 3 BUCOKHUM EKCILTyaTaliiiHuM
HaBaHTA)KeHHSM CYTTEBO MiJBUIINYe HMOBIpHiCTh BiIMOB. 3aIpolIoHOBaHa MeTOA0JI0TiYHA OCHOBA 3MEHIIINIA 006CAT
He3aIIaHOBAaHOT'0 MPOCTOI0 TPAHCIOPTHUX 3ac06iB Ha 42 %, CKOPOTUJIA BUTPATH Ha TeXHiYHE OOCIYrOBYBaHHS
Ha 20 % Ta MigBUIIMJIA TOYHICTH MPOTHO3YBaHHA 3 62 % 10 85 %. Perpeciiina Monesab migTBepauaa HasiBHICTh
CHJIBHOTO 00epHEeHOro 3B’A3Ky Mi)K iHTerpOBaHMM iHJWKAaTOPOM TEXHIYHOrO CTaHy Ta HMOBIipHiCTIO BimMoBH
TPaHCIOPTHOrO 3aco0y. IIpakTuyHe 3HAYEHHs NOCJiIKeHHA MoJATae y HaJaHHI NifIpueMcTBaM aBTOMOOiTBHOTO
TPaHCIOPTY iHCTPYMEHTY, 3aCHOBAaHOTO Ha JaHUX, AJIA IJIaHyBaHHS IPOTHO30BaHOT0 OOC/IYTrOBYBaHHS, PO3MIOILTY
pecypciB, IpUUHATTA pillleHb 1I0I0 MOJEPHi3allii aBTOMapKy Ta MiJBUIIIeHHs eKCILTyaTalliitHOI HaliltHOCTi B yMOBax
JAHAMIYHOI TPAHCIIOPTHOI AiAJIBHOCTI
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Abstract. The increasing complexity of multimodal
transport chains under digital transformation creates
the need for integrated management approaches that
simultaneously ensure transportation efficiency and
occupational safety. Across numerous transport and
logistics ~ enterprises, transportation management
systems and occupational safety systems continue to
operate separately, which reduces coordination efficiency,
creates information gaps, and increases operational risks
during transportation processes. This research aimed to
design and validate integrated approaches for combining
automated multimodal transport management with
occupational safety systems, enhancing operational
efficiency, reliability, and risk mitigation in transport
and logistics processes. The study applied a conceptual
modelling approach based on system analysis, multi-
criteria evaluation, probabilistic risk assessment, scenario
simulation, and sensitivity analysis. A simulation model

was developed in AnyLogic to analyse three management scenarios with different levels of automation and system
integration. The model evaluates transportation time, operating costs, downtime duration, number of incidents, and
the integral occupational risk indicator under predefined operational conditions. Input parameters reflected typical
operational conditions of transport enterprises and were varied to test model sensitivity. The results showed that the
integrated model demonstrated the best overall performance among all analysed scenarios. The integral risk indicator
decreased from 0.42 in the traditional system to 0.17 in the integrated model. Transportation time was reduced from
18.5 to 13.1 hours, downtime decreased from 120 to 58 hours per month, and the number of incidents declined from
12 to 4 cases per operational cycle. Operating costs decreased by approximately 22%. Sensitivity analysis confirmed the
stability and internal consistency of simulation results. The practical value of the study lies in the potential application
of the proposed model for developing digital decision-support systems for multimodal transport enterprises

Keywords: monitoring systems; risks; human factor; digital technologies; reliability

”Introduction™

Multimodal transportation plays an increasingly impor-
tant role in modern logistics systems due to the growth
of international trade, expansion of supply chains, and
rising requirements for delivery speed and service quali-
ty. The combination of road, rail, maritime, and air trans-
port within a single logistics chain creates additional op-
portunities for improving transportation efficiency, but
at the same time significantly complicates operational
management processes. The functioning of multimodal
transport systems requires coordination between multi-
ple participants, continuous information exchange, and

rapid response to changes in transportation conditions.
In recent years, transport companies have increasingly
implemented automated management systems, digital
platforms, real-time monitoring technologies, and deci-
sion-support tools to improve route planning, reduce de-
lays, and optimise resource utilisation. At the same time,
transport and logistics operations remain associated with
significant occupational safety risks. Loading operations,
maintenance of transport equipment, warehouse activi-
ties, and dispatch management may expose employees to
hazardous working conditions. Technical failures, human
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errors, and poor coordination between participants in the
logistics chain may lead not only to economic losses but
also to workplace injuries and operational disruptions.
The growing use of automation technologies has created
new opportunities to reduce such risks. Digital monitor-
ing systems and intelligent controls allow transport op-
erators to detect operational deviations faster, improve
process transparency and strengthen security controls.
Nevertheless, in many practical applications, the haulage
management and occupational health systems continue
to function separately. Most existing approaches focus on
either optimising transport or reducing occupational risk.
The issue of integrating these components into a single
management system remains poorly understood, in par-
ticular in the context of multimodal transport.

The scientific community is showing a growing in-
terest in two interrelated areas of research: improving the
efficiency of multimodal transport systems through dig-
italisation and optimisation, and ensuring occupational
safety in automated logistics settings. With the obvious in-
terdependence of these problems, they were mainly stud-
ied separately, which formed a significant gap in scientific
knowledge. The issue of sustainability of multimodal sys-
tems under dynamic environments is explored in the work
by N. Wang et al. (2023), where a comprehensive frame-
work was proposed that take into account both passenger
demand and infrastructure constraints. The authors em-
phasised the need for adaptive management models that
are favourable to respond effectively to transport failures.
At the same time, aspects of occupational health and safe-
ty remained outside the proposed evaluation structure,
which limited the practical applicability of the obtained
results. A systematic review of optimisation approach-
es in multimodal freight transport was presented in the
work by C. Archetti et al. (2022). The authors summarised
multi-criteria models that integrate indicators of cost,
time and reliability, and outline the problem of harmonis-
ing these criteria in a single analytical framework. At the
same time, security parameters related to personnel risks
were overlooked in the context of optimisation goals. An
algorithmic approach to route planning for regular mul-
timodal transport was developed in a study by N. Dini et
al. (2024). The proposed methodology provides an in-
crease in operational performance under various con-
straints through formal optimisation. However, the model
was focused exclusively on transport efficiency and does
not involve the integration of occupational risk indicators.

Optimisation of cargo flows in broken multimodal
networks were considered in the work by M. Ahmady &
Y. Eftekhari Yeghaneh (2022). The authors justified the im-
portance of mathematical modelling for processing uncer-
tainty in freight transportation systems. Despite address-
ing issues of operational instability, the study does not
establish a link between failure management and work-
place safety monitoring. Probabilistic modelling of inter-
modal processes using stochastic Petri nets is presented
in the paper byY. Lei et al. (2024). The proposed approach
allowed to reproduce the complexity and variability
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of multimodal coordination however, the study focused
mainly on the synchronisation of transport operations,
leaving the issue of labour safety integration outside the
scope of the analysis. The issue of labour protection in the
conditions of digitalisation was highlighted in the work by
N. Karanikas et al. (2022), which examined the principles
of system thinking laid down in the ISO 45001 standard.
The authors identified structural gaps in the compli-
ance of current safety standards with the requirements
of highly automated production environments, which
indicated the need to develop integrated management
solutions. The empirical basis for the impact of Industry
4.0 technologies on labour safety indicators was formed
in the study of G. Aran-Landin et al. (2023). The obtained
results proved that automation, reducing the impact of
traditional physical hazards, simultaneously creates new
risks associated with the reliability of digital systems and
the nature of human-machine interaction. Organisational
aspects of implementing digital monitoring in the inter-
ests of security were considered in the work of I.C. Obasi &
C. Benson (2025). The authors emphasised that real-time
monitoring systems increase the effectiveness of detect-
ing dangerous situations, but their practical effectiveness
depends on the degree of integration into operational
decision-making processes. An overview of modern tech-
nologies of sensors and analytics in the context of occu-
pational safety management was presented in the work of
O. Flor-Unda et al. (2023). The authors argued that techno-
logical data acquires practical value only if it was embed-
ded in existing management systems, and not functions
as a separate tool. The transformation of the human oper-
ator role in automated production environments was ad-
dressed in a study by L. Cunha et al. (2022) and J.E. Naran-
jo et al. (2025). The authors analysed the risks caused by
a gradual decrease in the level of direct human control
and justified the need for integrated systems of monitor-
ing and decision support. The application of digital twins
for predictive maintenance and risk detection in transport
systems was investigated in the publication of S. Werbins-
ka-Wojciechowska et al. (2024). Despite the demonstrated
advantages in terms of improving the reliability of techni-
cal systems, the proposed methodology does not extend
to the task of monitoring occupational safety.

Thus, the current state of scientific research shows
significant progress in two mostly separate directions:
optimisation of multimodal transport systems and digi-
talisation of labour safety management. Available studies
only occasionally combine these components in a single
functional and model structure. The mentioned fragmen-
tation is especially noticeable in multimodal logistics,
where the complexity of interdepartmental coordination
increases risks both at the operational level and in the
plane of labour safety. The lack of integrated models that
would simultaneously formalise transport optimisation
and occupational risk management constitutes a sci-
entific and practical gap that this study aims to address.
The purpose of the research was to develop and scientif-
ically substantiate approaches to integrating methods of
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automated management of multimodal transportation
with systems for ensuring occupational safety in transport
and logistics processes in order to increase their efficiency,
reliability, and safety. To achieve the research goal, three
main tasks were defined:

1) to analyse modern approaches to automated mul-
timodal transportation management and occupational
safety systems in the context of digitalisation;

2) to develop a formalised multi-criteria model that
integrates economic, time and safety parameters within a
unified management framework;

3) to evaluate the effectiveness of the proposed model
using scenario-based simulation and sensitivity analysis.

”Materials and Methods™

By its nature, this study was conceptual and built on the
modelling of — without experiments and without enter-
prise-specific data. Generalised illustrative parameters
were employed to evaluate how modifications in the man-
agement structure influence key operational indicators.

> o &

@

Object and subject of research. The object of the study
was the logistics process of a transport enterprise, which
involves multimodal transportation. Research subject —
integration of automated transportation management
methods with occupational health and safety systems
within a single management model. System analysis was
used to determine the structure of the integrated manage-
ment model and the connections between its elements.
Simulation modelling was used to reproduce the logistics
cycle and compare different management scenarios. The
multi-criteria evaluation based on C. Archetti et al. (2022)
allowed the analysis of performance simultaneously in
terms of indicators, system cost and risk. A simple prob-
able risk score was used to calculate the integral R score.
The simulation was implemented in the AnyLogic envi-
ronment. The model created a generalised logistics cycle
of a transport enterprise: subsequent transport operations
in which risk events and management decisions respon-
sive to them are embedded. The parameters used in the
simulation are presented in Table 1.

Table 1. Input parameters and ranges used for simulation modelling

Number of operations per cycle

1,000

Simulation workload

Average transportation distance

250 km

Typical multimodal route length

Number of identified risks

Risk set used in model

Probability of risk occurrence (p) 0.01-0.15 Range for probabilistic assessment
Severity of consequences (s 1-10 Expert scale
Automation level (A) 0.2-0.9 Scenario variation parameter

Source: developed by the authors

These values were selected as illustrative typical inputs
to demonstrate model behaviour rather than to replicate a
specific real enterprise. For each operation, the model cal-
culates: transportation time (7); operating costs (C); occur-
rence of risk events; number of incidents; downtime du-
ration. The integral risk indicator (R) was calculated using
simple probabilistic assessment (Paji¢ & Andreji¢, 2023):

R=XL1pi" S (1)

where p,— probability of occurrence of the i-th dangerous
event; s;— the severity of its consequences (scale 1-10); n—
total number of identified risks.

System performance was evaluated using a mul-
ti-criteria objective function with normalised indicators
(Okyere et al., 2022):

F=a- L

+p +y-RL—>min, (2)

Cmax Trmax max

where C - total transportation costs, USD; T - delivery
time, hours; C,, T,,.., R,... — normalisation coefficients;
a, B, y — weighting factors. Weights («=0.4, $=0.3, y=0.3)
were determined according to a reasoned assessment of
the relative significance of the criteria.

Three scenarios were defined to represent different

levels of automation and functional integration in the

Transport Systems and Technologies. 2026. Vol. 29, No. 1
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transport management system. Their characteristics
are presented in Table 2. The scenarios differ in auto-
mation, route optimisation, safety monitoring, and sys-
tem integration, illustrating a progressive enhancement
from minimal to full operational capabilities. A sensitiv-
ity analysis was conducted by varying the automation
level (0.2-0.9) while keeping all other parameters con-
stant. The impact of these changes was observed on the
integral risk indicator, transportation time, number of
incidents, and downtime. To confirm the reliability of
the model, three validation procedures were applied, fo-
cusing on internal consistency and practical plausibility
of results. First, a logical consistency check confirmed
that changes in input parameters lead to expected and
coherent changes in output indicators, including risk
level, number of incidents, downtime, and transpor-
tation time. Second, a sensitivity check demonstrated
that gradual variation of the automation parameter
produces smooth and monotonic changes in all output
indicators, without abrupt fluctuations, confirming the
stability of functional relationships in the model. Third,
a plausibility check showed that simulated results cor-
respond to reported ranges in transport logistics stud-
ies for medium-distance multimodal freight transport,
confirming the realism of model outputs under the
adopted assumptions.
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Table 2. Characteristics of management scenarios used in simulation

Traditional system 0.2 No Absent
Partial automation 0.5 Limited Partial
Integrated model 0.85 Full Full

Source: developed by the authors

On routes 200-300 km long, the delivery time is usu-
ally between 12 and 24 hours depending on how harmo-
niously the different modes of transport interact, how
loading is organised and whether delays are created at
transfer points. The model gives values between 13.1 and
18.5 hours for excellent scenarios and they all fit into this
realistic section. A similar picture with downtime. For
transport enterprises with an average load of the fleet,
monthly downtime is necessarily fixed within 50-150
hours depending on the technical condition, frequency
of incidents and service organisation. Simulated values
of from 58 to 120 hours — are accurately passed into this
part. The frequency of incidents in transport and ware-
house operations for enterprises with a comparable load
is usually described as 3-15 cases per operating cycle. The
model results of from 4 to 12 incidents do not go beyond
these limits and naturally change when the automation

Data collection
Internet of Things sensors, GPS, monitoring

Analytic module

Transport management
Planning, routing, coordination

Risk assessment, optimisation pu— 4 Risk monitoring, occupational health

and integration parameters vary. Of course, the described
procedures do not replace full empirical verification. But
the fact that model values coincide with real working
functions already says a lot: the model does not produce
abstract numbers detached from practice. It works within
the limits characteristic of real transport and logistics sys-
tems, which confirms its conceptual and practical validity
for scenario analysis within the given assumptions. The
results are indicative and reflect model behaviour under
predefined assumptions. The model does not account for
implementation costs, personnel training costs, cyber-
security risks, or infrastructure adaptation constraints.
Figure 1 presented an integrated system for multimodal
transport management and occupational safety, illustrat-
ing the interaction of data collection, analytics, transport
and safety management, and decision support to enhance
efficiency, risk mitigation, and adaptability.

Safety management

and safety control

Decision support system
Real-time management decisions

Figure 1. Conceptual scheme of the integration of automated multimodal transport management
and occupational safety systems

Source: developed by the authors

Figure 1 showed the flow of information between sys-
tem components, where IoT sensors and GPS data fed into
the analytic and safety modules, which in turn coordinat-
ed transport operations and generated real-time manage-
ment decisions. It highlighted the sequence of data-driv-
en decision-making and risk control across the integrated
transport and occupational safety system. A single infor-
mation environment ensures seamless interaction be-
tween all participants in the process — from multimodal
transport operators to occupational health and safety ser-
vices and management. This allows not only to effectively
coordinate transport operations, but also to constantly
monitor key safety indicators, such as the probability of
accidents, vehicle overloading and violations of occupa-
tional health and safety rules by personnel. In addition,
the integration system includes adaptive management
algorithms that take into account dynamic changes in
transportation conditions and risks in real time. This en-
sures timely response to dangerous events, automatic

route adjustment, optimal resource allocation and pro-
vision of recommendations on safe personnel behaviour.

"Results and Discussion™

The simulation modelling made it possible to assess how
different levels of automation and system integration in-
fluence the key performance indicators of transport and
logistics processes. Since the study is simulation-based,
theresults should be interpreted as indicative and demon-
strating model behaviour under predefined assumptions.
Table 3 presents the generalised results obtained for the
three modelled scenarios. When moving from a tradition-
al system to an integrated management model, all indica-
tors improve — and this is not a coincidence, but a natural
result of the internal logic of the model. The mechanism
is simple: the higher the level of automation, the fewer
operations require manual intervention. And less human
factor - is a lower likely component in the risk calcula-
tion, and, accordingly, fewer incidents. Transport time
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is reduced by automated route optimisation and better
coordination between stages of transportation — delays
between processes simply disappear (Dini et al., 2024).
Operating costs are reduced not so much by direct sav-
ings from automation as by reducing downtime and re-
ducing disruption caused by incidents. The downtime
itself is shortened because the integrated system detects
failures faster and reacts to them more coherently. At the
same time, it is critical to acknowledge the limitations of
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the model: it may overestimate operational efficiency and
does not incorporate the financial and logistical chal-
lenges associated with digital transformation, including
implementation costs, personnel training, cybersecurity
risks, and infrastructure adaptation requirements. There-
fore, with the results of Table 3, these are model estimates
within given assumptions, and not a guaranteed forecast
for any transport enterprise. Comparative analysis of sce-
narios demonstrated on Figure 2.

Table 3. Results of simulation modelling for three management scenarios

Risk level (R) 0.42 0.28 0.17
Transportation time (hours) 18.5 15.2 13.1
Operating costs (%) 100 87 78
Number of incidents 12 7 4
Downtime (hours/month) 120 82 58
Automation level 0.2 0.5 0.85
Source: developed by the authors
140
120
100
80 E Traditional system
60 Partial automation
40 m Proposed model
20
0 Rislevel  Transportation Operating costs Number of Downtime
time (h) (%) incidents (h/month)

Figure 2. Comparative analysis of performance indicators for three management scenarios

Source: developed by the authors

The proposed model is assessed against four cri-
teria: minimisation of incidents and downtime as in-
dicators of technical reliability; reduction of operating
costs as a measure of economic efficiency; reduction of
transportation time as a performance benchmark; and
decrease in the integral risk indicator as a safety out-
come. Together, these criteria underpin the comparative
analysis across management scenarios and serve as the
interpretive framework for the simulation results. Fig-
ure 2 provides a visual comparison of key operational
indicators across three scenarios: the traditional sys-
tem, partial automation, and the proposed integrated
model. The comparison highlights the magnitude of
performance changes and identifies which indicators
are most sensitive to improvements in management and
system integration. The most pronounced changes are
observed in indicators directly related to operational
reliability. The number of incidents decreases from 12
cases in the traditional system to 4 cases in the proposed
model, representing a 66.7% reduction. Monthly down-
time is reduced from 120 to 58 hours, corresponding to
a 51.7% decrease. These results indicate that systematic
diagnostics and predictive analytics primarily enhance
the stability of transport operations and deliver the most
tangible improvements in reliability.
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When evaluated across all defined criteria — inci-
dents and downtime, operating costs, transportation
time, and integral risk level the integrated model demon-
strates the most balanced performance across all pa-
rameters. Two indicators show the highest sensitivity to
management changes: the number of incidents (-66.7%)
and downtime (-51.7%). This is expected, as these in-
dicators most directly reflect system reliability, where
integration effects are strongest. Transportation time
and operating costs demonstrate moderate reductions
(-27.8% and -22%, respectively). The integral risk indica-
tor shows a substantial decrease due to the cumulative
effect of multiple probabilistic components embedded
in the model structure. Operating costs decrease by 21%
in the proposed model compared to the traditional sys-
tem. This reduction is primarily associated with fewer
emergency repairs, improved maintenance planning,
and more rational allocation of technical and human
resources. Transportation time exhibits smaller relative
changes than reliability indicators. The reduction from
18 to 13 hours (-27.8%) is constrained by the influence
of external logistical conditions, which are only partial-
ly controlled by management decisions. The smallest
absolute changes are observed in the integral risk level.
Although it decreases consistently across scenarios, the
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reduction is gradual because risk is an aggregated indi-
cator influenced by multiple external and internal fac-
tors. Improvements in internal processes alone cannot
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produce abrupt changes in this parameter. Figure 3 il-
lustrates the dependence of the integral risk level on the
degree of automation.

0.50

0.45

~._Traditional system

0.40
0.35

— R(A) =Ry e

0.30

~=—Partialautomation
\

0.15
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Figure 3. Dependence of risk level on the degree of automation in transport and logistics processes

Source: developed by the authors

To plot Figure 3, the level of automation in simula-
tion models was raised step by step from 0.2 to 0.9, all
other parameters being unchanged. For each interme-
diate value, the integral risk measure R was calculated
anew. The resulting curve reflects the internal logic of the
built-in probabilistic risk model: as automation increas-
es, the risk decreases nonlinearly. It is important to un-
derstand that this is not a universal regularity, empirically
confirmed - is the behaviour of a specific model under
given conditions. A sensitivity analysis was performed
to further verify the reliability of the results. He showed
that the change in the level of automation each time gave
predictable and logically explained changes in R, T, num-
ber of incidents and duration of downtime. This confirms
that the model is internally consistent and behaves stably.
The observed improvements are consistent with the in-
ternal structure of the simulation model, where increased
automation reduces risk exposure and operational dis-
ruptions. In addition, the implementation of automat-
ed control algorithms allows for reduced transportation
time by optimising routes and increasing coordination
between different modes of transport. The reduction in
operating costs is due to more efficient use of resources,
reduced downtime, and minimised losses associated with
emergency situations. For each scenario, the integral risk
indicator was calculated using the normalised system of
operational, technical, and safety indicators described in
the methodology section (Fig. 3).

The results of this study can be compared with low
work, considering automation, risk assessment and de-
cision support in logistics and occupational health and
safety — each with adding to the topic in its own way.
G. Fragapane et al. (2021) investigated autonomous
mobile robots in internal logistics in detail. Their con-
clusion: when decisions are made at separate levels of
agents, without centralised management, the ware-
house reacts faster and loses less time to delay. The re-
search proposal is supposed to be on the same logic, but
go beyond warehouse logistics to multimodal transport

chains. It appears that the principles of autonomy and
coordination, which have well recommended them-
selves at the level of individual facilities, also effectively
reduce the number of incidents and downtime in inter-
modal logistics. It is essential to recognise that improve-
ments in the indicators do not occur autonomously.
Achieving the reductions in downtime and incident rates
predicted by the model requires systematic diagnostics,
continuous data acquisition, and the implementation of
predictive analytics. At the start, this means additional
costs and time for team preparation. But the long-term
prospect of such an investment justifies itself — oper-
ating costs are decreasing, reliability is increasing, and
this is in good agreement with what other researchers in
the field are recording. V. Paji¢ & M. Andreji¢ (2023) used
the Fine-Kinney method to assess risks in internal trans-
port processes. Their approach is static: risks start on a
probability and severity scale at a specific moment. The
same principle is used in this study, but with different
mechanics: risk assessment is built into the simulation
model and varies according to the level of automation.
This allows the observation of risk dynamics as they
evolve in response to organisational changes, rather
than being assessed solely under static conditions.

The evolution of Industry 4.0 and its implica-
tions for logistics has been examined by E. Hofmann &
M. Riisch (2017), who discussed current status and future
prospects in integrating digital technologies into trans-
port and production systems. The issue of collaborative
works in logistics and production is considered in the
work of L. Pietrantoni et al. (2024), which collected ex-
pert opinions of industry specialists. The main conclu-
sion of the authors: technology in itself does not make
work safer, this happens only when it is built into the
decision-making process and the organisational struc-
ture of the company. These findings corroborate the re-
sults of this study, indicating that the depth of system
integration has a greater impact on operational efficien-
cy than the level of automation alone. The role of new
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technologies in occupational health and safety was an-
alysed in detail in an extensive review by L. Mockel et
al. (2023). The authors highlight that digital monitoring,
predictive analytics, and data-driven security manage-
ment play an increasingly significant role. However, the
question remains regarding how these tools can be effec-
tively integrated into transport coordination. The present
study addresses this gap by demonstrating how security
analytics can be systematically incorporated into logis-
tics management within a unified model. The state of
occupational health and safety management in modern
organisations is investigated in the work of D. Ramos et
al. (2022). The authors emphasised that security is ef-
fective only when it is systematically integrated into op-
erational processes, rather than functioning in parallel.
This finding aligns with the simulation results, where
increased reliability and reduced downtime are achieved
by embedding security monitoring within transport man-
agement decisions rather than treating it as a separate
function. The use of anthropocentric digital twins to en-
sure workplace safety was analysed by A. Kim et al. (2023).
The study revealed the mechanisms for integrating safety
data into the working environment, however, the pro-
posed approach was not adapted to the specificity of
multimodal transport chains. Multicriteria optimisation
of multimodal cargo systems based on genetic algorithms
was presented by S. Okyere et al. (2022). The proposed
model provided a balance of sustainability, cost and time
indicators however, occupational risk is not considered as
an independent parameter in the decision-making pro-
cess. The application of genetic algorithms for multimod-
al freight transport optimisation is addressed in the work
of S. Okyere et al. (2022), where sustainability, time and
cost are balanced within a multi-criteria model. A key dis-
tinction from the proposed approach is that professional
risk is treated as a separate optimisation parameter rath-
er than being derived from other indicators. In this way,
occupational safety is considered alongside traditional
logistics criteria, rather than being peripheral to the mod-
el. Overall, existing studies tend to focus either on logis-
tics optimisation or on the digitalisation of occupational
safety, but rarely address both simultaneously. The pres-
ent study addresses this gap by integrating these domains
within a single model. As a result, it demonstrates how
automation and system integration jointly affect trans-
portation time, operational costs, reliability, and risk,
providing a comprehensive assessment that considers all
aspects together rather than in isolation.

”Conclusions™

In this study, a multi-criteria model was developed inte-
grating economic, temporal, and safety parameters into
a single objective function. Probabilistic risk assessment,
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indicator normalisation, and scenario-based simulation
were conducted in the AnyLogic environment. Three
management scenarios were simulated, differing in au-
tomation level and system integration: a traditional sys-
tem (automation 0.2), partial automation (0.5), and the
integrated model (0.85). Simulation results indicate that
higher automation levels combined with integration of
occupational safety within transport management po-
tentially reduce the integral risk level, downtime, trans-
portation time, and operational costs. Specifically, the
integral risk decreased to 0.17 in the integrated model
compared with 0.42 in the traditional system. Transpor-
tation time was reduced from 18.5 to 13.1 hours, inci-
dents declined from 12 to 4 per operational cycle, and
monthly downtime decreased from 120 to 58 hours. Op-
erational costs were reduced by approximately 22%. Sen-
sitivity analysis demonstrated that the model responded
predictably to changes in automation: as the automa-
tion parameter A increased from 0.2 to 0.9, integral risk,
transportation time, incidents, and downtime changed
smoothly, without abrupt fluctuations. This indicates in-
ternal consistency and suggests that the model plausibly
reflects the dynamics of an integrated management sys-
tem under the defined assumptions. Notably, the depth of
integration between subsystems had a greater influence
on performance than automation alone. Integration fa-
cilitates coordinated operations, route optimisation, and
timely risk assessment, thereby reducing human-factor
impacts and improving the reliability of transport and
logistics processes. From a practical perspective, the
proposed model can assist managers of transport and
logistics enterprises, particularly in multimodal systems
with elevated operational risk, by providing a framework
to evaluate management decisions. It may also serve
as a conceptual basis for digital decision-support tools
that combine logistical optimisation with occupational
safety management. It should be noted that the findings
are indicative, based on generalised modelling param-
eters rather than empirical data from a specific enter-
prise. Therefore, they should be interpreted as guidance
rather than precise forecasts. Future work should focus
on validating the model using real operational data and
extending its capabilities through more detailed risk as-
sessment and advanced optimisation methods.
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AHoTauif. 3pocTaioya CKIATHICTh MyJIETUMOAAIBHIX TPAHCIIOPTHHX JIAHITIOTIB B yMOBax U PoBOi TpaHchopMaii
3YMOBJTIOE TOTPe6Y B iHTErPOBAHUXITIX0AX 0 YIIPABJIiHHSA, SIKi OTHOYACHO 3a0€3IeUyI0Th e(DeKTUBHICTh IepeBe3eHb
Ta 6e3rneky npamni. Ha 6ararbox TpaHCIIOPTHO-JIOTiCTUYHUX MiAITPUEMCTBAX CUCTEMH YIIPABJIiHHA IepeBe3eHHAMU Ta
CHCTeMHU OXOPOHH Ipani i Haxami (pyHKI[IOHYIOTE BiTOKpeMJIeHO, 0 3HIIKYE e(peKTUBHICTE KOOPAUHAILII, CTBOPIOE
iHdopManifiHi IporajMHU Ta MiABHUINyE OIepaliiHi PU3WKU IiJ Yac TPAHCIOPTHHX IpoleciB. MeToo IhOTo
JIoCJimKeHHsI 0y/10 po3po0JIeHHS Ta BasIiallisi iIHTerpOBaHUX ITiIXO/iB 10 TOETHAHHS aBTOMATHU30BAHOTO YIIPABJIiHHS
MYJIETUMOAAJIbHAMY TepeBE3eHHSIMU i3 CUCTeMaMU OXOPOHU Mpalli /IS MiABUIIEHHS ONepaiiiHol e()eKTUBHOCTI,
HamilHOCTI Ta MiHiMi3allil pU3UKIB Y TPaHCIOPTHO-JIOTICTUYHUX Ipoliecax. Y TOCTiIKeHHi 3aCTOCOBAHO MiXiH
KOHIIEINITyaJIbHOTO MOJIe/IIOBAaHHA, III0 IPYHTYBaBCs HAa CUCTEMHOMY aHaJsi3i, 6araTokpuTepiaIbHOMY OILiHIOBAaHHI,
WMOBIpHICHIN OLiHIII PU3UKIB, ClIEHAPHOMY MOJAEIIOBAHHI Ta aHasi3i dyTauBocTi. B cepemoBuii AnyLogic 6ymo
po3pobiieHo iMiTaniiHy Mopesb AJIA aHAII3y TPHOX CIleHApiiB yIpaBJ/iHHA 3 Pi3HMMH PiBHAMH aBTOMAaTH3alil
Ta cucTeMHOI iHTerpamnii. Mofesb OLiHIOE TPUBAJICTh IlepeBe3eHb, ONepalliiiHi BUTpaTH, TPUBAJICTh IPOCTOIB,
KUTBKICTh iIHIIUAEHTIB Ta iHTerpaibHUN MOKa3HUK MPoQeCciiHOro pU3NKY 3a BU3HAYEHUX eKCILTyaTallilHUX YMOB.
BxigHi mapameTpu Bigobpaskaju TUIOBI yMOBU (DYHKIIOHYBaHHS TPAHCIIOPTHUX MiJIPUEMCTB i BapiroBanmcs s
TepeBipKy YyTAUBOCTI Mofesii. Pe3ynabraTu mokasaly, 0 iHTerpoBaHa MOJeJb MPOIEMOHCTPyBajda HaWKparii
3araJIbHi IOKa3HUKU cepeJ yCixX TpoaHali30BaHUX CIleHapiiB. IHTerpabHUI MOKA3HUK PU3UKY 3HU3UBCA 3 0,42 y
TpaauilHii cucremi 1o 0,17 B iHTeTpoBaHiil Monesi. TpuBaIicTh mepeBe3eHb ckopoTuaacs 3 18,5 no 13,1 rogunmy,
npocroi 3MeHmuaucA 3i 120 1o 58 roguH Ha MicAllb, a KiJIbKICTh IHIUIEHTIB CKOpoTuJacsa 3 12 no 4 BUMajKiB
3a onepaniiHuil MuKJI. OneparniiiHi BUTPATH 3HUSWJINCA NPUOJU3HO HA 22 %. AHAJI3 YyTIUBOCTI MiOTBEPIUB
cTabinbHICTh Ta BHYTPIIIHIO Y3TOJKEHICTh Pe3y/IbraTiB MofieTIoBaHHA. IIpakTUyHa IiHHICTb HOCIiAKEeHHS [10JISIrae
B IIOTEHI[IfHOMY 3aCTOCYBaHHi 3aIIpOTIOHOBAHOI MOIeJIi 1711 pO3PO0JIeHHA I (POBUX CUCTEM IiATPUMKY IPUHHATTSA
pillieHb A1 NiANTPUEMCTB MYJIBTUMOLAIBHIX IIepeBe3eHb
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Abstract. The modernisation of the fleet of
locomotives used on Ukrainian railways for shunting
operations is essential to improve the reliability of rail
transport, reduce fuel and energy costs, and minimise
the negative impact on the environment. The aim of
this work was to investigate the energy efficiency of
an induction traction drive for a shunting locomotive,
which influences the locomotive’s traction and energy
performance. The ChME3 shunting diesel locomotive
was selected for the study, for which the energy
efficiency indicators of the traction drive with 140 kW
induction electric motors were determined through
mathematical modelling. The results of the calculations
showed that the ChME3 diesel locomotive can utilise
an induction traction drive with either four or six
electric motors. For both variants, calculations of the
tangential power were performed at various positions
of the driver’s controller, and it was determined that
both variants exhibit high energy performance. At the
same time, the six-motor traction induction electric
drive provided an increase in tangential tractive force
compared to a traction electric drive with commutator
motors. A comparison was made of the efficiency of the
traction induction electric drive and a standard electric
drive with commutator motors. It has been determined
that the efficiency of the traction induction drive is
higher across the entire load range, confirming the
feasibility of using a traction induction electric drive
on shunting locomotives. The findings of this study
can be utilised in the development of new shunting
locomotives and the modernisation of existing ones at
domestic and foreign enterprises

Keywords: energy effectiveness; energy and resource saving; induction electric motor; power; rolling stock

Introduction
Improving the efficiency of rail transport is a key priori-
ty, the achievement of which requires a comprehensive
approach and involves streamlining the organisation-
al management of the transport process, upgrading
technical transport infrastructure, advancing digital-
isation for rail logistics tasks, and so on. Rolling stock
has a direct impact on the stability of rail transport, and

therefore it is subject to strict requirements regarding
traffic safety, the need for high operational performance,
and low environmental impact, among other things.
Currently, the technical condition of most railway roll-
ing stock, particularly locomotives, is characterised as
obsolete: locomotives built 40-50 years ago have poorer
operational characteristics than modern locomotives.
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This makes it necessary to modernise the traction roll-
ing stock and requires the search for technical solutions
that will ensure high operational performance of the
traction rolling stock.

Current regulations, such as Resolution of the Cabi-
net of Ministers of Ukraine No. 1550... (2024), provide for
the modernisation of the railway rolling stock through
the use of energy-efficient equipment and technologies.
Currently, the technical characteristics of locomotives
used for shunting operations at stations of JSC “Ukrzal-
iznytsia” do not meet modern requirements for energy ef-
ficiency and low environmental impact. This is due to the
long service life of locomotives, which were created sev-
eral decades ago using equipment available at that time.
Another aspect is that locomotives were created as uni-
fied machines that can be used in different conditions. As
aresult, their characteristics do not correspond to the ac-
tual operating conditions, which leads to excessive con-
sumption of fuel and energy resources. Given the long
service life of the existing shunting locomotives, their
modernisation is essential, and energy-saving technolo-
gies will be implemented in the process. Analysis shows
that the main objective in this area is to reduce fuel and
lubricant consumption, for which modern diesel engines
or separate systems are being installed, as evidenced by
the experience of modernising diesel locomotives at
Mykolaiv Locomotive Repair Plant LLC (NTRZ, n.d.).
J. Pagenkopf et al. (2022) and G. Bakyt et al. (2025) also
point to reduced fuel consumption as the key factor in
improving the efficiency of shunting locomotives, which
determines the direction of improvements to outdated
locomotives. More promising is the modernisation of die-
sel locomotives using modern diesel-generator sets, AC-
DC electrical transmission, electric fan motors, etc. This
allows for a reduction in diesel fuel consumption, low-
er maintenance and repair costs, and so on. In Ukraine,
such work is carried out by Mykolaiv Diesel Locomotive
Repair Plant LLC (NTRZ, n.d.), Poltava Locomotive Re-
pair Plant LLC (TRZ, n.d.) and other enterprises.

However, almost all modernisation options in-
volve retaining the standard brush-type electric motors.
Yu. Syrotenko (2016), A. Falendysh et al. (2019) and D. Zai-
ka (2024) are investigating precisely such modernisation
options for shunting diesel locomotives. However, retain-
ing commutator motors significantly limits the potential
for improving the energy efficiency of the traction drive,
as in operating modes requiring increased tractive force,
the traction motors operate at higher currents. This sig-
nificantly limits the possibility of increasing the energy
efficiency of the traction electric drive, since in operat-
ing modes with increased traction force, traction electric
motors operate with increased currents. In such modes,
the efficiency of the traction electric drive is significant-
ly reduced, and the risk of thermal damage to the elec-
tric motor components also increase. It is impossible to
achieve a significant increase in traction properties while
maintaining collector electric motors. Therefore, it is ur-
gent to search and study ways to increase the traction and
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energy characteristics of shunting locomotives by improv-
ing their traction electric drive.

The purpose of the work was to study the energy effi-
ciency of a traction induction electric drive for a shunting
locomotive. The tasks of the work were to determine the
energy efficiency indicators of a traction induction elec-
tric drive and compare it with a serial traction electric
drive based on collector electric motors.

”Materials and Methods™

For the study, the authors selected the ChME3 diesel
locomotive, which is the main shunting locomotive of
JSC “Ukrzaliznytsia”, and is also used at many industri-
al enterprises for shunting and export operations. It is
well known that the use of traction induction motors
allows for an increase in the gear ratio of the traction
gearbox. This, in turn, reduces the size of the induction
motor, which has a positive effect on its layout within
the wheel-motor unit. With this in mind, the authors
have proposed a new wheel-motor unit with a traction
gearbox having a gear ratio of 5.929. (the number of gear
teeth is 83, the number of gear teeth is 14). A general view
of the developed wheel-motor unit is shown in Figure 1.
Traction induction motor — with axial rolling bearings. A
coupling is used to compensate for the misalignment be-
tween the axes of the electric motor shaft and the input
shaft of the traction gearbox.

Figure 1. 3D sketch of the wheel-motor unit
Note: 1 -traction gear-box; 2—wheel-set; 3—clutch; 4 - traction motor
Source: created by the authors

Based on the power of the serial diesel locomotive
ChMES3, which is 1350 hp (992 kW), for a six-axle diesel
locomotive it is necessary to use a traction electric motor
with a power of 140 kW. The authors performed calcula-
tions and a sketch layout of such a traction induction elec-
tric motor. The calculations for the electric motor were
carried out in accordance with the recommendations set
out in D. Tsypenkov et al. (2020). In the calculations, it
was assumed that the traction electric drive should pro-
vide a continuous traction force of 360 kN and operate
at rated power up to a speed of 60 km/h. The maximum
speed of the locomotive is 90 km/h. According to the re-
sults of the calculations, an eight-pole three-phase electric
motor with a short-circuited rotor winding was selected.
The calculated parameters of the electric motor are giv-
en in Table 1. To assess energy efficiency, the parameters
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of the traction induction electric motor were deter-
mined. The calculations were performed with a sinusoidal
power supply. The calculation did not take into account
losses due to higher-order harmonics in current and volt-
age, nor losses in semiconductor converters. For the pur-
poses of this study, the omission of these losses does not
introduce significant errors, but it does significantly sim-
plify the calculation model. Calculations of the parameters
of losses in electric motors and the parameters necessary
for their calculation were performed using the algorithm
below, based on the recommendations V. Bezruchenko et
al. (2003) and 1. Riabov ef al. (2025). The calculation algo-
rithm involved performing the following calculations:

1) Set the power frequency and phase voltage;

2) Calculate the correction factor that takes into ac-
count the saturation of the magnetic core:
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C = \/(1 + ;‘—;)2 + (’%:)2 (n)
where X, = 2nf,L, — inductive resistance of the stator;
X =2nf,L — inductive resistance of the magnetising cir-
cuit; R, — active resistance of the stator winding in a heat-
ed state; f, - fundamental voltage harmonic frequency.

3) Calculate the equivalent active resistance of an
electric motor:

Req =Cy (RlT + ¢ R,SZT)» 2
where R',, — the active resistance of the rotor winding in
the heated state is given; s - relative slip.

To calculate energy efficiency indicators, the power
distribution by the positions of the controller of the serial
locomotive driver was used (Table 2).

Table 1. Design parameters of a traction induction electric motor

Mode of operation continued
Power, kW 140
Nominal linear voltage, V 315
Maximum linear voltage, V 460
Phase current, A 342
The largest phase current at start-up, A 450
Nominal torque, Nm 5,500
Starting torque, Nm 7,700
Nominal frequency, Hz 16.8
Maximum frequency, Hz 130
Nominal rotation speed, s-1 (rpm) 243
Maximum rotation speed (at a speed of 90 km/h), s-1 (rpm) 3,000
Rotational speed range when operating at rated power, rpm 244...2,040
Efficiency in nominal mode when powered by sinusoidal voltage, % 90.6
Power factor in nominal mode, p.u. 0.82
Multiplicity of maximum torque at a speed of 2,040 rpm, rated power and rated line voltage, p.u. 1.2
Cooling air flow rate, m3/s 0.3
Number of phases 3
The number of pairs of poles 8

Source: developed by the authors

Table 2. Characteristics of the diesel locomotive ChME3

0 - -

1 28 90
2 98 180
3 220 246
4 310 312
5 410 360
6 530 360
7 720 360
8 880 360

Source: developed by the authors based on Ukrzaliznytsia (n.d.)

4) Calculate the equivalent inductive resistance of an
electric motor:

5) Calculate the equivalent resistance of an electric

motor:
Zog = /Reqz + Xeg® @

6) Calculate the reduced rotor current:

Xeqg = C1(X; + C1X'5), 3)

where X',=2nf,L', - reduced inductive resistance of the ro-

. . cU
tor winding. I', = 12—”"', (5)
eq
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where U,,, - effective value of the first harmonic phase
voltage.
7) Calculate the active component of the stator current:

U
Lig = log + —Z”’h cosp'y, 6)
eq

where [, — active component of the no-load current; ¢',—
the angle between the vectors I, and U, ,,. At the same
time cos ¢ ', = ZEZ'

8) Calculate the active component of the no-load cur-
rent:

_ Pge +mIZR T

log = T )

where P, - losses in the stator magnetic circuit at voltage

U,,, and frequency f, (are calculated for (14)); I, - magnet-

ising current at voltage U, ,, and frequency f;; m - number
of phases of the electric motor.

9) Calculate the reactive component of the stator current:

1%
11r = IM + leh

sing’',, 8)

eq

where sing ', = ?
eq
10) Calculate the effective value of the stator phase

current according to the first harmonic:

Lipn = /IMZ + 1,2 9

11) Calculate the power factor of an electric motor:

la (10)

cos @ = Taon

12) Calculate the active power taken from the source

Py = mUypplyg. (1)
13) Compare the power value calculated by the (11),
with the power value supplied to the electric motor
Py = II)V—L;:. In this expression P, — power supplied to the
traction electric drive; N,,— number of traction motors.
Calculations according to expressions (1)-(11) are car-
ried out until the value calculated accordingto (11) does not
differ significantly (no more than 5%) from the specified
power value P,,,. To do this, change the supply frequency
f, and phase voltage U,,,. When the electric drive operates
in the first zone — with constant torque — the ratio between
the supply frequency and voltage must correspond to the
proportional law 2 = const, which approximately corre-
sponds to operation with constant flux linkage ¥ = const.
When operating in the second zone — with constant pow-
er — the supply voltage does not change (U = consf), and
changing the supply frequency leads to a weakening of
the flux linkage. After determining the operating parame-
ters of the electric motor, the losses and efficiency of the
electric motor are determined using the model below.
Stator winding losses:

Pey = m112an1T- (12)
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Rotor winding losses:
Pey = m(I'2)*R'5r. (13)
Losses in the magnetic core:
_ Py 2 fi L5
PStl - PStnom (wlnam) (flTlOTVl) ’ (14)

where P, —losses in the magnetic core (all types of mag-

netic losses) at rated voltage and frequency; 1, — flux link-

age under voltage U, , and frequency f;:
Y= s
¥, .. — Nominal flux linkage:
Vinom = atp, (16)

U, pjnom — Tated phase voltage, f, ., — nominal frequency.
Mechanical losses:
n2
Pmech = Pmechnom Nanom (17)
where P, ,....— mechanical losses at rated speed .
Rotor speed:
n, =22 (1-s), (18)

where p—number of pole pairs of an electric motor.
Additional losses (excluding losses from higher volt-
age harmonics):

2
Poga = 0.005P;0m (1 Liph ) . (19)
1phnom
Losses in an electric motor:
AP=P61+P62+Pst1+PmeCh+Padd' (20)
Efficiency of the electric motor:
AP
n=1-7-. (21)
Shaft power:
P, = P, — AP. (22)
Moment on the shaft:
_30P
M, =— e (23)
Traction power of the locomotive:
2M,
Fe = Ny D_:”gbngb, (24)

where p,, — gear ratio of the drive reduction gear; n,,— gear-
box efficiency, equal to 0.98.
Locomotive speed (in km/h):

_ 3.6mDy

y. (25)

Ugb
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Power at the wheel rim (tractive power):

_ FyV

k= 36" (26)

Thus, model (1)-(26) allowed for calculations of the
characteristics of a locomotive equipped with a traction
induction electric drive. To perform the calculations, a
script has been developed in the Matlab environment
for calculating the characteristics. I. Riabov et al. (2025)
shown that it is advisable to regulate the voltage of the
electric motor depending on its power. This leads to an in-
crease in the efficiency of the electric motor and the power
factor, which affects the efficiency of the traction convert-
er. The smallest voltage value is chosen from the condi-
tion of ensuring the stability of the induction machine at
the highest speed in the rated power mode. Based on this,
based on the Kostenko law for frequency-controlled elec-
tric motors, the following expression was obtained, which
determines the linear voltage depending on the power:

Py

Ul = U Pznom ’ (27)

1max

where U, — the highest value of line voltage at rated
power; P, — specified motor power; P,,,,, — rated power of
the electric motor.

Calculations were made for the speed range cor-

responding to operation on the hyperbolic part of the
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traction characteristic. The minimum speed is deter-
mined by the starting traction force at the given position
of the driver’s controller according to Table 2. It was worth
noting that in models (1)-(11) and (12)-(26) the losses in
the traction converter and the losses in the induction elec-
tric motors from higher harmonics of current and voltage
were not taken into account, since for their determination
it is necessary to know the algorithms of voltage modula-
tion. Considering that such losses constitute several per-
cent of the total power of the electric drive, they are not
taken into account in this study.

”Results and Discussion™

Below are the results of calculations of the characteristics
of the electric motor and the locomotive. The calculations
were carried out for the variants of the traction induction
electric drive with six and four electric motors for 1-6 driv-
er controller positions and six electric motors for 7 and 8
driver controller positions. Tractive power was chosen as
the criterion:

P, =P, (28)
where P - power supplied to the traction electric drive ata
given position of the driver’s controller; n — traction motor
efficiency.

Table 3-10 show the results of the calculations.

Table 3. Design characteristics for 1 driver controller positions (DCP) (supplied power 28 kW)

Tractive power, kW 20 23 24 24 26
4 Efficiency, % 67.2 79.4 83.2 85.6 81.6
Speed, km/h 1.2 5.0 10.0 20.0 30.0

Traction force, kN 90 25.2 12.6 6.3 4.2

Tractive power, kW 18 21 22.8 22.2 21
6 Efficiency, % 60.0 72.7 83.2 80.8 75.5
Speed, km/h 0.7 5.0 10.0 20.0 30.0

Traction force, kN 90 25.2 8.5 4.2 2.9

Source: developed by the authors

Table 4. Design characteristics for 2DCP (supplied power 98 kW)

Tractive power, kW 62 84 90 88 88 88 86 84 82
4 Efficiency, % 64.4 87.5 92.4 92.5 92.1 90.8 89.3 87.5 85.5
Speed, km/h 1.2 5.0 10.0 15.0 20.0 30.0 40.0 50.0 60.0

Traction force, kN 180 59.3 29.6 20.7 15.5 10.3 7.7 6.1 4.9

Tractive power, kW 63 84 87 87 87 87 84 81 78
6 Efficiency, % 67.3 87.0 91.8 91.8 91.0 89.1 86.8 83.7 81.0
Speed, km/h 1.3 5.0 10.0 15.0 20.0 30.0 40.0 50.0 60.0

Traction force, kN 180 59.1 29.6 19.8 14.8 9.9 7.4 5.3 4.3

Source: developed by the authors

Table 5. Design characteristics for 3DCP (supplied power 220 kW)

Tractive power, kW 168 192 204 208 208 208 204 204 200

4 Efficiency, % 75.9 87.2 93.1 93.9 94.0 93.6 93.0 92.2 91.3
Speed, km/h 2.4 5.0 10.0 15.0 20.0 30.0 40.0 50.0 60.0
Traction force, kN 246.0 135.6 71.5 48.9 36.7 24.4 18.0 14.4 11.7
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Table 5. Continued

Tractive power, kW 174 192 204 210 210 204 204 204 198
Efficiency, % 79.0 86.0 92.9 93.5 93.4 92.7 91.7 90.6 89.2
Speed, km/h 2.5 5.0 10.0 15.0 20.0 30.0 40.0 50.0 60.0

Traction force, kN 246.0 134.5 71.5 49.3 36.7 23.9 18.0 14.4 11.6

Source: developed by the authors

Table 6. Design characteristics for 4DCP (supplied power 310 kW)

Tractive power, kW 232 272 288 292 292 292 290 288 288

4 Efficiency, % 74.9 87.3 93.0 94.1 94.3 94.1 93.7 93.2 92.5
Speed, km/h 2.6 5.0 10.0 15.0 20.0 30.0 40.0 50.0 60.0

Traction force, kN 310 190 100 68.5 51.5 34.0 25.7 20.3 16.9

Tractive power, kW 246 270 291 294 294 291 288 288 282

6 Efficiency, % 80.0 87.1 93.1 93.8 93.9 93.5 92.8 92.0 91.0
Speed, km/h 2.8 5.0 10.0 15.0 20.0 30.0 40.0 50.0 60.0

Traction force, kN 310 190 100 69.1 51.9 34.5 25.4 20.3 16.6
Source: developed by the authors

Table 7. Design characteristics for 5DCP (supplied power 410 kW)

Tractive power, kW 312 354 378 386 388 388 386 384 382

4 Efficiency, % 76.1 86.4 92.3 94.2 94.5 94.4 94.2 93.8 93.3
Speed, km/h 3.0 5.0 10.0 15.0 20.0 30.0 40.0 50.0 60.0

Traction force, kN 360 249 131.8 91.2 67.7 45.5 34.2 27.1 22.9

Tractive power, kW 330 357 381 384 384 384 381 378 375

6 Efficiency, % 80.5 87.4 93.1 93.7 93.8 94.0 93.5 92.9 92.2
Speed, km/h 3.2 5.0 10.0 15.0 20.0 30.0 40.0 50.0 60.0

Traction force, kN 360 250 133 90.5 67.7 45.0 33.8 26.6 21.8
Source: developed by the authors

Table 8. Design characteristics for 6DCP (supplied power 530 kW)

Tractive power, kW 436 452 492 500 500 506 504 504 500

4 Efficiency, % 82.3 84.3 92.5 93.6 93.8 94.8 94.6 94.4 94.0
Speed, km/h 4.3 5.0 10.0 15.0 20.0 30.0 40.0 50.0 60.0

Traction force, kN 360 319 1735 1174 882 59.5 443 34.7 29.4

Tractive power, kW 441 459 489 498 498 498 498 498 498

6 Efficiency, % 84.7 87.0 92.6 94.0 94.5 94.4 94.0 93.6 93.0
Speed, km/h 4.3 5.0 10.0 15.0 20.0 30.0 40.0 50.0 60.0

Traction force, kN 360 320 1724 116.9 87.5 58.4 43.9 34.7 28.9

Source: developed by the authors

Table 9. Design characteristics for 7DCP (supplied power 720 kW)

Tractive power, kKW 642 666 678 681 678 678 678 672

6 Efficiency, % 88.6 92.5 94.3 94.7 94.7 94.5 94.2 93.8
Speed, km/h 6.2 10.0 15.0 20.0 30.0 40.0 50.0 60.0

Traction force, kN 360 234.2 159.2 119.0 79.5 59.7 47.4 39.1

Source: developed by the authors

Table 10. Design characteristics for 8DCP (supplied power 880 kW)

Tractive power, kW 738 810 831 834 834 834 831 810

6 Efficiency, % 89.7 91.9 94.3 94.6 94.7 94.5 94.2 93.9
Speed, km/h 7.3 10.0 15.0 20.0 30.0 40.0 50.0 60.0

Traction force, kN 360 289.3 197.5 147.7 98.6 74.1 58.7 48.7

Source: developed by the authors
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Analysis of the data in Table 3-8 shows that at speeds
above 10 km/h, the efficiency of the traction electric drive
with sixand four traction induction electric motors does not
differ significantly. Athigher speeds, the four-motor electric
drive has higher efficiency. This is explained by lower mag-
netic losses in the electric motors. However, when working
with high traction forces, the six-motor electric drive has
higher efficiency. This is explained by the fact that the elec-
tric motors operate with lower current, which causes lower
electrical losses. It is worth noting that the proposed wheel-
set unit and traction induction motor provide traction
properties of the serial diesel locomotive ChME3 when us-
ing a traction electric drive with four electric motors. How-
ever, to achieve high starting traction force, it is necessary
to increase the axial load. In the case of using a six-motor
traction electric drive, the locomotive can achieve a trac-
tion force of 450...540 kN, depending on the axial load.

A common way to increase the traction and energy per-
formance of shunting locomotives is to use unit modules:
separate sections of locomotives equipped with a traction
electric drive and, as a rule, a power plan. A. Falendysh &
V. Gatchenko (2013) investigate the use of shunting locomo-
tives as a system comprising multiple traction units. This al-
lows for increased traction and reduced fuel consumption.
Similar traction units are used for heavy shunting work, on
complex profiles, and hilly work. Serial locomotives are used
for medium and light shunting work. This approach involves
increasing the locomotive fleet, which requires significant
capital expenditures. However, as demonstrated by C. Bu-
lucea et al. (2016), such traction units exhibit low electric
drive efficiency under partial load conditions. To eliminate
this, it is proposed and justified the feasibility of disconnect-
ing traction electric motors when operating in partial load
modes. However, it is worth noting that the use of traction
commutator electric motors limits the possibilities for im-
proving traction and energy indicators. Commutator electric
motors have insufficiently high specific torque indicators,
and the presence of a commutator-brush apparatus reduc-
es reliability. In addition, for high-quality control of traction
electric motors, it is necessary to use semiconductor con-
verters, as a result of which capital costs for modernisation
increase. Therefore, to ensure high traction performance
and energy efficiency, it is necessary to use an electric drive
system based on AC motors. This conclusion is supported by
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studies S. de Pancorbo et al. (2015), C. Bulucea et al. (2016),
Y. Cho et al. (2021). Studies by A. Abouzeid et al. (2020)
and S. Semenov et al. (2025) show that the use of AC elec-
tric motors enables effective control, achieving maximum
torque under specified conditions of wheel-rail adhesion.

A. Abouzeid et al. (2020) and W. Jibin et al. (2022) note
that, the most common type of traction motor used in
modern rolling stock, particularly in new shunting loco-
motives, is the induction motor This is due to their high
specific indicators, which allows to achieve a traction
force of one axle of 70...80 kN. Also important is the re-
duction of maintenance and high reliability of traction
induction electric motors. In addition, traction induction
electric motors have higher energy efficiency indicators
compared to collector electric motors. N. Zhao & N. Schof-
ield (2016) demonstrated that optimal performance of the
wheel-motor unit can be achieved through the co-design
of its main components — the traction gearbox and the
traction induction motor. Ensuring high energy perfor-
mance of the traction electric drive is achieved not only
by its optimal design, but also by using rational control al-
gorithms. S. Wang et al. (2019) proved that the use of vec-
tor control algorithms in an induction motor increases its
energy efficiency and improves its dynamic performance,
which is important when applying traction forces at the
slip threshold. Despite the large number of rolling stock
units equipped with induction traction motors, specific
studies are required to assess the feasibility of their use
under the specific operating conditions of a locomotive.
This explains the relevance of this study.

In order to compare the energy efficiency of the pro-
posed induction traction electric drive with that of the
standard electric drive of the ChME3 diesel locomotive, cal-
culations were carried out for the standard electric drive of
the ChMES3 diesel locomotive. Both six-motor and four-mo-
tor electric drives were considered. The results of studies ob-
tained inV. Shayda et al. (2024), Y. Lysenko &Y. Riabov (2025)
were used to calculate the data for the standard electric drive.
As a criterion for comparison, the tangential power at a fixed
power supplied to the traction electric drive was chosen.
Figures 2-9 show the dependence of the tractive power on
the speed of movement for all positions of the driver’s con-
troller for both variants of the electric drive. The data on the
traction induction electric drive correspond to Tables 4-10.

30 1DCP
Z 25
5 20 —— 6IM
£ 15 ——4IM
510 6DC
b= 5 4DC
£ 9
=) 5 10 15 20 25 30

Speed, km/h

Figure 2. Dependence of tractive power on speed at IDCP
Note: 6IM - traction electric drive with six induction electric motors; 4IM — traction electric drive with four induction electric motors;
6DC - serial electric drive with six direct current electric motors TE006; 4DC - traction electric drive with four direct current electric

motors TE006
Source: developed by the authors
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Figure 3. Dependence of tractive power on speed at the second position of the driver’s controller
Note: 6IM - traction electric drive with six induction electric motors; 4IM - traction electric drive with four induction electric motors;
6DC - serial electric drive with six direct current electric motors TE006; 4DC — traction electric drive with four direct current electric
motors TE006
Source: developed by the authors
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Figure 4. Dependence of tractive power on speed at the third position of the driver’s controller
Note: 6IM - traction electric drive with six induction electric motors; 4IM — traction electric drive with four induction electric motors;
6DC - serial electric drive with six direct current electric motors TE006; 4DC — traction electric drive with four direct current electric
motors TE006
Source: developed by the authors
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Figure 5. Dependence of tractive power on speed at the fourth position of the driver’s controller
Note: 6IM - traction electric drive with six induction electric motors; 4IM — traction electric drive with four induction electric motors;
6DC - serial electric drive with six direct current electric motors TE006; 4DC — traction electric drive with four direct current electric
motors TE006
Source: developed by the authors
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Figure 6. Dependence of tractive power on speed at the fifth position of the driver’s controller
Note: 6IM - traction electric drive with six induction electric motors; 4IM — traction electric drive with four induction electric motors;
6DC - serial electric drive with six direct current electric motors TE006; 4DC - traction electric drive with four direct current electric

motors TE006
Source: developed by the authors
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Figure 7. Dependence of tractive power on speed at the sixth position of the driver’s controller
Note: 6IM - traction electric drive with six induction electric motors; 4IM - traction electric drive with four induction electric motors;
6DC - serial electric drive with six direct current electric motors TE006; 4DC — traction electric drive with four direct current electric
motors TE006
Source: developed by the authors
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Figure 8. Dependence of tractive power on speed at the seventh position of the driver’s controller
Note: 6IM - traction electric drive with six induction electric motors; 4IM — traction electric drive with four induction electric motors;
6DC - serial electric drive with six direct current electric motors TE006; 4DC — traction electric drive with four direct current electric
motors TE006
Source: developed by the authors
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Figure 9. Dependence of tractive power on speed at the eighth position of the driver’s controller
Note: 6IM - traction electric drive with six induction electric motors; 4IM — traction electric drive with four induction electric motors;
6DC - serial electric drive with six direct current electric motors TE006; 4DC — traction electric drive with four direct current electric
motors TE006
Source: developed by the authors

Analysis of the dependencies shown in Figures 2-9
shows that the traction induction drive provides high-
er values of tractive traction force at all positions of the
driver’s controller. A certain exception is the first posi-
tion, where the six-motor induction electric drive at low
speeds has slightly lower performance than the serial
traction collector electric drive. At higher positions of
the driver’s controller, consistently higher values of tan-
gential power are observed in the case of using induc-
tion electric motors. In the zone of high traction forces,
the increase in tractive force reaches 25% at higher posi-
tions of the driver’s controller. With increasing speed, the

magnitude of tractive force when using induction elec-
tric motors is higher by 5-10%. In summary, the results
obtained indicate that the use of induction electric trac-
tion drives in shunting and transport locomotives will
improve their traction and energy efficiency character-
istics. According to studies S. Buryakovskiy et al. (2019),
S. Buryakovskiy et al. (2020), S. Goolak et al. (2024) this
has a positive impact on the parameters and indicators
characterising the operation of shunting locomotives,
increases the intensity of auxiliary operations at railway
stations, and contributes to the stability of the railway
transport system as a whole.
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”Conclusions™
Updating the rolling stock used for shunting operations
is a pressing task that involves choosing technical solu-
tions to ensure high traction and energy characteristics
and performance of locomotives. The article consid-
ers the use of a traction induction electric drive based
on induction electric motors. The use of a three-phase
eight-pole induction electric motor with a squirrel-cage
winding with a capacity of 140 kW and a wheel-motor
unit using this electric motor are proposed. A mathemat-
ical model has been developed and calculations of the
characteristics of the traction electric drive with the pro-
posed electric motor have been carried out. Variants of a
six- and four-motor electric drive have been considered.
According to the results of the calculations, it has been
determined that the energy indicators of both variants
of the electric drive are practically the same. It has been
determined that a four-motor induction electric drive
provides the traction characteristics of a serial six-ax-
le shunting locomotive. A six-motor traction induction
electric drive is recommended for a significant increase
in traction performance.

A comparison of the traction and energy indicators
of the induction electric drive and the serial electric drive
of the ChME3 diesel locomotive equipped with collec-

> o B8

@

the zone of high traction efforts, the tangential traction
force of the induction electric drive is higher by 25% and
more percent than the traction force of the collector at
the same supplied power. With increasing speed, the
magnitude of the tractive traction force when using in-
duction electric motors is higher by 5-10% than the trac-
tion force of the collector at the same supplied power.
The obtained results confirm that the use of a traction
induction electric drive substantially improves the trac-
tion and energy characteristics of shunting locomotives.
This advancement positively impacts the performance of
shunting and removal operations. At the same time, the
study highlights important directions for future research,
including full-scale experimental verification, develop-
ment of advanced vector control systems, and detailed
evaluation of the economic efficiency and reliability of
induction-based modernisation projects.
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AHoTauif. MonepHisariis mapKy JJOKOMOTHBIB, Ki BUKOPUCTOBYIOTHCS Ha 3aJIi3HULAX YKpalHU A/ BUKOHAHHSA
MaHEeBpPOBOi poOOTH, € BKpail BasKIMBOIO IS MiJBUINEHHA HAiHOCTI 3aJ/li3HUYHOTO TPAHCIIOPTY, 3HM)KEHHS
MaJUBHO-eHEPTeTUYHHUX BUTPAT i MiHiMi3aIlil HEeraTUBHOTO BIIMBY Ha HABKOJIMIITHE cepeoBuIle. MeTolo i€l pobotn
6yJ10 JOCTiP)KeHHS eHepreTUYHOI e()eKTUBHOCTI aCHHXPOHHOI'O TATOBOrO IIPUBOJAa MAaHEBPOBOT'0 JIOKOMOTHUBA, AKa
BIUIMBAE HA MOTO TATOBi Ta eHepreTU4Hi MOKa3HUKU. O0'€KTOM JOCTiIKeHHs 6y710 00paHO MaHEBPOBUH TEIJIOBO3
YUMES3, AJ151 IKOTO 32 JOITOMOT'0I0 MAaTEMaTUIHOT'O MOJI€/TIOBAHHSI BU3HAUYE€HO TOKA3HNUKY EHepreTHIHO1 e(heKTUBHOCTI
TATOBOT'O IIPUBOJA 3 ACHHXPOHHUMU €JIEKTPOJBUTYHAMU IOTY KHICTIO 140 KBT. Pesysibsraru po3paxyHKiB II0Ka3aJy,
mo Ha TemsoBo3i UME3 moske OyTH 3aCTOCOBAaHMH AaCHMHXPOHHMH TATOBMU IpUBOA i3 doTrhpma abo mricTeMma
eJIeKTpogBUTryHaMu. [Iji1 000X BapiaHTiB BHKOHAHO PO3PAXyHKH AOTUYHOI IOTYKHOCTI Ha DPI3HHUX IO3UILIAX
KOHTpoOJIepa MalINHiCTa Ta BCTAHOBJIEHO, 1110 00UBa BapiaHTH JIeMOHCTPYIOTh BUCOKi eHepreTUYHi MOKa3HUKU.
BopHOYAC IIECTUMOTOPHUM TATOBUI aCHHXPOHHUM eJIeKTPONPUBO] 3a0e3eunB 30i/IbIIIeHHs JOTUYHOI CUJIN TATU
MOPIiBHAHO 3 TATOBUM €JIEKTPOIIPHUBOJOM i3 KOJEKTOPHUMM ABUTyHaMu. IIpoBemeHO NMOpiBHAHHA KoedillieHTa
kopucHoOIi aii (KK]I) TATOBOTO aCUHXPOHHOIO €JIeKTPOIIPUBO/ia Ta CTAHIAPTHOTO eJIEKTPOIIPHUBO/A 3 KOJIEKTOPHUMU
nBuryHamu. Busnaueno, mo KK/] TAroBoro acHHXpOHHOTO IPUBOJiA € BUIIIMM Y BCbOMY Jiialla30Hi HaBaHTaKeHb, 1110
MiATBepsKy€e AOLiNbHICTS BUKOPUCTAHHSA TATOBOI0 ACHHXPOHHOIO €JIEKTPOIIPUBO/Ia HA MAHEBPOBUX JIOKOMOTUBAX.
Pe3y/sTaTi LBOTO AOCJIIYKEHHS MOKYTh OyTH BUKOPHUCTaHI pU po3poOIli HOBUX MaHEBPOBUX JIOKOMOTHUBIB Ta
MojiepHi3arii icHylounx Ha BiTUM3HAHUX i 3apyOiKHUX MifpreMcTBaxX
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Abstract. Point machine drives are critical components
of railway signalling infrastructure, with their failures
accounting for 15-20% of all signal system malfunctions
across European networks, causing significant operational

and economic losses. This study aimed to develop a
predictive maintenance approach for 1,520 mm-gauge
point machine drives using a digital twin, enabling early
fault detection from power electrical signatures recorded
during each switch cycle. The methodology combined a
four-layer digital twin architecture (physical layer, data
layer, analytics layer, and decision-making layer) with
a comparison of three deep learning architectures: one-
dimensional convolutional neural network (1D-CNN),
long short-term memory network (LSTM), and a hybrid
CNN-LSTM model. These were benchmarked against
logistic regression, support vector machines (SVM),
and Random Forest on a synthetic, physics-based dataset comprising 5,000 power curves for SP-6M and VSP-220
point machines. Models were evaluated on five-class state classification and 50-cycle degradation forecasting. The
hybrid CNN-LSTM achieved the highest classification performance (macro F1 =0.938), while LSTM vyielded the best
degradation forecast (R?=0.937); both substantially outperformed the strongest baseline model (Random Forest:
F1=0.871, R2=0.845). Cross-generator validation and artefact ablation experiments confirmed that deep learning
advantages arise from capturing transferable signal shape features rather than memorising simulation artefacts. A
recommended deployment configuration includes 1D-CNN at the edge for real-time classification, LSTM at the server
level for degradation forecasting, and Random Forest as an intermediate solution for operators with limited labelled data.
The practical significance of these results lies in providing evidence-based guidelines for implementing the digital twin
analytics layer on 1,520 mm railway networks, supporting a transition from scheduled to condition-based maintenance

Ihor Katkalo®

Postgraduate Student

National Transport University

01010, 1 M. Omelyanovych-Pavlenko Str., Kyiv, Ukraine
https://orcid.org/0009-0008-2672-1005

Halyna Holub

PhD in Technical Sciences, Associate Professor
National Transport University

01010, 1 M. Omelyanovych-Pavlenko Str., Kyiv, Ukraine
https://orcid.org/0000-0002-4028-1025

and reducing unplanned downtime
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Introduction
Railway signalling infrastructure depends on point ma-
chines to direct rolling stock through track switches, and
the operational consequences of their failures are dispro-
portionate to the size of the equipment. Across Europe-
an networks, signalling-related disruptions account for a
substantial fraction of unplanned service interruptions,
and within that fraction point machines remain a lead-
ing contributor. The cost is measured in delay-minutes,
missed connections, freight throughput lost during sin-
gle-line working, and on the worst occasions in compro-
mised safety margins. Three maintenance regimes dom-
inate the field. Reactive maintenance addresses failures
as they occur, accepting the disruption cost in exchange

for procedural simplicity. Preventive maintenance servic-
es equipment on a fixed schedule, replacing components
by calendar time or switching-cycle count regardless of
actual condition. Predictive maintenance, by contrast,
infers the condition of each device from sensor data and
intervenes only when degradation evidence warrants it.
The recent systematic review by I. Hector & R. Panjana-
than (2024) mapped 124 publications on predictive main-
tenance under the Industry 4.0 umbrella and showed that,
across sectors, the technology has matured from research
demonstrations into deployment-ready engineering, with
machine learning the most common analytics layer. The
digital twin paradigm offers an architectural framework
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for integrating predictive maintenance with data acquisi-
tion, condition monitoring, fault diagnosis and decision
support. E Tao et al. (2022) formalised the components
of digital twin systems — physical asset, data acquisition,
analytics, and decision support — and argued that the
analytics layer is where the largest engineering choices
accumulate. Operating on this framing, R. van Dinter et
al. (2022) reviewed 42 papers combining digital twins with
predictive maintenance and identified the analytics lay-
er as both the most variable and the most consequential
component, since model choice determines whether the
digital twin produces actionable insight or merely mir-
rors the physical world. In the railway sector specifically,
E.A. Thompson et al. (2025) surveyed 91 papers on digital
twin applications and reported predictive maintenance as
the dominant use case, with deep learning the most com-
mon analytics-layer choice. S. Kaewunruen et al. (2023)
and J. Sresakoolchai & S. Kaewunruen (2023) demonstrat-
ed the approach for railway bridge maintenance under
climate change conditions, showing that digital twins
can integrate heterogeneous sensor streams and forecast
component-level degradation at fleet scale. The Ukrain-
ian context for this work has its own constraints. The
1,520 mm gauge networks operated by Joint Stock Com-
pany (JSC) “Ukrzaliznytsia” use electromechanical point
machines, predominantly the SP-6M and VG-32 families,
with supply standards and operational practices that dif-
fer from Western European 1,435 mm networks in voltage
configuration, switching cycles, and ambient operating
ranges. K.L. Kostenko et al. (2023) reviewed the prospects
for robotisation of diagnostic procedures in Ukrainian
railway automation systems and concluded that the tech-
nical foundations for predictive maintenance exist, but
field deployments are constrained by data accumulation
and the absence of validated reference models tailored
to 1520 mm gauge equipment. H. Holub et al. (2025) ad-
dressed the deployment layer of any digital twin intended
for network-scale operation, focusing on the integration
of machine-learning workloads with cloud resource opti-
misation for transport big data.

A clear gap emerges from this literature. Digital twin
frameworks and predictive maintenance models are indi-
vidually mature, and both have been demonstrated on rail-
way components. However, no published work has carried
out a systematic, multi-task comparison of deep learning
architectures specifically for railway point machines on
1,520 mm gauge infrastructure, embedded within a digital
twin architecture, with the experimental controls needed
to separate genuine learning from simulation-specific ar-
tefacts. Closing this gap is the contribution of the present
study. The purpose of this study was to design and assess
a digital twin framework for forecasting maintenance
needs in railway point machines by evaluating the per-
formance of deep learning models on electrical power
signal patterns captured during switching operations. The
objectives were: (1) to develop a conceptual digital twin
architecture for a railway turnout with an integrated pre-
dictive diagnostics module that formalises point machine
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condition assessment as two complementary tasks: mul-
ti-class fault classification and degradation trend predic-
tion; (2) to design, implement, and comparatively evaluate
three deep learning architectures (1D-CNN, LSTM, hybrid
CNN-LSTM) against three classical baselines across both
tasks, using a multi-criteria framework covering accuracy,
computational efficiency, and robustness to limited train-
ing data; (3) to formulate evidence-based recommen-
dations for digital twin deployment on 1520 mm gauge
networks. The scientific contribution of this study lies in
a systematic evaluation of three deep learning architec-
tures — a one-dimensional convolutional neural network
(1D-CNN), a long short-term memory network (LSTM),
and a hybrid convolutional neural network-long short-
term memory model (CNN-LSTM) - in comparison with
three classical baseline models for multi-class fault classi-
fication and degradation trend prediction. The robustness
of the comparison was strengthened through cross-gen-
erator validation and artefact-ablation experiments. The
practical contribution is a set of deployment recommen-
dations calibrated to the operational and data-availability
constraints typical of 1,520 mm gauge railway networks.

"Materials and Methods™

The proposed digital twin is organised as a four-layer
structure (Fig. 1). The Physical Layer is the actual turn-
out installation with its sensors. The primary data source
is the point machine power monitoring system, which
records electrical current, voltage and computed power
consumption during every switching cycle. Supplemen-
tary sensors include displacement transducers, acceler-
ometers on the crossing nose and stock rails, and ambi-
ent temperature sensors. This configuration is roughly
what is deployed on monitored turnouts in modern
signalling systems, including those used on Ukrainian
railways (Siroklyn & Kladko, 2018). In the present study,
all signals analysed in subsequent sections come from
a physics-informed simulation of this sensor configura-
tion rather than from a deployed field installation. The
Data Layer handles acquisition, transmission, preproc-
essing and storage. Raw signals are sampled at 1,000 Hz
during each switching event, producing 3-7 second re-
cords depending on point machine type and switching
direction. This layer runs initial quality checks, times-
tamps each record, and attaches metadata (turnout ID,
switching direction, ambient temperature, cumulative
switching count since last maintenance) before stor-
ing into a time-series database. The Analytics Layer
hosts the predictive models that are the focus of this
study. Two tasks run here: fault classification (current
condition category) and degradation trend prediction
(forecast over future switching cycles). A model man-
agement component handles periodic retraining and
versioning. The output of this layer feeds into a deci-
sion-making structure that follows established system
models for transport infrastructure management, where
multi-level decomposition narrows control objects at
each level. The Decision Layer translates the analytical
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output into maintenance recommendations: alerts on
threshold approach, remaining useful life estimates,
and schedules that respect operational constraints like
traffic windows and crew availability. The first research
task focused on fault classification. Given a discrete time
series P ={p_1,...,p_n} representing a switching power

Katkalo & Holub 73

curve, assign it to one of K=5 condition categories de-
fined in Table 1, were chosen to cover the dominant fail-
ure modes reported in operational maintenance records
for electromechanical point machines, with each class
corresponding to a physically distinct mechanism that
leaves a characteristic imprint on the power signature.

Decision layer
Maintenance alerts RUL estimation Optimal scheduling
Threshold monitoring Remaining useful life Work planning
Predictions
Analytics layer

Fault classification
1D-CNN, LSTM, CNN-LSTM

Degradation prediction
Trend forecasting

Processed data

Data layer

Data acquisition

Preprocessing

Time-series storage

Sensor signals

Physical layer

Power monitoring
Current, voltage

Displacement
Blade position

Environment
Temperature, load

Figure 1. Conceptual architecture of the digital twin for a railway turnout

Source: developed by the authors

Table 1. Point machine condition categories

C Normal Switching characteristics within normal limits

C. Increased friction Elevated resistance from contamination, insufficient lubrication, or wear

Cs Obstruction Partial blockage of blade movement by foreign objects or geometry deformation
Cy Electrical degradation Brush, commutator or contact deterioration altering current characteristics
Cs Misadjustment Incorrect setting of switching stroke, detection rod, or locking mechanism

Source: developed by the authors

C, is the fault-free reference; C, (mechanical friction)
and C, (mechanical obstruction) capture degradation in
the rod-and-rail interface; C, (electrical degradation) cov-
ers motor and contactor wear; C, (misadjustment) covers
geometric drift in the lock-and-detection mechanism.
Five is a practical compromise: coarser taxonomies lose
the distinctions that drive different maintenance inter-
ventions, while finer ones produce classes too rare to learn
reliably from the data volumes typical of point machine
fleets. The categories were treated as mutually exclusive
in the simulation: each cycle was generated under exactly
one active failure mode. This is a deliberate simplification
of operational reality, where two or more degradation pro-
cesses can coexist — friction often accompanies misadjust-
ment, and electrical degradation can mask mechanical
wear —so the single-label formulation is an approximation
appropriate to early-stage diagnosis. Multi-label and hier-
archical taxonomies are noted in the Prospects for further
research as a natural extension once field data become
available. The classification task is the mapping function:

fetass: P = {Cy1, C3, C3, Cy, Cs}. 1)

Minimising the cross-entropy loss:

Leg = =G ZHy Thoy i * og (Fae), )

where M is the number of training samples, y, the binary
class indicator, and ¥, the predicted class probability.

The second task involved degradation trend predic-
tion. For each cycle j, a feature vector x; is computed from
the corresponding power curve. Given a sliding window
X={x_(-v+1),..,x}, predict the value of a degradation in-
dicator at horizon H:

faegriX = {Xj—pi1,-- %} 2 Pjan- 3

The degradation indicator is the normalised peak
power during initial blade movement, which is monotoni-
cally correlated with mechanical wear. The regression loss
is mean squared error:
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The dataset has 5,000 power curves (1,000 Hz sam-
pling, 3-7 s duration) covering five condition classes.
Class distribution is intentionally imbalanced to reflect
operational reality: C;: 2,000, C,: 900, Cs: 500, C4: 800, Cs:
800. Two point machine types are represented (SP-6M
and VG-32) and both switching directions. A separate
subset of 200 degradation sequences (500-1,000 cycles
each) is used for second task, with parameters calibrated
to documented by M. Hamadache et al. (2019) wear rates
of electromechanical point machines. Generation runs in
two stages: deterministic baseline curves from an elec-
tromechanical model, then stochastic injection of oper-
ational artefacts. Electromechanical model. Curves are
computed as P(t) = U(t) *I(¢) from coupled electrical and
mechanical equations. The electrical subsystem is mod-
elled as a DC series-wound motor (the dominant type in
SP-6M and VG-32):

UE) = 1(t) * (Ra + Rf) + Lo+ .+ K x0(®),  (5)
where R, = 2.8 Q at 20°C (temperature coefficient
+0.00393/°C, copper resistivity), Rf=1.4 Q, L,=15 mH,
K,=0.42 V-s/rad, supply voltage 160 V DC (Siroklyn &
Kladko, 2018).
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The mechanical subsystem couples motor torque to
the switching mechanism through a gear-worm reducer
(n=35,1n=0.45):

J* Z_(;) =K #1(t) — Tipaa(t)/n — Tfriction(w)’ (6)

where /=0.008 kg-m2, K,=0.42 N-m/A, and Stribeck friction:
Tfriction(w) =T, * sign(w) + (Ts + T,) *

2
) *sign(w) * B * w, @)

w
o2
S

where T, =0.15 N-m, T,=0.28 Nm, w,= 0.5 rad/s,
$=0.005 N-m-s/rad. These were calibrated against the SP-
6M technical specifications.

Equations (5)-(7) are integrated with fourth-order
Runge-Kutta at 0.1 ms (10 kHz internal rate) and down-
sampled to 1,000 Hz. Validation against the published
reference signatures in M. Hamadache et al. (2019) re-
sulted in a Mean Absolute Percentage Error (MAPE) of
3.2% for peak power, 4.1% for steady-state power, and
2.8% for switching duration, confirming the adequacy
of the electromechanical calibration. Class-distinguish-
ing load profiles. The load torque T, (%) is what differs
between classes (Table 2). Peak power for C, falls in 480-
560 W, for C, in 620-740 W, for C; in 750-900 W, consistent
with the references.

Table 2. Load profile parameters per class

C; Normal

Phase [ unlock 18-22 N-m; Phase II peak 25-32 N-m; Phase III steady 12-16 N-m; Phase IV lock 15-20 N-m

C, Increased friction

Load profile x U[1.3, 1.6] across all phases; f x [1.5, 2.5]

C3 Obstruction

Localised torque spike 40-65 N-m, duration 0.1-0.4 s, random position in Phase II/III; stall threshold 70 N-m

C, Electrical degradation R, +15-40%; stochastic contact resistance Rc,=0.3-0.8 Q+ Re-n(1), Re;=0.1-0.3 Q, n(#) band-limited 50-200 Hz

Cs Misadjustment

Stroke +5-12% from nominal 154 mm; Phase IV torque +30-60%; rising trend in Phase III

Source: developed by the authors based on M. Hamadache et al. (2019)

Table 2 specifies how each fault class from Table 1 is
reproduced in the physics-informed simulation through
targeted modifications of parameters in the electrome-
chanical model (Egs. 5-7), with the mapping driven by the
physical mechanism rather than by arbitrary perturba-
tion. Mechanical friction (C,) is reproduced by increasing
the damping and static-torque terms, raising the steady-
state power level and lengthening the switching phase.
Obstruction (G,) is introduced as a transient torque spike
at a randomised position within the cycle, mimicking the
encounter with a foreign object or a binding point in the
slide chairs. Electrical degradation (C,) modifies the sup-
ply-side parameters — the effective armature resistance
is increased and the supply voltage reduced — which to-
gether depress the peak power and slow the rise time.

Misadjustment (C,) shifts the lock-engagement point in
time, producing the asymmetric end-of-stroke signature
characteristic of detection-bar drift. Severity for each
class was sampled uniformly across a physically plausible
range, and independent stochastic noise was added per
cycle so that no two curves within a class are identical.
The parameter-to-class mapping is one-to-one by con-
struction, but the resulting power signatures overlap in
several diagnostic regions, which is precisely why end-to-
end learning from the raw curve outperforms hand-craft-
ed feature pipelines. Operational artefacts. Six categories
of real-world interference are layered onto the baseline
curves so the models train under realistic conditions rath-
er than on idealised signatures (Table 3). Each category
can be independently enabled or disabled.

Table 3. Operational artefacts injected into the simulation

EMI from traction current
(catenary 25 kV, 50 Hz)

Sum of sinusoids at 50/100/150 Hz with amplitudes 2-8%

All electrified-line records

Voltage sag
during train passage

0.3-1.5 s dip, magnitude 5-12% below nominal, randomised timing

All records, randomised

Transport Systems and Technologies. 2026. Vol. 29, No. 1
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Table 3. Continued

Temperature-dependent
variation

Temperature-dependent electrical resistance and lubricant viscosity variations;
+3-7% baseline shift for temperatures below —10°C and above +35°C

All records, sampled from
temperature distribution

Mechanical vibration
from passing trains

Band-limited noise 20-80 Hz, amplitude proportional to train speed/load

~15% of records

Power supply fluctuation

Slow drift +3-5% over cycle; spikes 2-5 ms up to 15% above nominal

Remote-station records

Sensor noise
and quantisation

12-bit ADC quantisation; Gaussian SNR uniform in (35, 45] dB, simulating
typical experimental data noise; 0.5% probability of single-sample outlier

All records

Source: developed by the authors based on M. Hamadache et al. (2019)

Mitigation of simulation-induced overfitting. A com-
mon concern with simulated datasets is that a deep net-
work might learn to invert the generator rather than the
diagnostic problem itself. Three measures address this.
First, structural perturbation: each record draws inde-
pendent perturbations on R, (+12%), n (+8%), T, and T,
(£15%), and load anchor points (+10%), so no two curves
share identical model parameters even within the same
class. Second, boundary blurring: about 8% of training
records are sampled from overlap zones between adja-
cent classes (e.g., friction multiplier 1.25 paired with mis-
adjustment 4%), preventing single-parameter threshold
shortcuts. Third, randomised phase timing: phase bound-
aries vary stochastically by +8-15% per record. The effec-
tiveness of these measures is evaluated experimentally in
the following sections. Preprocessing operates on signals

carrying the full set of operational artefacts, without ex-
plicit removal. This is deliberate: the deep learning mod-
els are forced to learn diagnostic features in the presence
of realistic interference rather than rely on pre-cleaned
signals that would not be available in an operational dig-
ital twin deployment anyway. Curves are resampled to
N=4,000 samples (linear interpolation) and normalised to
[0, 1] per record:
Di = @i — Pmin) / Pmax — Pmin)- 8)
Phases are segmented automatically by threshold
detection and gradient analysis: Phase I (Unlocking), II
(Blade movement initiation, peak power), III (Steady-state
running), IV (Locking and detection). Figure 2 shows rep-
resentative curves for each class with phase boundaries.
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—— C1: Normal
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Figure 2. Switching power curves for five-point machine condition categories

Source: developed by the authors

The visible patterns match what the literature sug-
gests. C; peaks near 520 W and runs at ~300 W steady-
state for 5.0 s. C, shows elevated power across all phases
(peak ~680 W, steady-state +30-40%, duration 5.8 s). Cs;
has a sharp peak of ~820 W in Phase II with high Phase III
variability. C4 has a reduced peak (~460 W) but high-fre-
quency fluctuations throughout. C; has a normal-looking

peak but a rising Phase III trend and elevated Phase IV
power (~520 W). For second task, twelve features per
curve are extracted (Table 4). These were chosen to span
the patterns visible in Figure 2 P, separates C,/C./C; at
the amplitude level; P,,, catches the noisy character of Cy;
P, flags the misadjustment locking signature; phase du-
rations and energies cover the temporal aspects.
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Table 4. Features extracted from switching power curves

@

O

1 P Maximum power 1I
2 P, Mean power during steady-state running I
3 P, Standard deviation of power I-Iv
4 Tl Total switching duration I-1v
5 T iock Unlocking phase duration I
6 T Steady-state phase duration I
7 E, . Total energy (integral of power) I-Iv
8 E, e Energy during blade movement initiation II
9 Skew Skewness of power distribution I-Iv
10 Kurt Kurtosis of power distribution I-IV
11 Slope,.., Gradient at Phase I-II transition I-11
12 Py Power level during locking v

Source: developed by the authors

Table 4 lists the twelve hand-crafted features sup-
plied to the three classical baselines, organised along
four dimensions: amplitude Poeatr Prncaw Potar Procid)» du-
ration (Typ o Trun)r €N€I8Y (Eprp Eppased) and shape
(Skew, Kurt, Slope,,..), with at least one feature anchored
to each phase of the switching cycle. The mapping back
to Table 1 follows physically grounded patterns: fric-
tion (C,) raises P,,,, and T,,,; obstruction (C,) shows up
in P, and the shape statistics through the transient
torque spike; electrical degradation (C,) depresses P,
and Slope,,, while extending T,,, misadjustment (C,)
shifts P, and the T,/ T, ratio. Although physically
interpretable, these twelve numbers compress a curve of
order 103 time samples, and the ~7 F1 percentage points
between Random Forest and CNN-LSTM measure how
much diagnostic information is lost in that compression.
The deep learning models for first time receive the full
normalised curve as input (end-to-end learning). Split
is time-aware to prevent leakage. For first task: 70/15/15
with chronological ordering, so all test records postdate
all training records. For second task: split at the sequence
level (140/30/30), no overlapping windows. SMOTE is
applied only to the training subset for class balancing;
validation and test subsets keep the original class distri-
bution. Three classical baselines work on the 12-feature
vectors of Table 4; three deep learning models work on
the raw curve for classification (and on the sliding-win-
dow feature matrix for degradation).

loc

Logistic Regression (multinomial, L2, C=1.0) and Ridge
Regression (cross-validated regularisation) serve as linear
lower bounds. SVM/SVR with RBF kernel covers nonlinear
kernel methods; hyperparameters were grid-searched over
Ce{0.1, 1, 10, 100}, y €{0.001, 0.01, 0.1, 1}. Random Forest
(300 trees, grid-searched depth, leaf size, and feature count)
is the strong tabular baseline; it has been used in prior rail-
way diagnostic work. All baselines run in scikit-learn 1.3
with feature standardisation (zero mean, unit variance).
The deep learning architectures included a 1D-CNN con-
sisting of three convolutional blocks (ConvlD + Batch-
Norm + ReLU + MaxPool, filters 32 —» 64 — 128), global av-
erage pooling, and two fully connected layers (128, 64) with
dropout 0.3. The output is softmax (5) for classification, lin-
ear for regression. The LSTM has two stacked layers (64 and
32hidden units), dropout 0.3, and two fully connected layers
(Sherstinsky, 2020). For classification, the input curve is split
into 100 subsequences of 40 samples each; for degradation,
the input is a sequence of feature vectors. The hybrid CNN-
LSTM applies a shared 1D-CNN feature extractor (two Con-
v1D blocks, 32 and 64 filters) to non-overlapping segments
of the curve, then feeds the resulting per-segment feature
sequence into a single LSTM layer (64 units). The motiva-
tion for this hybrid is that switching curves carry both local
diagnostic patterns (sharp friction spikes within Phase II),
which are best captured by convolution, and global sequen-
tial structure (the relationship between Phase I and Phase
III), which benefits from recurrence (Sherstinsky, 2020).

(a) 1D-CNN
Input ConvlD x3 GAP + Dense Output
4,000 x 1 32—64—128 + Pool 128 — 64, drop 0.3 Softmax (5)
(b) LSTM
Input LSTM x2 Drop + Dense Output
100 x 40 64, 32 units 128 — 64, drop 0.3 Softmax (5)
(c) CNN-LSTM hybrid
Input Shared CNN LSTM Dense Output
SxLx1 ConvlD x2, 32—64 64 units 128 — 64 Softmax
[ Convolutional [ Recurrent [ Fully connected L1 Output L] Input

Figure 3. Schematic diagrams of the three deep learning architectures

Source: developed by the authors
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All deep models train in PyTorch 2.0 on an NVIDIA
RTX 5070 (12 GB), with Adam (B, =0.9, B,=0.999), initial
learning rate 103, batch size 64, max 150 epochs, early
stopping (patience 15) on validation loss, He initialisation
for convolutional layers and Xavier for dense layers. Hyper-
parameters are grid-searched per architecture; reported
numbers are means over three runs with different random
seeds. Classification metrics are accuracy, precision, re-
call, F1 per class, and macro F1 (the primary metric, given
class imbalance): Computational metrics: training time,
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inference time per record, model size. Practical criteria:
interpretability, robustness to reduced data (50% and 25%
subsets), real-time suitability (target inference <50 ms).

"Results and Discussion™

Table 5 presents the test-set classification performance of
all six models, covering three classical baselines and three
deep learning architectures, with evaluation based on ac-
curacy, macro Fl-score and class-wise F1-scores for the
five fault classes.

Table 5. Classification performance (test set)

Accuracy 0.821 0.873 0.889 0.934 0.912 0.951
Macro F1 0.793 0.854 0.871 0.918 0.894 0.938
F1 (Cy) 0.891 0.924 0.932 0.962 0.948 0.971
F1 (C2) 0.802 0.861 0.882 0.931 0.908 0.947
F1 (Cs) 0.694 0.772 0.801 0.878 0.852 0.912
F1 (Cy) 0.771 0.836 0.858 0.905 0.881 0.924
F1 (Gs) 0.807 0.878 0.880 0.916 0.882 0.935

Source: developed by the authors

Random Forest is the strongest classical baseline at
macro F1=0.871. Each deep model exceeds it: 1D-CNN
by 5.4 percentage points (F1 =0.918), CNN-LSTM by
7.7 (F1=0.938). Logistic Regression at F1 =0.793 is far
behind, since linear decision boundaries simply do
not fit this signal-feature relationship. SVM with RBF
(F1=0.854) sits in between, beating LogReg but not RE
The widest gap is in C, (obstruction): 0.801 for RF against
0.912 for CNN-LSTM, a 13.9-point difference. The cause
is straightforward. The obstruction-induced power spike
has variable timing, irregular shape, and short duration;
none of that survives reduction to twelve summary sta-
tistics. The deep models look at the raw curve and recov-
er what the features lose. It should be noted that the full
operational artefacts (EMI, voltage sags, temperature,

1D-CNN
(F1 =0.918)

LSTM
(F1 =0.894)

vibration, sensor noise) were active during both training
and evaluation. The models were not given a sanitised
signal; the numbers above hold under realistic interfer-
ence. The 1D-CNN'’s competitiveness despite its simpler
architecture is partly explained by what convolutional
filters do well: they suppress high-frequency compo-
nents like EMI and vibration while preserving diagnos-
tic content. C, is the easiest class for every deep model
(largest sample count); C; is the hardest, both because
the sample size is small and because obstruction signa-
tures are highly variable. The most consistent error mode
in the confusion matrices (Fig. 4) is C, < C, confusion.
That makes physical sense: both increased friction and
misadjustment elevate mechanical resistance and pro-
duce overlapping signatures.

CNN-LSTM
(F1 =0.938)

True class

1.0

o o
o ®

o
IS

Fraction of true class

o
N

Predicted class

Predicted class

Predicted class

Figure 4. Confusion matrices for the three deep learning architectures

Source: developed by the authors

Figure 4 shows per-class confusion matrices for the
three deep learning models. Two patterns are common
to all of them: C, (Normal) is the easiest class (0.95-0.97
on the diagonal), C, (Obstruction) the hardest (0.85-0.91),

with the dominant misclassification directing C, toward
C, (electrical degradation) at 0.03-0.05. This is physical-
ly interpretable, since both perturb power in the same
phases and only the sharpness of the obstruction spike
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distinguishes them. The differences between architec-
tures concentrate on these harder classes. CNN-LSTM
lifts diagonal accuracy on C, from 0.85 (LSTM) to 0.91
and on C, from 0.88 to 0.93, while 1D-CNN sits between
the two and is two to three points above LSTM on C,, C,
and C,. The pattern matches the underlying inductive
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biases: convolutional layers localise the short-duration
spikes and slope changes that pure recurrence misses,
and the hybrid gains by combining local detection with
sequence-level context, which is why its advantage con-
centrates exactly on the failure modes that matter most
for predictive maintenance.

Table 6. Degradation prediction performance (test set, H=50 cycles)

MAE 0.071 0.058 0.052 0.042 0.031 0.033
RMSE 0.094 0.078 0.069 0.058 0.044 0.046
R? 0.713 0.802 0.845 0.891 0.937 0.931

Source: developed by the authors

The architecture ranking inverts. LSTM, which
placed second on classification, gives the best degrada-
tion prediction at R2=0.937. CNN-LSTM follows closely
(R2=0.931); 1D-CNN sits a step below at 0.891. Ran-
dom Forest reaches 0.845, which is 4.6 R2 points behind
1D-CNN. Ridge Regression collapses to 0.713. The wear
trajectory is too nonlinear for straight-line extrapolation.
The narrower gap between baselines and deep models on
this task is informative. The twelve features in Table 4 were
chosen specifically as wear indicators, guided by mul-
tiphase curve analysis principles standard in the field, so
Random Forest can work with input that already encodes
most of what matters. Multi-class fault classification, on
the other hand, asks for distinctions that summary sta-
tistics do not capture, and the deep models recover that
information from the raw curve. Why does LSTM beat
CNN-LSTM here while losing to it on classification? Clas-
sification is a per-curve decision: spatial patterns within
a single signal carry the answer, and convolutional filters
are the natural tool. Degradation is a per-sequence de-
cision: features evolve slowly across hundreds of cycles,
and the recurrent cell state is what tracks that evolution
(Sherstinsky, 2020). CNN-LSTM has the recurrent com-
ponent, but the convolutional preprocessing it applies
to each segment adds capacity that helps less here, and

probably hurts slightly, because it gives the model more
parameters to fit on the same data.

Figure 5 shows a typical LSTM prediction trajectory
on a held-out 800-cycle sequence. The model tracks both
the slow degradation regime in the first ~470 cycles and the
transition to accelerated wear that follows, with the 95%
confidence band remaining narrow throughout; visible
widening occurs at the regime transition rather than atlong
prediction horizons, indicating that residual uncertainty
is dominated by the change-of-dynamics moment rather
than by error accumulation. The pointwise error at the ear-
ly-life sample shown in the inset is 0.012 in absolute terms
(cycle 4: actual 0.328, predicted 0.340), or 3.7% relative; the
trajectory tracking remains comparably tight throughout
both regimes, with no systematic bias visible at the tran-
sition or near the maintenance threshold. The prediction
horizon for this trajectory is H=50 cycles. The actual degra-
dation indicator crosses the maintenance threshold (0.74)
at cycle ~750, while the model’s H=50 prediction reaches
that same threshold at cycle ~700, giving a 50-cycle lead
time to schedule intervention before the device crosses the
action boundary. At a typical mainline turnout throughput
of 10-30 switching operations per day, this corresponds to
roughly two to five days of warning, which is the practical-
ly useful margin of the predictive maintenance approach.
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Figure 5. Predicted vs actual degradation trajectory, LSTM model

Source: developed by the authors
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Table 7. Computational efficiency

Training time 0.3s 12s 8s ~18 min ~42 min ~55 min
Inference (ms/rec) 0.02 0.8 0.4 1.8 5.4 6.1
Model size (MB) <0.01 0.15 38 0.72 0.48 0.84
GPU required No No No Recommended Recommended Recommended

Source: developed by the authors

Baselines are orders of magnitude faster in both
training and inference. All six models, however, finish
inference well below the 50 ms real-time threshold, so
deployment inside the digital twin pipeline is feasible for
any of them. The 1D-CNN at 1.8 ms is roughly 4x slower
than RF but still leaves substantial margin for edge de-
ployment on modest hardware. Baselines lose 3.7-4.7%
under data reduction; deep models lose 6.1-11.4%. This
is not unexpected. Tree ensembles and SVMs working on
12 features need fewer samples to fit a decent decision
boundary than a deep network learning representations
from 4,000 raw samples. LSTM is hit hardest at -11.4%,
consistent with the well-known fact that recurrent net-
works are data-hungry. 1D-CNN is the most stable deep
model at -6.1%, which can be attributed to the convo-
lutional inductive bias (locality, translation invariance)

acting as an implicit regulariser. A practical question
follows: at what training-set size does Random Forest
become competitive with the best deep model? At 25%
training data, 1D-CNN reaches F1 = 0.862, and Random
Forest at full data reaches 0.871. They sit within 0.009 of
each other, RF marginally ahead. An operator with about
a fifth of the data used here would do roughly as well with
Random Forest on hand-crafted features as with a deep
model. Below that threshold, RF is the safer bet; above it,
deep learning pulls ahead. This has a clean deployment
implication. Operators accumulating their first labelled
dataset should not skip directly to deep learning. Random
Forest delivers comparable accuracy faster and at lower
compute cost. Migration to 1D-CNN or CNN-LSTM be-
comes worthwhile once the dataset reaches roughly five
times the crossover threshold (full scale here).

Table 8. Macro F1-score under reduced training data

100% 0.793 0.854 0.871 0.918 0.894 0.938
50% 0.781 0.838 0.855 0.896 0.851 0.908
25% 0.764 0.814 0.836 0.862 0.792 0.867
Drop 100 = 25% -3.7% -4.7% -4.0% -6.1% -11.4% -1-7.6%
Source: developed by the authors
Error bars: £1 Standard Deviation (3 independent runs)
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Figure 6. Classification F1 vs training data volume

Source: developed by the authors

Table 9. Multi-criteria comparison

Classification F1 - -

- ++ + +++

Degradation R? -- -

- + +++ ++
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Table 9. Continued

Training speed +++ +++ +++ ++ + +
Inference speed +++ +++ +++ ++ ++ ++
Robustness (limited data) ++ ++ ++ ++ - +
Feature engineering Yes Yes Yes No No No

Interpretability +++ + ++ + R B

Note: legend: +++ excellent; ++ good; + acceptable; - weak; - - poor

Source: developed by the authors

Classical baselines train in seconds, infer in fractions of
amillisecond, run on a CPU, and are easy to interpret. They
also lose accuracy on both tasks, and they require manual
feature engineering. That last point matters: feature engi-
neering assumes domain expertise, may not generalise to
other point machine types, and discards most of what the
raw curve contains. Among the deep models, no single ar-
chitecture wins everywhere. CNN-LSTM is the right pick
when classification accuracy is the priority and resources al-
low. LSTM is preferred for degradation prediction. ID-CNN
is the practical choice for edge deployment and data-scarce
scenarios; at 25% training data it still reaches F1=0.862,
which is close to what RF achieves on full data (0.871). The
numbers in Tables 5 and 6 are what justify deep learning
here. The weakest deep model (LSTM, F1=0.894) beats the
strongest baseline (RE F1=0.871) on classification by 2.6
points, and the gap reaches 7.7 for CNN-LSTM. On degra-
dation prediction, LSTM beats RF by 10.9 R2 points. Wheth-
er those margins justify the extra training time depends on
operational priorities, which connects to the cross-gener-
ator validation - the question of whether the gap is real or
simply a simulation artefact. The recommended deploy-
ment uses two deep models. A 1D-CNN at the edge handles
real-time classification on each switching event; an LSTM

at the server level handles periodic degradation forecast-
ing on aggregated features. Operators without the data or
compute for this configuration should start with Random
Forest. At full-data F1=0.871 it serves as a competent boot-
strap, and migration to deep learning becomes worth-
while at around five times the crossover threshold. At the
network level, where dozens or hundreds of turnouts feed
the analytics layer simultaneously, distributed training and
cost-aware resource scheduling become the binding con-
straints for cloud-deployed transport analytics at scale.

A reasonable concern about simulation-based stud-
ies is whether the models actually learned the diagnostic
problem or just memorised the generating function. Two
experiments test this directly. Cross-generator validation
was performed using a second parameterisation of the
electromechanical model (Generator B) was created by al-
tering motor constants (R,=3.2 Q, K,=0.38 V-s/rad), gear-
box parameters (n=40, n=0.42), and load anchors (shifted
+15% from Generator A). Generator B produces curves
with visibly different absolute amplitudes, durations, and
phase proportions, but the five fault classes remain physi-
cally the same. All six models, trained only on Generator A,
were evaluated on 750 records from Generator B without
retraining or fine-tuning.

Table 10. Cross-generator validation, trained on A, tested on B

F1 (same-gen) 0.793 0.854 0.871 0.918 0.894 0.938
F1 (cross-gen) 0.602 0.681 0.871 0.831 0.798 0.862
Drop -24.1% -20.3% -18.0% -9.5% -10.7% -8.1%

Source: developed by the authors

Every model loses something on the cross-generator
data, which means the simulation parameters do influ-
ence what was learned; the models have not converged on
a perfectly general diagnostic rule. The size of the loss sep-
arates the two groups sharply, though. Baselines lose 18-
24%. Deep models lose 8-11%. CNN-LSTM keeps 91.9%
of its accuracy across the shift; Random Forest keeps only
82.0%. The likely cause lies in what each kind of model is
sensitive to. Random Forest, SVM, and LogReg work on ab-
solute feature values: peak power in watts, duration in sec-
onds. When Generator B shifts those numbers by 10-15%,
the decision boundaries learned on A no longer hit them
in the right places. The deep models work on the raw curve
and end up learning relative shape information: the pro-
portion of Phase II peak to Phase III steady state, the slope
of power rise, the symmetry of locking. Those proportions

Transport Systems and Technologies. 2026. Vol. 29, No. 1

are largely preserved across the parameter shift, which is
why the deep models survive it. One comparison is par-
ticularly telling: CNN-LSTM'’s cross-generator F1 of 0.862
is essentially the same as Random Forest’s same-genera-
tor F1 of 0.871. Under a domain shift Random Forest itself
cannot survive without an 18% drop, CNN-LSTM almost
matches Random Forest on home turf. This alone is argu-
ably the strongest single piece of evidence that the deep
model gain is not a simulation artefact. Artefact ablation
served as a reverse test: if the deep models had memorised
generator-specific artefacts, then removing the noise that
obscured those artefacts should have improved their per-
formance. The underlying pattern would be easier to read.
If instead the models learned features that hold up un-
der noise, performance should stay roughly where it was
when artefacts are removed.
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Table 11. Artefact ablation, classification with artefacts removed at test time

None (baseline) 0.918 0.894 0.938
EMI +0.003 +0.005 +0.002
Voltage sags +0.008 +0.011 +0.006
Vibration +0.002 +0.004 +0.001
Temperature -0.004 -0.002 -0.003
All artefacts +0.012 +0.019 +0.008

F1 without artefacts 0.930 0.913 0.946

Source: developed by the authors

Removing all artefacts at once moves F1 by only
+0.008 to +0.019, small enough to confirm that none of the
deep models depends on the noise structure for classifica-
tion. Voltage sags account for most of the visible improve-
ment (+0.6 to +1.1 percentage points), which fits the phys-
ics; sags directly modulate amplitude and shrink the gap
between classes whose signatures already differ mainly in
amplitude. The pattern across models is also instructive.
LSTM, the most sequence-dependent architecture, shows
the largest aggregate gain when artefacts are removed
(AF1 =+0.019); 1D-CNN and CNN-LSTM, with their con-
volutional feature extractors, gain only +0.012 and +0.008
respectively. This is consistent with convolution acting
as an implicit denoising operation. The filters suppress
high-frequency artefacts during the forward pass, so re-
moving those artefacts at test time produces a smaller
change than for a purely sequential model. None of the
three deep models gains more than two percentage points
from a fully clean test set, and the individual artefact ef-
fects (<1.1 percentage points) fall within the magnitude
range typical of per-seed F1 fluctuations in deep-learn-
ing training at this data scale. The conclusion is qualita-
tive but robust: none of the models relies on any specific
artefact class as a discriminative cue — the precise prop-
erty artefact ablation is designed to detect. Temperature
artefacts behave the opposite way. Removing them costs
the models 0.2-0.4 percentage points. A plausible expla-
nation is that the models learned to use winding-resist-
ance variation as a supplementary cue. Cold conditions
raise resistance and also increase mechanical friction,
so the two effects co-vary in the training data. Remove
the temperature signal and a weak but real cue is gone.
A cleaner deep-vs-classical comparison emerges in this
artefact-free regime. CNN-LSTM on clean signals reaches
F1=0.946. Random Forest, evaluated separately on clean
feature vectors, reaches 0.904. The 4.2-point gap that sur-
vives in the absence of any noise rules out the explanation
that the deep models’ advantage came from exploiting
noise patterns. What is left is the difference in input itself:
twelve summary statistics on one side, four thousand raw
samples on the other.

The numerical results in Tables 5-11 invite compar-
ison with the broader literature on point machine fault
diagnosis. Seven works covering different methodological
strands frame this comparison. D. Ou et al. (2019) used
hand-crafted features from switching force curves with
classical classifiers and reported accuracies above 90%

on multi-class problems. The Random Forest baseline
reported here at F1 =0.871 sits close to that range — the
gap maps to the difference between accuracy and macro
F1 on imbalanced data, and the additional 7.7 percent-
age points achieved by CNN-LSTM quantify how much
diagnostic information the raw curve carries beyond
hand-crafted features. Z. Shi et al. (2023) applied an im-
proved deep CNN combined with Support Vector Data
Description (SVDD) classification to ZDJ7 point machine
current curves and reported 96.59% accuracy with ro-
bust performance across varying signal-to-noise ratios;
this places between the same-generator CNN-LSTM re-
sult (93.8%) and the cleaner artefact-free regime (94.6%),
consistent with their explicit focus on noise immuni-
ty through adaptive batch normalisation. C. Zhang et
al. (2019) and S. Givnan et al. (2022) applied a locally
connected autoencoder to point machine current curves,
anomaly-flagging via reconstruction error. Their architec-
ture is unsupervised in spirit, while the present approach
is supervised end-to-end, complementary rather than
competing: autoencoders work where labelled fault ex-
amples are scarce, supervised models pull ahead once la-
bels accumulate. M. Sysyn et al. (2019) worked on instru-
mented 1,520 mm gauge turnouts using vehicle-based
inertial sensors with classical ML, reporting accuracies in
the 0.85-0.90 range, close to the Random Forest baseline
reported here. The cross-modality coincidence suggests
that the classical-features ceiling for this infrastructure
sits independently around F1 =0.87, a ceiling the deep
models of the present study exceed by 5-8 points.

Z. Hu et al. (2022) surveyed data-driven fault di-
agnosis for point machines and observed that hybrid
CNN+RNN architectures outperform single-paradigm
models at the cost of higher data requirements. The re-
duced-data experiment gives that observation a meas-
urable form: CNN-LSTM at 25% training data drops to
F1 =0.867, statistically indistinguishable from Random
Forest at full data. Z. Hu’s et al. (2022) crossover thresh-
old thus has a quantifiable location for this application.
Y. Sun et al. (2020) used SVM on acoustic signals and re-
ported accuracy in a range similar to electrical-signature
classical methods. The convergence across orthogonal
sensor modalities indicates that the ~0.87-0.89 ceiling re-
flects the information content of any single channel rath-
er than the feature extractor — a direct argument for mul-
ti-modal fusion as a future direction. S. Reetz et al. (2024)
developed a Bayesian network combining expert
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knowledge with limited data. Their motivation overlaps
with the present study, but the methodological direction
inverts: knowledge-based versus data-driven. In low-da-
ta regimes the Bayesian route may close the gap exposed
by the 25%-data experiment, and a hybrid deep-learn-
ing + Bayesian architecture is a natural target for inte-
grating symptom classification with root-cause inference
within the digital twin. Beyond the point-machine-spe-
cific literature, T. Zonta et al. (2020) surveyed predictive
maintenance implementations across Industry 4.0 sec-
tors and reported that deep learning consistently outper-
forms classical methods at the cost of higher training data
and computational requirements, a cross-industry find-
ing the reduced-data experiment (Table 8) and computa-
tional efficiency analysis (Table 7) confirm specifically for
railway point machine diagnosis. The results indicate that
advanced data-driven models can consistently outper-
form classical approaches, revealing additional diagnos-
tic information and highlighting the value of combining
methodologies for improved fault detection.

”Conclusions™

A four-layer digital twin architecture (Physical, Data,
Analytics, Decision) for predictive maintenance of rail-
way point machines on 1,520 mm gauge networks was
developed and validated through systematic compari-
son of deep learning and classical machine learning ar-
chitectures on a physics-informed simulated dataset of
5,000 switching power curves. The hybrid CNN-LSTM
achieved the highest fault classification accuracy (mac-
ro F1=0.938), exceeding the strongest classical baseline
(Random Forest, F1 = 0.871) by 7.7 percentage points.
For degradation trend prediction over a 50-cycle hori-
zon, LSTM reached R2=0.937 against 0.845 for Random
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losing 8-11% accuracy under parameter shift versus 18-
24% for classical baselines, and artefact ablation moved
F1 by only 0.8-1.9 percentage points — confirming that
the deep learning advantage stems from learning relative
shape information rather than memorising simulation
artefacts or noise patterns. The recommended deploy-
ment combines 1D-CNN inference at the edge (1.8 ms
per switching event) for real-time fault classification
with LSTM-based degradation forecasting at the server
level. Random Forest serves as an interim solution for
operators with limited labelled data, becoming competi-
tive with deep models at approximately 25% of the train-
ing data volume used here. The most consequential next
step is validation on field operational data from Ukrain-
ian railways in collaboration with JSC “Ukrzaliznytsia”.
Transfer learning would help adapt models across point
machine types; online learning would enable contin-
uous adaptation as new switching data accumulates;
lightweight architectures may close the data-efficiency
gap with classical baselines. The digital twin scope can
extend to crossing-nose wear, rail fastenings, and ballast
condition, transforming the framework into full turnout
health management. Integration of deep reinforcement
learning for track geometry maintenance, would shift the
framework from passive diagnosis to closed-loop main-
tenance policy optimisation.

”Acknowledgements™
None.

"Funding™
None.

7 Conflict of Interest™

Forest. Cross-generator validation showed deep models  None.
"References™
[1] Givnan, S., Chalmers, C., Fergus, P, Ortega-Martorell, S., Whitaker, R., & Al-Jumeily, D. (2022). Anomaly detection

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(91

using autoencoder reconstruction upon industrial motors. Sensors, 22(9), article number 3166. doi: 10.3390/
$22093166.

Hamadache, M., Dutta, S., Olaby, O., Kestelyn, X., & Raison, B. (2019). On the fault detection and diagnosis of railway
switch and crossing systems: An overview. Applied Sciences, 9(23), article number 5129. doi: 10.3390/app9235129.
Hector, 1., & Panjanathan, R. (2024). Predictive maintenance in Industry 4.0: A survey of planning models
and machine learning techniques. Peer/ Computer Science, 10, article number e2016. doi: 10.7717/peerj-cs.2016.
Holub, H., Voronko, I., Bachynskyi, V., & Korchovyi, V. (2025). Integrated optimization of machine learning algorithms
and cloud resources for big data processing in transportation systems. Science and Technology Today, 11(52),
1990-2000. doi: 10.52058/2786-6025-2025-11(52)-1990-2000.

Hu, Z., Zhang, Y., Lv, R, Yan, J., & Wang, M. (2022). Data-driven technology of fault diagnosis in railway point machines:
review and challenges. Transportation Safety and Environment, 4(4), article number tdac036. doi: 10.1093/tse/tdac036.
Kaewunruen, S., Sresakoolchai, J., & Lin, Y.-H. (2023). Digital twins for managing railway bridge maintenance,
resilience, and climate change adaptation. Sensors, 23(1), article number 252. doi: 10.3390/s23010252.

Kostenko, K.L., Serdiuk, T.M., & Skalko, V.V. (2023). Robotization of diagnostics of railway automation and
communication systems. Science and Transport Progress, 3(103), 5-12. doi: 10.15802/stp2023/292720.

Ou, D,, Xue, R., & Cui, K. (2019). A data-driven fault diagnosis method for railway turnouts. Transportation Research
Record, 2673(4), 448-457. doi: 10.1177/0361198119837222.

Reetz, S., Neumann, T., Schrijver, G., van den Berg, A., & Buursma, D. (2024). Expert system based fault diagnosis
for railway point machines. Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid
Transit, 238(3), 322-334. doi: 10.1177/09544097231195656.

Transport Systems and Technologies. 2026. Vol. 29, No. 1



https://doi.org/10.3390/s22093166
https://doi.org/10.3390/s22093166
https://doi.org/10.3390/app9235129
https://doi.org/10.7717/peerj-cs.2016
https://doi.org/10.52058/2786-6025-2025-11(52)-1990-2000
https://doi.org/10.1093/tse/tdac036
https://doi.org/10.3390/s23010252
https://doi.org/10.15802/stp2023/292720
https://doi.org/10.1177/0361198119837222
https://doi.org/10.1177/09544097231195656

A

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

O <

O Katkalo & Holub 83

Sherstinsky, A. (2020). Fundamentals of Recurrent Neural Network (RNN) and Long Short-Term Memory (LSTM)
network. Physica D: Nonlinear Phenomena, 404, article number 132306. doi: 10.1016/j.physd.2019.132306.

Shi, Z., Du, Y., & Yao, X. (2023). Fault diagnosis of ZDJ7 railway point machine based on improved DCNN and SVDD
classification. IET Intelligent Transport Systems, 17(8), 1649-1674. doi: 10.1049/itr2.12357.

Siroklyn, .M., & Kladko, A.S. (2018). Modern approaches to building intelligent systems for monitoring the technical
condition of rolling stock. Information and Control Systems on Railway Transport, 4, 49-49.

Sresakoolchai, J., & Kaewunruen, S. (2023). Railway infrastructure maintenance efficiency improvement using deep
reinforcement learning integrated with digital twin based on track geometry and component defects. Scientific
Reports, 13(1), article number 2439. doi: 10.1038/s41598-023-29526-8.

Sun, Y., Cao, Y., Xie, G., & Wen, T. (2020). Condition monitoring for railway point machines based on sound analysis
and support vector machine. Chinese Journal of Electronics, 29(4), 786-792. doi: 10.1049/cje.2020.06.007.

Sysyn, M., Gruen, D., Gerber, U., Nabochenko, O., & Kovalchuk, V. (2019). Turnout monitoring with vehicle based
inertial measurements of operational trains: A machine learning approach. Communications — Scientific Letters
of the University of Zilina, 21(1), 42-48. doi: 10.26552/com.C.2019.1.42-48.

Tao, E, Xiao, B, Qi, Q., Cheng, J., & Ji, P. (2022). Digital twin modeling. Journal of Manufacturing Systems, 64,
372-389. doi: 10.1016/j.jmsy.2022.06.015.

Thompson, E.A., Ly, P, Alimo, PK., Atuobi, H.B., Akoto, E.T., & Abbew, C.K. (2025). Revolutionizing railway systems:
A systematic review of digital twin technologies. High-speed Railway, 3(3), 238-250. doi: 10.1016/j.hspr.2025.05.005.
van Dinter, R., Tekinerdogan, B., & Catal, C. (2022). Predictive maintenance using digital twins: A systematic literature
review. Information and Software Technology, 151, article number 107008. doi: 10.1016/].infsof.2022.107008.
Zhang, C., Zhang, X., Peng, X., & Li, Y. (2019). Fault diagnosis of railway point machines using the locally connected
autoencoder. Applied Sciences, 9(23), article number 5139. doi: 10.3390/app9235139.

Zonta, T., da Costa, C.A., da Rosa Righi, R., de Lima, M.J., da Trindade, E.S., & Li, G.P. (2020). Predictive maintenance
in the Industry 4.0: A systematic literature review. Computers & Industrial Engineering, 150, article number 106889.
doi: 10.1016/j.cie.2020.106889.

Transport Systems and Technologies. 2026. Vol. 29, No. 1



https://doi.org/10.1016/j.physd.2019.132306
https://doi.org/10.1049/itr2.12357
http://lib.kart.edu.ua/handle/123456789/11724
http://lib.kart.edu.ua/handle/123456789/11724
https://doi.org/10.1038/s41598-023-29526-8
https://doi.org/10.1049/cje.2020.06.007
https://doi.org/10.26552/com.C.2019.1.42-48
https://doi.org/10.1016/j.jmsy.2022.06.015
https://doi.org/10.1016/j.hspr.2025.05.005
https://doi.org/10.1016/j.infsof.2022.107008
https://doi.org/10.3390/app9235139
https://doi.org/10.1016/j.cie.2020.106889

> A\

Predictive maintenance of railway point machines... O

MporHo3sHe TexHiYHe 06CNYyroByBAHHS 3A/1i3HUYHUX CTPISIOYHUX
NPUBOAIB i3 BUKOPUCTAHHAM LUPPOBOIro ABIMHUKA
TA rMMO60OKOro HaABYAHHSA

Irop Katkano

AcnipaHT

HarioHaapHUM TPAaHCIOPTHUH YHiIBEepCUTET

01010, Bys1. M. OMesnaHoBUYa-I1aBaenka, 1, M. Kuis, Ykpaina
https://orcid.org/0009-0008-2672-1005

FanuHa lony6

KaHnupaT TexHiYHUX HAyK, JOL[EHT

HamnioHaapHUHN TPaHCIIOPTHUH YHIBEpCUTET

01010, Bys1. M. OMesnssHOBUYa-IlaBneHkKa, 1, M. KuiB, Ykpaina
https://orcid.org/0000-0002-4028-1025

AHoTauif. CTpiJIOUHi €JIEKTPONPHUBOAN € KPUTHUYHO Ba)KJIMBUMU KOMIIOHEHTAMHU iH(PPACTPYKTYpH 3aslisHUIHOL
curHaUTi3alii, a IX BiIMOBH CTAHOBJIATH 15-20 % ycix 300iB y poOOTi CUTHAJIBLHHUX CHUCTEM EBPOIEHCHKUX MEpEK,
CIIpUYMWHSIOYN 3HAYHI eKCILTyaTalliiHi Ta eKOHOMIiYHi BTpard. MeToio JOCHTiIKeHHs Oyna po3pobka mimxomy 1o
NPeJUKTUBHOIO OOCJIYTrOBYBAHHS CTPIMOYHUX €JIEKTPOIPHUBOMIB Mepesk Kouii 1520 MM Ha OCHOBi I¢dpoBOrO
JBililHNKa, IO 3abe3reuyye paHHE BUABJIEHHA HECIPABHOCTEH 3a eJeKTPUYHMMH CHUTHATypaMU IIOTY;KHOCTI,
3apeeCcTPOBAaHUMH IIii Yac KOKHOTO ITMKJy IlepeBelleHHs. MeToJoJIorisas AOCTiIKeHHA Mo€HANIa YOTUPHUIIIAPOBY
apxiTekTypy nudposoro napifiHMKa (pisuyHMN IIap, Map JaHUX, aHAJITHYHUH IIap i map NpuiHATTA pilleHs) i3
MOPiBHAHHAM TPHOX apXiTEKTyp ITIMOOKOT0 HAaBYAHHA: OJHOBUMIPHOI 3TrOPTKOBOI HeipoHHOI Mepeski (1D-CNN),
Mepeski oBroi kKoporkoyacHoi mam’sati (LSTM) Tta ri6pumuaoi CNN-LSTM-mopeni. Ix sicraBisasm 3 Jorictu4aHo0
perpeciero, METOIOM ONOPHUX BeKTOpiB (SVM) i BUIIaJKOBUM JIiCOM Ha CUHTETUYHOMY (Pi3M4YHO OOI'PYHTOBAHOMY
Habopi 3 5000 KPUBUX MOTYKHOCTI JJIs1 CTPiTOUHUX eseKkTponpuBoAiB CII-6M Ta BCII-220. Mognesni omiHoBa# 3a
0araToKJIaCOBOIO KJIacu(iKaliero 'siTH KaTeropiii CTaHy Ta MPOTHO3YBAHHSM Jlerpajaiii Ha TOPU30HTI 50 IIUKJIIB.
Ti6pumra CNN-LSTM nocsiria HalBHUIIOI TOYHOCTI Kiracuikamnii (macro F1=0,938), a LSTM — HallKpamioro pe3yJsTaTy
IUTs1 TporHo3y nerpapnamnii (R2 =0,937); obunBi icToTHO mepeBepimin Halikpaily baseline-monesis (Random Forest:
F1=0,871, R2=0,845). EkciepuMeHTH cross-generator validation Ta artefact ablation migTBepmumm, 1o nmepepara
MINOOKOT0 HaBYaHH S TIOXOANUTE 3 BUSABJIEHHA IIePeHOCHUX 03HAK ()OPMU CUTHAJTY, a He 3 3allaM sITOBYBAHHS CUMYJISAILIIL.
PexomeH0BaHO KOH(irypamiio posropranss: 1D-CNN Ha edge ansa rnacudikamii y peanbHoMy vaci, LSTM Ha
cepBepHOMY piBHI 151 MpOrHO3y nerpajaaiii, Random Forest sik MpoMiskHe pillIeHHS [IJIs1 OTIEPATOPiB 3 00MEKEeHUMU
poamiveHnMU faHUMH. [IpaKTHYHA I[IHHICTH OTPUMAHNX Pe3YJIBTaTiB [oJIArae y hopMyBaHHI HAyKOBO OOI'PYHTOBAHUX
pexoMeHaliil 3 po3ropTaHHs aHAJITUYHOrO IIapy ¢ poBoro IBiHWKA Ha Mepekax KoJil 1520 MM, 1[0 CIIpusie
Tepexofy Bif IJIAHOBOTO [0 0OC/IYTOBYBAaHHA 3a (DAKTUYHUM CTAaHOM Ta 3MEHIIIeHHIO HeIlJTAHOBUX IIPOCTOIB

KnioyoBi cnoBa: kepyBaHHsI; 1iarHOCTUKA; aHAJIi3 eHepreTUYHNX CUTHATYP; MOHITOPHHT; apXiTEKTypa; MOIETIOBAaHHS
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Abstract. Under martial law and in the context of
European integration, improving the interoperability
between the 1,435 mm and 1,520 mm railway gauge
networks through the development of multimodal
transport and logistics hubs has become critically
important for ensuring the functioning of Ukraine’s export
and import supply chains. The aim of this study was to
investigate and substantiate infrastructure solutions for
enhancing the interaction between the 1,435 mm and
1,520 mm railway systems through the development
of a network of dry ports as key elements of Ukraine’s
multimodal logistics system. To achieve this objective, a
systematic approach, structural-functional analysis, as
well as infrastructure, logistics, and statistical analyses
of freight flows were employed. Current trends in the
development of multimodal transport and the operation
of dry ports in the European Union and Ukraine were
examined. It was found that the development of inland
multimodal terminals can reduce pressure on border
and port infrastructure, shorten cargo handling times,
and improve the efficiency of logistics chains. Based on a
synthesis of international experience in the development
of multimodal logistics centres, promising directions for
integrating Ukraine’s transport system into the Trans-
European Transport (TEN-T) network and the Solidarity

Lanes initiative were identified. The technical and operational parameters of railway terminal functioning were analysed,
including requirements for track layout configuration, the length of arrival and departure tracks, shunting operations,
and capacity provision for handling full-length container trains. In addition, patterns of container flow imbalance and
empty rolling stock accumulation within international transport corridors were identified. The study also examined the
issue of container flow imbalance and the role of dry ports in ensuring efficient management of empty containers. The
practical value of the research lies in the possibility of applying its findings by public authorities, logistics operators,
transport companies, and design organisations in planning the development of multimodal infrastructure, border
terminals, and a network of dry ports in Ukraine

Keywords: railway infrastructure; dry ports; multimodality; containerisation; logistics hubs; international freight
transport; supply chains

Introduction

The transport sector plays a crucial role in strengthening
Ukraine’s economic resilience and supporting its inte-
gration into the European economic area. Since the be-
ginning of the full-scale Russian invasion, ensuring the
continuity of logistics operations, developing alternative
export routes, and improving the efficiency of multimodal

transportation have become critical priorities. The de-
struction of transport infrastructure, restricted access to
seaports, and the reorientation of foreign trade flows have
created an urgent need for new logistics solutions ca-
pable of maintaining resilient supply chains. One of the
most promising approaches involves the development
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of multimodal transport and logistics hubs, particularly
dry ports, which optimise interaction between different
modes of transport, increase transport system capaci-
ty, and facilitate Ukraine’s integration into the European
transport network. Dry ports also support the technologi-
cal synchronisation of railway systems with different track
gauges — the European standard gauge (1,435 mm) and the
Ukrainian broad gauge (1,520 mm) — thereby helping to
overcome existing infrastructural barriers.

Recent studies have examined various aspects of mul-
timodal transportation and dry port development under
conditions of geopolitical instability and global logistics
transformation. Kh. Prytula et al. (2022) analysed chang-
es in freight movements across the Ukraine-European
Union border following the outbreak of the war and em-
phasised the importance of container transportation and
intermodal terminal networks for increasing the through-
put capacity of Ukraine’s logistics infrastructure. O. Nel-
ipovych (2023) investigated the functional role of inland
terminals in Ukraine and highlighted the need to redirect
freight flows toward the western borders due to the limit-
ed operation of seaports during wartime. Several studies
have focused on the infrastructural, operational, and en-
vironmental dimensions of dry port systems. O. Kyryllova
& V. Romakh (2025) proposed a conceptual model of an
integrated dry port combining production, customs, and
logistics functions. C. Caballini et al. (2025) developed a
process-oriented approach to evaluating dry port systems
and demonstrated that operational efficiency and process
synchronisation are more important for competitiveness
than physical distance alone. T. RoZi¢ et al. (2025) exam-
ined the role ofinland terminals in strengthening port-hin-
terland connectivity and improving regional logistics
efficiency. G. ineg6l & Y. Arslanoglu (2024) showed that
prioritising railway transport within multimodal logistics
systems can significantly reduce greenhouse gas emis-
sions and air pollution. Z. Lu & W. Qiu (2025) analysed the
resilience of logistics networks and demonstrated that dry
ports can function as dynamic buffers that protect mari-
time hubs from operational overloads. R. Saha & K. Khal-
il (2025) investigated policy measures aimed at expanding
intermodal infrastructure to improve the productivity and
competitiveness of trade corridors.

Recent research has also emphasised the strategic role
of dry ports in integrating maritime and inland logistics
systems. V. Roso et al. (2026) examined the growing con-
gestion of maritime terminals and argued that dry ports
can partially assume customs, storage, and cargo con-
solidation functions traditionally performed by seaports.
Their findings indicate that transferring part of freight
flows to rail and inland transport corridors can reduce
congestion in coastal areas and improve supply chain
sustainability. E. Kurtulus (2023) proposed a multi-criteria
optimisation model for inland container logistics and dry
port location planning that incorporates environmental
considerations, empty container redistribution, railway
pricing mechanisms, and cargo consolidation opportu-
nities. Despite the growing body of research on dry ports

Transport Systems and Technologies. 2026. Vol. 29, No. 1
L

> o B8
@

and multimodal transportation, limited attention has
been paid to infrastructural solutions for interoperabili-
ty between the 1,435 mm and 1,520 mm railway systems
under wartime conditions in Ukraine. In particular, insuf-
ficient research addresses the technical and operational
requirements of inland terminals capable of supporting
large-scale multimodal integration within the European
transport network.

The scientific novelty of the studylies in substantiating
the role of dry ports as strategic multimodal infrastructure
elements capable of supporting logistics resilience, tech-
nological synchronisation between railway systems with
different gauges, and the long-term integration of Ukraine
into the European transport area. The study aimed to
identify ways to improve international container trans-
port, overcome technical barriers at the border and en-
sure the integration of Ukraine’s transport system into the
European TEN-T network under current geopolitical chal-
lenges. To achieve this objective, the following tasks had
been identified: to investigate the functioning of dry ports
as key nodes of multimodal infrastructure to optimise the
interaction of railway systems with different track gauge
standards; to determine the technical and operational pa-
rameters and throughput capacity of terminal infrastruc-
ture (track layout configuration, effective length, handling
capacity) required for the efficient handling of full-length
container trains; justify infrastructure solutions for over-
coming the 1,520/1,435 mm “track gauge barrier” through
the creation of points for technological synchronisation
and cargo transhipment within internal logistics systems.

"Materials and Methods™

This study was based on areview of academic publications,
regulatory documents, reports by international organi-
sations, and statistical data related to the development
of multimodal transport infrastructure, the operation of
dry ports, and the interaction between the 1,435 mm and
1,520 mm railway systems. In this study, a dry port was
defined as an inland logistics facility that acts as a buffer
between railway networks with different track gauges. The
theoretical framework draws on concepts of multimodal
transport, intermodal logistics, TEN-T corridor develop-
ment, and resilient logistics systems under wartime and
crisis conditions. The methodological approach com-
bined systems, structural, functional, and logistics anal-
ysis to examine dry ports as integrated elements of the
transport network that facilitate interoperability between
different railway gauge systems. The study employed the
following methods: systems analysis to assess the role of
dry ports within multimodal transport systems; compar-
ative analysis to evaluate international experience in the
development of inland logistics terminals and its applica-
bility to Ukraine; logistics and infrastructural analysis to
determine the technical and operational parameters of
terminal infrastructure; generalisation to formulate con-
clusions regarding Ukraine’s integration into the Europe-
an TEN-T network; statistical analysis to evaluate trends
in freight and container traffic.
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The literature review primarily focused on publica-
tions issued between 2020 and 2026 in order to capture
recent transformations in logistics systems related to the
war in Ukraine, the development of the Solidarity Lanes
initiative, and ongoing European integration processes.
This period was selected because it reflects the reorien-
tation of Ukraine’s logistics routes under wartime condi-
tions, including recurring disruptions affecting maritime
transport corridors. Sources were selected based on their
scientific relevance, topicality, analytical value, and rele-
vance to multimodal transport and dry port development.
The study used materials published in international and
Ukrainian academic journals, European Commission
reports, analytical studies on the Solidarity Lanes initi-
ative, and statistical data on maritime and rail transport
in EU countries. The literature search used the following
keywords: “dry port”, “multimodal transport”, “intermod-
al logistics”, “railway infrastructure”, “TEN-T”, “container
transportation”, “1,520/1,435 mm gauge interoperabil-
ity”, “Solidarity Lanes”, and “logistics centres”. Searches
were conducted using the Scopus, Web of Science, Google
Scholar, and ResearchGate databases, as well as open-ac-
cess analytical sources.

The study followed a progression from a general anal-
ysis of global logistics trends and freight imbalances to
the examination of technical constraints related to the
1,520/1,435 mm gauge barrier and, finally, to the devel-
opment of applied infrastructure solutions for Ukraine.
The analysis compared the theoretical advantages of the
dry port concept with the technical and operational con-
straints of Ukrainian border and inland railway terminals.
This approach made it possible to formulate recommen-
dations for the development of a network of railway termi-
nals capable of strengthening Ukraine’s role as a logistics
hub in Eastern Europe. The proposed methodology en-
sured a consistent research framework and supported the
formulation of conclusions regarding the development of
dry ports as a tool for integrating Ukraine into the Europe-
an logistics system.

”Results and Discussion™

Transport constitutes a fundamental component of the
economy by ensuring the mobility of people and goods,
facilitating access to employment and services, and sup-
porting trade and economic growth. Since 2014, the
gradual reorientation of Ukraine’s trade flows has signif-
icantly reshaped transport patterns. Whereas trade with
Russia and transit through Ukrainian territory previously
played a major role, the growing share of trade with Eu-
ropean Union member states has increased the strategic
importance of westbound transport corridors (Ukraine
Facility, n.d.). Since the beginning of the full-scale Rus-
sian invasion, ensuring the security and resilience of
supply chains has become a critical priority, with trans-
port playing a central role in maintaining the stability of
the national economy. The rapid restoration of damaged
infrastructure and the implementation of the Solidar-
ity Lanes initiative between the European Union and
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Ukraine enabled the export of nearly 214 million tonnes
of goods from May 2022 onward, including approximately
91 million tonnes of grain, oilseeds, and related products.

The Solidarity Lanes have also facilitated the import
of nearly 100 million tonnes of essential goods, includ-
ing military and humanitarian aid, fuel, and other critical
commodities. The total trade value supported through the
initiative is estimated at approximately EUR 270 billion, in-
cluding around EUR 198 billion in imports to Ukraine (Eu-
ropean Commission, n.d.). Following Russia’s withdrawal
from the Black Sea Grain Initiative on 17 July 2023 and
the subsequent attacks on Ukrainian port infrastructure,
the role of the Solidarity Lanes became even more signif-
icant for sustaining the Ukrainian economy. In addition
to addressing immediate wartime logistics challenges, the
initiative creates a foundation for Ukraine’s future integra-
tion into the EU Single Market and the broader European
transport system. Strengthening transport connectivity
between Ukraine and the EU is therefore of strategic im-
portance for ensuring secure and reliable trade routes.

Improving export routes, restoring and expanding the
capacity of key transport connections, and diversifying
logistics systems are essential for maintaining the com-
petitiveness of Ukrainian products in international mar-
kets. The wider implementation of multimodal transport
solutions and intelligent transport systems can improve
the efficiency of transport operations and promote deeper
integration into global supply chains, thereby supporting
economic recovery and long-term development. Invest-
ment in transport connectivity is particularly important
in the context of Ukraine’s gradual integration into the
EU Single Market. Such investments should comply with
the principles of sustainable development and decarbon-
isation in line with the objectives of the European Green
Deal. In this regard, Ukraine may also benefit from par-
ticipation in the EU-supported Transport Community
framework. According to the RDNA3 assessment, as of 31
December 2023, the total cost of Ukraine’s reconstruction
and recovery over the next decade is estimated at approx-
imately USD 486 billion, compared with USD 411 billion
estimated a year earlier (World Bank, 2024). Reforms and
investments should complement one another and con-
tribute to expanding export logistics capacity. Ukraine’s
EU candidate status should serve both as an instrument
and as a driving force for the development of a modern
and efficient transport system aligned with EU standards.
In the short term, priority should therefore be given to re-
forms capable of stimulating economic growth while cre-
ating the foundation for further modernisation of trans-
port infrastructure.

One of the priority tasks is the restoration and devel-
opment of Ukraine’s export logistics potential, particular-
ly within the TEN-T framework. Reforms should focus on
improving market conditions in ways that encourage pri-
vate investment in transport infrastructure, especially in
ports and logistics centres, while also facilitating the grad-
ual integration of Ukrainian operators into the EU Single
Market under fair and competitive conditions. In this
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context, the development of a new generation of inland
logistics hubs —dry ports —is becomingincreasingly impor-
tant. These facilities ensure efficient interaction between
different transport modes, optimise cargo transshipment
processes, and reduce pressure on border crossings and
port infrastructure (Euroterminal, n.d.). A dry port can be
defined as an inland multimodal logistics centre equipped
with advanced infrastructure and cargo-handling facili-
ties that provide services traditionally associated with sea-
ports while operating inland. Under conditions of restrict-
ed access to Black Sea ports and continuing attacks on
port infrastructure, dry ports are also acquiring strategic
importance as secure rear logistics hubs. They enable cus-
toms and logistics operations to be relocated away from
active combat zones, thereby improving the continuity
and reliability of supply chains.

The revision and modernisation of Ukraine’s compre-
hensive transport strategy are therefore essential both for
defining priorities during post-war reconstruction and
for ensuring the long-term development of the transport
sector in accordance with EU standards and objectives.
This is particularly important in the context of current
geopolitical challenges, which require deeper integration
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of Ukraine into the European transport area. The strategy
should be long-term, financially sustainable, environmen-
tally responsible, and based on the principle of equal terri-
torial accessibility. The transformation of logistics systems
with a focus on integration into the European transport
network represents one of the key strategic tasks for the
coming years. Prior to 2022, seaports accounted for up to
90% of Ukraine’s food exports; therefore, current priorities
must include the development and modernisation of inte-
grated transport and logistics infrastructure (Table 1).

Particular attention should be given to the develop-
ment of logistics centres in Western and Southern Ukraine,
as well as to increasing transshipment capacity at border
crossing points. In this regard, dry ports should be consid-
ered key components of the emerging logistics infrastruc-
ture. Functioning as inland multimodal terminals, they
facilitate the consolidation, handling, and redistribution
of cargo flows while also performing customs clearance
and transshipment operations between different trans-
port modes. Their development contributes to reducing
congestion at seaports and border terminals, shortening
cargo handling times, and improving the overall efficiency
and resilience of logistics chains.

Table 1. Directions for the development of multimodal transport and logistics infrastructure

Modernisation of border crossing points
with the EU and Moldova; simplification
of customs and border procedures

Border infrastructure

Faster border crossing and increased throughput
capacity

Port clusters

Development and protection of ports on the Danube,
in Greater Odesa, and in eastern regions of the country

Improved security of maritime trade routes and
support for export operations

Multimodal solutions

Expansion of container transportation and
development of the dry port network

Optimisation of logistics processes through
reduced pressure on border crossings and
seaports; relocation of logistics operations inland

Source: compiled by the authors

The future transport system should be developed
around the TEN-T network, which connects major cities,
border crossings, and ports. Modernisation of railway, road,
and terminal infrastructure in accordance with EU stand-
ards will strengthen regional connectivity and improve the
efficiency of freight transportation. In particular, expand-
ing the capacity of logistics centres and dry ports in West-
ern and Southern Ukraine is essential for ensuring efficient
cargo transshipment and supporting the reorientation of
trade flows. In modern logistics systems, a dry portis an in-
land rail-road terminal located away from the seacoast but
capable of performing many functions traditionally asso-
ciated with a seaport. Such terminals serve as hubs for con-
tainer handling and provide customs clearance, cargo con-
solidation, storage, and onward distribution inland. Cargo
arriving at seaports is transferred to rail or road transport
and delivered to inland terminals, where the main logis-
tics and cargo-handling operations are carried out. In this
sense, dry ports represent an integrated logistics network
infrastructure that extends seaport functions inland with-
out requiring direct maritime access. They support the
full cycle of container and cargo handling, from customs
processing and storage to dispatch to final destinations.

Transport Systems and Technologies. 2026. Vol. 29, No. 1

Dry ports have become widely used worldwide, and
demand for their services continues to grow. In many
countries, regular container shuttle trains connect sea-
ports with inland logistics terminals according to fixed
schedules. The presence of a developed network of inland
terminals is therefore considered an indicator of the effi-
cient functioning of major seaports and national logistics
systems. A single dry port can provide cargo owners with a
comprehensive range of logistics and cargo-handling ser-
vices, including the following: cargo handling and storage;
handling and storage of bulk cargo; customs clearance,
inspection, packing, and labelling; repair and mainte-
nance of container equipment; freight forwarding servic-
es; banking, insurance, and financial services; transport
booking and brokerage services; cargo transshipment to
other transport modes and delivery to final destinations
(Horachek & Horova, 2021). Dry ports located near major
cargo-generating areas or trade centres, while remaining
distant from seaports, can significantly optimise trans-
port costs. This is achieved through the use of light and
medium-duty trucks for local cargo distribution between
production or consumption points and inland termi-
nals, while rail or inland waterway transport is used for
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long-distance container transportation where applicable.
Such transport schemes contribute to lower logistics costs
and may stimulate further growth in trade volumes.

One of the key priorities for improving Ukraine’s trans-
port and logistics infrastructure is the development of
a network of dry ports capable of serving import and ex-
port cargo flows for the regions in which they are located.
These terminals should facilitate cargo consolidation and
the formation of freight trains for subsequent delivery to
end consumers and regional distribution centres. The ef-
fectiveness of a dry port largely depends on its location.
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On the one hand, it should maintain strong transport con-
nectivity with seaports; on the other hand, it must provide
efficient access to warehousing and distribution infra-
structure. Therefore, dry ports should be situated at the
intersection of major logistics corridors. At the same time,
they must be integrated into transport connections with
other inland terminals, border crossing points, customs
control facilities, seaports, inland waterway terminals, and
airports. Equally important is their operational versatility,
meaning the ability to handle different categories of car-
go and provide a broad range of logistics services (Fig. 1).
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IMPROVING THE EFFICIENCY OF THE TRANSPORTATION AND LOGISTICS SYSTEM

Figure 1. Scheme of the location and functioning of the dry port

Source: compiled by the authors

Such dry ports offer significant advantages for all par-
ticipants in the transport and logistics sector. First, they
help reduce congestion at maritime terminals. Second,
the storage of containers and other cargo at inland ter-
minals is generally less expensive than at seaports. Third,
customs payments can often be deferred until cargo is
released from the dry port, allowing goods to remain in
storage for extended periods when necessary. Finally, dry
ports improve cargo logistics by enabling the consolida-
tion and redistribution of shipments. International expe-
rience demonstrates the growing importance of inland
logistics infrastructure. In Western Europe, transport in-
frastructure is highly developed not only in coastal regions
but also deep inland. A particularly high concentration of
dry ports can be observed along the Rhine corridor and in
Bavaria in southern Germany. Major logistics hubs have
also emerged around key economic centres such as Paris,
Milan, and Madrid, as well as within the Liverpool-Man-
chester-Leeds corridor. Another extensive network ex-
tends from Austria toward industrial regions in Hungary,
the Czech Republic, and southern Poland.

Because many major European industrial regions and
the Baltic countries are located far from primary maritime

routes, seaports frequently function as intermediate
gateways connecting inland markets with global trade
networks. Connections between inland terminals and
major European seaports — including Rotterdam, Ant-
werp, Hamburg, Bremerhaven, Le Havre, Barcelona, and
Marseille — are supported by medium-distance transport
corridors using combined transport technologies, in-
cluding rail transport, road haulage, and inland waterway
shipping. As noted by M. Raimondi (2023), a rail-oriented
dry port is planned in Salaspils. The logistics park is ex-
pected to integrate both 1,520 mm and 1,435 mm railway
systems, together with motorway connections and large-
scale warehouse infrastructure. Dry ports are exerting an
increasingly important influence on the development of
transport infrastructure and supply chain systems by re-
ducing cargo transit times and lowering delivery costs.
Four major dimensions of this impact can be identified.

1. Location and surrounding infrastructure. Like any
major transport facility, a dry port requires a strategi-
cally advantageous location with efficient access to rail
transport and, where possible, to other transport modes
such as inland waterways. Another important factor is
the availability of land reserves for future expansion.
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Proximity to economically developed and densely popu-
lated regions is particularly significant, since such areas
generate stable cargo flows and become integrated into
logistics corridors passing through inland terminals. As a
result, demand for terminal capacity and adjacent ware-
house infrastructure increases. Logistics operators, dis-
tributors, and foreign trade participants are often willing
to pay higher rents for warehouse facilities in strategically
located logistics zones because of the resulting reduc-
tions in transport and delivery costs. The development of
logistics centres and intermodal terminals also creates a
mutually reinforcing effect. Intermodal terminals require
logistics centres to consolidate cargo flows and generate
sufficient freight volumes, while logistics centres bene-
fit from inland terminals by gaining improved access to
multimodal transport networks.

2. Empty container repositioning. As a substantial
share of international and domestic freight transportation
is containerised, imbalances between export and import
flow frequently arise. Under such conditions, dry ports
must possess both the physical infrastructure and logis-
tical capacity necessary for the efficient redistribution
of empty containers to regions experiencing container
shortages. This can be achieved through the organisation
of dedicated empty-container repositioning flows and
through coordination agreements with shipping compa-
nies and freight forwarders regarding available transport
capacity. According to the L. Nguyen (2025), approximate-
ly 41% of global container transport activity, measured in
TEU-miles, is currently associated with empty containers.
This represents a significant increase compared with 31%
in 2019, prior to the disruptions caused by the COVID-19
pandemic. In practical terms, this means that for every
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ten miles travelled by a loaded container, empty contain-
ers must now be repositioned for an additional 4.1 miles,
compared with 3.1 miles in 2019. Over the past five years,
this indicator has shown a generally upward trend, with
only a slight temporary decline observed in 2022. Accord-
ing to L. Nguyen (2025), these imbalances are primarily
driven by uneven trade patterns between regions. Asian
ports frequently experience shortages of empty contain-
ers due to high export volumes, whereas many ports in
North America and Europe accumulate surpluses of emp-
ty containers because imports exceed exports. As a result,
significant inefficiencies and additional costs emerge
throughout the container logistics chain.

For shipping lines and logistics operators, the growth
in the share of empty-container movements increases op-
erating costs, lowers equipment utilisation rates, and cre-
ates additional challenges for repositioning operations.
The management of empty-container flows has therefore
become a strategic issue not only for major global carri-
ers but also for regional and feeder shipping operators. In
addition, ports that accumulate large volumes of empty
containers increasingly face storage and handling con-
straints. In congested logistics markets, this may affect
terminal charges, storage fees, and route-planning strat-
egies. Consequently, balancing empty-container flows is
becoming an increasingly important component of logis-
tics system management. According to data published by
Eurostat (2025), cargo imports through EU ports reached
approximately 2.1 billion tonnes in 2024, whereas exports
amounted to only 1.3 billion tonnes (Fig. 2). This imbalance
contributes to the accumulation of empty containers with-
in European logistics systems and increases the importance
of dry ports as inland hubs for container redistribution.

070 2480 2080 2,085
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2022 2023 2024

270 ™Import
Export

Figure 2. Volumes of maritime freight transport in the EU

Source: developed by the authors based on Eurostat (2025)

The total volume of cargo handled by EU ports in
2024 was estimated at approximately 3.4 billion tonnes,
remaining relatively stable compared with 2023 (-0.2%)
(Fig. 2). The decline in cargo volumes observed in 2023-
2024 relative to 2022 can largely be attributed to re-
strictions on trade with Russia following the invasion of
Ukraine. Although freight volumes partially recovered af-
ter the sharp decline recorded in 2020, which was mainly
associated with the COVID-19 pandemic and related re-
strictions, cargo turnover in 2024 still remained somewhat
below the levels observed in 2018-2019.

3. Cargo turnover. Despite imbalances in global con-
tainer flows, dry ports play an important role in improving
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the coordination of import and export operations. In prac-
tice, containers used for imports are often subsequently
reused for export shipments after unloading and reloading
procedures have been completed. For container owners —
including shipping lines, leasing companies, and terminal
operators — rapid container turnover represents one of the
key indicators of operational efficiency, as it ensures the
continuous utilisation of container assets. Effective strate-
gies for managing container circulation and cargo turnover
therefore contribute to improving the operational perfor-
mance of both container owners and dry port operators.

4. Trade facilitation. Dry ports also serve as important
instruments for supporting regional import and export
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activity. By reducing transport and logistics costs, they
expand economic opportunities for inland regions and
improve access to international markets. This is espe-
cially important for small and medium-sized enterprises,
which often cannot independently achieve the economies
of scale required for efficient participation in global sup-
ply chains. At the same time, the effective performance
of dry port functions largely depends on the quality and
capacity of inland transport infrastructure, particularly
the railway component. Rail transport ensures high cargo
throughput, service reliability, and economically efficient
connections between seaports and inland terminals. Con-
sequently, the design and organisation of railway infra-
structure within dry ports are of particular importance, as

Vasilova et al.

such infrastructure must comply with the requirements of
modern intermodal transport systems and ensure unin-
terrupted logistics operations.

Dry ports served by rail transport should be con-
nected to the nearest main railway line through a short
access track, which is typically designed and managed
by the relevant railway infrastructure authorities. Rail-
served inland terminals must also possess infrastructure
capable of handling full-length freight trains. The railway
infrastructure of dry ports should allow the reception
and handling of full-length container trains operating
directly between origin and destination terminals with-
out the need for train splitting or regrouping outside the
terminal area (Fig. 3).

v

( Technical specifications L4 Strategic objectives YT Track technical )
of the terminal of intermodal integration and operational parameters
il
A An efficient rail terminal a 3
1. Track configuration
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¢ unloading . Y 22.5-25 tonnes per axle
¢ shunting (departure ;-

and locomotive 1. Uninterrupted operation

repositioning) Manoeuvring without
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2. Track length
660 m: for a train consisting of
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2. Capacity
Handling trains consisting
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2. Throughput capacity
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Terminal technical parameters + Track technical and operational parameters =
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Figure 3. Scheme of organisation of the work of a railway terminal in the dry port system

compiled by the authors

Loading and unloading operations should be per-
formed on centrally located terminal tracks consisting of at
least three railway tracks: one loading track, one unloading
track, and one track intended for locomotive movements
and shunting operations. The required number of load-
ing and unloading tracks depends on traffic intensity and
terminal throughput. Container stacks within the paved
terminal yard should be arranged along both sides of the
railway tracks throughout their full length in order to en-
sure continuous operation of handling equipment along
the entire train formation. The required length of loading
and unloading tracks is determined by the number and
length of wagons within the train formation. For exam-
ple, a train consisting of 40 wagons and one locomotive

may require track lengths of approximately 660 m be-
tween switch points. The design axle load of terminal sid-
ings should correspond to the axle load standards of the
adjacent main railway lines. For 1,435 mm and 1,520 mm
gauge systems, this typically ranges from 22.5 to 25 tonnes
per axle. Even on less intensively used sections, the in-
frastructure must be capable of accommodating heavy
locomotives and wagons carrying either two fully loaded
20-foot containers or one fully loaded 40-foot container.
When designing the layout and infrastructure of dry
ports, particular attention should therefore be paid to
ensuring uninterrupted railway connectivity between in-
land terminals, seaports, and other dry ports. Rail infra-
structure must support reliable and continuous freight
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operations within multimodal transport corridors. The
concept of the dry port as an inland logistics hub is highly
relevant for Ukraine under conditions of war and Europe-
an integration. Such terminals perform many functions
traditionally associated with seaports, including cargo
handling, storage, customs clearance, and the formation
of container trains, while simultaneously strengthening
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the resilience and flexibility of national logistics systems.
These facilities are becoming particularly important in
the context of the development of the Solidarity Corri-
dors. Given restricted access to deep-water Black Sea
ports and continuing attacks on port infrastructure, dry
ports are increasingly functioning as secure inland logis-
tics hubs (Fig. 4).
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in the regions.

2. Reducing the cost of
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border.
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the security situation.
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new investment.

R

The transformation of Ukraine’s role:
From a transit territory to a logistics hub in Eastern Europe

Figure 4. Model of the impact of the development of the dry ports network on Ukraine’s integration into TEN-T

Source: compiled by the authors

The implementation of such a strategy makes it pos-
sible to overcome the incompatibility between Ukrainian
and European railway gauge systems through the rapid
integration of 1,520 mm and 1,435 mm railway infrastruc-
ture, thereby accelerating cargo transshipment process-
es. Through multimodal integration, these logistics hubs
combine different modes of transport and provide greater
route flexibility under unstable security conditions. At the
same time, the development of dry ports stimulates the
emergence of regional industrial and logistics clusters, re-
duces export-related costs, and attracts new investment.
Ultimately, this contributes to Ukraine’s integration into
the European TEN-T network and strengthens its position
as a major logistics hub in Eastern Europe.

Recent studies demonstrate growing academic and
practical interest in the development of dry ports as key
elements of multimodal transport systems, particularly in
the context of increasing containerisation, logistics dis-
ruptions, and the need to improve supply chain resilience.
1. Lovri¢ et al. (2020) examined the operations of the Port
of Rijeka, the largest seaport in Croatia and an important
component of the EU TEN-T Mediterranean Corridor.
Due to the steady growth of container traffic over the last
two decades, the authors analysed the potential role of dry
ports in expanding terminal capacity and improving logis-
tics efficiency. In this study, a dry port is defined as an in-
land intermodal terminal directly connected to a seaport
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by rail or road infrastructure and capable of performing
logistics and cargo handling functions for inland destina-
tions. Simulation results demonstrated that transferring
part of logistics operations inland can significantly reduce
container dwell time and improve the efficiency of freight
transportation. The study also confirmed the strategic im-
portance of rail transport as a core element of sustainable
freight mobility within the European transport system.

R. Saha & K. Khalil (2025) investigated policy strate-
gies for expanding dry port infrastructure in Bangladesh
to improve the competitiveness and efficiency of mari-
time trade hubs. Against the background of rapidly grow-
ing cargo volumes at the Port of Chittagong, the authors
highlighted the insufficient development of intermodal
transport infrastructure. Their findings indicate strong
expert support for the establishment of new inland ter-
minals, particularly outside major port cities, in order to
reduce congestion, improve regional connectivity, and
lower logistics costs and emissions. The integration of ad-
vanced digital technologies into dry port systems has also
attracted growing research attention. S. Rekabi & Z. Saz-
var (2026) proposed a multi-stage stochastic model of a
flexible logistics network based on Industry 5.0 principles
and machine learning tools to optimise interaction be-
tween maritime and inland terminals. Their study em-
phasises the increasing importance of digitalisation and
intelligent logistics management in multimodal transport
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systems. Several studies have focused on the infrastructur-
al and economic dimensions of multimodal transporta-
tion development in Ukraine. V. Sytnik & O. Pikulina (2025)
emphasised the need to modernise Ukraine’s border and
terminal infrastructure in accordance with EU standards
and identified priority directions for the development of
logistics centres within the TEN-T network. A. Dalivand &
S. Torabi (2024) demonstrated that integrating dry ports
into transport and logistics systems can reduce conges-
tion at seaports, optimise container transportation, and
mitigate the environmental impact of freight operations.

The resilience of transport and logistics systems under
crisis conditions has become another important research
direction. K. Wecel et al. (2024) analysed the impact of
the COVID-19 pandemic and the war in Ukraine on mar-
itime freight flows and concluded that diversified logis-
tics routes and inland multimodal hubs are essential for
maintaining the stability of international transportation.
S. Karakas et al. (2024) further highlighted the importance
of alternative transport corridors and inland terminals for
minimising supply chain disruption risks in Ukrainian ag-
ricultural exports. Environmental sustainability and sup-
ply chain resilience are increasingly considered key crite-
ria in dry port planning. G. Inegol & Y. Arslanoglu (2026)
developed a hybrid FR-SWARA model for evaluating dry
port location criteria and demonstrated the growing im-
portance of spatial and infrastructural factors compared
with purely financial considerations. Their findings rede-
fine dry ports as strategic infrastructure buffers capable of
absorbing systemic shocks within logistics networks.

Recent Ukrainian studies have also examined the
transformation of port logistics systems under wartime
conditions. I. Smyrnova et al. (2026) analysed changes
in the operation of seaports, dry ports, and multimodal
transport systems during martial law. The authors iden-
tified several major transformation trends, including the
spatial decentralisation of port functions, the diversifica-
tion of logistics routes, the adaptation of operational pro-
cedures to heightened security requirements, and the in-
creasing importance of resilient supply chains. Their study
highlights the strategic role of inland logistics terminals in
maintaining continuity of freight transportation under
conditions of infrastructure disruption and geopolitical
instability. These findings are consistent with the conclu-
sions of A. Nechyporuk et al. (2023), who emphasised that
maintaining export operations under martial law required
the rapid reorganisation of logistics chains, the expansion
of alternative transport corridors, and the increased use of
multimodal transport solutions.

N. Shayan & N. Mohabbati-Kalejahi (2026) analysed
the contribution of inland ports to sustainable develop-
ment through a structured review of academic literature.
Their study demonstrated that inland ports play a sig-
nificant role in advancing sustainable logistics, regional
development, and the achievement of the United Na-
tions Sustainable Development Goals, particularly SDGs
9 and 11. Despite the extensive body of research on dry
ports, multimodal transportation, and logistics resilience,

Vasilova etal. 93

insufficient attention has been devoted to infrastructural
solutions for interoperability between the 1,435 mm and
1,520 mm railway gauge systems in Ukraine. In particular,
limited research addresses the technical and operational
requirements of inland multimodal terminals capable of
supporting efficient cargo transshipment, full-length con-
tainer train operations, and technological synchronisa-
tion between railway systems with different gauge stand-
ards under wartime and European integration conditions.

In Ukraine, dry ports are gradually becoming a key
component of the modern transport and logistics system,
operating as inland multimodal terminals that partially
assume functions traditionally performed by seaports.
They provide cargo transshipment, storage, customs
clearance, and cargo consolidation services, thereby re-
ducing pressure on port infrastructure and improving
the efficiency of freight handling operations. The prima-
ry driver behind the development of dry ports has been
the need to optimise logistics processes under conditions
of growing containerisation and limited seaport capaci-
ty. International and domestic experience demonstrates
that transferring part of logistics operations to inland ter-
minals helps reduce cargo dwell times in ports and lowers
handling costs. In the Ukrainian context, dry ports pri-
marily function as multimodal logistics centres located
near major transport junctions and railway stations. They
integrate transport, warehousing, and customs infra-
structure while providing a comprehensive range of car-
go-handling services. A particularly important feature is
the availability of railway connections, which enable the
formation of container trains and ensure regular freight
operations (Port Clearance, 2020).

April 2026 became an important milestone for
Ukrainian logistics development. Following a prolonged
period of border congestion and instability of transport
routes, the launch of new multimodal terminals and dry
ports began to systematically transform the structure of
export flows. According to the Zakarpattia Regional State
Administration, the Chornotysiv Terminal became one
of the most significant additions to this emerging net-
work (Kurta, 2024). Located in the Berehove district, the
project involved investments of approximately UAH 282
million and demonstrated the advantages of geograph-
ical proximity to Hungary and Romania. The terminal
supports the transshipment of both agricultural prod-
ucts and energy resources, thereby providing Ukrainian
businesses with more direct access to international mar-
kets. Alongside the western border regions, inland logis-
tics hubs in central Ukraine are also gaining strategic
importance. According to O. Yavorskyi (2024), construc-
tion of a railway terminal in Vinnytsia region has been
completed, establishing transport connections between
the region, the ports of Greater Odesa, and the European
Union. Total investment in the project exceeded USD 15
million. The first development phase of the Vinnytsia dry
port includes modern railway infrastructure and a con-
tainer terminal with an annual capacity of 30,000 TEU.
Through its connection with the Mostyska terminal,
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exporters obtained a more predictable transport route
toward the Polish border. This development is particular-
ly important given that, according to the Ukrainian gov-
ernment, the maritime corridor has already facilitated
cargo turnover exceeding 60 million tonnes, while inland
terminal development further strengthens the resilience
of national logistics systems (Yavorskyi, 2024). These de-
velopments reflect not only infrastructure expansion but
also the emergence of a fundamentally new approach
to freight transportation. Whereas border crossing con-
gestion previously represented one of the main logistical
bottlenecks, businesses are now able to plan deliveries
with significantly greater predictability. Such operation-
al stability is critically important for fulfilling contracts
with European partners, where compliance with deliv-
ery schedules directly affects financial performance and
business reputation.

Ukrainian logistics systems has gradually begun
transitioning from emergency adaptation toward more
strategic optimisation, with dry ports becoming one of
the foundations for integration into global supply chains.
One of the key functions of inland terminals is the reloca-
tion of customs procedures away from border crossings
and seaports, which contributes to reducing conges-
tion and accelerating container turnover. This approach
corresponds to international logistics practices and im-
proves the transparency and manageability of supply
chains (Delo.net.ua, 2026).

At the same time, the technical level of Ukrainian
dry ports remains uneven. Alongside modern logistics
complexes equipped with advanced technologies, some
facilities still possess limited operational and techno-
logical capabilities. This creates a need for further infra-
structure modernisation, the introduction of advanced
cargo-handling technologies, and the implementation
of digital solutions for transport and logistics flow man-
agement (Port Clearance, 2020). Under current geopolit-
ical and economic conditions, particularly the transfor-
mation of logistics routes and the reorientation of export
flows, dry ports are acquiring strategic importance for
Ukraine’s economy. They increase the resilience of the
transport system, facilitate integration into Europe-
an transport corridors, and create the foundation for
the further development of multimodal transportation
(Delo.net.ua, 2026).

Consequently, the formation of an interconnected
network of dry ports transforms these facilities from iso-
lated infrastructure elements into integrated coordinators
of Ukraine’s foreign trade logistics system. The combined
development of western border terminals and inland mul-
timodal hubs enables the country to reduce geopolitical
risks, optimise empty-container management, and im-
prove the stability of cargo flows. In the long term, the sys-
tematic modernisation of inland terminals will not only
help overcome the technical constraints associated with
dual-gauge railway operations but will also serve as one of
the key drivers of Ukraine’s full integration into the Euro-
pean TEN-T transport network.
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The findings of this study demonstrate that the develop-
ment of a network of dry ports represents one of the most
promising directions for the modernisation of Ukraine’s
transport and logistics system under wartime conditions,
changing international trade patterns, and the country’s
ongoing integration into the European transport area.
The research confirms that inland multimodal terminals
can significantly improve interoperability between the
1,435 mm European standard gauge and the 1,520 mm
broad-gauge railway systems by reducing the negative
effects of infrastructural incompatibilities and facilitat-
ing more efficient international container transportation.
The analysis of international experience in the operation
of dry ports showed that inland logistics hubs contribute
to the optimisation of freight flows, reduce congestion at
seaports and border crossing points, shorten cargo han-
dling times, and increase the resilience of supply chains.
For Ukraine, the formation of a network of inland termi-
nals in the western and central regions is particularly im-
portant because such facilities support the functioning of
the Solidarity Lanes initiative and strengthen integration
into the TEN-T transport network. Under conditions of
restricted access to Black Sea ports and continuing ge-
opolitical instability, dry ports increasingly perform the
role of secure inland logistics centres capable of main-
taining the continuity of export and import operations.
The study of the technical and operational parameters
of railway terminal infrastructure demonstrated that the
efficient functioning of dry ports depends on appropri-
ate track layout configurations, sufficient receiving and
departure track lengths, the capability to handle full-
length container trains, and the uninterrupted execution
of shunting operations. The development of such infra-
structure creates the conditions necessary for increasing
the throughput capacity of multimodal transport corri-
dors and improving the predictability and reliability of
international logistics routes.

Particular attention was devoted to the imbalance of
container flows and the management of empty contain-
ers. The research established that dry ports can function
as logistics buffers that facilitate cargo consolidation, con-
tainer redistribution, and the optimisation of transport
costs. These functions contribute to improving the oper-
ational efficiency of logistics systems and increasing the
competitiveness of Ukrainian exporters in international
markets. Overall, the establishment of an interconnected
dry port network should be considered a strategic compo-
nent of Ukraine’s long-term transport policy. The imple-
mentation of multimodal infrastructure projects in this
field will support export-oriented economic development,
attract investment, strengthen transport security, and ac-
celerate Ukraine’s integration into the unified European
transport system. Future research should focus on the
development of economic and mathematical models for
the optimal location of dry ports, the assessment of their
influence on transport network capacity and supply chain
resilience, and the application of digital technologies,
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intelligent transport systems, and advanced container professional support and valuable discussions during the
flow management tools within the framework of Ukraine’s  preparation of this study.
integration into the European logistics space.
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AHOTAUIifA. B yMOBax BOEHHOTO CTaHy Ta €BPOiHTEerparii yIOCKOHAJIEHHs B3aEMOMil 3aTi3HUYHUX Mepesk KOJIii
1435 MM Ta 1520 MM uepe3 po30yJOBY MYJIETUMOJAJBHUX TPAHCIOPTHO-JIOTICTUYHUX BY3JiB HaOyBae KPUTHUYIHO
BaYKJIMBOTO 3HAYEHHs JJIs1 3abe3nedeHHs (PYHKIIIOHYBaHHS eKCIIOPTHO-IMIIOPTHUX JIAHIIOTIB IIOCTa4YaHHA YKpailHHU.
MerToro poboTH Oy/I0 JOCTiIKeHHsI Ta OOTPYHTYBaHHsS iH(ppaCTPpyKRTypHUX pillleHb moao 3abe3nedeHHsT B3aEMOJIil
3II3HUYHUX CUCTEeM KoJIil 1435 MM Ta 1520 MM Yepe3 PO3BUTOK MepPerKi «CyXHX MOPTiB» K KJIIOYOBUX €JIEMEHTIB
MYJIBTUMOJAJIBHOI JIOTICTUYHOI CHCTeMHM VYKpaiHu. [[7d JOCATHEHHsS II0CTaBJIeHOi MeTH OyJ0 BHUKOPHUCTAHO
CHUCTEMHUH TiAxXif, CTPyKTypHO-(YHKIIOHAJBHUHM aHami3, a TakoK iH(pPacTpyKTypHHUH, JOTICTUYHUN Ta
CTAaTUCTUYHHUI aHaJIi3 TPaHCIOPTHUX IOTOKIB. ITpoaHasi3oBaHO cydyacHi TeH[eHIii PO3BUTKY MYJIBTHUMONAIBHUX
nepeBe3eHb Ta (PYHKIIOHYBAaHHA «CYXUX IOPTiB» y KpaiHax €Bponeiicbkoro Coio3y # YkpaiHi. BcTaHOBJIEHO, 110
PO3BUTOK BHYTPIIIHIX MYJIBTUMOAANBHUX TePMiHa/MIB JO3BOJIsIE 3MEHIIUTHA HABAHTA’KEHHs HA IPUKOPIOHHY Ta
TIOPTOBY iH(PACTPYKTYPY, CKOPOTUTHU Yac 0OpPOOKU BAaHTAKIB Ta MiABUIIUTH €(PEeKTUBHICTh JIOTiCTUYHUX JIAHIIOTIB.
Ha ocHOBI y3arajlJbHEHOro MisKHapOJHOI'O JOCBiJ, PO3BUTKY MYJIBTHUMOLAJIbHUX JIOTiCTUYHUX LIEHTPIB BU3HAYEHO
NepCIeKTUBHI HAlIpsIMU iHTerpauii TpaHCIIOPTHOI cucteMu YKpainu g0 Mepesxi TEN-T Ta «IIlisaxiB cosigapHOCTI».
JocmimkeHo TexXHIKO-TeXHOJOTriYHI mapamMeTpu (YHKIiIOHYBaHHA 3asli3sHMYHUX TepMiHaJliB, 30KpeMa BHUMOTH [0
KoHirypartiii Ko/liifHOr0 PO3BUTKY, JOBKUHU IIPpUIMaIbHO-BiJIIpaBHUX KOJIif, opraHisanii MaHeBpoBoi poboTH Ta
3abe3neyeHHA IPOMYCKHOI CIIPOMOYKHOCTI i1 06C/IyrOBYBaHHSA IOBHOCOCTAaBHUX KOHTeIfHepHUX IMO0i3AiB. Takosk
BUABJIEHO 3aKOHOMIPHOCTI HaKONMUYeHHs AUCcOaJIaHCy KOHTeHHepHUX IOTOKIB i MOPOKHBOIO PYyXOMOIO CKJIaAy B
MesKkax MiXKHApOJHUX TPAHCIIOPTHUX KOpUAOpiB. [TpoaHamizoBaHo mpobiiemMy qucbasancy KOHTEHHEPHUX MOTOKIB Ta
PpOJIb «CyXUX IOPTiB» ¥ 3a0e3neyeHHi e()eKTUBHOTO YIIPaBIiHHA MOPOKHIMU KOHTelHepaMu. IIpakTUyHa IiHHICTE
pob6oTH mMoJIATaE Yy MOKIMBOCTI BHUKOPHUCTAHHSA OTPUMAHUX pe3yJIBTaTiB opraHaMU JepsKaBHOTO YIIpaBJIiHHA,
JIOTICTUYHMMU OIlepaTopaMy, TPAHCHOPTHHMHM KOMIIAHIAMU Ta NPOEKTHUMH OpraHisamifMu NpU I[JIaHyBaHHI
PO3BUTKY MYJIETUMOAJIBHOT iHDPACTPYKTYPH, IPUKOPJOHHUX TepMiHAIB i Mepeski «CyXux opTiB» B YKpaiHi

Knioyosi cnoBa: 3anisHUYHA iHPACTPYKTYPA; «CyXUil OPT»; MyJIBTUMOA/IBHICT; KOHTeHepU3allis; JIOTiCTUYHUH
xa0; eKCIIOPTHUH MOTEHIIiaJT; JTAHIIOTY TOCTaYaHHS
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Abstract. In the short and medium term, the
decarbonisation of diesel traction cannot rely solely on
full electrification and the rapid replacement of rolling
stock, which creates a need for renewable diesel fuels.
The aim of the study was to develop a multi-criteria
procedure for ranking renewable diesel fuels for railway
diesel traction and to identify the priority option for
reducing carbon emissions. The article considered
four renewable diesel fuel alternatives, namely fully
hydrotreated vegetable oil (HVO) fuel, pure biodiesel
fuel, a blend containing 20% biodiesel and 80% fossil
diesel fuel, and synthetic paraffinic diesel fuel, proposes
aformalised selection procedure based on a combination
of the Analytic Hierarchy Process (AHP) and the
Technique for Order Preference by Similarity to Ideal
Solution (TOPSIS) methods, and established a matrix of
seven criteria: environmental performance, technical

compatibility, operational suitability, economic feasibility, feedstock availability, infrastructure compatibility, and
regulatory alignment. The weights of the criteria were determined using the AHP, consistency was verified, and the
alternatives were ranked using the TOPSIS. The results indicated the superiority of the paraffinic fuels fully HVO fuel
and synthetic paraffinic diesel fuel, which are suitable for use without retrofitting existing rolling stock. These fuels
demonstrated the best combination of low total greenhouse gas emissions throughout the fuel life cycle and high
technical compatibility. Pure biodiesel fuel and the blend containing 20% biodiesel were ranked lower due to their
lower technical and operational suitability, higher sensitivity to storage and fuel-handling conditions, and a weaker
overall emission-reduction effect in the case of the blend containing 20% biodiesel. The proposed approach can be
used by railway operators, infrastructure managers, transport authorities, and researchers as a decision-support tool
for the phased transition from fossil diesel fuel to renewable liquid fuels in the railway sector

Keywords: decarbonisation; transport technologies; renewable diesel fuels; diesel traction; biodiesel fuel; fuel

compatibility; operational suitability

Introduction
Decarbonisation of rail transport is a key priority of
modern transport policy. Under the climate agenda, the
rail sector is regarded as a fundamental component of a
low-carbon transport system. Achieving decarbonisation
targets requires reducing dependence on fossil diesel fuel
on non-electrified lines. Despite the high energy efficien-
cy of rail transport compared with other modes of trans-
port, diesel traction remains critically important for both
train operations and shunting. This is particularly relevant
where electrification is absent, or where its further ex-
pansion is economically or technologically constrained.
In the short term, decarbonisation cannot rely solely on

large-scale traction replacement, the deployment of hy-
drogen or battery-powered trains, or the complete restruc-
turing of infrastructure. Therefore, the use of renewable
liquid fuels appears to be a reasonable transitional option,
because it can reduce the carbon footprint without radical
intervention in the existing rolling stock fleet.

Recent studies confirm that railway decarbonisation
depends on infrastructure constraints, operational pro-
file, investment needs, as well as full life-cycle emissions.
M. Kapetanovi¢ et al. (2024) evaluated traction alterna-
tives for regional railways and showed that well-to-wheel
greenhouse gas emissions must be considered when
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comparing non-electrified railway options. A. Aredah et
al. (2024) compared alternative powertrain technologies
for freight trains in their work and demonstrated that
technical feasibility should be assessed together with op-
erational and environmental consequences. A. Hernan-
dez et al. (2024a) proposed a framework for evaluating
railway decarbonisation alternatives, including alterna-
tive fuels and the deployment of battery-electric systems.
A. Hernandez et al. (2024b) conducted an analysis of
freight railway decarbonisation using the logic of emis-
sion reduction costs. As a result, the researchers show
that the decarbonisation of diesel traction cannot be re-
duced to a single technological pathway.

At present, the most realistic fuel alternatives for die-
sel traction in the rail sector are paraffinic fuels such as
HVO100, a renewable diesel fuel produced by hydrotreat-
ment of oils and fats, and XTL, a synthetic liquid fuel, as
well as biodiesel fuels, including B100 and B20. W. Szeto
& D. Leung (2022) reviewed the production, properties,
engine performance, and emissions of hydrotreated veg-
etable oil and emphasised its potential as a substitute for
fossil diesel. C. McCaffery et al. (2022) examined HVO and
HVO/biodiesel blends in an off-road heavy-duty diesel en-
gine and provided evidence on the emissions and physic-
ochemical characteristics of such fuels. H. Xu et al. (2022)
showed that biodiesel and renewable diesel pathways may
differ substantially in life-cycle greenhouse gas emissions
depending on feedstock and production route. Y. Pra-
dana et al. (2024) reviewed cold-flow limitations and
improvement methods for biodiesel application. These
findings are important for railway operation, because fuel
quality deterioration may directly affect rolling stock reli-
ability, filtration, maintenance frequency, and the stability
of the transport process.

However, the technical feasibility of these alterna-
tives does not in itself determine their implementation
priority. The existing literature covers individual aspects
of the problem, including general decarbonisation path-
ways, engine and environmental characteristics of re-
newable diesel fuels, and operational risks connected
with storage and fuel handling. At the same time, most
studies do not provide a unified procedure for comparing
HVO0100, B100, B20, and XTL within one decision-mak-
ing model for railway diesel traction. This creates the
need to identify the most appropriate option among
alternative fuels that differ in terms of life-cycle green-
house gas emissions, technical compatibility, operation-
al suitability, fuel supply infrastructure requirements,
economic feasibility, feedstock availability, and regula-
tory alignment. Multi-criteria decision-making methods
are suitable for this type of task. Multi-criteria methods
make it possible to compare alternatives according to
many criteria, for example: technical, environmental,
economic, and regulatory ones. A. Abdulvahitoglu &
M. Kilic (2022) applied an integrated AHP-TOPSIS ap-
proach to biodiesel fuel selection. W. Kriswardhana et
al. (2025) reviewed the use of the AHP in transportation
decision-making. Similar studies confirm the suitability
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of combining criteria weighting with ranking procedures
in fuel comparison tasks.

The purpose of this study was to develop a procedure
for ranking renewable diesel fuels for use in railway diesel
traction in order to reduce carbon emissions. The tasks of
the study were as follows: to analyse the existing renewa-
ble diesel fuel alternatives and to define the set of criteria
for their evaluation; to develop a multi-criteria evaluation
procedure for HVO100, B100, B20, and XTL based on the
sequential application of the AHP and TOPSIS methods;
to determine the criterion weights using the AHP method
and to rank the renewable diesel fuel alternatives using
the TOPSIS method.

”Materials and Methods™

Materials used in this study: scientific publications on
railway decarbonisation and alternative traction technol-
ogies (Aredah et al., 2024; Hernandez et al., 2024a; Kape-
tanovic¢ ef al., 2024). Limitations on railway decarbonisa-
tion and traction were reviewed in E Zenith et al. (2020),
E Barbosa (2023) and A. Hernandez et al. (2024b). Stud-
ies on HVO and renewable diesel fuels were represented
by C. McCaffery et al. (2022), W. Szeto & D. Leung (2022),
and J. Hunicz et al. (2025). The properties of biodies-
el fuel and storage risks were considered in the works of
E. Christensen & R. McCormick (2023), W. Ai et al. (2024),
and Y. Pradana et al. (2024). Regarding multi-criteria de-
cision-making and fuel selection, the publications by
M. Behzadian et al. (2012), G. Yannis et al. (2020), and
W. Kriswardhana et al. (2025) were considered. Regarding
the application of transport fuel selection, G. Chaitan-
ya et al. (2020), A. Abdulvahitoglu & M. Kilic (2022) and
M. Kiigemann & H. Polatidis (2024) were additionally
considered. The application of alternative fuels for trans-
port was also considered more broadly in the work of
N. Aboushagqrah et al. (2022). The materials also include
industry analytical reports and materials from operators
(AERRL, 2022; European Union Agency for Railways, 2024;
CER, 2025). Regarding the implementation of HVO, ma-
terials presented by Neste (2023), DB Cargo (n.d.) and
LTG Group (n.d.) were reviewed. The description of the
LTG Group (n.d.) project was used to verify the pilot con-
text of HVO100. Data on railway biofuels were supple-
mented from sources of the International Union of Rail-
ways (2007), CONCAWE (2009), and the Federal Railroad
Administration (2014). European policy documents were
reviewed from the European Commission (2019; 2021).
Regulatory and technical documents included standards
of the BSI (2021; 2023a; 2023b) for paraffinic diesel fuel
and diesel fuel. Additional standards for information on
diesel fuel and EU regulation on renewable energy were
also used (Directive of the European Parliament and of the
Council No. 2001, 2018; Regulation of the European Parlia-
ment and of the Council No. 1119, 2021; BSI, 2024).

The study was based on data on the properties of
renewable diesel fuels, including their technical com-
patibility with diesel engines, storage conditions, fuel
handling requirements, regulatory constraints, and total
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greenhouse gas emissions across the entire fuel life cycle.
The analysis also took into account the provisions of EU
fuel standards, the findings of recent scientific studies,
publicly available materials from railway operators, as well
as materials obtained within the framework of the PhDs
EU-Rail project. The study was conducted during 2025-
2026. It covered the analysis of scientific publications, reg-
ulatory documents, technical standards, materials from
railway operators, and project materials. The analysis of
sources was conducted and structured into four thematic
groups, namely: railway decarbonisation and alternative
traction technologies; properties of HVO, XTL, and re-
newable diesel fuel; biodiesel storage and contamination
risks; and multi-criteria decision-making methods. Gen-
eralisation and analysis of the sources were used to iden-
tify the main approaches to the decarbonisation of diesel
traction and to the selection of alternative renewable die-
sel fuels. At the first stage, alternatives suitable for further
comparison were selected, namely: HVO100, B100, B20,
and XTL. At the second stage, the evaluation criteria were
determined. As a result, the set of criteria included envi-
ronmental indicators, technical compatibility, operational
suitability, economic feasibility, feedstock availability, in-
frastructure compatibility, and regulatory compliance.

The weighting and scoring stages were carried out
by the authors. A documentary and analytical approach
was used in combination. The judgments were also
formed on the basis of the research aim and the syn-
thesis of scientific literature, including fuel standards,
railway operator materials, and the technical applicabil-
ity framework. The weights of the criteria were formed
through pairwise comparisons using the Saaty scale. In
each of the pairwise comparisons, the relative impor-
tance of one criterion over another was determined ac-
cording to its contribution to the decarbonisation objec-
tive, as well as the practical feasibility of introducing the
fuel into existing railway diesel traction. Environmental
performance was considered the leading criterion. The
scores for criteria C2-C7 were determined after compar-
ing each fuel alternative with the criterion content. The
scoring procedure was carried out according to a five-
point rule, namely: 5 indicated full or near-full suitabil-
ity, clear compliance with the relevant standard, and no
need for substantial changes; 4 indicated high suitabili-
ty with minor transition or control measures; 3 indicat-
ed medium suitability requiring additional monitoring
or agreed application rules; 2 indicated low suitability
with substantial technical, operational, economic, or
infrastructure limitations; and 1 indicated very low suit-
ability and practical unsuitability under the assumed
railway operating conditions. For all criteria C2-C7, a
higher score corresponded to a more favourable solu-
tion. To determine the weights of the evaluation criteria,
the AHP and the Saaty scale were applied (Saaty, 1980).
The pairwise comparison matrix was formed for seven
criteria. The weights were calculated as the normalised
principal eigenvector of the pairwise comparison ma-
trix. The consistency index was calculated:
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Cl = (\_max-n)/(n-1), (1)
where A, — the maximum eigenvalue of the pairwise
comparison matrix; n — the number of criteria in the pair-
wise comparison matrix.

The consistency ratio was calculated:

CR = CI/R], )
where CI is the consistency index calculated using formu-
la (1); is the average random consistency index for pair-
wise comparison matrices of the corresponding size, the
values of which are given in the AHP method tables.

For n=7 the adopted value is RI =1.32. For the giv-
en matrix: A, ~7.0505; CI~0.00842; CR~0.00638. Since
CR<0.10, the pairwise judgments can be considered con-
sistent and may therefore be accepted as valid for further
analysis. The next stage is the application of the TOPSIS
method. The following notation is used: x; — denotes the
value of alternative i under criterion j. TOPSIS normalisa-
tion is calculated using the formula (3):

Xij
[ e
it Xy

where r;— the normalised value of the j-th criterion for the
i-th alternative; m — the number of alternatives; x; - the
initial value of the i-th alternative under the j-th criterion;
i— the index of the alternative; j— the index of the criteri-
on; X - the summation sign over all alternatives; V — the
square-root operation.

The weighted normalised values are calculated using
the formula (4):

3)

Uij = W] . Tiji (4)
where w; - the weight of the j-th criterion determined us-
ing the AHP method; r; - the normalised value of the i-th
alternative under the j-th criterion; i - the index of the al-
ternative; j— the index of the criterion.

The ideal and anti-ideal points for the cost criterion
C1 (WTW- total greenhouse gas emissions over the entire
fuel chain) are defined as follows):
= maxzj ij,

o

. vij
v =min’Y ;

j i )
where vy — the ideal value of the criterion; v; — the an-
ti-ideal value of the criterion; v; - the weighted normal-
ised value of the i-th alternative under the j-th criterion;
i—the index of the alternative; j— the index of the criterion;
min, - the minimum value among all alternatives; max, -
the maximum value among all alternatives.

For the benefit criteria C2-C7, the ideal and anti-ideal
points are defined as follows:

vi= ’,vj_ = min}"”, (6)

vi
j maxi

where vt~ the ideal value of the j-th criterion; v - the
anti-ideal value of the j-th criterion; v; - the weighted
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normalised value of the i-th alternative under the j-th cri-
terion; i — the index of the alternative; j— the index of the
criterion; max; — the maximum value among all alterna-
tives; min,— the minimum value among all alternatives.
The distance to the ideal point is calculated using the

formula (7):
D = (S - )’ @)

where D;+ - the distance of the i-th alternative to the ideal
point; v, - the weighted normalised value of the i-th alter-
native under the j-th criterion; vy - the ideal value of the
J-th criterion; i - the index of the alternative; j— the index
of the criterion; n— the number of criteria; ¥ — the summa-
tion sign over all criteria; V — the square-root operation.

And the distance to the anti-ideal point is calculated
using the formula (8):

Dl_ = Z}l:l(vij - Uj_)z, (8)

where D; - the distance of the i-th alternative to the an-
ti-ideal point; v, - the weighted normalised value of the
i-th alternative under the j-th criterion; v; - the anti-ide-
al value of the j-th criterion; i — the index of the alter-
native; j - the index of the criterion; n — the number of
criteria; ¥ — the summation sign over all criteria; V — the
square-root operation.

The closeness-to-ideal index is calculated using the
formula (9):
9

D
where S, - the closeness-to-ideal index of the i-th alterna-
tive; D — the distance of the i-th alternative to the ideal
point; D; - the distance of the i-th alternative to the an-
ti-ideal point; i — the index of the alternative.

The values of are taken from formulas (7), (8). The
higher the value of the higher the rank of the alternative.
The AHP-TOPSIS sequence makes it possible first to es-
tablish the relative importance of the criteria and then to
obtain an integrated ranking of alternatives on the basis of
a single evaluation matrix. For the final TOPSIS matrix, the
following WTW values, representing total greenhouse gas
emissions over the entire fuel chain, were used: HVO100
from waste oils — 16.0; B100 from rapeseed - 50.1; and
XTL from waste wood — 15.6. Fossil diesel fuel was taken
as the reference value at 94. For B20, the value of 85.2 was
obtained by calculation as a first approximation based on
the biodiesel content in the blend. The model uses one
quantitative criterion, WTW, and six criteria evaluated
on a scale from 1 to 5. The scores for criteria C2-C7 were
formed on the basis of the analysed scientific publica-
tions, fuel standards, technical documents, railway oper-
ator materials, and the technical applicability framework.

The WTW value for B20 was determined using the
formula (10):

WTW (B20) = 0.20 - WTW_B100 + 0.80 - WTW __Diesel,(10)
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where WTW(B20) - the total greenhouse gas emissions of
the B20 fuel blend over the entire fuel chain; WTW_BI100-
the total greenhouse gas emissions of pure biodiesel fuel
over the entire fuel chain; WTW_Diesel — the total green-
house gas emissions of fossil diesel fuel over the entire fuel
chain; 0.20 — the share of biodiesel fuel in the B20 blend;
0.80 - is the share of fossil diesel fuel in the B20 blend;
WTW - denotes the well-to-wheel assessment boundary
and refers to total greenhouse gas emissions over the full
fuel chain, from fuel production to final use.

And the relative reduction compared with fossil diesel
fuel was determined as follows:

n = (1 — WTW,, / WTW _Diesel) - 100%, (11)
where 1 - the relative reduction in greenhouse gas emis-
sions compared with fossil diesel fuel; WTW_alt— the total
greenhouse gas emissions of the selected fuel alternative
over the entire fuel chain; WTW_Diesel — is the reference
value for fossil diesel fuel; 100% — the multiplier used to
express the result as a percentage.

Thus, the methodological basis of the study was built
on the sequential application of the AHP and TOPSIS
methods, which made it possible first to substantiate the
relative importance of the evaluation criteria and then to
obtain an overall ranking of alternative fuels for railway
diesel traction.

"Results and Discussion™
The study considers four renewable diesel fuel alterna-
tives for use in railway diesel traction:

1) Alt 1 - HVO100 (paraffinic diesel fuel produced in
accordance with EN 15940);

2) Alt 2 — B100 (biodiesel based on fatty acid methyl
esters, produced from vegetable oils and fats in accord-
ance with EN 14214);

3) Alt 3 — B20 (a diesel fuel blend containing 20%
biodiesel);

4) Alt 4 — XTL (synthetic paraffinic diesel fuel pro-
duced in accordance with EN 15940).

The selection of alternatives was based on fuel stand-
ards and data on renewable diesel fuel and railway de-
carbonisation pathways. W. Szeto & D. Leung (2022) and
C. McCaffery et al. (2022) support the technical relevance
of HVO and HVO/biodiesel blends, while M. Kapetano-
Vi€ et al. (2024) used full fuel-chain assessment in railway
traction comparison. These alternatives were selected be-
cause they have either practical relevance to the railway
sector or have already been considered in pilot applica-
tions, and because they are covered by clearly defined
fuel standards. Typical values of life-cycle greenhouse gas
emissions were used in the assessment. This means that
the evaluation considered not only the fuel itself, but the
entire production pathway from feedstock to final use.

At the stage of preliminary selection, both the fuel
type and the conditions under which it can realistical-
ly be used in diesel traction were examined. In particu-
lar, consideration was given to whether the fuel could
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be used without modification of the rolling stock, how
sensitive it is to the characteristics of the fuel system,
what risks may arise during the transition from one fuel
to another, and what storage conditions are required.
Such preliminary selection makes it possible to iden-
tify the options that are generally suitable for further
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consideration, but it does not determine which fuel
should be implemented. The final decision should be
made on a rational basis using the results of a multi-cri-
teria assessment that takes into account both environ-
mental impact and operational reliability under railway
operating conditions (Table 1).

Table 1. Renewable diesel fuel alternatives and their technical applicability framework

Insufficient lubricity if not Tank flushing and cleaning are

EN 15940; Can be used without controlled, need for batch required durine the transition:
Alt1 paraffinic retrofitting; suitable both quality verification, possible 4 ng ’
- . - . . filter clogging may occur
diesel fuel in neat form and in blends  issues with seals and elastomers A
- ; at the initial stage
in older rolling stock
Use without retrofitting is . . - . Sensitivity to oxidation, water
EN 14214; biodiesel limited; suitability depends Risks o'f 1nc0mpat1b1hty W th accumulation, microbiological
. . . certain materials, deposit N
Alt2 based on fatty acid on fuel quality and operating . . contamination and
L g formation, and filter clogging L .
methyl esters conditions; additional duri L deterioration of properties
L . uring the transition
monitoring is required at low temperatures
EN 590 base fuel;  Intermediate option; requires Depen(_len_c e on the quahty. Sediment formation may'
. . . of the biodiesel component; occur at low temperatures;
high-FAME diesel  aspecifically defined blend . . . . .
Alt3 . e . risks for filtration and seals water content, microbiological
considered within composition and agreed - .
s are lower than for B100, condition and sampling
EN 16709 application rules .
but remain present procedures must be controlled
Can be used without Similar to HVO100: cleaning
EN 15940; synthetic retrofitting; the main Similar to HVO100: lubricity, and control are required
Alt4 paraffinic diesel limitations are related batch quality control and risks ~ during the transition; the main

fuel to availability, price

and certification

difficulties are related more to
supply than to fuel properties

for older fuel-system materials

Source: compiled by the authors based on International Union of Railways (2007), CONCAWE (2009), Federal Railroad
Administration (2014), L. Komariah et al. (2022), BSI (2021; 2023a; 2023b; 2024), W. Ai et al. (2024), Y. Pradana et al. (2024)

The alternatives and technical frameworks presented
in Table 1 serve as a suitability filter. However, they do not
determine the priority of implementation. To address this, a
multi-criteria AHP-TOPSIS procedure was developed, tak-
ing into account not only life-cycle greenhouse gas emis-
sions, but also technical compatibility, operational suitabil-
ity, economic factors, feedstock availability, infrastructure
compatibility, and regulatory aspects. A set of seven criteria
was established for evaluating the alternatives: C1 — envi-
ronmental performance; C2 - technical compatibility; C3 —

operational suitability; C4 — economic feasibility; C5 — feed-
stock availability; C6 - infrastructure compatibility; and
C7 - regulatory alignment. The characteristics of these cri-
teria are presented in Table 2. The environmental criterion,
C1, was assessed on the basis of life-cycle greenhouse gas
emissions across the entire fuel chain, from fuel production
to final use. This indicator is expressed numerically as grams
of carbon dioxide equivalent per unit of fuel energy. For cri-
teria C2-C7, arating scale from 1 to 5 was applied, following
the principle that a higher score indicates a better result.

Table 2. Criteria and evaluation rules

Total greenhouse gas

Environmental .. . Lower Total greenhouse gas emissions
performance 1 CMISSIONS across the entire is better from fuel production to end use
fuel chain, gCO,e/M]J
Technical c2 1-5 scale Higher Compliance with the relevant standard, possibility of use
compatibility is better without retrofitting, compatibility with the fuel system
Operational c3 1-5 scale Higher Performance at low temperatures, storage behaviour,
suitability is better filterability, risk of additional maintenance
]fag:slils lrllll tl; C4 1-5 scale iI:tljgel:ferr Fuel cost, price volatility, transition costs
Feedstock o 1-5 scale Higher Origin of feedstock, its availability,
availability is better and potential for wide-scale use
Infrastructure c6 1-5 scale Higher Suitability of tanks and fuel-handling infrastructure;
compatibility is better need for flushing, cleaning and quality control
Regulatory c7 1-5 scale Higher = Compliance with standards and certification requirements,
alignment isbetter  possibility of official accounting and practical application

Source: developed by the authors based on BSI (2021; 2023a; 2023b; 2024), W. Szeto & D. Leung (2022), C. McCaffery et al. (2022),
H. Xu et al. (2022), M. Kapetanovi¢ et al. (2024), A. Aredah et al. (2024), A. Hernandez et al. (2024a)
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A wide range of technical, environmental, and eco-
nomic indicators was taken into account when develop-
ing the evaluation criteria. It was decided not to include
these indicators separately in the final model; instead,
they formed the basis for scoring criteria C2-C7. This ap-
proach made it possible to preserve the substantive value
of the assessment while ensuring comparability of the al-
ternatives under conditions of limited publicly available
data. The criteria are described below. The environmen-
tal component of the model is based on total greenhouse
gas emissions across the entire fuel chain, from feedstock
to final fuel use. This indicator was selected as the main
measure of decarbonisation, since exhaust emissions
alone do not reflect the full climate impact of a fuel. The
indicator is expressed in gCO,e/MJ and characterises the
total greenhouse gas emissions, in CO,-equivalent, attrib-
uted to a unit of fuel energy over the entire fuel life cycle.

Parameters such as nitrogen oxides (NOx) emis-
sions were also considered important for assessing local
pollution and operating conditions, particularly during
shunting operations and in areas sensitive to air qual-
ity. However, they were not treated as separate criteria
because no single set of comparable data for railway
equipment under identical test conditions was availa-
ble. Lubricity, density, viscosity, and compatibility with
fuel-system materials were considered as components
of technical compatibility (Knothe, 2005; Lapuerta et
al., 2011; ISO 12156-1:2018, 2018). Low-temperature
properties, filter replacement frequency, failures of
fuel equipment, and performance under cold-weather
conditions were considered as components of opera-
tional suitability (Christensen & McCormick, 2023; Ai et
al., 2024; Pradana et al., 2024).

Criterion C2 reflects the extent to which a given type
of fuel complies with current standards and can be used
in existing diesel engines without modification. The cri-
terion also takes into account the risks posed to the fuel
system during the transition to a new fuel. The highest
scores are assigned to the paraffinic fuels HVO100 and
XTL. To better understand fuel lubricity and fuel-system
materials, reference materials from G. Knothe (2005), ISO
12156-1:2018 (2018), and DieselNet (n.d.) were analysed.
Their use is associated with fewer technical limitations
(Szeto & Leung, 2022; MTU, 2023; Hunicz et al., 2025). By
contrast, B20 and especially B100 receive lower scores be-
cause of their higher biodiesel content, greater sensitivity
of sealing materials, a higher risk of deposit formation, and
stricter fuel handling and storage requirements. Interna-
tional Union of Railways (2007), Federal Railroad Admin-
istration (2014), and W. Ai et al. (2024) provide an under-
standing that fuels containing biodiesel require additional
attention to fuel quality, filtration, and storage. L. Kom-
ariah et al. (2022) also confirm the relevance of microbi-
ological contamination risks for diesel-biodiesel blends.

Criterion C3 reflects operational suitability, including
fuel performance in different seasons, behaviour at low
temperatures, suitability for long-term storage, filterabil-
ity, and the impact on maintenance requirements. This
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criterion takes into account low-temperature properties,
storage stability, and the risk of contamination. For a bet-
ter understanding of how biodiesel is stored and what
storage risks exist, the studies by E. Christensen & R. Mc-
Cormick (2023), W. Ai et al. (2024), as well as Y. Pradana et
al. (2024), were used. Regarding fuel quality deterioration
and risks characteristic of railways, data from Diesel-
Net (n.d.), International Union of Railways (2007), and
Federal Railroad Administration (2014), were used. The
study by E. Christensen & R. McCormick (2014) was used
as an additional source of information on the long-term
storage stability of biodiesel and biodiesel blends. Accord-
ing to these characteristics, HVO100 and XTL have an ad-
vantage, whereas B100 receives a lower rating because of
its greater sensitivity to operating and storage conditions.
B20 occupies an intermediate position (Miinzer, 2023;
BSI, 2024; Pradana et al., 2024).

Criterion C4 reflects economic feasibility, includ-
ing fuel price fluctuations, transition costs, fuel-system
cleaning, filter replacement, and quality control costs
(AERRL, 2022; Hernandez et al., 2024b). Criterion C5
characterises feedstock availability, including the origin
of the fuel, dependence on food-based feedstocks, and
the potential for large-scale use of such fuel in a particu-
lar region (Directive of the European Parliament and of
the Council No. 2001, 2018; AERRL, 2022; Xu et al., 2022).
Criterion C6 reflects infrastructure compatibility (Inter-
national Union of Railways, 2007; CONCAWE, 2009). Cri-
terion C7 reflects the availability of the relevant standard,
certification, the possibility of officially accounting for the
decarbonisation effect, and the practical suitability of the
fuel for application in the railway sector. These elements
were assessed using fuel standards for fatty acid methyl
esters, which are the main components of conventional
biodiesel, as well as for paraffinic diesel fuel and conven-
tional diesel fuel (BSI, 2021; 2023a; 2023b). The standard
for diesel fuel with a high content of fatty acid methyl
esters and EU regulation on renewable energy were also
considered (Directive of the European Parliament and of
the Council No. 2001, 2018; BSI, 2024).

After identifying the alternatives and criteria, the
evaluation rules for constructing the comparison matrix
were established (Table 3). In the TOPSIS matrix, one
quantitative criterion was used, namely total greenhouse
gas emissions across the entire fuel chain, expressed as
WTW (well-to-wheel), gCO,e/M]J. The remaining six cri-
teria were evaluated on a scale from 1 to 5 according to
pre-established rules. The article developed a multi-cri-
teria “AHP—-TOPSIS procedure”. At the first stage, the
weights of the criteria were determined using the AHP
method. A pairwise comparison matrix based on the
Saaty scale was used. In the problem formulation, the
environmental criterion receives the greatest weight;
however, technical compatibility and operational suita-
bility cannot be treated as secondary either, since they
determine the actual feasibility of using the fuel under
the conditions of the existing fleet. Economic feasi-
bility and feedstock availability also have a significant
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influence due to supply conditions and market uncer-
tainty. The infrastructural and regulatory components
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are important derivatives of the fuel class, supply prac-
tices, and the possibility of formal implementation.

Table 3. AHP pairwise comparison matrix on the Saaty scale

C1 Environmental performance 1 2 2 2 3 4 6
C2 Technical compatibility 1/2 1 1 1 2 3 4
C3 Operational suitability 1/2 1 1 1 2 2 3
C4 Economic feasibility 1/2 1 1 1 2 2 3

C5 Feedstock availability 1/3 1/2 1/2 1/2 1 1 2

C6 Infrastructure compatibility 1/4 1/3 1/2 1/2 1 1 1
C7 Regulatory alignment 1/6 1/4 1/3 1/3 1/2 1 1

Source: authors’ pairwise comparison based on the criterion system in Table 2 and the AHP scale proposed by T. Saaty (1980)

The weights were calculated as the normalised prin-
cipal eigenvector of the AHP pairwise comparison matrix
(Table 4, Fig. 1). The consistency ratio was below 0.10;
therefore, the pairwise judgments were accepted for fur-
ther TOPSIS analysis. For the adopted matrix, the largest

weight belongs to C1, environmental performance. Tech-
nical compatibility, operational suitability and economic
feasibility also remain significant, which reflects the prac-
tical constraints of introducing renewable fuels in existing
diesel traction.

Table 4. AHP criterion weights

C1 Environmental performance 0.302
C2 Technical compatibility 0.175
C3 Operational suitability 0.157
C4 Economic feasibility 0.157

C5 Feedstock availability 0.086

C6 Infrastructure compatibility 0.071
C7 Regulatory alignment 0.052

Source: calculations based on the AHP pairwise comparison matrix in Table 3

0.3507 0.302

0.175

0.157 0.157

0.086

00000 c; " c2 €3 _C4. C5 C6 C7
Criteria

Figure 1. Criteria weights determined using the AHP method
Source: visualisation based on the AHP criterion weights in Table 4

The next stage is the application of the TOPSIS
method (Table 5). Since the calculation procedure was

described in the Materials and Methods section, this
subsection presents the input matrix, the scores of al-
ternatives, and the final ranking results. For the final
TOPSIS matrix, the following WTW values, represent-
ing total greenhouse gas emissions over the entire fuel
chain, were used: HVO100 from waste oils — 16.0; B100
from rapeseed - 50.1; and XTL from waste wood — 15.6.
Fossil diesel fuel was taken as the reference value at
94. For B20, the value of 85.2 was obtained by calcu-
lation as a first approximation based on the biodiesel
content in the blend. The model uses one quantitative
criterion, WTW, and six criteria evaluated on a scale
from 1 to 5.

Table 5. Evaluation matrix for TOPSIS

Alt1 16.0 ~83.0
Alt2 50.1 ~46.7
Alt3 85.2 ~9.3
Alt4 15.6 ~83.4

Note: | — the lower the value, the better; T - the higher the value, the better
Source: compilation and calculation based on Directive of the European Parliament and of the Council No. 2001 (2018), with the B20

value calculated using formula (10)
The values of total greenhouse gas emissions across

the entire fuel chain are as follows: 16.0 for HVO pro-
duced from used cooking oil, 50.1 for rapeseed-based
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biodiesel, and 15.6 for synthetic diesel fuel produced
from wood waste. The reference value for fossil die-
sel fuel was taken as 94. The five-point assessment
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scale for criteria C2-C7 was based on systematical-
ly organised information, including compliance with
standards, the possibility of use without modifica-
tion, fuel behaviour at low temperatures, suitability for
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long-term storage, the risk of additional maintenance,
transition costs, feedstock availability, compatibility
with fuel infrastructure, and compliance with certifica-
tion requirements (Table 6).

Table 6. Scores of alternatives under criteria C2-C7

Alt1 5 4 3 4 4 5
Alt2 2 2 2 2 2 3
Alt3 3 3 3 2 3 3
Alt4 5 4 2 4 4 4

Source: scoring based on the applicability framework in Table 1 and the fuel-standard framework for EN 15940, EN 14214, EN 590 and
EN 16709, International Union of Railways (2007), CONCAWE (2009), Federal Railroad Administration (2014), W. Szeto & D. Leung (2022),
C. McCaffery et al. (2022), L. Komariah et al. (2022), W. Ai et al. (2024), Y. Pradana et al. (2024), J. Hunicz et al. (2025)

The high scores of Alt 1 - HVO100 in terms of tech-
nical compatibility, operational suitability, and infra-
structure compatibility are explained by the fact that it
is a paraffinic fuel of the EN 15940 class. This fuel can be
used in existing equipment without modification, blend-
ed with diesel fuel, and introduced with relatively moder-
ate transition-related risks (Szeto & Leung, 2022; Hunicz et
al., 2025; Neste, n.d.). Alt 2 — B100 received lower scores
because of its higher biodiesel content, greater sensitivity
to storage conditions, the risk of microbiological contam-
ination, filter-related problems, and stricter requirements

for fuel handling. Alt 3 — B20 occupies an intermediate
position. At the same time, its effect on reducing total
greenhouse gas emissions across the entire fuel chain is
more limited, which prevents it from competing with par-
affinic alternatives. Alt 4 — XTL is close to HVO100 in terms
of its technical and operational properties. However, it is
inferior to HVO100 in terms of economic feasibility. After
normalising the values, applying the criterion weights,
and calculating the distances to the conditional ideal and
anti-ideal solutions, the following results were obtained
(Table 7, Fig. 2).

Table 7. TOPSIS results

Alt1 0.0012 0.2268 0.9948 1
Alt4 0.0315 0.2254 0.8773 2
Alt2 0.1395 0.1046 0.4286 3
Alt3 0.2158 0.0458 0.1750 4

Source: TOPSIS calculations based on Tables 4-6

Integrated closeness-to-ideal index S
0.9948

Rank 1 0.8773

Rank 2

1.0000-
0.9000+
0.8000+
0.7000+
0.6000-
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0.4000+
0.3000+
0.2000+
0.1000+

00000 1vo100 © XTL B100

Alternatives

0.4286
Rank 3

0.1750
Rank 4

Integrated index S

B20

Figure 2. Integrated closeness coefficient
to the ideal solution
Source: visualisation based on the TOPSIS results in Table 7

The best-performing option was HVO100. This alter-
native combines very low total greenhouse gas emissions
across the entire fuel chain with high scores for technical
compatibility, operational suitability, infrastructure com-
patibility, and regulatory alignment. In essence, it rep-
resents the most straightforward pathway for the initial

stage of decarbonisation without significant modification
of the rolling stock. XTL ranked second. In terms of tech-
nical compatibility, operational suitability, and infrastruc-
ture requirements, it is close to HVO100, but it is inferior in
terms of economic feasibility. B100 ranked third because
of the combination of higher total greenhouse gas emis-
sions across the fuel chain and lower scores for technical
compatibility. The lowest result was obtained for B20. Its
moderate technical scores do not compensate for the lim-
ited overall decarbonisation effect under criterion C1.

The obtained ranking is consistent with the results of
W. Szeto & D. Leung (2022), who showed that hydrotreated
vegetable oil has properties that make it suitable as a sub-
stitute for fossil diesel fuel, as well as with C. McCaffery et
al. (2022), who demonstrated the relevance of HVO and
HVO/biodiesel blends for application in heavy-duty diesel
engines. However, it should be noted that the present study
differs from these and most similar works. This study focus-
esnotonly on fuel properties and engine emissions, but also
compares fuel alternatives within a single decision-making
model for railway diesel traction. The lower ranking of B100
and B20 is consistent with the findings of L. Komariah et
al. (2022), W. Ai et al. (2024), and Y. Pradana et al. (2024),
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who considered storage stability, low-temperature behav-
iour, and microbiological contamination as important lim-
itations of fuels containing biodiesel. In comparison with
similar studies, the present research integrates technical
compatibility, infrastructure suitability, economic feasibil-
ity, feedstock availability, and regulatory alignment into a
single ranking procedure, which is an important factor. Ad-
ditionally, a scenario was considered in which biodiesel de-
rived from waste cooking oils was used instead of rapeseed
feedstock for B100, with a corresponding reduction in total
greenhouse gas emissions across the fuel chain for B20. Un-
der this scenario, the integrated closeness index improved
for Alt2 and Alt 3; however, the ranking order did not change.
It should be noted that the obtained ranking reflects the re-
sults under the scenario assumptions adopted in this study
regarding feedstock origin and the level of emissions across
the full fuel life cycle. This means that the overall result is
valid within the adopted system of criteria and weights.

”Conclusions™

Renewable fuel alternatives for existing diesel traction
engines were identified and classified, namely HVO100,
XTL, B100, and the B20 blend. For each alternative, the
technical scope of application, typical compatibility
risks, and key storage characteristics were determined. It
was found that, for paraffinic fuels, the main issues con-
cern batch quality, supply conditions, and the transition
to a new fuel type, whereas fuels with a high biodiesel
content involve greater risks in terms of compatibility,
operational stability, and storage. A seven-criteria eval-
uation model was developed, including environmen-
tal performance, technical compatibility, operational
suitability, economic feasibility, feedstock availability,
infrastructure compatibility, and regulatory alignment.
The criterion weights were determined using the AHP
method. The most important criterion was C1, environ-
mental performance, while C2, technical compatibility,
C3, operational suitability, and C4, economic feasibil-
ity, were also identified as major criteria. The TOPSIS
ranking produced the following result: the paraffinic fuels
HVO0100 and XTL were identified as the preferred options,
as they combine lower emissions across the fuel life cycle
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with high technical compatibility, appropriate operational
suitability, and better manageability of infrastructure-re-
lated risks. The B100 and B20 alternatives proved less
favourable because of a combination of factors, namely
lower technical compatibility, greater sensitivity to stor-
age conditions, stricter fuel handling requirements, and,
in the case of the blended option, a weaker overall emis-
sion reduction effect. The proposed approach can be used
as a decision-support tool for railways, railway operators,
and researchers planning a phased transition from fossil
diesel fuel to renewable liquid fuels. In further studies, it
is necessary to focus on verifying the obtained ranking by
taking into account real data on railway fuel consump-
tion, maintenance, fuel quality, pilot operation, and so on.
It is also necessary to assess the sensitivity of the ranking
to changes in the weights of the criteria. These directions
will make it possible to adapt the proposed approach to
specific railway networks and operational scenarios.
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AHOTALIfA. ¥ KOPOTKOCTPOKOBIll Ta CepeJHbOCTPOKOBIl MepcrneKTUBi JekapOoHi3alifa Au3eJbHOI TATH He MOXKe
T'PYHTYBaTHUCs BUKJIIOYHO Ha MOBHIN eJleKTpU(iKarii Ta MBUIKIN 3aMiHi pyXOMOTo CKJafy, 110 3YyMOBJIIOE MTOTPeOy
Y BUKOPUCTaHHI BiTHOBJIIOBAHUX TU3eJIbHIUX MaJIUB. MeTOI0 T0C/TiPKeHHsI Oy/10 po3p0b/eHHsT baraToKpUTepiaTbHOL
nponenypu paHXyBaHHA BiI[HOBJIIOBaHI/IX JAU3eJIbHUX ITaJUB OJIA 3a/IiBHUYHOL I[I/I3C.HLHOT TATH Ta BHU3HAYECHHA
MPiOPUTETHOTO BapiaHTa AJIsA CKOPOYEHHS BUKHUIIB BYIVIEIIO. Y CTArTi OYJIO pO3IIAHYTO YOTHPH albTepHATHBHI
BUJY BiJHOBJ/IIOBAHOTO IM3€JbHOTO ITAJKBa: MOBHICTIO TifpoounineHe pocanHHe nanmuso (HVO), uncre 6ioquseasrHe
MajauBO, CyMill, mo MictuTh 20 % Oiommsesisi Ta 80 % BHUKOMHOTO OU3€JHLHOTO MA/JNBA, a TAKOYK CHUHTETUYHE
napadiHoBe [U3esbHE MTAJIUBO. 3alIPOIIOHOBAHO (hOpMai30BaHy NMPOIeAypy BUOOPY Ha OCHOBI ITOEIHAHHA METOLY
aHasti3y iepapxiii (AHP) Ta MeTony Hab/mKeHHs N0 ineanpHoro pimenasa (TOPSIS). ChopMoOBaHO MaTPHUIIO 3 CEMHU
KpHUTePiiB: eKoJ0TivHa e(PeKTUBHICTh, TEXHIYHA CYyMiCHICTB, eKCIUTyaTariiiHa NprUaaTHICTh, EKOHOMiYHA JOIiTbHICTB,
JOCTYTIHICTh CHPOBUHH, CYMiCHiCTb 3 iH()paCTPYKTYpOIO Ta BiATIOBi fHiCTE HOpMaTUBHUM BUMOTraM. BaroBikoedirieHT
KpuTepiiB Oy/i1 BU3HAYEHi 3a JOTIOMOT0I0 METOy aHaJi3y iepapxiil, mepeBipeHo Y3rom KeHiCTh OI[iHOK, & pAH)KyBaHHST
aJIBTepHaTUB 31ilicHeHo MeTomoM TOPSIS. PesyssraTul JOCTiIKeHHS 3acBiqumin nepeary napadiHOBHUX MaJIUB —
TIOBHICTIO TiIPOOYUINEHOr0 POCANHHOIO IAJIMBa Ta CHHTETUYHOTO TapadiHoBOro qr3e/IbHOTO MAaINBA, AKi MOKYTh
BUKOPHCTOBYBaTUCs 6e3 MofepHi3allil HaABHOTO PyXoMoro ckJjafy. Li Buau nmaimBa mpoaeMoHCTpyBaIl HalKpale
no€AHAaHHA HU3bKUX CYKYITHUX BI/IKI/I,HiB MapHUKOBUX rasis MIPOTATOM MKUTTEBOI'0 HUKJIY I1aJINBa Ta BHCOKOI TEXHIYHOT
cymicHocti. Yncre 6iogu3esbHe MaIuBO Ta cyMimi i3 BMicToM 20 % 6iogu3esiss MOCIIN HUSKYI MO3ULIT Yepe3 MeHIITy
TeXHIYHY Ta eKCILTyaTal[iliHy IPpUIaTHICTh, BUIITY Yy TJINBICTh 10 yMOB 30epiraHHs I TIOBO)KEHHS 3 TATMBOM, a TAKOXK
MEHIII BUpa)KeHU! epeKT CKOpOUYeHHs BUKHIB Y BUMIAAKY cyMiri 3 20 % 6iogu3esisa. 3anporoHOBaHUM ITiAXiT MOXKe
OyTH BUKOPHUCTAHUN 3aTi3HUNYHUMU OIlepaTopaMi, MeHepKepaMU iH(PpacTPyKTypH, TPAaHCIIOPTHUMHY OpPraHaMy Ta
HAYKOBISIMH SIK IHCTPYMEHT HiATPUMKY MIPUUHSTTSA PillleHb III0/I0 IIOETAITHOTO ITePEXOAY BiJl BUKOITHOTO TU3EeJTLHOTO
IajauBa IO BilHOBJ/IIOBAHUX PiIKKUX NAJINUB Y 3a/1i3HUYHOMY CEKTODI

KnioyoBi cnoBa: nexkapOoHi3allisi; TPAaHCHOPTHI TEXHOJIOTIi; BiTHOBJIOBaHI NW3e/bHI MMAajMBa; AW3EJbHA TATA;
6iomuaesTbHe MATMBO; CYMiCHICTD 3 TAJMBOM; eKCILIyaTalliiiHa IpUIaTHICTh
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Abstract. The relevance of the study is determined by
the need to improve the energy efficiency of the multi-
motor traction electric drive of commuter electric trains
by reducing electricity consumption and losses in traction
equipment, power converters, the overhead contact
system and auxiliary systems. The aim of the study was
to determine the most appropriate technical solutions
for improving the energy efficiency of a multi-motor
traction electric drive based on a comprehensive analysis
of the structure of energy losses, types of traction electric
motors, control methods and approaches to optimising
movement modes. The study used a multicriteria analysis
method applying the Harrington desirability function. The
results established that the main reserves for improving
energy efficiency are concentrated in reducing losses
in the traction electric drive, power converters and the
mechanical part of the drive, which account for the largest
share of the total energy losses of an electric train. It was
determined that the asynchronous traction motor is the

most appropriate option for use in a multi-motor traction electric drive, as it provides a rational combination of energy
efficiency, reliability, ease of maintenance and acceptable weight and dimensional characteristics. A comparison of
asynchronous electric drive control methods showed the advantage of vector control, which ensures high accuracy in
regulating electromagnetic torque, stable operation under variable loads and improved energy characteristics of the
drive. Among the methods for optimising the movement modes of electric trains, dynamic programming was identified
as the most promising, as it enables the formation of energy-saving movement trajectories while taking into account
speed limits, track profile and variable operating conditions. The obtained results confirm the feasibility of the integrated
combination of an asynchronous traction motor, vector control and dynamic programming algorithms as a basis for
creating energy-efficient traction electric drive systems for modern rail rolling stock

Keywords: induction traction motor; vector control; dynamic programming; electric train; energy losses; optimisation
of operating modes; multicriteria analysis

Introduction

Rail transport is traditionally regarded as one of the most
energy-efficient modes of mass transportation due to the
low rolling resistance of steel wheels on rails, high car-
rying capacity, and centralised power supply for rolling
stock. However, the rising cost of electrical energy, strict-
er environmental requirements, and the need to reduce
operating costs make further improvement of traction
rolling stock energy efficiency an urgent task. This issue is
particularly important for suburban multiple-unit trains,
which operate over short interstation distances with fre-
quent stops and repeated acceleration-braking cycles.

Under such conditions, a considerable part of the con-
sumed electrical energy is spent not only on useful train
movement, but also on covering losses in traction electric
drives, power converters, catenary systems, and auxiliary
equipment. Therefore, improving the efficiency of mul-
ti-motor traction electric drive systems is of significant
scientific and practical importance.

Atypical operating cycle of an electric train between ad-
jacent stations consists of acceleration, cruising, coasting,
and braking before stopping. The highest electricity con-
sumption is observed during acceleration, when traction
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motors operate under high-current conditions and sig-
nificant electromagnetic loads. During this period, in-
stantaneous power consumption may exceed average
values, leading to increased losses in converters, electric
machines, and the catenary system. Since electricity costs
constitute a significant component of operating expenses,
even a slight reduction in the specific energy consump-
tion of electric trains can provide a substantial economic
effect. In research, improving the energy efficiency of rail
rolling stock is regarded as a multidimensional problem
that includes energy-efficient train operation, reduction
of losses in traction power supply systems, rational use of
braking energy, and optimisation of traction drive perfor-
mance.Y. Rao et al. (2022) considered energy-efficient train
control taking into account traction system efficiency and
concluded that rolling stock energy consumption should
be assessed through train motion and traction equip-
ment efficiency. I. Riabov et al. (2023) considered the en-
ergy efficiency of a multi-motor traction electric drive and
emphasised that energy savings can be achieved through
rational load distribution between traction motors and
adaptation of drive operation to actual traction demand.
A separate group of studies is devoted to traction
motors and traction electric drive structures. S. Paul et
al. (2022) reviewed railway traction motors for distribut-
ed traction systems and showed that induction motors
and permanent magnet synchronous motors are among
the most promising solutions for modern rail vehicles.
Y. Peng et al. (2024) compared energy-efficient train con-
trol based on permanent magnet synchronous motors
and induction motors, confirming that motor type influ-
ences the attainable energy-saving effect. However, these
studies mainly focus either on motor design or on particu-
lar operating conditions, while an integrated multicriteria
comparison of traction motor types for suburban mul-
ti-motor rolling stock remains insufficiently developed.
The choice of the control method for induction
traction drives is also widely discussed in the literature.
S. Goolak et al. (2023) analysed traction drive control sys-
tems of electric locomotives with asynchronous traction
motors and showed that vector control and direct torque
control have different sensitivity to supply voltage and load
disturbances. These results are important for multi-motor
traction systems, where uneven load distribution, supply
asymmetry, and variations in wheel-rail adhesion may re-
duce overall drive efficiency. Therefore, the effectiveness of
a control method should be assessed by its ability to main-
tain stable and energy-efficient operation under variable
traction loads. Another important research direction is the
optimisation of train operating modes and speed trajecto-
ries. D. Kouzoupis et al. (2023) proposed a direct multiple
shooting approach and showed that this method provides
flexibility in problem formulation and sufficient computa-
tional efficiency for complex energy-efficient train control
tasks. Z. Xing et al. (2023) developed an improved brute-
force search approach and concluded that transforming the
problem into the search for optimal turning points can re-
duce the solution space and improve computational speed.
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Thus, individual aspects of rail rolling stock energy
efficiency have been studied in sufficient depth, ranging
from traction motor selection to train driving algorithms.
However, the integrated multicriteria selection of ways
to improve multi-motor traction electric drive efficien-
cy, simultaneously taking into account motor type, con-
trol method, operating conditions, and train operating
mode optimisation, remains insufficiently explored. The
purpose of the study was to substantiate promising ap-
proaches to improving multi-motor traction electric drive
energy efficiency through comparison of traction motor
types, induction drive control methods, and electric train
operating mode optimisation approaches.

Materials and Methods

The study was conducted as a comparative analytical in-
vestigation based on the systematisation of scientific pub-
lications, technical characteristics of traction equipment,
and expert evaluation of alternatives. The factual mate-
rial consisted of twenty peer-reviewed scientific sources
devoted to traction motors, induction-drive control, en-
ergy-efficient train operation, and railway trajectory op-
timisation. The publications were selected because they
directly addressed distributed or multi-motor traction,
induction and permanent-magnet machines, vector and
direct torque control, dynamic programming, model pre-
dictive control, genetic algorithms, and optimal-control
methods. The main sources used for the comparison of
traction-machine types were the works by S. Nategh et
al. (2020), 1. Riabov er al. (2023), and H.J. Kaleybar et
al. (2023). The comparison of induction-drive control
methods was based mainly on B. Liubarskyi et al. (2017),
A. Fathy Abouzeid et al. (2020), and S. Goolak et al. (2023).
The analysis of train-motion optimisation methods re-
lied on Y. Rao et al. (2022), D. Kouzoupis et al. (2023),
Z.Zhang et al. (2023).

The research sequence consisted of four stages. At
the first stage, the structure of energy losses in a subur-
ban electric train was generalised from the literature and
from the typical energy chain of an electric train: catenary
system — power converter — traction machine — gearbox —
wheelset — wheel-rail contact. At the second stage, the
main alternatives for the traction machine were selected:
DC motor, induction motor, permanent magnet synchro-
nous motor, and switched reluctance motor. At the third
stage, three control methods for induction drives were
compared: scalar control, vector control, and direct torque
control. At the fourth stage, four approaches to train-mo-
tion optimisation were compared: model predictive con-
trol, Pontryagin’s maximum principle, genetic algorithms,
and dynamic programming.

A multicriteria evaluation was used because the alter-
natives differed by parameters that could not be reduced
to a single physical dimension. For each group of alterna-
tives, five criteria were selected. For traction motors, the
criteria were efficiency factor, control-system complexity,
reliability, weight-and-size characteristics, and operat-
ing costs. For induction-drive control, the criteria were
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energy efficiency, torque control accuracy, control-system
response speed, implementation complexity, and opera-
tional stability. For train-motion optimisation, the criteria
were optimisation accuracy, computational complexity,
real-time implementation, solution stability, and versatil-
ity. For the criteria related to cost and complexity, a high-
er desirability value corresponded to a more favourable
state, that is, lower cost or lower complexity.

The numerical values in the tables were obtained
through expert scoring and subsequent normalisation.
The expert group included seven specialists: four aca-
demic researchers in electric traction and electric drives
and three engineers with experience in operation or
maintenance of electric rolling stock. The research in-
volving respondents was conducted on a voluntary basis.
All participants were informed about the purpose of the
study, the nature of their participation, and the intended
use of the obtained results. Written informed consent was
obtained from all respondents, including consent to pub-
lish the generalised research results. The confidentiality
and anonymity of the participants were ensured, and no
personal data allowing the identification of respondents
were disclosed. Participation in the study did not involve
any form of discrimination, coercion, pressure, or une-
qual treatment. The ethical principles of the study were
consistent with the Code of Ethics of the American So-
ciological Association (2018), the ICC/ESOMAR Interna-
tional Code on Market, Opinion and Social Research and
Data Analytics (2025).

Each expert evaluated every alternative on a 10-point
scale for each criterion. The individual scores were aver-
aged, after which the averaged values were transformed
into partial desirability indices on the Harrington scale.
The interpretation of the desirability index was as follows:
values from 0.80 to 1.00 corresponded to a very good level,
0.63 to 0.80 to a good level, 0.37 to 0.63 to a satisfactory
level, 0.20 to 0.37 to a low level, and values below 0.20 to
an unacceptable level. This procedure made it possible to
convert heterogeneous technical judgments into compa-
rable dimensionless indicators. The generalised Harring-
ton desirability function was used to obtain an integral
indicator for each alternative. The partial desirability for
the i-th criterion was defined as:

d; = exp[—exp(=y,)], (€]

where y,is a normalised coded value of the corresponding
criterion. When an expert-score scale was used, the coded
value was formed from the averaged expert score after ac-
counting for whether the criterion was beneficial or cost-
type. The generalised desirability index was calculated as:

Djznﬂldljdzjdnj, (2)

where 7 is the number of criteria. The geometric form of
the aggregation was chosen because it penalised alterna-
tives with one very weak criterion and therefore better re-
flected the requirements of traction systems, where high
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efficiency cannot compensate for insufficient reliability or
excessive implementation complexity.

Results

A typical operating cycle of an electric train between two
adjacent stations consists of acceleration, cruising at
constant speed, coasting, and braking before stopping.
The highest electricity consumption is observed dur-
ing acceleration, when traction motors operate under
high-current conditions and significant electromagnetic
loads (Haahr et al., 2017). During this period, instantane-
ous power consumption may considerably exceed aver-
age values, leading to increased losses in power convert-
ers, electric machines, and the catenary system (Feng et
al., 2013; Rao et al., 2022). Electricity costs constitute
one of the most significant components in the structure
of operating expenses of multiple-unit rolling stock. Ac-
cording to estimates by railway operating services, their
share may reach 25-35% of total passenger transporta-
tion costs. Under such conditions, even a slight reduc-
tion in the specific energy consumption of electric trains
can provide a substantial economic effect on the scale
of the entire transport system (Liu & Golovitcher, 2003;
Gonzélez-Gil et al., 2014). Analysis of the energy perfor-
mance of suburban electric train operation shows that
the pattern of electricity consumption has a pronounced
cyclical structure. Each operating cycle between adjacent
stops includes a period of intensive acceleration, a phase
of motion at limited or steady speed, and a braking stage.
Within this cycle, the electrical energy supplied from the
catenary system is used both to produce the useful me-
chanical work required for train movement and to cover
losses in various elements of the energy chain. During
acceleration, traction motors operate under high-cur-
rent conditions, which is accompanied by increased
electrical losses in their windings as well as increased
switching losses in power converters. In addition, high
traction currents cause extra losses in the catenary sys-
tem and in the power cables of the electric train. As a
result, the actual efficiency of the entire electric traction
system is significantly lower than the efficiency of its in-
dividual components.

For assessing the energy efficiency of an electric train,
the analysis of the structure of energy losses during trac-
tion operation is of particular importance. Energy losses
in an electric train are formed in several major subsys-
tems. A significant share of these losses arises in the trac-
tion electric drive, which includes traction motors, power
converters, and elements of the electrical circuits. Anoth-
er part is associated with mechanical losses in gearboxes,
bearing assemblies, and the wheel-rail contact. Additional
losses occur in the catenary system and current collection
equipment, as well as in the auxiliary systems of the elec-
tric train. A generalised distribution of the energy losses of
an electric train is shown in Figure 1. The presented values
are average values for modern DC electric trains and may
vary depending on the type of traction equipment, oper-
ating conditions, and track profile.
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Figure 1. Approximate distribution of energy losses
in an electric train
developed by the authors

A conventional distribution of energy losses may be
represented by the following shares. Approximately one
third of the total losses is attributed to the traction elec-
tric drive, where electrical and magnetic losses occur in
the motors and power converters. A significant portion
of the losses is also formed in the mechanical part of the
system, including losses in gearboxes, bearings, and the
wheel-rail contact. Some of the energy is dissipated in
the catenary system due to voltage drops and conductor
heating. A separate group consists of losses in the auxiliary
systems of the electric train, including ventilation units,
compressors, heating systems, and lighting. The analysis
of the loss structure shows that the greatest reserve for im-
proving the energy efficiency of electric trains is associat-
ed with the enhancement of the traction electric drive and
the optimisation of its operating modes. It is precisely in
this subsystem that the most intensive energy processes
occur, determining the level of electricity consumption
during train acceleration and motion. For this reason,
improving the energy efficiency of electric trains requires
an integrated approach involving simultaneous enhance-
ment of the traction electric drive design, optimisation
of its control algorithms, and rational formation of train
operating modes. Such an approach makes it possible
to consider the electric train as a unified energy system
in which electrical and mechanical processes are closely
interconnected (Rao et al, 2022). Structurally, an electric
train consists of motor cars and trailer cars. The motor
cars are equipped with traction motors, power convert-
ers, and auxiliary electrical equipment, whereas the trailer
cars primarily perform a transport function. Such a con-
figuration ensures a rational distribution of train mass and
makes it possible to provide sufficient adhesion between
the wheels and the rails (Paul et al., 2022).

The energy process in an electric train can be repre-
sented as a sequence of conversions of electrical energy
from the catenary system into the mechanical energy of
wheelset rotation. In general, this sequence includes sev-
eral main stages. Electrical energy is supplied through the
current collector to the power converters, where it is con-
verted into the parameters required to supply the traction
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motors. Then, in the motors, electromagnetic energy is
converted into mechanical energy, which is transmitted
through the gearbox to the wheelsets, generating the trac-
tion force required to move the train (Nategh et al., 2020).
An important feature of electric trains is the presence of
a multi-motor traction drive structure. Each motor bogie
may have one or two traction motors operating in parallel
and producing the total traction torque. This arrangement
makes it possible to ensure a more uniform distribution
of traction effort among the train axles and improves the
utilisation of adhesive weight. At the same time, the mul-
ti-motor drive structure complicates the control system
and increases the requirements for synchronisation of
the individual traction motors. Uneven load distribution
among the motors may lead to increased energy losses and
a reduction in the overall efficiency of the system. Under
actual operating conditions, the power levels of individual
drives may differ due to variations in axle load, wheel-rail
contact conditions, and control system parameters. This
leads to additional energy losses associated with the un-
even distribution of traction torque (Goolak et al., 2023).
An increase in the efficiency of traction motors makes it
possible to directly reduce electricity consumption during
train operation. In modern induction traction motors, this
efficiency can exceed 0.9 over a wide load range, which
makes them attractive for application in multiple-unit
rolling stock (Peng et al., 2024). At the same time, the se-
lection of the optimal type of traction motor cannot be
based on a single parameter alone. For an objective com-
parison, it is necessary to take into account a whole set
of criteria, among which energy efficiency, weight and di-
mensional characteristics, reliability, control system com-
plexity, and operating costs are of primary importance.
Given the heterogeneity of these indicators, it is advisable
to use multicriteria evaluation methods that make it pos-
sible to integrate different technical characteristics into a
single generalised criterion. One of the most widely used
approaches for solving such problems is the Harrington
desirability function method (Harrington, 1965). Since
different types of traction motors are characterised by a
combination of technical and operational indicators, the
selection of the most appropriate option for use in the
electric traction system of an electric train should be car-
ried out using multicriteria analysis methods.

One effective approach to solving such problems is
the use of the generalised Harrington desirability func-
tion, which makes it possible to transform heterogeneous
technical characteristics into dimensionless indicators
and combine them into a single integral criterion. The
desirability function method is based on transforming
each technical parameter into a partial desirability in-
dex ranging from zero to one. Values close to zero corre-
spond to unsatisfactory characteristics, whereas values
close to one indicate a high level of technical excellence
of the respective parameter. For each type of traction mo-
tor, the corresponding values of the partial desirability
functions are determined. After that, based on the given
relationship, a generalised indicator is calculated that
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characterises the overall efficiency of using a particular
type of motor in the electric traction system. Several main
types of traction electric motors are used in modern elec-
tric traction systems. Each of these motor types has its
own technical and operational characteristics, which ne-
cessitates their comprehensive comparison. The choice
of these motor types and comparison criteria is consist-
ent with the works by S. Paul ez al. (2022), who empha-
sised the prospects of induction and permanent magnet
synchronous motors for distributed traction systems,
and S. Nategh et al. (2020), who identified efficiency, re-
liability, thermal loading, mass-dimensional parameters,
and manufacturability as important factors in traction
motor design. DC motors remained the principal type
of traction motor for electric trains for a long time. Their
widespread use was due to the relative simplicity of speed
control and the ability to develop a high starting torque.
At the same time, the presence of a commutator-brush
assembly results in increased operating costs associated
with maintenance and brush replacement. In addition,
electrical losses in the commutator assembly reduce the
efficiency of such machines.

Induction traction motors became widely used with
the development of power semiconductor technology.
They are characterised by a simple design, the absence of
a commutator-brush assembly, and high operational reli-
ability. The squirrel-cage rotor of an induction motor does
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not require special maintenance, which reduces operating
costs. Furthermore, modern control systems make it pos-
sible to provide effective control of the speed and torque
of such motors. I. Riabov et al. (2023) showed that the
energy efficiency of a multi-motor traction electric drive
depends on rational load distribution between traction
motors, which confirms the importance of considering in-
duction motors in such systems. Permanent magnet syn-
chronous motors are distinguished by high efficiency and
high specific power. The use of permanent magnets makes
it possible to reduce excitation losses and improve the
energy efficiency of the motor. However, such machines
are characterised by a more complex design and the high
cost of magnetic materials, which limits their widespread
application in multiple-unit rolling stock. Switched reluc-
tance motors attract the attention of researchers due to
their simple rotor design and high reliability. The absence
of rotor windings provides increased mechanical strength
and overload resistance. At the same time, the complexity
of the control system and the increased torque ripple are
factors that limit the use of such machines in the traction
drives of electric trains. H.J. Kaleybar et al. (2023) con-
firmed the relevance of multicriteria and optimisation
approaches for rail vehicle systems, which supports the
use of comparative evaluation when selecting traction
equipment. The initial values of the desirability indices for
different types of traction motors are presented in Table 1.

Values of partial desirability indices for different types of traction motors

Criterion DC motor Induction motor :yt::llmragzzfl?;il:z: relu::;il:f:lt:fgo 1or
Efficiency factor 0.90 0.95 0.96 0.94
Control system complexity 0.80 0.63 0.63 0.37
Reliability 0.37 0.80 0.80 0.80
Weight and dimensional characteristics 0.37 0.80 0.90 0.85
Operating costs 0.37 0.80 0.70 0.80

developed by the authors

These values were obtained on the basis of expert
evaluation and subsequent normalisation of the criteria
according to the Harrington desirability scale. The par-
tial desirability indices were determined using formula 1,
while the generalised assessment of each motor type was
performed using formula 2. The data presented in Table 1
show that the permanent magnet synchronous motor has
the highest values for efficiency factor and weight-and-di-
mensional characteristics. However, its operating costs
are lower in desirability than those of the induction mo-
tor and switched reluctance motor. The induction motor
demonstrates the most balanced combination of efficien-
cy, reliability, weight-and-dimensional characteristics,
and operating costs. DC motors are characterised by rel-
atively favourable control simplicity, but their reliability,
weight-and-dimensional characteristics, and operating
costs have lower desirability values. Switched reluctance
motors show acceptable reliability and operating costs,
but their practical application is limited by the complex-
ity of the control system. Therefore, taking into account
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the partial desirability indices calculated by formula 1 and
their generalised aggregation according to formula 2, the
induction motor can be considered the most rational op-
tion for use in a multi-motor traction electric drive of an
electric train. For a more illustrative comparison of the
technical characteristics of different motor types, the eval-
uation results should be presented in the form of a radar
chart (Fig. 2), which makes it possible to graphically rep-
resent the relationship among the individual evaluation
criteria. The chart presents the values of the partial desira-
bility indices according to the following criteria: efficiency,
control system complexity, reliability, weight and dimen-
sional characteristics, and operating costs. Each motor
type is represented by a separate curve, which makes it
possible to visually assess the relationship among the dif-
ferent technical parameters. Thus, the results of the mul-
ticriteria analysis show that the most appropriate option
for application in the traction electric drive system of elec-
tric trains is the induction traction motor. It is this type of
electric machine that provides the optimal combination
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of energy efficiency, reliability, and operational suitability.
Determining the feasibility of using an induction traction
motor in the electric traction system of an electric train
necessitates a detailed analysis of possible control meth-
ods for such a drive. The efficiency of an induction electric
drive largely depends on the control algorithms that en-
sure the formation of the required electromagnetic torque
and motor speed operating modes. Unlike DC motors,
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in which speed control is achieved by varying the supply
voltage or field current, induction motors require more
sophisticated control systems. Similarly, to the previous
analysis of traction motor types, the Harrington desirabil-
ity function method is used to compare control systems.
This approach makes it possible to take into account sev-
eral technical characteristics of control systems and com-
bine them into a single integral indicator.
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Radar chart of desirability indices for different types of traction motors

developed by the authors

The evaluation criteria for induction drive control
systems include energy efficiency, electromagnetic torque
control accuracy, control system response speed, imple-
mentation complexity, and operational stability under dif-
ferent load conditions. The choice of these criteria is de-
termined by their direct influence on the operational and
energy performance of the electric train. Scalar control is
based on maintaining a specified relationship between the
supply voltage and frequency of the electric motor. This
approach is relatively simple to implement and does not
require complex computational algorithms. At the same
time, the torque control accuracy of scalar systems is lim-
ited, which reduces their effectiveness in traction electric
drives, where precise control of traction effort is of great
importance. Vector control of an induction electric drive is
based on the independent regulation of the stator current

components responsible for generating the magnetic flux
and the electromagnetic torque. This approach makes it
possible to achieve control characteristics similar to those
of a DC motor, thereby ensuring high torque and speed
control accuracy. The direct torque control method in-
volves the direct regulation of the electromagnetic torque
and magnetic flux of the motor based on the analysis of
instantaneous values of currents and voltages. This meth-
od is characterised by high dynamic response and makes
it possible to react quickly to load changes. At the same
time, its implementation requires the use of high-speed
computing devices and sophisticated signal processing
algorithms. For each of the considered control methods,
the corresponding values of the partial desirability indices
are determined. The normalised values of the criteria for
the three main control methods are presented in Table 2.

Values of partial desirability indices for different control systems of an induction electric drive

Criterion Scalar control Vector control Direct torque control
Energy efficiency 0.63 0.90 0.85
Torque control accuracy 0.50 0.90 0.85
Control system response speed 0.50 0.85 0.90
Implementation complexity 0.90 0.63 0.63
Operational stability 0.63 0.90 0.85

developed by the authors

The values were obtained by averaging expert scores
and converting them into partial desirability indices using
formula 1. The overall comparison of the considered control
methods was carried out using the generalised Harrington
desirability function according to formula 2. The results

presented in Table 2 indicate that vector control provides the
most favourable combination of energy efficiency, torque
control accuracy, control system response speed, and op-
erational stability. Direct torque control is characterised by
a high response speed and good energy performance, but
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its implementation complexity reduces its overall desirabil-
ity. Scalar control has the highest desirability value for im-
plementation complexity because of its relative simplicity,
but it is inferior to vector control and direct torque control
in terms of energy efficiency, torque control accuracy, and
dynamic response. Thus, based on the partial desirability
indices calculated by formula 1 and their generalised eval-
uation according to formula 2, vector control is the most

Operational
stability

Implementation
complexity
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appropriate method for induction traction drives operating
under variable load conditions typical of suburban electric
trains. Figure 3 shows the values of the partial desirability
indices for each control method, which makes it possible
to visually assess their advantages and disadvantages. The
analysis of the graphical representation confirms that vec-
tor control provides the most optimal combination of en-
ergy efficiency, control accuracy, and operational stability.

Energy efficiency

Torque control
accuracy

Scalar control
==@==YVector control
Direct torque control

System response
speed

Figure 3. Radar chart of desirability indices for induction electric drive control systems

Source: developed by the authors

Various mathematical approaches may be used to
optimize the operating modes of electric trains. Each of
them has its own advantages and limitations, which be-
come apparent depending on the operating conditions,
the required calculation accuracy, and the feasibility of
implementation in real-time control systems. Therefore,
it is advisable to carry out a comprehensive evaluation
of different train motion optimisation methods using
a multicriteria approach. To perform such an analysis,
the Harrington desirability function is used, making it
possible to integrate heterogeneous characteristics of

optimisation methods into a single generalised indica-
tor. As in the previous cases, each evaluation criterion
is transformed into a partial desirability index ranging
from zero to one. The higher the value of the index, the
more desirable the corresponding characteristic of the
method. The following train motion optimisation meth-
ods are considered in the evaluation process: dynamic
programming, Pontryagin's maximum principle, genetic
algorithms, and model predictive control. The normal-
ised values of the criteria for train motion optimisation
methods are presented in Table 3.

Table 3. Values of partial desirability indices for train motion optimisation methods

Optimisation accuracy 0.90 0.85 0.80 0.90
Computational complexity 0.37 0.63 0.63 0.63
Real-time implementation 0.37 0.50 0.63 0.75

Solution stability 0.80 0.80 0.63 0.90
Versatility 0.63 0.63 0.90 0.85

Source: developed by the authors

These values were formed on the basis of expert eval-
uation of the methods according to optimisation accura-
cy, computational complexity, real-time implementation,
solution stability, and versatility. The averaged expert
scores were transformed into partial desirability indices
using formula 1, and the integral comparison of the op-
timisation methods was performed using the generalised
desirability index calculated by formula 2. The data in Ta-
ble 3 show that model predictive control has a high value
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for optimisation accuracy, but its practical use is limited
by high computational complexity and difficulties in re-
al-time implementation. Pontryagin’s maximum principle
demonstrates satisfactory values for most criteria, but its
versatility and real-time implementation are lower than
those of heuristic and dynamic programming approaches.
For a more illustrative comparison of the different optimi-
sation methods, the evaluation results should be present-
ed in the form of a radar chart (Fig. 4).
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The chart shows the values of the partial desirabili-
ty indices for each optimisation method, which makes it
possible to graphically assess their advantages and limi-
tations. Thus, the conducted analysis indicates the expe-
diency of using dynamic programming methods for the
formation of energy-efficient operating modes of electric
trains. The application of this approach makes it possi-
ble to take into account changes in operating conditions
in real time and to generate optimal control actions for
the traction electric drive. The results of the performed
analysis of the traction electric drive of an electric train,
control methods for induction motors, and optimisation
algorithms for train operating modes make it possible to
formulate general principles for constructing a control
system that ensures improved energy efficiency of roll-
ing stock. Such a system should combine the functions of
traction electric drive control, optimisation of train oper-
ating modes, and interaction with the railway power sup-
ply system. The general operating principle of the control
system may be described as a sequence of interactions
among several functional modules. First, the motion pa-
rameters and electrical quantities are measured. The ob-
tained information is then transmitted to a data process-
ing unit, where the current state of the system is assessed.
After that, the optimisation unit determines the optimal
control actions, which are transmitted to the traction elec-
tric drive control system. The implementation of such a
control system structure makes it possible to adapt the
operating modes of the traction electric drive to changing
train operating conditions. As a result, more efficient use
of electrical energy is achieved, and losses in the electric
traction system are reduced.

Discussion
In contemporary research, improving the energy efficien-
cy of rail rolling stock is regarded as a multidimensional
problem that includes energy-efficient train operation,
reduction of losses in traction power supply systems, ra-
tional use of regenerative braking energy, and optimisa-
tion of traction drive performance. X. Feng et al. (2013)

systematised the main directions of traction energy sav-
ingin rail transport and showed that energy consumption
depends not only on rolling stock parameters, but also
on driving strategy, timetable constraints, traction and
braking modes, and infrastructure conditions. V.I. Shyn-
karenko et al. (2016) focused on the modelling of recov-
ery energy distribution zones in DC traction systems and
demonstrated the importance of assessing the conditions
under which regenerated energy can be reused within the
traction power network. Y. Rao et al. (2022) further devel-
oped this research direction by considering the efficiency
of the traction system itself in energy-efficient train con-
trol. These studies confirm that the energy performance
of rail rolling stock should be evaluated as the result of
interaction between the vehicle, traction drive, power
supply system, and operating conditions.

A separate group of studies is devoted to the design
of traction motors and the structure of multi-motor trac-
tion electric drives. I. Riabov et al. (2023) considered the
problem of increasing the energy efficiency of a multi-mo-
tor traction electric drive and emphasised that energy
savings can be achieved through rational distribution of
load between traction motors and adaptation of the drive
operating mode to actual traction demand. S. Nategh et
al. (2020) analysed the main aspects of traction motor de-
sign for railway applications, including efficiency, thermal
loading, reliability, mass and dimensional parameters, and
manufacturability. S. Paul et al. (2022) reviewed the state
of railway traction motors for distributed traction systems
and showed that induction motors and permanent magnet
synchronous motors are among the most promising solu-
tions for modern rail vehicles. Y. Peng et al. (2024) com-
pared energy-efficient train control based on permanent
magnet synchronous motors and induction motors, con-
firming that the choice of motor type has a direct influence
on the attainable energy-saving effect. However, these
studies mainly focus either on motor design or on particu-
lar operating conditions, while an integrated multicriteria
comparison of traction motor types for suburban mul-
ti-motor rolling stock remains insufficiently developed.
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The choice of the control method for induction
traction drives is also widely discussed in the literature.
A. Fathy Abouzeid et al. (2020) analysed control strategies
for induction motors in railway traction applications and
showed that vector control and direct torque control pro-
vide better dynamic and energy performance than sca-
lar control, although they require more complex control
algorithms and higher computational resources. B. Li-
ubarskyi et al. (2017) studied optimal operating modes of
induction traction drives and substantiated the need to
coordinate motor operating conditions with the control
algorithm of the semiconductor converter. These results
are especially important for multi-motor traction systems,
where uneven load distribution, supply asymmetry, and
variations in wheel-rail adhesion may reduce the overall
efficiency of the drive. Therefore, the effectiveness of a
control method should be assessed not only by its theoret-
ical accuracy, but also by its ability to maintain stable and
energy-efficient operation under variable traction loads.

Another important research direction is the optimi-
sation of train operating modes and speed trajectories.
]J.T. Haahr et al. (2017) proposed a dynamic programming
approach for optimising train speed profiles under speed
restrictions and passage point constraints, which is di-
rectly relevant to railway sections with complex operating
limitations. P Wang & R.M.P. Goverde (2019) extended this
problem to multi-train trajectory optimisation for ener-
gy-efficient timetabling, showing that energy consump-
tion should be minimised while taking into account the
interaction between trains. D. He et al. (2021) applied an
improved differential evolution algorithm and a mul-
ti-particle train model to energy-efficient trajectory opti-
misation, while Z. Xing et al. (2023) proposed an improved
brute-force search approach for energy-saving train oper-
ation. These studies indicate that different optimisation
methods can provide significant energy savings, but their
practical applicability depends on computational com-
plexity, stability of the obtained solution, and the possibil-
ity of real-time implementation.

Studies increasingly focus on real-time and onboard
optimisation methods. D. Kouzoupis et al. (2023) pro-
posed a direct multiple shooting approach aimed at im-
proving the computational efficiency of train trajectory
optimisation. A. Liebhold et al. (2023) considered on-
board train speed optimisation using the prediction of
block clearing times under real-time rescheduling condi-
tions. A. Yildiz et al. (2023) analysed traction energy opti-
misation with regard to passenger comfort, which is par-
ticularly important for urban and suburban rail systems
with frequent stops. D. Wang et al. (2024) investigated
the use of deep reinforcement learning for energy-saving
operation in urban rail transit. At the same time, H.J. Ka-
leybar et al. (2023) showed that genetic algorithms and
their variants are widely used in rail vehicle optimisation
problems, mainly as heuristic tools for complex mul-
ti-parameter tasks. Thus, the available studies confirm
the effectiveness of modern optimisation methods, but
they do not fully solve the problem of jointly selecting

Transport Systems and Technologies. 2026. Vol. 29, No. 1

> JAN
@

the traction motor type, induction drive control method,
and train motion optimisation algorithm within a single
multicriteria framework.

The results of the study were generally consistent
with the conclusions of previous investigations, but they
also extended them by integrating three decision levels
into one multicriteria framework. 1. Riabov et al. (2023)
demonstrated that the energy efficiency of a multi-motor
traction drive could be improved by rationally discon-
necting or loading traction motors in accordance with the
operating mode. The present study reached a comparable
conclusion in a broader form: the highest energy effect
should be expected not only from the drive topology itself,
but also from the coordinated selection of machine type,
control method, and trajectory optimisation algorithm.
The conclusion regarding the preference for the induction
machine partially coincided with the findings of S. Na-
tegh et al. (2020) and S. Paul et al. (2022). These authors
emphasised that permanent magnet synchronous ma-
chines offer very high efficiency and high specific power,
whereas induction machines remain attractive because of
their robustness, simpler rotor design, and lower main-
tenance sensitivity. In the present study, the permanent
magnet synchronous machine also received the highest
partial score for efficiency and compactness. However,
after the inclusion of reliability and operating-cost crite-
ria, the induction machine obtained a slightly more ra-
tional position for suburban rolling stock. This difference
showed the importance of multicriteria evaluation: the
most efficient component by one criterion is not neces-
sarily the most appropriate component for a fleet with in-
tensive operation and high maintainability requirements.

The obtained preference for vector control was sup-
ported by the results of A. Fathy Abouzeid et al. (2020), who
showed that advanced induction-motor control strategies
were required in railway traction because the drive often
operated at low switching frequencies and in nonlinear in-
verter modes. S. Goolak et al. (2023) also showed that the
control system of asynchronous traction motors should
be assessed under disturbances and asymmetrical supply
conditions. The present study agreed with these conclu-
sions and indicated that vector control provided the best
compromise between energy efficiency, torque-control
accuracy, and operational stability. Direct torque control
remained competitive because of its high response speed,
but the multicriteria score reflected the need to limit rip-
ple and ensure predictable operation in a multi-motor
system. The results concerning train-motion optimisation
corresponded with the findings of Y. Rao et al. (2022), who
proved that traction-system efficiency had to be included
in train-control models. M. Nold & E Corman (2024) sim-
ilarly demonstrated that more realistic modelling of en-
ergy losses could change the optimal control strategy. In
the present study, this idea was reflected in the use of loss
distribution and drive-specific criteria before selecting
the optimisation method. Y. Peng et al. (2024) emphasised
that braking characteristics and reduced-power operation
should be included in the control model; this supported
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the conclusion that a universal energy-saving algorithm
must account for actual vehicle limitations rather than
only the theoretical speed profile.

The choice of dynamic programming as the most
promising basic method should be interpreted with re-
gard to alternative modern approaches. D. Kouzoupis et
al. (2023) showed that direct multiple shooting could pro-
vide high computational efficiency for some trajectory op-
timisation problems. Z. Zhang et al. (2023) and D. Wang et
al. (2024) demonstrated the advantages of model predic-
tive control for online and cooperative train operation.
J. Liu et al. (2025) showed that deep reinforcement learn-
ing could reduce dependence on an exact mathematical
model. These methods are promising, but they require
either higher computational resources, extensive opera-
tional data, or more complex validation procedures. Dy-
namic programming was therefore evaluated as the most
balanced method for the considered task because it pro-
vided stable solutions, transparent interpretation, and
compatibility with discretised representations of speed,
position, and operating constraints.

The main limitation of the study was that the quanti-
tative values of the desirability indices were based on ex-
pertscoring and generalised data from the literature rather
than on direct experimental measurements from a specif-
ic electric-train type. Therefore, the obtained integral indi-
cators should be regarded as a substantiated comparative
assessment rather than as universal numerical constants.
Thus, the obtained results summarise the approach to
improving the energy efficiency of a multi-motor traction
electric drive as an interconnected system of decisions, in
which the choice of motor type, converter control algo-
rithm and speed trajectory optimisation method should
be made not separately, but comprehensively. For com-
muter electric trains, this approach is particularly im-
portant, since frequent acceleration and braking cycles
require coordination between traction drive control and
the optimisation of operating modes as a key condition for
reducing energy consumption.

Conclusions
The conducted study confirmed that improving the energy
efficiency of the multi-motor traction electric drive of rail
rolling stock should be considered as a comprehensive task
associated not only with the improvement of individual
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AHOTAULIA. AKTyaJbHICTh JOCHiJPKEHHS 3yMOBJIeHA HeOOXiAHICTIO MigBUINEHHS eHeproedeKTUBHOCTI
6araToJBUTyHKOBOTO TATOBOTO €JIEKTPOIPHUBOAY IPHUMICBKUX €JIEKTPOIOI3MiB IIJIAXOM 3HIDKEHHS BUTpaT
eJIEKTPOEHEPTii Ta BTpAT y TArOBOMY 00J/IaJHAHHI, CHJIOBUX IIEPETBOPIOBAYAX, KOHTAKTHIA Mepeyki W JOMOMIsKHHUX
cucremax. Merolo poboTtu OyJI0 BHU3HAYeHHSA HAUOIMBII MOIIMBHUX TEXHIYHUX PillleHb MIOAO IMiJBHUIEHHS
eHeproedeKTUBHOCTI 6araTOIBUTYHKOBOI'O TATOBOTO €JIEKTPOIIPUBOY Ha OCHOBI KOMIIJIEKCHOTO aHAJIi3y CTPYKTYPH
eHepreTHYHUX BTPAT, TUIIIB TATOBUX eJIEKTPOABUTYHIB, METOMIIB KePYBAHHSA Ta CIIOCOOIB ONTUMI3aIlil PEeKUMIB PyXy.
Y po6oTi BUKOprUCcTaHO MeTof 6araToKpUTEPiaJbLHOTO aHai3y i3 3acTocyBaHHAM (PyHKIII OaykaHOCTi XapiHrTOHA.
Y pesysbrati JOCTiIKEeHHSI BCTAHOBJIEHO, IO OCHOBHI pe3epBU MiABUINEHHsI eHeproeeKTUBHOCTI 30cepeskeHi
y 3MeHIIIeHHi BTpaT y TATOBOMY eJIEKTPOIIPMBO/I, CHJIOBUX IlepeTBOpIOBavax i MexaHiuHiM YacTWHI mpUBOAa, AKi
¢ opMyI0TH HAHOIIBIITY YaCTKY 3araIbHIX EHEPTEeTHYHUX BTPAT eJIEKTPON0i3/1a. Bu3HaueHo, 1110 Halb b1 TOIIJIbHUM
JJI BUKOPUCTAHHA Y CKJIQAi 06araToABUIYHKOBOIO TATOBOTO €JIEKTPOIPUBOIY € aCHHXPOHHHUH TATOBUH IBUIYH,
OCKIJIbKM BiH 3abe3nedye parioHajgbHe TOEAHAHHA eHeproedeKTUBHOCTI, HaAilfHOCTi, IPOCTOTH eKCILTyaTaliifHOTo
00CJIyTOBYBaHHS Ta IPUNHHATHUX MacorabapuUTHUX IOKa3HUKIB. IIOpiBHAHHA MeTOMiB KepyBaHHS aCHHXPOHHHUM
eJIEKTPOIIPUBOJOM ITOKa3asIo IlepeBary BEKTOPHOIO KepyBaHHHA, sike 3abe3ledye BHUCOKY TOYHICTH peryJlOBaHHSA
€JIEKTPOMArHiTHOTO MOMEHTY, CTiMKiCTh pOOOTH 3a 3MiHHUX HaBaHTA)KEHb 1 IIOKpAIIEeHHS eHepPreTUYHUX
XapakTepUCTUK npusona. Cepen MeTOiB ONTHMI3allil pesKUMIB pyXy eJIEeKTPOIOI3IiB HAHOI/IbII EepCIeKTUBHUM
BU3HAYEHO AMHAMiYHe MPOrpaMyBaHHs, MIO 1a€ 3MOTY (DOPMYBaTH €HEeProomaaHi TPaeKTOPil pyXy 3 ypaxyBaHHSIM
obMeskeHb MIBUAKOCTI, IMpodimio KoJjil Ta 3MiHHHX YMOB eKcInryararil. OTprMaHi pe3yJbTaTd HiATBEPIKYIOTh
JOLIJIBHICTE KOMIIJIEKCHOIO IIOEAHAHHS aCUHXPOHHOTI'O TArOBOI'O IBUTYHA, BEKTOPHOIO KEePYBaHHSA Ta aJITOPUTMIB
JUHAMIYHOTO MPOrpaMyBaHHA SIK OCHOBH JJIsI CTBOPEHHS eHeproeeKTUBHUX CUCTEM TATOBOTO €JIEKTPOIIPUBOLY
Cy4acHOTO PeHKOBOI'0 PyXOMOTO CKJIay

KniouoBi cnoBQ: acHHXPOHHUI TATOBUI JBUTYH; BEKTOPHE KepyBaHHS; JUHAMiuHe IIPOrpaMyBaHH:d; eJIeKTPOIOI3;
eHepreTUYHi BTpaTH; ONTUMi3allid pesKuMiB pyxy; 6araTokpuTepiaJbHUN aHaTi3
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Abstract. The current transformation of international
transport corridors, the blocking of sea routes and the
redirection of Ukraine’s logistics flows necessitate the
development of efficient multimodal transport systems
and integration into the European logistics space. The
aim of article was to study the current trends in the
development of Ukraine’s transport system, analyse
the functioning of multimodal logistics schemes, and
identify the prospects for their modernisation in the
context of European integration and military challenges.
This study involved the use of methods such as system
analysis, comparative analysis, statistical evaluation, and
the synthesis of scientific sources, analytical reports, and statistical data from international organisations. It has been
established that after 2022, Ukraine’s transport system underwent a significant transformation linked to changes in the
main directions of freight flows and the formation of new multimodal routes through European Union countries. The
experience of European countries in optimising the interaction of different modes of transport and stimulating the
environmentally safe railway segment has been examined. The analysis revealed the growing importance of dry ports,
border logistics hubs and the Danube transport cluster in maintaining the continuity of international supply chains.
It has been established that the integration of multimodal schemes with digital logistics management technologies,
freight flow monitoring systems and route optimisation tools helps to enhance the resilience of the transport system,
reduce logistics costs and minimise risks. It has also been shown that the development of multimodal infrastructure and
the harmonisation of Ukraine’s transport system with TEN-T standards is a prerequisite for strengthening the country’s
transit potential and its integration into the European economic area. The practical significance of the results obtained
stems from the possibility of applying them in the formation of state transport policy, the modernisation of logistics
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infrastructure and the optimisation of multimodal transport in Ukraine

Keywords: supply chains; multimodal technologies; transport services; economic partners; freight transportation

Introduction
The effective functioning of the transport system forms
the basis of economic stability, the maintenance of foreign
trade links and the country’s international competitive-
ness. Due to global geopolitical changes, large-scale infra-
structure damage and the forced closure of traditional sea
routes, there is an urgent need for a radical restructuring
oflogistics chains based on multimodality, which makes it
possible to minimise financial costs, reduce delivery times
and optimise the use of technical resources. Investigation
of the possibilities for developing such systems and estab-
lishing new land corridors is vitally important for integrat-
ing the national network into the Trans-European Trans-
port Network (TEN-T) and enhancing the resilience of the
economic system. In accordance with Ukraine’s National
Transport Strategy until 2030 (Resolution of the Cabinet

of Ministers of Ukraine No. 1550-2024-p, 2024), one of the
priority areas for the development of the transport sector
is the modernisation of multimodal infrastructure and the
expansion of integration into the European transport area.

The issues of organising, modelling and improving
the efficiency of combined freight transportation under
extreme conditions are the focus of many researchers. In
particular, the specifics of optimising and restructuring
transport routes were investigated by I. Taran et al. (2023),
who, in their work, established the mathematical depend-
ence of optimisation criteria on the total volume of freight
deliveries and proposed an algorithm for synchronising
the discrete stages of the multimodal process. The au-
thors have proven that splitting large consignments into
separate parts allows for flexible adjustment of carriers’
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variable and fixed costs. Models of integrated planning
and the selection of logistics providers were examined
by S. Onyshchenko et al. (2024). The researchers devel-
oped a comprehensive economic-mathematical model
aimed at improving operational efficiency and minimis-
ing costs by coordinating the schedules of motor, railway
and sea transport, taking into account specific regional
constraints. I. Derpich et al. (2024) analysed the environ-
mental aspects of transport systems and the potential for
reducing carbon dioxide emissions. The scientists pro-
posed a strategic approach to the centralised concentra-
tion of freight flows and mathematically demonstrated
that, under conditions of high transit density, the use of a
significant number of intermediate logistics hubs is eco-
nomically and environmentally inefficient.

The specific features of logistics management in emer-
gency situations and under conditions of direct infrastruc-
ture threats are examined in the study by V. Samsonkin e
al. (2022). The authors developed a digital information
and organisational system for security management at
the level of large transport enterprises, demonstrating the
high effectiveness of simplified route calculation meth-
ods during military operations in Ukraine. A.S. Shuaibu et
al. (2025) examined the problems of cargo delivery within
the “last mile” concept as one of the most costly elements
of the supply chain. The researchers demonstrated the
potential of applying artificial intelligence technologies
for dynamic routing and justified the advantages of using
hybrid networks that combine unmanned aerial vehicles
with traditional vehicles in an urbanised environment.
N. Kalicheva et al. (2022) examined the processes involved
in the development of a network of logistics hubs at the re-
gional and national levels. The researchers identified the
key risks associated with the creation of multimodal cen-
tres and noted that infrastructure instability and the low
quality of ancillary services remain the main obstacles to
attracting investment in Ukraine. D.V. Lomotko & H.O. Pry-
machenko (2023) analysed the importance of the railway
sector and its interaction with other modes of transport in
the context of the transformation of the geopolitical land-
scape. The author emphasised the insufficient level of re-
search on economic security issues in the transport sector
and argued that it is multimodal technologies which allow
the strengths of each means of transport to be maximised
at specific stages of the logistics chain. N. Trushkina (2022)
examined the challenges of international partnerships
and the diversification of freight logistics routes during
military conflicts. The author justified the importance of
strengthening cross-border cooperation with European
Union countries, expanding the use of Danube port fa-
cilities, and establishing joint logistics enterprises to en-
sure the uninterrupted export of agricultural products.

However, despite the existence of a significant body
of studies, the mechanisms for adapting Ukraine’s logis-
tics infrastructure to rapid changes in transit conditions
and integration with specific hubs in Central and Western
Europe require further analysis. The purpose of this ar-
ticle was to examine current transformational trends in
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Ukraine’s transport system, to assess the effectiveness of
existing multimodal schemes, and to identify strategic pri-
orities for their modernisation.

Literature Review

The organisation, management, and improvement of
multimodal freight transport services using effective logis-
tics tools are the subject of intensive scientific research.
Current approaches for organising multimodal freight
delivery based on the agile approach were proposed in
the work by V. Berestenko & S. Onyshchenko (2024). The
authors study digital mechanisms for coordinating multi-
modal transport and the issue of reconciling the interests
of participants in the logistics process. The main scientific
contribution of the work is the introduction and justifica-
tion of the concept of the “compromise zone.” The authors
prove that this “compromise zone” should become a cen-
tral tool in agile planning cycles. It clearly demonstrates
how a change in one customer requirement (e.g., a shorter
lead time) affects other parameters (cost, reliability), of-
fering the operator and the customer a set of new alterna-
tives for balancing interests.

The issue of developing Ukraine’s transport and logis-
tics infrastructure in the context of European integration
and global challenges is highlighted in N. Tyukhten-
ko (2024). The author systematises the main components
of transport and logistics infrastructure and emphasises
the need to adapt it to European standards and the princi-
ples of sustainable development. The author examines the
theoretical foundations of the concept in detail, systema-
tising it into four key components: technical, infrastruc-
tural, institutional, and organisational-economic. The
article discusses the critical importance of a functioning
integrated transport and logistics system and its structur-
al elements — transport and logistics centres. On the basis
of global experience of developed countries, the effective-
ness of such centres is demonstrated, and their essence,
main development goals, and prerequisites for successful
implementation in Ukraine are explored. Taking into ac-
count Ukraine’s unprecedented infrastructure losses due
to full-scale Russian aggression, the article outlines prior-
ity areas for the reconstruction and modernisation of the
branch. These areas are based on the adaptation of ad-
vanced European and global experience.

The study by O.V. Svychynska & A.V. Reznyk (2025)
analysed the transformation of Ukraine’s logistics system
amid a full-scale invasion. The authors note a sharp decline
in freight volumes in 2022, followed by a gradual recovery
during 2023-2024 due to the optimisation of rail transport,
the implementation of multimodal logistics schemes, the
revitalisation of the Danube transport corridor, and the
resumption of international container traffic. At the same
time, the study substantiates the feasibility of digitisation
the industry (implementing modern management sys-
tems). Special attention is given to the socio-environmen-
tal challenges of wartime. In particular, the author high-
lights ways to address labour shortages through retraining
programmes for women and the integration of artificial

Transport Systems and Technologies. 2026. Vol. 29, No. 1



Development of existing and new multimodal logistics schemes...

intelligence to automate heavy physical labour. The envi-
ronmental dimension of the study explores the potential
of “green logistics” and the decarbonisation of operations
as key drivers of sustainable industrial development. Ac-
cording to the authors’ conclusions, the implementation
of these priorities will ensure the transition of the domes-
tic logistics market from survival tactics to systematic
modernisation and integration into global supply chains.
In her work, V. Puzikova (2024) examined the specific
nature of the transformation and the prospects for the re-
covery of Ukraine’s logistics system under martial law. The
author emphasises the dual nature of the country’s geopo-
litical position: its status as a logistics hub and high tran-
sit index (which, according to 2018 estimates, surpassed
those of its closest European neighbours) are combined
with the risks of being located in a buffer zone. It has been
emphasised that the destruction of industrial and trans-
port infrastructure as a result of Russia’s full-scale aggres-
sion has necessitated a shift in traditional supply chains,
where railways and seaports historically accounted for up
to 75% of foreign trade. At the same time, the large-scale
destruction has been seen as a determinant for the radi-
cal modernisation of the economy through the develop-
ment of next-generation infrastructure. The key vectors
for Ukraine’s integration into the global space have been
identified as the reform of the transport sector based on
multimodality, the optimisation of domestic routes, and
the digitalisation of customs regulation. In the paper by
A. Karam et al. (2023), a theoretical and methodological
analysis of the barriers to the development of multimodal
freight transport was conducted, and strategies for over-
coming them were identified. Based on a meta-synthesis
of 104 scientific papers, the authors identified 31 specif-
ic barriers hindering the shift of freight flows from road
transport to more environmentally friendly alternatives
(railway and inland waterways). The article focuses on
justifying risk mitigation tools, particularly through digi-
talisation, the development of synchro-modality, the op-
timisation of business models, and the strengthening of
integration between the government and private sectors.
The research by A. Orozonova et al. (2022) analysed
the specifics and prospects of integrating smart technol-
ogies into the organisation of multimodal freight trans-
portation. The authors argue that traditional methods of
logistics analysis are insufficient and propose a new con-
ceptual model of market functioning based on the activi-
ties of a smart logistics operator (provider-integrator). The
authors developed a unified framework for the thinking
and operational context of such an integrator, as well as
classified the types of smart technologies implemented by
it. Particular attention was paid to the operational char-
acteristics of niche logistics markets — the delivery of spe-
cial categories of cargo within the submarkets of temper-
ature-sensitive (refrigerated) products, fresh goods, and
pharmaceuticals, which require enhanced technological
control to ensure compliance with safety and reliability
parameters of supply chains. S. Okyere et al. (2022) in-
vestigated the issue of optimising multimodal transport
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and logistics systems using genetic algorithms to improve
transport efficiency and ensure the sustainable develop-
ment of the transport sector. The authors emphasise the
need to integrate various modes of transport into a single
logistics system to minimise costs, reduce delivery times,
and lessen the negative environmental impact of transport
activities. A model for optimising multimodal transporta-
tion is proposed, based on the application of a genetic al-
gorithm to select the most efficient cargo delivery routes.
The study takes into account economic, environmental,
and time-related transportation parameters, enabling a
comprehensive approach to managing logistics processes.
The authors claim that the use of intelligent optimisation
algorithms contributes to increasing the sustainability of
the transport system, improving coordination between
modes of transport, and reducing logistics costs.

In a scientific review, D. Kurniawan (2024) summa-
rised theoretical and practical approaches to improve the
efficiency and viability of integrated logistics networks
through multimodal transportation. Based on an analysis
of a corpus of leading publications from 2010 to 2024, the
author identifies five strategic dimensions of multimodal
systems: economic efficiency, resilience to crises, environ-
mental sustainability, the level of digital integration, and
network design architecture. The study demonstrates that
the use of synchromodality concepts, Internet of Things
technologies, and real-time analytics enables the min-
imisation of operational costs, the flexible adaptation of
logistics chains to large-scale geopolitical or economic
crises, and the reduction of the carbon footprint. At the
same time, the author states that there are barriers to the
large-scale implementation of such solutions, in particu-
lar, infrastructure disparities between regions of the world
and the fragmentation of regulatory frameworks. The
study concludes by justifying the need for institutional re-
forms and the implementation of adaptive logistics mod-
els based on artificial intelligence.

O. Strelko et al. (2022) investigated the theoretical
foundations for the development of multimodal transport
and logistics technologies in the context of integrating
Ukraine’s transport system into the TEN-T. The research
focuses on the formation of modern multimodal infra-
structure, the development of logistics centres, and en-
suring effective coordination among different modes of
transport. The authors argue that harmonising national
logistics routes with European standards requires rethink-
ing the coordination of different modes of transport and
developing compatible cross-border infrastructure. Spe-
cial attention was paid to the regulatory and technical
compatibility (interoperability) of logistics systems, which
is critically important for the seamless integration of do-
mestic operators into European supply chains and the
realisation of the country’s transit potential. The authors
also emphasise the importance of developing railway
transport as a key element of the multimodal transport
system to the European Union.

The article by K. Cherednichenko et al. (2023) is aimed
at developing a scientific and methodological approach
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for assessing the operational safety of multimodal trans-
port systems. The authors critically analyse existing risk
management models and identify their key shortcomings,
including the problem of local optima, the difficulties of
unifying assessments for different modes of transport, and
the limitations of safety management in situations where
the operator is not the direct owner of the infrastructure.
The scientific novelty of the work lies in the development
of a mathematical model based on system reliability the-
ory, risk concepts, and critical failures. The proposed tools
allow for the consideration of both the objective condi-
tions for the formation and development of a logistics
network and the subjective factors involved in ensuring
the protection of its facilities. The practical significance
of the research is confirmed by the testing of the model
on an existing multimodal route, which demonstrates
its applicability both for monitoring the current level of
security and as a baseline criterion during the design of
optimal logistics chains. The authors proposed a method-
ological approach to security assessment using the exam-
ple of multimodal transport, which takes into account the
shortcomings of existing studies. The practical application
of the developed model was demonstrated on an existing
multimodal transport system.

The study by J. Gupta er al. (2024) highlights the
strategic role of multimodal logistics parks in stimulat-
ing economic development and optimising a country’s
macro-logistics costs. Using the example of a large-scale
infrastructure project in a multimodal logistics park, the
authors demonstrate an approach to the planning and
construction of major transportation hubs. Significant
attention was paid to the methodological aspects of de-
sign, covering the calculation of infrastructure capacities,
the implementation of flexible financial mechanisms (in
particular, public-private partnerships), as well as com-
pliance with strict environmental standards to ensure the
region’s environmental safety. The authors claim that the
creation of such hubs not only increases the speed and
transparency of cargo delivery but also serves as a driv-
er for the development of intelligent transportation sys-
tems. S. Fazi & J.C. Fransoo (2025) focused on the study
of freight mobility in their work. They proposed and the-
oretically substantiated the concept of “Freight Mobility
as a Service” as a tool for scaling up synchro-modal trans-
port. The authors argue that the concept of multimodali-
ty didn't gain widespread practical application due to the
critical heterogeneity and fragmentation of transport of-
ferings, as well as the specific nature of freight requests.
Unlike most existing digital platforms, which operate on
an “on-demand” basis, the FMaaS (Freight Mobility as a
Service) model integrates regular schedules of linear ser-
vices (rail, barge, and coastal shipping) into flexible and
transparent delivery chains. Despite the commercial, le-
gal, and psychological barriers to the implementation of
FMaas, the authors argue that this approach dramatical-
ly increases network capacity utilisation and is key to the
sustainable and environmentally friendly development of
global logistics.
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Materials and Methods

The study on the development of multimodal logistics
schemes in Ukraine was based on a comprehensive ap-
proach to the analysis of transport processes, international
logistics routes, and the integration of Ukraine’s transport
system into the European transport area. The methodo-
logical basis of the work consisted of general scientific and
specialised research methods, the application of which
enabled a systematic analysis of current trends in the de-
velopment of multimodal transport and the identification
of prospects for modernising the transport and logis-
tics infrastructure. The sequence of the research process
comprised three interrelated stages: the collection and
systematisation of source data, statistical and analytical
processing of information, and the formulation of practi-
cal recommendations for the modernisation of transport
corridors. The study applied a systematic analysis meth-
od, which allowed for the examination of Ukraine’s trans-
port system as a complex integrated mechanism of inter-
action between rail, road, maritime, and river transport.
Using this method, the study identified the characteristics
of the transformation of logistics flows after 2022, changes
in the structure of international transport, and the role of
multimodal schemes in ensuring the sustainability of the
transport system.

The reference period for the statistical study, 2015-
2024, was selected to ensure a representative analysis of
long-term structural changes based on complete and con-
solidated annual financial statements. The start of the pe-
riod (2015) reflects the stabilisation of the transport sector
following previous economic fluctuations. The end of the
period (2024) marks the cut-off point for fully consolidat-
ed annual data from official international databases (such
as Eurostat). However, to ensure the integration of up-
to-date data, the study additionally includes operational
data, interim reports and development trends for 2025-
2026 in the “Results and Discussion” section. This time
range allows to carry out comparative analysis of pre- and
post-crisis changes in the transport system.

A comparative analysis was used to compare the
functioning of Ukraine’s transport system before and af-
ter changes to major international logistics routes. The
comparison was based on criteria such as dominant
modes of transport, the structure of logistics schemes,
cargo flow directions, the role of border infrastructure,
and the level of integration into the European Union’s
transport network. This made it possible to identify key
trends in the development of multimodal transport and
to determine promising directions for the modernisa-
tion of transport infrastructure. A specific comparative
cross-national analysis was used to assess the use of rail-
way transport within the multimodal logistics infrastruc-
ture of European countries. This analysis was carried
out to evaluate the strategic transition towards environ-
mentally sustainable transport solutions and to analyse
the adaptability of continental supply chains. Railway
transport was chosen exclusively as the central element
of this comparison, as it serves as the operational basis
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for the EU-Ukraine “corridors of solidarity” and acts as
the primary green alternative for alleviating bottlenecks
in cross-border freight transport. The evaluation criteria
are based on the share of rail transport by mode of trans-
port (%) in the total volume of domestic freight transport.
Chronology is specifically focused on the years 2014, 2023
and 2024. The year 2014 serves as a structural macro-his-
torical baseline, marking the beginning of Ukraine’s in-
tensive economic integration with the EU and the onset
of early regional geopolitical disturbances. The years 2023
and 2024 represent the most critical contemporary phase,
encompassing a full-scale reorientation and stabilisation
of international logistics corridors amidst extraordinary
military and trade challenges.

Specific descriptive and structural statistical meth-
ods were used to process the statistical data and to assess
the dynamics of transport processes. In particular, a time
series analysis (dynamic analysis) was applied to assess
changes in freight transport volumes and to track chrono-
logical transformations from 2015 to 2024. The analysis of
structural shifts (assessment of the distribution of trans-
port modes) was used to calculate the exact percentage
share of different modes of transport, such as maritime,
road and railway, in global and national logistics systems.
Furthermore, methods of comparative statistical grouping
and normalisation were employed to assess and visualise
railway transport usage indicators for individual Europe-
an countries in comparison with the European Union av-
erage. An analytical synthesis of these statistical indicators
enabled the systematisation of logistics trends both before
and after the turn of 2022. The empirical basis of the study
consisted of finalised and operational data from key inter-
national and national transport institutions. Specifically,
long-term indicators on freight volumes and modal shift
trends were retrieved from the verified database of the
Statistical Office of the European Union (Eurostat, 2026).
The metrics regarding cross-border infrastructure capaci-
ty and the performance of alternative logistics routes were
sourced from the official evaluation reports on the launch
and expansion of the “Solidarity Lanes” initiative (Euro-
pean Commission, 2022). For the analysis of the Danube
River corridor and the implementation of alternative
maritime cluster models, industry-specific analytical re-
sources and governmental monitoring data were utilised
(Potaieva, 2026). These core sources provided a reliable
foundation for capturing transport dynamics over the
monitored timeframe.

To carry out a detailed comparative analysis of the
efficiency of alternative multimodal freight corridors be-
tween Ukraine and the EU, the study used the method of
relative normalisation and systematic generalisation of
technical and economic parameters. The combined rail-
way-road route via the border crossings of Poland and
Slovakia was taken as the base index (100%) for financial
costs. The relative indices for other means of transport
were calculated using the formula (1):

Cx
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where C, — absolute cost of shipping 1 TEU on the route
under study, C,,, — the average absolute cost of delivery
via the standard railway-road route. The fluctuation rang-
es for direct road transport (145-160%) and the Danube
River cluster (70-80%) have been established based on an
analysis of data from logistics operators in the “Solidarity
Lanes” reports (European Commission, 2022) and analyt-
ical studies (Samoiliuk & Polushkin, 2026). Delivery times
are defined as the total “door-to-door” transportation time
based on monitoring data from the UNHCR (n.d.). Car-
bon dioxide (CO,) emission ranges (g/t-km) are integrated
based on transport environmental matrices from the work
of I. Derpich et al. (2024) and Eurostat (2026) reports.

The study analysed recent scientific publications on
the development of multimodal transport systems, the
digitalisation of logistics, and the integration of transport
infrastructure into the TEN-T. In particular, it examined
fundamental research on route optimisation (Taran et
al.,, 2023), modelling the operational efficiency of pro-
viders (Onyshchenko et al., 2024), as well as the envi-
ronmentalisation and decarbonisation of transportation
(Derpich et al., 2024). Tt also analysed concepts for the
implementation of intelligent digital platforms in logistics
(Berestenko & Onyshchenko, 2024; Fazi & Fransoo, 2025).
Additionally, analytical studies on the development of
logistics hubs, dry ports, and Ukraine’s integration into the
TEN-T were used.

Official analytical reports and centralised statistical
datasets from European and national institutions formed
the empirical backbone of this research. The chronolog-
ical window for data collection spanned a ten-year in-
terval from 2015 to 2024, ensuring internal consistency
across the methodological sections and providing a suf-
ficient baseline to trace structural transformations. The
primary source of numeric datasets regarding intermodal
distribution was the Eurostat (2026). This was cross-ref-
erenced with the European Commission’s annual mon-
itoring reports on the EU-Ukraine Solidarity Lanes (Eu-
ropean Commission, 2022). The institutional framework
of the study was substantiated through strategic national
documentation, specifically Resolution of the Cabinet of
Ministers of Ukraine No. 1550-2024-p (2024), which ap-
proved the National Transport Strategy of Ukraine for the
Period up to 2030.

To substantiate suggestions for diversifying routes,
actual data from specialised digital platforms, statisti-
cal dashboards, and transport monitorings were ana-
lysed. The operational characteristics of Solidarity Lanes
were examined based on the official tracking portal of
the European Commission (2022). The development
status of the Moldova Motorway (A7 corridor) was as-
sessed using the regional infrastructure platform Firt-
ka (Liubchyk, 2024). Indicators of bilateral trade with
Germany were derived from the macroeconomic data-
base of the Centre for Economic Strategy (Samoiliuk &
Polushkin, 2026). Furthermore, parameters regarding
the operational capacity of the Danube and Baltic ports
were evaluated based on the data from the integrated
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Government Portal of Ukraine (Government Por-
tal, 2026), the specialised agricultural analytics platform
AgroTimes (Potaieva, 2026), and the international logis-
tics media portal IntermodalNews EU (Zasiadko, 2022).
The criteria for selecting scientific sources included
the relevance of the research, publication in specialised
international journals, indexing in the Scopus and Web of
Science scientometric databases, as well as alignment with
the subject matter of multimodal transport and transport
logistics. Particular attention was paid to sources pub-
lished between 2022 and 2026, ensuring the relevance and
scientific reliability of the research. The criteria for select-
ing specific case studies (Poland, Romania, Slovakia, and
Bulgaria) as subjects for the analysis of logistics corridors
were: the presence of shared land or sea borders with
Ukraine, the dynamics of cross-border cooperation, and
the strategic role of these countries in ensuring the unin-
terrupted export of Ukrainian agricultural products under
conditions where traditional port infrastructure is blocked.

Results and Discussion

Multimodal transport helps to organise logistics efficient-
ly, as it enables the transportation of goods over long
distances using several modes of transport. Multimodal
transport involves sea, motor, railway and air transport.
Large consignments of commercial cargo are typically
delivered by sea from distant countries — the USA, Can-
ada, China and others. Goods are often shipped by sea
from Europe. Air transport plays a key role in multimodal
transport for the urgent delivery of cargo over long dis-
tances, ensuring maximum speed in the supply chain and
increasing the flexibility of the logistics system. Although
this mode of transport cannot be described as cheap, it is
the optimal option for perishable and urgent cargo. Rail-
ways and automobile transport can serve as either auxil-
iary or primary modes of transport in mixed routes (Slo-
boda Region, 2022). The integration of different means
of transport is based on uniform standards and a single
information environment, both within the country and
its regions, and in international traffic. Multimodality ap-
plies to transport infrastructure, vehicles, cargo units and
management systems. The core concept of multimodality
is transhipment and transit. Multimodality is character-
ised by the presence of hubs that connect networks of
different modes of transport into a single large integrated
network, where cargo is transferred from one means of
transport to another.

The key feature of a multimodal transport system,
as with any system, is its integrity and unity, which is
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achieved through specific interconnections and interac-
tions between its constituent elements. The constituent
elements of a multimodal transport system are: logistics
flows; transport infrastructure; parties involved; and the
regulatory framework. Multimodal transportations, car-
ried out by logistics companies on behalf of business-
es, are cost-effective and efficient in terms of increasing
speed, ensuring safety and reducing transport costs.
Logistics companies with considerable experience in this
field develop optimal routes and choose the most efficient
and suitable combinations of transport modes, loading
and unloading points, and the necessary equipment for
handling the specific product. This refers to all types of
delivery, including containerised multimodal transport.
The timely and correct preparation of the necessary doc-
uments significantly reduces the time lost due to delays
caused by errors or the absence of required documents.
Routes planning taking into account road and traffic
conditions, knowledge of the particularities of sea and
air ports, and other logistical factors, enables to respond
promptly to potential obstacles and quickly redirect car-
go. This flexibility in transportations allows to guarantee
compliance with delivery deadlines and other terms of the
agreement with the customer.

Different means of transport have different techni-
cal and operational characteristics and capabilities (Ta-
ble 1). Multimodal systems allow each means of trans-
port to develop its capabilities to meet the demand for
specific transport services, which, as part of the overall
demand for transport by all modes within the system, can
be met by integrating one type of transport with another
and through competition between interacting modes of
transport (transport companies). Multimodality also in-
volves digital logistics, which can be built on the basis of
uniform rules and algorithms for the management, plan-
ning and operation of different transport modes. Mul-
timodality also envisages digital logistics, which can be
built on the basis of uniform rules and algorithms for the
management, planning and operation of different modes
of transport. In this context, the transition to “Freight
Mobility as a Service” platforms acts as a critical catalyst
for integrating regular rail and maritime schedules into
open, transparent and synchronised multimodal chains
(Fazi & Fransoo, 2025). The deployment of such digital
systems creates a unified information environment, en-
abling operators and shippers to establish flexible “trade-
off zones” that dynamically balance cost, speed and re-
liability of delivery during crisis-driven reorientations
(Berestenko & Onyshchenko, 2024).

The functional role of transport modes in multimodal transportations

Transport mode  Role in the logistics chain Cargo characteristics Advantages
Maritime Main line (intercontinental) Large shipments, commercial goods Low cost per cargo unit
Air Express delivery Perishable, urgent, and costly freight Maximum speed and flexibility
Railways Main or auxiliary Bulky freight, containers Stability, weather independence

Motor transport  Auxiliary (“last mile”) or main A wide range (small and medium-sized batches)

Delivery “from door to door”

compiled and systematised by the author based on O. Strelko et al. (2022), Sloboda Region (2022)
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The European Union has an extensive network of mul-
timodal logistics centres, which play a fundamental role
in ensuring the efficiency and competitiveness of the re-
gion’s transport system. The synchronisation of the oper-
ational activities of such centres depends to a large extent
on advanced modelling algorithms for carrier selection
and tactical route planning, as illustrated in the integrat-
ed framework proposed by S. Onyshchenko et al. (2024).
Furthermore, the overall efficiency of combining road and
railway transport segments in these networks depends
on the dynamic allocation of freight transport to bal-
ance carriers’ fixed and variable costs (Taran et al., 2023).
An analysis of the structure of freight transportation by
means of transport within the global logistics system for
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the period 2015-2024 indicates the consistent dominance
of maritime transport, which share fluctuates between
67% and 69%, confirming its key role in securing global
trade flows (Table 2). Motor transport is showing gradu-
al growth (from 22.5% to 25.7%), reflecting its increasing
importance in regional and intra-continental transport.
The share of railway transport remains relatively stable at
5.3-6.0%, indicating its steady but supporting role in the
global transport system. At the same time, air transport re-
tains a negligible share (around 0.2%), which is explained
by the high cost of transport, but its importance remains
significant for urgent and high-value cargo. Inland water-
ways account for a small share (1.6-2.1%), characterising
them as a local element of multimodal logistics schemes.

Table 2. Percentage of transport modes for the period 2015-2024, %

Air 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Railways 5.7 6.0 5.8 5.7 5.5 5.3 5.5 5.6 5.5 5.4
Motor transport 22.5 23.1 23.3 22.9 23.1 24.0 24.4 249 25.3 25.7
Maritime 69.5 68.7 68.8 69.4 69.4 68.8 68.1 67.7 67.4 67.0
Inland waterways 2.1 2.1 2.0 1.7 1.8 1.8 1.8 1.6 1.6 1.7

Source: developed by the author based on Eurostat (2026)

Building upon the general transport mode dynamics
presented in Table 2, Figure 1 offers a deeper comparative
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Figure 1. A comparative analysis of the use of railway transport in multimodal systems across European countries

Source: developed by the author based on Eurostat (2026)

The analysis was carried out to assess the transit re-
silience and environmental sustainability of European
logistics chains, using the share of railway transport in the
multimodal transport system as the main criterion. An
analysis of the statistical data presented in Figure 1 allows
to identify key trends in the development of multimodal
transport systems in European countries. The horizon-
tal axis (0-60) reflects the exact percentage (%) of railway
transport in the total volume of freight transport for each
country. A comparison of 2024 with the 2014 baseline
shows that the share of railway transport in total freight
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transport has decreased in 17 of the 25 EU countries with
railways. The choice of 2014 as a historical benchmark,
compared with the recent period of 2023-2024, clearly
highlights how long-term geopolitical realignments and
immediate security crises are forcing structural shifts in
logistics. Although the average share of railway transport
in the EU remains low but relatively stable at 5.0-6.0%
(confirming the continued dominance of road trans-
port), the development trajectories of individual coun-
tries differ significantly. For example, the experience of
Switzerland, where the share of railways remains stable at




- <
O

34-36%, demonstrates an effective state strategy for shift-
ing freight flows from motorways to railways. By contrast,
the sharp decline in Lithuania (from 58.2% in 2014 to
30.1% in 2024) and Latvia (from 41.7% to 17.1%) high-
lights how the collapse of traditional post-Soviet transit
corridors has led to a radical, crisis-driven restructuring of
multimodal schemes towards Western European markets.

The most significant changes have been observed in
Lithuania and Latvia. In particular, in Lithuania, the share
of railway transport has almost fallen by half: from 58.2%
in 2014 to 30.1% in 2024. A similar decline is also char-
acteristic of Latvia (a drop from 41.7% to 17.1%). This is
explained by the reorientation of transport corridors and
changes in the geopolitical situation, which are forcing
these countries to restructure their multimodal schemes
toward Western European markets. Counties like Austria
(30.0%), Slovenia (27.7%) and Czechia (21.1%) demon-
strate a high and stable level of integration of the railway
segment into logistics chains. This is due to both their ge-
ographical location (transit hubs) and the well-developed
infrastructure of intermodal terminals.

The modest growth in the rail share in Germany (from
13.9% to 15.9%) and Sweden (from 9.0% to 12.3%) indicates
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the gradual implementation of the “Greening Transport”
policy. For Ukraine, the experience of these countries is
important in the context of developing its own algorithms
for optimising multimodal transport, which will improve
the efficiency of the logistics system and reduce the load
on the highway network. The obtained results confirm
that the modern global transport system is distinctly mul-
timodal in nature, with the integration of maritime and
motor transport with other modes of transport playing a
leading role in ensuring the efficiency of logistics chains
of essential goods, and support for Ukrainian exports via
European ports (Sarahman, 2025).

To conduct a detailed assessment of the effective-
ness of Ukraine’s logistics system transformation after
2022, a comparative analysis has been carried out of key
land and river multimodal routes to European Union
countries. The assessment has been based on three key
criteria: financial costs (cost of delivering 1 TEU), time
(door-to-door transit time), and environmental impact
(CO, emissions). The results of the analysis and compar-
ison of logistics parameters for the “Central Ukraine —
Central European Hub (Germany)” route are summa-
rised in Table 3.

Comparative analysis of the efficiency of logistics routes from Ukraine to the EU

Multimodal route (corridor) S EGITD DR

Emissions

Major infrastructure constraint

(per TEU) (days) (CO,) (g/t-km)
Railway and road 100% 3.5 12-18 Congestion at border crossings, track gauge
(via Poland/Slovakia) (base level) change (1,520/1,435 mm)
D}rect road transport 145-160% 9.4 62-80 Shortage of permits, long queues at the borders,
(via border crossings) high fuel costs
River-sea (Danube cluster) 70-80% 8-12 5-10 Dependence on the dimensions of the navigation

(via Romania/Bulgaria)

channel; limited capacity of the docks

calculated and compiled by the author based on the normalisation methodology described in the “Materials and Methods”

section (formula 1), using input data from I. Derpich et al. (2024), O. Potaieva (2026)

Based on an assessment of the effectiveness of exist-
ing transport schemes, it has been determined that road
transport, despite its high speed and mobility, shows the
lowest economic and environmental efficiency. It in-
creases logistics costs by an average of 50% compared
to combined railway schemes. At the same time, the
Danube River Cluster ensures the greatest reduction in
financial costs (20-30% cheaper than rail) and has the
smallest carbon footprint, but it significantly loses out
in delivery speed due to lengthy cargo transshipment
operations at the ports of Izmail and Reni. Based on
the comparison of the parameters of individual corri-
dors, a comprehensive assessment of global changes
across the entire transport system becomes possible.
The general macro-logistics indicators of these transfor-
mations are presented in Table 4. To summarise the sys-
temic changes in the operational paradigm of national

logistics, a comparative matrix of macrostructural
changes has been developed (Table 4). Although the
quantitative statistical baseline of this study remains
tied to the period 2015-2024 due to the availability of
consolidated annual datasets, the qualitative assess-
ment of transformations after 2022 is projected to ex-
tend to the period 2025-2026. This enables the study to
contextually cover the final integration benchmarks, the
medium-term outcomes of the evolutionary phases of
the “Solidarity Corridors”, and the current institutional
reorientation towards the TEN-T framework. The syn-
thesis is based on the regulatory frameworks of the Res-
olution of the Cabinet of Ministers of Ukraine No. 1550-
2024-p (2024), the European Commission’s strategic
assessment documents (2022) and recent transport ca-
pacity models proposed by sectoral researchers (Berest-
enko & Onyshchenko, 2024; Derpich et al., 2024).

Transformation of Ukraine’s transport system (before and after 2022)

Indicator Before 2022 (2014-2021) After 2022 (2022-2026) The trend
Main export route Seaports of the Black Sea Overland and Danube routes Relocation to the EU
The predominant mode of transport Maritime +railway Automobile + railway + multimodal Multimodality
Logistics structure Linear Networking Decentralisation

Transport Systems and Technologies. 2026. Vol. 29, No. 1



Development of existing and new multimodal logistics schemes...

> A\

@

Continued
Indicator Before 2022 (2014-2021) After 2022 (2022-2026) The trend
The role of the EU Restricted Key (Solidarity Lanes) Integration
Risks Low High (war) The growth of risk management

compiled and structured by the author based on European Commission (2022), Resolution of the Cabinet of Ministers of
Ukraine No. 1550-2024-p (2024), V. Berestenko & S. Onyshchenko (2024)

During the period up to 2022, the system was primar-
ily focused towards maritime transport via Black Sea ports
and was characterised by relative stability and a centralised
logistics structure. After 2022, there was a shift towards mo-
torway, railway and multimodal transport, with a focus on
land corridors to EU countries. Following Russia’s invasion
of Ukraine and its blockade of Ukrainian ports, Ukrainian
grain and other agricultural goods could no longer reach
their destinations. The situation threatened global food
security, and there was an urgent need to establish alter-
native logistics routes utilising all relevant modes of trans-
port. It would not be an exaggeration to say that a key step
in supporting the export of Ukrainian agricultural produce
and the import of critical goods amid the blockade of sea-
ports was the launch on 12 May 2022 of the EU’s “Solidar-
ity Lanes” initiative, designed to enable Ukraine to export
grain and import essential goods, ranging from humanitar-
ian aid to animal food and fertilisers (Table 5). The specified

logistics routes include rail, road, and river routes through
neighbouring EU countries — Poland, Romania, Slovakia,
and Hungary — and have become critically important for
the Ukrainian economy (European Commission, 2022).
The structural integration and survival of Ukraine’s foreign
trade under wartime restrictions were largely supported
by coordinated institutional actions at the transnational
level. To monitor the operational vectors and strategic out-
comes of these measures, Table 5 presents an overview of
the main logistics corridors and emergency programmes
deployed by international partners. The operational ob-
jectives, timelines and logistical impact of these initiatives
were structured based on a systematic assessment of the
European Commission’s Communication on Solidarity
Lanes (European Commission, 2022), assessments of glob-
al supply chain adaptation by M. Samoiliuk & H. Polush-
kin (2026), and sectoral monitoring reports on western
border dry ports and maritime clusters (Zasiadko, 2022).

Key EU logistics initiatives for Ukraine during the war

Initiative Launch period Objective
“EU Solidarity Lanes” 12.05.2022 Alternative export/import routes

in the context of port blockades

Means of transport Significance
Railway, motorway,

river

Crucial channel for grain
exports and imports of goods

Transit expansion

through the EU 2022 - present

Providing access to EU ports

Supports for agricultural

Railway, motorway exports

The use of EU ports

2022 —present Transhipment of Ukrainian goods Maritime + multimodal

Expansion
into global markets

compiled and structured by the author based on European Commission (2022), M. Zasiadko (2022), M. Samoiliuk &

H. Polushkin (2026)

The construction of the Moldova Motorway is un-
derway in Romania. The new transport corridor will link
southern Romania (Ploiesti) with the north-eastern part of
the country, partly following Pan-European Corridor IX. It
will pass through Buzdu, Focsani, Bacau, Roman, Pascani
and Suceava, connecting with the Ukrainian M19 motor-
way near the Siret River and the Chernivtsi region. Thanks
to this route, Ukraine could gain a new European trans-
port corridor. In the future, this motorway could provide
Ukraine with access to Romanian ports. Furthermore, it
will create an alternative route to EU countries, allowing
traffic to bypass Poland, Hungary and Slovakia. The route
via Siret and through Romania has become one of the larg-
est transit routes for transporting grain from Ukraine by
land following the full-scale Russian invasion. Currently,
around 3,000 workers are working on the motorway 24/7.
To avoid losing European funding, work on the A7 motor-
way must be completed by 2027 (Liubchyk, 2024).

Germany is a significant partner on Ukraine’s course
to EU membership. The Federal Republic of Germany is
helping to ensure that the economy of a country, which
is subjected to attacks by Russian drones almost every
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night, remains in relatively good shape. Although Ukraine
is not yet an EU member, both countries are already co-
operating in all four areas of the single market: trade, ser-
vices, people and capital. Bilateral trade in goods alone
reached a record high in 2025, whilst relations in the areas
of services, labour and investment continued to deep-
en. According to preliminary data, trade volume in 2025
amounted to €12.4 billion, which is 52% higher than the
trade volume between Russia and Germany. This relation-
ship is not one-sided: Ukraine is of great importance to
Germany'’s supply chains and labour market, just as Ger-
many remains one of Ukraine’s most important economic
partners. Germany has a trade surplus with Ukraine. Be-
fore the war, German exports to Ukraine consisted mainly
of cars and lorries, medicines and agricultural machinery.
Since 2022, the structure of exports has changed signifi-
cantly: Germany now exports primarily defence and mil-
itary products. Ukraine has become an important market
for these highly technological goods, which often have du-
al-use applications (Samoiliuk & Polushkin, 2026).
Ukraine’s airspace remains closed for civil aviation due
to ongoing military threats, which means that cross-border
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freight transport between Germany and Ukraine relies
exclusively on land and multimodal land corridors (Safe
Airspace, n.d.). Road transport serves as the primary oper-
ational option at this stage. Shipments from Germany via
this route account for the majority of transport, providing
crucial logistical flexibility. Remarkably, Germany is one of
the leading suppliers of high-quality equipment for ener-
gy infrastructure, including industrial generators, heavy
transformers and energy storage systems — components
that remain vital for stabilising the resilience of Ukraine’s
power grid against the backdrop of systematic attacks
on its civilian energy infrastructure (Samoiliuk & Polush-
kin, 2026). At the same time, the Port of Hamburg (Ger-
many) plays a crucial role in these supply chains, ranking
among Europe’s leading container hubs with an annual
throughput that has historically fluctuated around 8-9 mil-
lion TEU (Port of Hamburg, 2026). Hamburg’s distinctive-
ness lies in its extensive and highly integrated network of
port railways (Hafenbahn), which facilitates rapid inland
intermodal connections throughout Central and Eastern
Europe. Modern container terminals within the hub are
equipped with automated cargo handling and synchronous
tracking systems, providing a strategic blueprint for the
sustainable diversification of corridors (Zasiadko, 2022).

Ukrainian-Slovak cross-border cooperation began
with Slovakia’s accession to the EU. The main participants
in cross-border cooperation between Ukraine and Slova-
kia are the Zakarpattia region (Ukraine) and PreSov and
Kosice (Slovakia). As part of this cross-border cooperation,
the Ukrainian-Slovak Business Council was established to
monitor, provide recommendations and make decisions
aimed at improving cooperation between the parties. The
creation of this Council enables the swift resolution of
various issues, as well as the development of a further ac-
tion plan to achieve the medium-term goals of deepening
cross-border cooperation. In recent years, particular atten-
tion in bilateral scientific and technical projects between
Ukraine and Slovakia has been focused on the development
of devices and technologies for the safe and environmen-
tally friendly use of natural resources, as well as energy-ef-
ficient management. On the whole, despite the positive dy-
namics of bilateral political and trade-economic relations,
problematic issues remain between Ukraine and Slovakia.
These include asymmetry in political interaction (howev-
er, with the start of Russia’s full-scale invasion of Ukraine,
Ukrainian diplomacy has become more active, particularly
in terms of cooperation with Bratislava); the uneven in-
vestment activity of both Ukraine and Slovakia; the pres-
ence of unresolved issues regarding the Slovak diaspora in
Ukraine, and so on. Nevertheless, the positive aspects of
Ukrainian-Slovak cooperation still prevail. In particular,
this is due to the intensification of cooperation in the fields
of science, education and innovations. With the support of
the EU and various European programmes and initiatives,
cross-border cooperation between the two countries has
been further strengthened, and this is likely to become even
more robust following Ukraine’s victory in the war current-
ly raging across Europe (Balanchuk & Sokolovska, 2024).

Hurinchuk

Within the framework of modern border logistics, the
transport corridor between Slovakia and Ukraine serves as
akey channel for the import and export of goods to the EU,
supported by a highly integrated road and railway infra-
structure. The main land gateway for these operations is
the “Uzhhorod - Vyshne Nemetske” border crossing point,
where standard delivery times for freight typically range
from 1 to 3 days in accordance with coordinated cus-
toms procedures (UNHCR, n.d.). At the same time, freight
transport between Ukraine and Poland remains a corner-
stone of regional supply chain management, developing
rapidly thanks to geographical proximity, deep economic
integration and well-established bilateral trade channels.
For many operational supply chains, particularly those
handling often small batches and industrial parcels, rapid
cross-border delivery is vital for business continuity. How-
ever, the operational environment at the Ukrainian-Polish
border has faced periods of extreme strain, characterised
by serious truck blockages and technical bottlenecks at
major road checkpoints (Samoiliuk & Polushkin, 2026).
Despite these logistical crises and temporary restrictions,
Poland has consistently maintained its position as one of
Ukraine’s key strategic and economic partners within the
EU, contributing to the long-term stabilisation of land-
based trade flows (Zasiadko, 2022).

It is worth mentioning that cooperation with Poland
in the field of transport and logistics has become particu-
larly relevant at present, during Russia’s armed aggression
against Ukraine, when significant problems have aris-
en in organising foreign trade logistics due to the block-
ade of seaports. The Polish route is becoming essential
for Ukrainian exports from a logistics perspective due to
the blockade of Black Sea ports. In other words, new op-
portunities and prospects have emerged for cooperation
with Poland as a strategic partner. For example, the Polish
seaport of Kolobrzeg, located on the Baltic Sea coast be-
tween Swinoujécie and Gdynia, is offering to handle the
transhipment of Ukrainian agricultural exports at its fa-
cilities. Several pilot projects have already been launched.
In addition, Ukraine and Poland have signed a memoran-
dum on strengthening bilateral cooperation in the field
of rail transport, under which the establishment of a joint
logistics enterprise is planned. This, in turn, will enable
a significant increase in the volume of railway transport
of Ukrainian exports to the EU and to global markets via
Europe. The Polish Ministry of Economic Development
and Technology and the Ukrainian Ministry of Economy
have signed a Memorandum regarding the development
of trade facilitation tools. The aim of the agreement is to
strengthen bilateral economic cooperation by simplifying
trade, with a focus on ensuring insurance coverage for the
supply of goods and services (Trushkina, 2022).

Economic cooperation between Ukraine and Bulgaria
focuses on integration into the European area, the devel-
opment of alternative logistics routes and the strengthen-
ing of security in the Black Sea. A key area of logistics here
is the launch of direct passenger rail routes (via Romania),
which will help to strengthen Ukraine’s integration with
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the European transport space, develop the Danube cluster
and coordinate road transport (Fig. 2). The governments
of Ukraine and Bulgaria have reached an agreement on
establishing the transport of agricultural products from
Ukraine via Bulgarian ports on the Black Sea coast. Bul-
garia plays an important role for Ukrainian exporters,
particularly in new supply chains and the export of fuel
and agricultural raw materials, and is one of the largest
suppliers of diesel fuel to Ukraine, providing a significant

EXPORT:
Agricultural products, raw materials,
industrial goods _
UKRAINE >
Multimodal land <
transport hub
(central hub) >

A

IMPORTS:
Power equipment, vehicles,
defense products

> A\

@

proportion of the country’s needs, notably through oil re-
finement at alocal plant. In order to strengthen the region’s
energy security, Ukraine and Bulgaria are also developing
the “Vertical Gas Corridor”. The country also serves as a
hub for infrastructure restoration and the development
of transport corridors, particularly railway connections,
which strengthens Ukraine’s integration into the Europe-
an transport area. The port of Varna is regarded as a key
logistics hub (Government Portal, 2026).

LOGISTICS CORRIDOR Ports:
Poland, Romania, Slovakia, ——> Gdansk, Constanta,

Bulgaria I Varna

WESTERN EUROPE —> End user
Germany and others <« and the Hamburg hub

Integrated model of trade and logistics flows
compiled and structured by the author based on N. Trushkina (2022), European Commission (2022), M. Zasiadko (2022),

1. Balanchuk & N. Sokolovska (2024), Government Portal (2026)

Figure 2 demonstrates the current structure of inter-
national freight flows, shaped by the transformation of
Ukraine’s transport system following 2022 and the shift
towards European logistics routes. Economic cooperation
between Ukraine and Bulgaria is focused on integration
into the European space and the development of alterna-
tive logistics routes in the Black Sea region. A key direction
is the development of the Danube cluster and the launch
of direct passenger and freight railway routes through the
territory of Romania (Government Portal, 2026). Bulgaria
plays a significant role in ensuring Ukraine’s energy secu-
rity, being one of the largest suppliers of diesel fuel (Cabi-
net of Ministers of Ukraine, 2024). In addition, agreements
have been reached on the use of Bulgarian Black Sea ports
(in particular, the Port of Varna, which is a key logistics
hub) for the export of Ukrainian agricultural raw materials
(Zasiadko, 2022). The countries are also actively develop-
ing the “Vertical Gas Corridor” project, which strengthens
Ukraine’s integration into the European transport and en-
ergy network (Reuters, 2024). The core of the model iden-
tifies Ukraine as a key transit and logistics hub facilitating
interaction between domestic producers and European
Union countries. This emphasises the changing function-
al role of the national transport system — shifting from a
focus on maritime exports to the development of a mul-
timodal land-based transit hub. Export flows are directed
towards EU countries (Poland, Romania, Slovakia, Bulgar-
ia), which serve as a border logistics belt and ensure the
further transportation of goods to major European hubs,
notably Germany and the ports of Hamburg, Gdansk,
Constanta and Varna. Imports are mainly agricultural
products, raw materials and industrial goods.

The import flows run in the opposite direction and
originate mainly from leading EU countries, primarily
Germany and Poland. They include supplies of energy
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equipment, vehicles, defence and high-tech products,
which ensure the functioning of Ukraine’s critical infra-
structure. An important element of the scheme is the
logistics infrastructure, which includes border crossings,
the network of EU logistics hubs and integration into the
TEN-T. This is evidence of the steady harmonisation of
Ukraine’s transport system with European standards and
the strengthening of intermodal transport. The develop-
ment of a network of dry ports along Ukraine’s western
borders is becoming a strategic priority, as it enables the
transformation of the border “belt” from a logistical bot-
tleneck into powerful multimodal hubs for transshipping
cargo from the Ukrainian gauge (1,520 mm) to the Eu-
ropean gauge (1,435 mm) (Derpich et al., 2024). This, in
turn, ensures the continuity of supply chains within the
“Solidarity Lanes” initiative and strengthens the national
economy’s resilience to external challenges (European
Commission, 2022). This approach allows for a signif-
icant increase in the capacity of border infrastructure,
reduces cargo processing time, and mitigates logistics
risks arising at border crossing points. The formation of
a dry port network also facilitates the redistribution of
cargo flows from congested road routes to more efficient
railway and intermodal corridors. One of the priority ar-
eas for enhancing the resilience of Ukraine’s export and
import routes is the implementation of a pilot project
to develop the Danube Transport and Logistics Cluster.
Initiated by the Ministry of Community and Territori-
al Development of Ukraine, this project aims to create
competitive conditions for the stevedoring business and
integrate river infrastructure into the EU’s single logistics
space (Potaieva, 2026).

The integration of Ukraine’s river and railway infra-
structure into the TEN-T network enhances the interoper-
ability of transport systems and contributes to the creation
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of a single European logistics area, which is a key factor in
the long-term competitiveness of the Ukrainian economy
(Table 6). The structural components of this modernisa-
tion system, including targeted tariff adjustments and
the centralisation of port assets, have been systematised
on the basis of strategic development plans issued by the
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Ministry of Community and Territorial Development of
Ukraine. This matrix also includes institutional roadmaps
for the synchronisation of the Danube cluster, as assessed
in regional logistics studies (Potaieva, 2026), and reports
on operational infrastructure from specialised transport
platforms (Zasiadko, 2022).

Key instruments for modernising the Danube corridor

Modernisation area

Financial incentives

Content of the measure

Reinvestment of state enterprise profits
and targeted allocation of port fees

Expected effect

Modernisation of port infrastructure
and fleet renewal

Tariff policy optimisation

Compensation mechanisms for rail
transport to the ports of [zmail and Reni

Reduction of logistics costs
and increased route competitiveness

Establishment of a unified Danube branch
of the SE “USPA”

Institutional centralisation

Optimisation of asset management
and resource centralisation

Industrial hub formation

Establishment of industrial parks
based on ports and PJSC “UDP”

Capital attraction, employment growth,
and stable cargo flow

compiled and structured by the author based on M. Zasiadko (2022), O. Potaieva (2026), UNHCR (n.d.)

According to forecasts, the implementation of these
measures will ensure a guaranteed cargo flow of up to
2.5 million tons per year and preserve over 5,500 jobs in
the maritime complex and Joint Stock Company “Ukrzal-
iznytsia” (Potaieva, 2026). From the viewpoint of interna-
tional logistics, the development of the Danube cluster is
of paramount importance for deepening Ukraine’s inte-
gration into the TEN-T. These efforts provide the basis for
establishing sustainable intermodal supply chains linking
Ukrainian manufacturers with countries in the Danube
basin and strategic European markets. Therefore, Ukraine
serves as a transit hub, the countries of Central and East-
ern Europe act as a cross-border transport corridor, and
Western Europe functions as the final distribution and
consumer market.

The contemporary structural transformation of
Ukraine’s freight transport system post-2022 and the ac-
celerated roll-out of multimodal corridors require in-
depth academic analysis through comparison with ex-
isting scientific discourse. The results obtained in this
study regarding route optimisation, digitalisation tools,
and the adaptation of regional infrastructure demonstrate
both strategic alignment and significant differences from
previously established models. In their study, I. Taran et
al. (2023) established a mathematical relationship be-
tween optimisation criteria and total delivery volumes,
and proposed algorithms for synchronising the discrete
stages of the multimodal process. Their assertion that
splitting large consignments allows for flexible adjust-
ment of carriers’ variable costs clearly correlates with the
results of this study. In particular, analysis of the rail-road
route through Poland and Slovakia confirms that the tac-
tical splitting of consignments helps to mitigate infra-
structure constraints associated with the change in rail
gauge from 1,520 mm to 1,435 mm. Similarly, S. Onysh-
chenko et al. (2024) developed a comprehensive econom-
ic-mathematical model for coordinating road, railway
and sea transport schedules with the aim of minimising
costs under regional constraints. Their focus on inter-pro-
vider coordination serves as the theoretical basis for the

integrated model of trade and logistics flows proposed in
this work. However, whereas their model relies on stable
hub capacity, presented results demonstrate that under
extreme conditions the effectiveness of such coordination
critically depends on unpredictable border congestion,
which requires the formation of dynamic “compromise
zones” rather than rigid schedule planning.

The conceptual application of such flexible zones in
the context of logistical crises expands upon the academic
approaches proposed by V. Berestenko & S. Onyshchen-
ko (2024). The authors substantiated that a flexible ap-
proach and dynamic balancing of customer requirements
regarding speed, cost and reliability should become the
operator’s primary tool. This position is fully confirmed
by presented findings regarding the Danube cluster’s riv-
er-sea route. Although this corridor offers a unique reduc-
tion in financial costs of 20-30% and has the lowest carbon
footprint (5-10 g/t-km), it is significantly slower in terms
of delivery time (8-12 days). Thus, this study empirical-
ly confirms that the Danube route is a classic “trade-off
zone”, where shippers consciously exchange delivery time
for economic and environmental benefits.

With regard to the environmental aspect, I. Derpich et
al. (2024) have mathematically demonstrated that an ex-
cessive concentration of intermediate logistics hubs in
conditions of high transit density is economically and
environmentally inefficient. This statement differs some-
what from the current situation observed on Ukraine’s
western border. The study shows that the high density of
border “dry ports” is not a source of inefficiency, but a stra-
tegic necessity for transforming logistical bottlenecks into
powerful multimodal hubs. The pressing operational need
to adapt to the blockage of traditional routes justifies the
decentralised logistics structure. Moreover, N. Tyukhten-
ko (2024) systematised the technical, infrastructural and
organisational components of logistics, emphasising the
priority of adapting the national network to European
TEN-T standards. Presented structural analysis of the tools
for modernising the Danube Corridor strongly supports
this view. The transition to institutional centralisation and
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the optimisation of tariff policy directly implements the
integration priorities outlined by N. Tyukhtenko, demon-
strating that infrastructure harmonisation is a prerequisite
for the post-war resilience of the economy. The socio-eco-
nomic developments highlighted in this study also reflect
the findings of O.V. Svychynska & A.V. Reznyk (2025), who
examined the dynamics of market recovery through rail-
way optimisation and the resumption of container trans-
port. However, whilst they focused primarily on internal
market survival strategies and overcoming labour short-
ages, this study examines another aspect of the problem.
This study assessed the transformation of the national
system into a macro-regional transit hub linking the end
markets of Western Europe (e.g., the Hamburg hub) with
alternative ports on the Black and Baltic Seas.

From a global operational perspective, S. Fazi &
J.C. Fransoo (2025) proposed the concept of FMaaS to
scale up synchronous multimodal transport, arguing that
the fragmentation of service offerings hinders practical
multimodality. Whereas their theoretical model promotes
open digital platforms in stable market conditions, this
empirical data show that in crisis-hit regions, multimo-
dality is achieved not only through digitalisation, but
primarily through physical infrastructure diversifica-
tion, such as the construction of the “Moldovan Motor-
wa” (A7 corridor) in Romania. Finally, V. Puzikova (2024)
examined the dual nature of Ukraine’s transit potential,
highlighting the catastrophic disruption of traditional
supply chains, where railways and seaports had histori-
cally accounted for up to 75% of foreign trade. V. Puzikova
structural baseline fully confirms the historical shift re-
corded in this comparative matrix. This study expands on
this idea, demonstrating that the transition from a linear,
sea-dependent structure to a decentralised land-based
network is no longer a temporary survival measure, but a
sustained trend towards Ukraine’s long-term integration
into the European economic space.

The study has therefore identified the key trends in
the development of Ukraine’s transport system after 2022,
which involve a shift towards multimodal and decentral-
ised logistics models in response to European integration
processes and military challenges. An analysis of how
multimodal logistics systems operate has shown that their
effectiveness is determined by a combination of route op-
timisation, digitalisation and infrastructure adaptation,
taking into account crisis-related constraints and border
instability. The prospects for modernising the transport
system are linked to Ukraine’s further integration into
the European logistics space, the development of flexible
intermodal corridors and the formation of a sustainable
macro-regional transit hub.
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Conclusions

This study revealed that Ukraine has significant potential
to expand its participation in international and transit
freight transport. An analysis of existing approaches to
organising multimodal transport has shown that their ef-
fectiveness largely depends on the level of integration of
the transport system, the coordination of interaction be-
tween modes of transport, and the degree of digitisation
of logistics processes. Furthermore, an analysis of glob-
al market trends has confirmed the stable leading role
of maritime transport and the steady growth of the road
transport segment at the regional level, while the railway
component in most European countries continues to
show relatively low performance.

It has been determined that the key areas for im-
proving the efficiency of multimodal transport are the
optimisation of traffic flows, the reduction of cargo trans-
shipment times, the reduction of logistics costs, and the
improvement of delivery reliability. An important out-
come of the study is the justification of the need to create
an integrated transport environment focused on Europe-
an Union standards, which involves harmonising the reg-
ulatory framework and developing infrastructure com-
patibility. It has been established that the introduction of
intelligent transportation systems, electronic document
management, and freight flow management platforms
create the conditions for improving the transparency,
manageability, and efficiency of logistics processes. It
has also been demonstrated that multimodal logistics
schemes help reduce the negative impact of transport on
the environment through the rational selection of routes
and the wider use of energy-efficient modes of transport.
Prospects for further research include an in-depth analy-
sis of the digital transformation of multimodal transport,
an assessment of its economic efficiency in the context
of the post-war reconstruction of Ukraine’s transport sys-
tem, and the development of adaptive models for manag-
ing logistics flows. Additionally, they involve mathemat-
ical modelling of risks in multimodal transport and the
implementation of intelligent digital platforms based on
artificial intelligence for dynamic management of cargo
flows in crisis conditions.
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PO3BUTOK iCHYIOUMX TA HOBUX MYJIbTUMOAANIbHUX NIOTICTUYHUX CXEM
SIK YCTANIeHA TEHAEHU I ANS TPAHCMNOPTHOI CUCTEMMU YKPAiTHMU
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AHoTtauifs. CydacHa TpaHcdopMmallisi MiPKHAPOOHUX TPAHCIIOPTHUX KOPHUIOPIB, OJOKYBAaHHS MOPCHKUX
IIJIAXIB Ta IepeopieHTaIis JOTiCTUYHHUX IOTOKIB YKpaiHM 3yMOBJIIOIOTH HEOOXiNHICTH PO3BUTKY e(eKTHUBHUX
MYJBTUMOJAJIBHIAX TPAHCIIOPTHUX CHCTEM Ta iHTerparii o eBponeicbKOT0 JOTiCTUYHOIO IPOCTOPY. MeToro CcTarTi
OyJI0 MOCJIIKeHHS Cy4acHUX TeHIEHI[iH pO3BUTKY TPAHCIOPTHOI CHCTeMM YKpaiHU, aHa/li3 (PyHKIIOHyBaHHA
MYJIBTUMOJA/IBHUX JIOTICTUYHUX CXEM Ta BU3HA4YEHHs MEepCIEeKTUB iX MoJepHisalii B ymMoBax eBpoiHTerpauii Ta
BOEHHHUX BUKJIHKIB. B mociimkeHHi 6yaM BUKOPHUCTAHI METOAM CHCTEMHOTO aHAJIi3y, MOPIBHSAIBLHOTO aHAJi3Y,
CTAaTUCTAYHOIO OLIHIOBAHHA Ta y3arajbHEHHSA HAyKOBUX J)KepeJs, aHAJITUYHUX 3BIiTiB I CTaTUCTUYHUX NaHUX
Mi’KHapOIHUX opranisariii. BcraHoBjeHo, 1o micias 2022 poKy TpaHCHOPTHA cHUCTeMa YKpaiHUW 3as3Hajia
cyTTeBOi TpaHchopMalii, moB’si3aHol 3i 3MiHOI0 OCHOBHUX HAaNPAMKIB BaHTaKOIOTOKIB Ta (DOPMyBaHHAM HOBUX
MYJIBTUMOJQTbHUX MapIIpPyTiB yepe3 Kpainum €Bporeiicbkoro Coio3dy. JocaiqkeHo NOCBim eBpomelchKUX Kpaid
IIO0 ONTHUMIi3alii B3aeMoil pisHUX BUIB TPAHCIOPTY Ta CTUMYJIIOBAaHHS €KOJIOTiYHO 6€3MeYHOTO 3ai3HUYHOTO
cermeHTa. [IpoBeieHnil aHasIi3 TOKa3aB 3pOCTAHHA 3HAYEHHS CyXUX MOPTIiB, IPUKOPJOHHUX JIOTICTUYHUX XabiB i
JyHalicbKOro TPaHCIOPTHOTO KJIACTepy [JIA MiATPUMKH Oe3NepepBHOCTI MiKHApOJHUX JIAHLIOTIB ITOCTAaYaHHS.
BcTaHOBJIEHO, IO iHTerpallis MyJBTUMOAATIBHUX cXeM i3 Iu¢pOBUMHU TEXHOJOTiISIMU YNPaBJiHHA JIOTiCTUKOIO,
CACTEMAaMU MOHITODUHIY BAaHTA>KOIIOTOKIB Ta iHCTpyMEHTaMH ONTHMi3alii MapUIpyTiB CHpUsAE MiJBUILEHHIO
CTiKOCTi TPAHCIIOPTHOI CUCTEMHU, CKOPOYEHHIO JIOTiICTUYHUX BUTPAT i MiHiMi3anii puaukiB. Takosk JoBeAeHO, 10
PO3BUTOK MYJIBTUMOAAJIBHOI iH(PPACTPYKTYpH Ta rapMOHi3allis TpaHCIOPTHOI CUCTEMH YKpATHU 3i cTaHIapTaMu
TEN-T € HeoOXiTHOIO YMOBOIO 3MillTHEHHSI TPAH3UTHOTO MOTEHIlia/ly JepsKaBu Ta 1l iHTerpalii 40 €BpONerCchKOro
€KOHOMIYHOTO0 nIpocTopy. IIpakThYHe 3Ha4eHHS OTPUMAaHUX Pe3y/IbTaTiB MOJIATA€E Y MOKJIUBOCTI IX BUKOPUCTAHHA
mif yac (popMyBaHHS AeprKaBHOI TPAHCIIOPTHOI MOJIITUKY, MOJepHi3arlil JorictuuHol iHppacTpyKTypH, pO3BUTKY
Mi*KHapOJHUX TPAHCIIOPTHUX KOPUJOPIB Ta ONTUMi3alil MyJBTUMOJAJIbHUX IIEPEBe3eHb B YKpaiHi
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Abstract. The paper examined a topical issue arising
from the need to improve the efficiency of urban traffic
management through the use of advanced technologies.
The purpose of the study was to investigate an approach
to optimising the operating modes of traffic lights
at intersections based on traffic flow data obtained
using Light Detection and Ranging (LiDAR) sensors
to improve traffic efficiency and reduce delays. The
paper described the method of using LiDAR sensors
for calculating turn signals at intersections and further
optimising the operating modes of traffic lights based
on the obtained data. The study found that, in order to
function correctly, the method must include the following
stages: placement of LiDAR sensors at key intersection
points in order to obtain three-dimensional point clouds
reflecting the dynamics of traffic flow; processing and
analysis of data generated by the sensor (advanced data
processing methods are used, in particular, algorithms
for segmentation of point clouds and object recognition);
analysis of information about the object’s trajectory (in

particular, for highlighting and counting return flows from primary LiDAR data); development of a mathematical model
of the traffic control system; application of adaptive control strategies for the formation of optimised traffic light modes;
development of recommendations for improving efficiency and optimisation on the methods of statistical analysis and
machine learning to identify stable patterns and time trends in the structure of traffic; implementation of traffic light
objects management. The generalised results of the study showed that the described method can provide an integrated
approach and support for automatic adaptive control of traffic lights due to the use of LiDAR technology to collect
detailed information about turning movements at intersections and optimise the time of traffic lights, which, as a result,
will help to increase the capacity of intersections and reduce congestion in urban transport networks. The results of the
study can be used by traffic management bodies and transport infrastructure engineers when designing and optimising
traffic light regulation at urban intersections

Keywords: Light Detection and Ranging sensors; object recognition; mathematical model; traffic; real-time correction;
machine learning

Introduction

Against a backdrop of rapid growth and increasing com-
plexity in urban traffic, the issue of effective intersection
management has become a pressing and urgent con-
cern, as congestion on the road network leads to longer
journey times, traffic jams, an increase in the number of
accidents, and a negative impact on the environment. It
is well known that optimisation of traffic light operating
modes involves adapting signal phase durations to fluc-
tuating traffic conditions, thereby minimising delays at

intersections and increasing traffic capacity. The imple-
mentation of effective optimisation strategies not only
helps to improve transport logistics, but also enhances
the safety of pedestrians (and other road users) and re-
duces the negative impact of transport infrastructure on
the environment. An intersection is a key element of the
road transport network, within which multidirectional
traffic flows cross and interact. Therefore, understanding
the nature of vehicle traffic at intersections, in particular
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turning manoeuvres, is a necessary condition for effec-
tive optimisation of automatic traffic light control modes.
As a rule, classical approaches to controlling traffic lights
are based on the use of predefined action protocols or a
limited amount of data received from induction sensors
or video systems. Such methods provide a basic level of
functioning, but they are weak from the standpoint of ad-
aptation to the conditions of dynamic changes in traffic
flows, as noted by P. Li et al. (2020). In particular, induction
loops described by L. Klein (2001) allow determining only
the fact of passing a vehicle, but do not provide detailed
information about its trajectory, behaviour, or interaction
with other road users. But counting turn signals at inter-
sections provides complete information about the nature
and intensity of traffic, which allows correction systems to
adapt the time parameters of traffic lights to the specific
conditions of a particular intersection and increase the
overall efficiency of the entire road transport system.

One of the most promising areas for collecting
high-precision spatiotemporal information about vehicle
movement is the use of LiDAR technologies. LiDAR tech-
nology allows obtaining high-precision spatial data in the
form of three-dimensional (3D) point clouds in real time,
which provide opportunities for detailed analysis of traffic
flows, including the determination of traffic trajectories,
speeds, time delays, and the occurrence of conflict situ-
ations described by E Guan et al. (2023) and Y. Liang et
al. (2024). The principle of operation of LiDAR sensors is
based on the emission of laser pulses and measuring the
time of their return after reflection from objects, which
allows creating a detailed 3D spatial model of the envi-
ronment. In traffic flow monitoring tasks, LIDAR sensors
provide accurate detection and tracking of vehicles, pedes-
trians, and other road users, thus forming an informative
database for analysing intersections and further optimis-
ing traffic light control modes. Unlike conventional de-
tection tools, three-dimensional point clouds provide the
ability to classify objects, determine their trajectories, and
analyse return flows in real time, which was confirmed by
contemporary research in this area (Saldivar-Carranza et
al., 2024). Recent research demonstrated the significant
potential of using LiDAR to evaluate the performance of
traffic lights and analyse transport processes. In particu-
lar, E. Saldivar-Carranza et al. (2021; 2024) showed the
possibility of forming accurate vehicle trajectories based
on LiDAR data, and then obtaining indicators such as de-
lay time, queue length, and intersection throughput. This,
in turn, creates prerequisites for the transition from static
to adaptive and intelligent traffic management methods.

Despite the significant development of traffic light op-
timisation methods in recent years, most of the available
approaches are based on the use of generalised transport
data obtained either from a limited number of sources or
in a short period of time. This often leads to inefficient ad-
justment of signal timing parameters, especially in diffi-
cult intersections. Therefore, there is a need to apply more
accurate and adaptive methods of collecting information
to develop sound strategies for optimising the operation
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of traffic lights, in particular, considering turning ma-
noeuvres of vehicles. Contemporary approaches to traffic
light control optimisation involve the use of mathemati-
cal modelling, statistical analysis, and machine learning
methods, in particular, reinforcement learning algorithms
that allow adapting alarm modes to changing traffic con-
ditions (Wei et al, 2018). In particular, P. Li et al. (2020)
and Y. Hu et al. (2025) described reinforcement learning
algorithms that demonstrate high efficiency in traffic light
optimisation tasks, providing adaptation to changes in the
traffic situation in real time. In addition, the use of neu-
ral networks, in particular LSTM, which was described by
L. Yang & R. Guo (2024) allowed for short-term forecasting
of traffic flows, which is an important element of proactive
management. Thus, the study of the use of LiDAR technol-
ogies to optimise automatic traffic control at intersections
is an urgent scientific and practical task aimed at develop-
ing intelligent transport systems and improving the quali-
ty of urban mobility.

The purpose of this study was to overcome the above
limitations by using LiDAR sensors to calculate turn sig-
nals at intersections and further optimise traffic light op-
erating modes based on the data obtained. The methodol-
ogy of the study was based on a comprehensive approach
to analysing ways to optimise traffic flows at intersections
using LiDAR technologies. In the course of the study,
methods of research analysis were applied, which were
covered in scientific literature sources. The contemporary
approaches to creating adaptive traffic light regulation
were analysed. Methods for processing three-dimensional
point clouds for segmentation and classification of traffic
objects were applied. Methods of mathematical modelling
of traffic flows were also used considering statistical data
and elements of mathematical training.

rContemporary approaches

to optimising traffic light regulation

and using LiDAR in transport systems™

The task of optimising the time parameters of traffic lights
has been in the focus of attention of the scientific commu-
nity and practitioners for several decades (Guadamuz et
al., 2022). The first approaches were based on the use of
simple traffic light control schemes with fixed intervals,
which were formed based on pre-defined traffic flow mod-
els and observation results, or forecasting algorithms (Lv et
al., 2015; Ma et al., 2015). Further complexity and branch-
ing of the transport network contributed to the transition
to more complex optimisation methods, including signal
management systems with activation in the presence of
vehicles, traffic-oriented regulation, and adaptive traffic
light systems. These approaches provide for dynamic ad-
justment of the duration of signal phases in accordance
with current traffic conditions, which reduced delays and
increased the efficiency of the functioning of intersections,
were investigated by C. Gartner et al. (2025). Historically,
the calculation of turning manoeuvres of vehicles at inter-
sections was carried out mainly using manual methods,
in particular, visual observations, manual counting, and
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analysis of video recordings, and other approaches, for ex-
ample, the use of “research” vehicles (Waddell et al., 2020;
Mahmud & Day, 2023). Despite the fact that such ap-
proaches allow getting useful information, they were char-
acterised by a significant expenditure of time and resourc-
es, and a high probability of errors, including those related
to the human factor. E Viadero-Monasterio et al. (2024),
J. Enayati et al. (2024), K. Deng et al. (2025) described var-
ious technological solutions that were used to automate
the information collection process, in particular, induc-
tion loop detectors and radar sensors. Machine vision
systems are also of great importance (Buch et al.,, 2011).
However, these tools have a number of limitations, in-
cluding insufficient accuracy, dependence on weather
and light conditions, and the complexity of maintenance.
In this regard, there is still an urgent need to introduce
more reliable and highly accurate methods for collecting
data on turning movements of vehicles at intersections.

E. Saldivar-Carranza et al. (2024) presented a sys-
tem study based on the use of data from LiDAR sensors
as the main source of information. This ensures accurate
tracking of the trajectory of objects, correct detection of
turns, and independence from lighting. The main focus of
the study was on analysing the flow that performs turn-
ing manoeuvres and dangerous manoeuvres. The paper
described the sequence of operation of the system: data
collection, point cloud processing, tracking, data calcu-
lation, optimisation of traffic lights. The implementation
of the mathematical model and the results of adaptive
control (after experimental research and statistical anal-
ysis of the results obtained) were presented. As a result,
the researchers emphasised that the delay time and queue
length were reduced, and the traffic flow capacity was in-
creased. However, given that the study was performed at
a limited number of intersections in specific conditions,
the question arises of generalising the results. In addition,
a detailed analysis of the impact of weather conditions
(rain, fog, snow) on LiDAR operation was carried out. The
presented system does not have a full assessment of the
operation of a combination of several different systems
(camera/radar/LiDAR), since LiDAR sensors are not often
used without additional functional components.

The paper by A. Ansariyar (2023) presented a study
of time distribution using two LiDAR sensors and simula-
tions using OpenCV-based video analysis. The described
approach is economically accessible and scalable. The
presented algorithm can detect vehicles, track them, and
count them (when crossing the control line). The algo-
rithm includes: background selection, background detail-
ing, tracking, and calculations. It uses classical methods of
machine vision: Gaussian background subtraction, Can-
ny boundary determination, feature matching. The video
stream is processed frame-by-frame and can be used in
monitoring systems. The algorithm presented here is de-
signed to measure traffic intensity and provide basic traf-
fic analytics; it is inexpensive and straightforward to im-
plement. However, the disadvantage of this approach to
organising the system is a typical weakness of the classic
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OpenCV approach, i.e., errors in poor lighting, shadows,
overlapping objects, rain/fog. This can lead to “loss” of ob-
jects, duplication of calculations, and errors when cross-
ing the control line. The information obtained is not suf-
ficient to optimise the operation of traffic lights, because
the system records only traffic and does not analyse the
type of vehicle and its trajectory (for example, turns).

L. Yang & R. Guo (2024) presented a study of short-
term traffic forecasting using a model that smooths out
noise in traffic data and predicts time series (SG-LSTM).
The use of Particle Swarm Optimisation (PSO) described
by them should minimise time delays, reduce queues, and
increase throughput. The PSO algorithm is easy to imple-
ment and allows quickly finding optimal solutions. Com-
pared to other studies, L. Yang & R. Guo presented a com-
bined approach (forecasting together with optimisation),
which significantly improves the efficiency of the system.
This approach ensures that the system adapts to chang-
es in traffic during peak hours and when traffic intensity
increases/decreases. However, the operation of this algo-
rithm depends on the quality of the current data, and in
cases where the data is incomplete or “noisy”, the forecast
may deteriorate and optimisation becomes less effective.
In addition, LSTM requires a large amount of data and
does not work well in emergency situations. Computing
large amounts of data and then optimising it usually re-
quires large resources, such as using a neural network.
PSO does not guarantee overall optimisation, as it can get
“stuck” in local solutions, and the results depend on the
algorithm parameters. The algorithm does not take into
consideration pedestrians and emergencies.

The study by A. Cildir et al. (2023) was devoted to the
development of an algorithm for optimal control of traffic
lights to minimise traffic delays at intersections. The re-
searchers proposed an algorithm that: analyses the traf-
fic flow; determines the optimal parameters of the traffic
light; changes the phase duration, green time, and signal
cycle. Mathematical optimisation of the delay considers
the traffic intensity, the distribution of flows in directions,
the structure of traffic light phases, and the capacity of
lanes. The mathematical approach allows using formal-
ised models and the possibility of analytical calculation.
The algorithm requires only a basic set of traffic data and
can be implemented in existing traffic light systems with-
out using complex sensors. However, the algorithm shows
that it is partially adaptive and has a weak response to traf-
fic changes and accidents. In other words, the presented
model is simplified and does not consider complex driver
behaviour and randomness. The effectiveness of the algo-
rithm results depends on the accuracy of the input data.
W. Zeng et al. (2022) presented a study on optimising traffic
light timing using traffic flow modelling. According to the
presented algorithm: a mathematical model of traffic at an
intersection is constructed (based on collecting or setting
traffic parameters, forming an intersection model); the cy-
cle duration, green time distribution, and signal phasing
are optimised; the result is checked through simulation
modelling. The described mathematical modelling allows
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testing various scenarios of traffic intensity and operating
modes. This algorithm is well suited for engineering tasks.
However, it is known that real traffic is more complex than
a model in which some events or behaviours may not be
considered. The algorithm also lacks real-time adaptabil-
ity, meaning that if optimisation is performed, it is offline
and does not respond instantly to changes. In addition,
the model does not consider all types of road users (pe-
destrians, cyclists). The modelling accuracy depends on
the input data, and as the volume of this data increases,
the complexity of modelling also increases. Therefore, it is
difficult to apply the presented algorithm to a large num-
ber of intersections and coordinate between them.

Available scientific research on traffic light regula-
tion optimisation at intersections covers a wide range of
methods and algorithms, in particular, mathematical op-
timisation methods, simulation modelling, and machine
learning algorithms (Zeng et al., 2022; Yang & Guo, 2024).
The main goal of these studies is to improve the intervals
of traffic lights in order to increase the capacity of inter-
sections, reduce traffic delays, and improve overall traffic
efficiency. Most of the proposed methods are based on
simplified traffic flow models or the use of aggregated
data, which does not always adequately reflect the com-
plex dynamics of real traffic. This raises the question of
obtaining detailed data on the functioning of intersec-
tions, in particular, information on return flows obtained
using LiDAR sensors, in order to improve the accuracy
of traffic light optimisation algorithms and improve the
operational performance of intersections. V. Bandaru et
al. (2021) described the TScan system, a conditionally
stationary LiDAR platform for monitoring traffic flows
and analysing road safety. This paper proposed meth-
ods for automatic detection, classification, and tracking
of vehicles based on 3D point cloud data. It was shown
that conditionally stationary LiDAR platforms provide
high-precision formulation of vehicle trajectories and fa-
cilitate effective analysis of conflict situations and traffic
flow parameters in real time.

Despite the existing achievements in the field of au-
tomation of traffic light regulation and intersection man-
agement, the analysis of open scientific literature indicates
the presence of a number of unresolved issues and limita-
tions. In particular, the main problems include: an insuffi-
cient number of studies devoted to the direct use of LIDAR
sensors for calculating return traffic flows and optimising
traffic light control modes; the lack of holistic and unified
methodologies for integrating data obtained using LIDAR
in the traffic light optimisation model; the complexity of
practical implementation of adaptive strategies for con-
trolling traffic lights in real time using LiDAR data; the need
for thorough validation and evaluation of the proposed
approaches based on real experiments and comparative
analysis with conventional methods. Overcoming these
gaps and limitations will contribute to the further develop-
ment of methods for optimising traffic light regulation at
intersections and the development of more effective and
efficient urban traffic management strategies.
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” Application of LiDAR technologies

for monitoring traffic flows™

The expansion of LiDAR technology is conditioned by the
ability to form detailed three-dimensional point clouds
that reflect the spatial characteristics of the environment.
A number of academic papers have examined the use of
LiDAR sensors to address various transport-related prob-
lems, including the detection and classification of ve-
hicles, the estimation of their speed, and the analysis of
the structure and intensity of traffic flows. Thus, T. Raj et
al. (2020) reviewed the main scanning mechanisms of
LiDAR systems used in intelligent transport systems and
autonomous transport. The researchers compared me-
chanical MEMS-based flash memory and optical phased
array LiDAR architectures based on scanning speed, spa-
tial resolution, field of view, and reliability criteria. It was
shown that the development of advanced LiDAR systems
is aimed at moving to solid-state technologies that can
provide high-precision 3D perception of the road environ-
ment in real time. The main advantages of LiDAR sensors
are the contactless and unobtrusive nature of data collec-
tion, high measurement accuracy and versatility in use,
which makes them suitable for monitoring intersections
and obtaining detailed traffic information. The number of
studies devoted to the direct use of LiDAR for calculating
turning manoeuvres and optimising traffic light control
modes remains limited. O. Kilani ef al. (2021) presented
one of the options for using mobile LiDAR data to assess
visibility at urban intersections. The researchers proposed
a method for spatial analysis of the coverage space based
on 3D point clouds, which helps to automatically identify
areas of limited visibility and potentially dangerous sec-
tions of road infrastructure.

Research shows that to ensure the adaptability of the
system, it is advisable to use stationary LiDAR sensors that
are installed at key points to provide comprehensive cov-
erage of both the intersection and the area of approaches
to the intersection. The location of sensors is determined
considering the geometry of the intersection, the number
of traffic lanes, the presence of pedestrian crossings, and
potential traffic jams. Thus, A. Emtenan & C. Day (2020)
and E. Saldivar-Carranza et al. (2024) argued that the effec-
tiveness of vehicle tracking systems significantly depends
not only on the type and characteristics of LiDAR sensors,
but also on their spatial location. They offer a method for
optimal sensor placement, which should ensure maxi-
mum coverage of the road zone (minimise “blind spots”)
and stable detection of vehicles. They considered the Li-
DAR sensor not as an autonomous local sensor, but as part
of an intelligent road infrastructure, Vehicle-to-Infrastruc-
ture, and a cooperative intelligent transportation system.
The researchers proposed a mathematical and geometric
model for determining the optimal height of the LiDAR
sensor installation, the optimal viewing angle, and the
area of intersection monitoring coverage. Each sensor is
calibrated to match the coordinate system with the glob-
al crosshair reference system. This is a prerequisite for
minimising blind spots. A single time system is used to
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synchronise timestamps, which allows correctly combin-
ing data from multiple sensors.

Figure 1 shows the algorithm of the method of using Li-
DAR sensors and data from them to adjust and optimise the
timing of traffic light objects at an intersection (or group of
intersections). LiDAR sensors are used to detect and track
individual vehicles approaching, entering, and exiting in-
tersections, and pedestrian traffic near and at crosswalks.
Figure 1 shows that the obtained LiDAR data in the form
of a three-dimensional point cloud goes through several
processing stages — noise filtering, sensor offset correction,
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and point cloud alignment, which ensures accurate reflec-
tion of the spatial configuration of intersections, removal of
static objects (buildings, pillars, road signs), segmentation
of moving objects, and point clustering to form individual
vehicles. To ensure the integrity and accuracy of the collect-
ed data, quality control procedures are applied, including
checking sensor calibration, evaluating the completeness
of data sets, and comparing them with available real-world
observations or reference data (if available). Space-time
smoothing algorithms are used to reduce the impact of
weather conditions and random errors.

Light Detection and Ranging (LiDAR)

v

‘ Noise filtering

‘ Processing and analysis

of generated data

Sensor offset correction
and point cloud alignment

‘ Deletion of static objects ‘

‘ Segmentation of moving objects ‘

‘ Point clustering

Analysis of information about the movement trajectory

A7 Y L4
Sequence of Object mov.ement Determination of the probability of matching
object positions anal‘ysm between consecutive measurements
A4 A4 v v
driving straight ‘ turning right ‘ ‘ turning left making U- turn
v
‘ volumes of return flows ‘ Development
of a mathematical model
‘ cycle length ‘ of traffic control system
‘ green time distribution ‘
R
‘ phase sequences ‘
‘ limiting of the minimum and maximum phase duration
‘ vehicle delays ‘
‘ intersection capacity ‘
¥
Devel(?pment . . < Use of adaptive management strategies
of recommendations for improving
efficiency and optimisation N2
Traffic light objects

Figure 1. Algorithm for applying LiDAR technologies to optimise automated traffic management at intersections

Source: compiled by the authors

Segmented point cloud clusters are classified as ve-
hicles or pedestrians based on geometric characteris-
tics (dimensions, height, shape) and kinematic param-
eters (speed, direction of travel). In the study by X. Xu et
al. (2022), segmentation of LiDAR point clouds was consid-
ered as a key stage in the operation of SLAM systems with
combining data from multiple sensors. The researchers

noted that LiDAR spatial points are grouped into clusters
to highlight geometric features of the environment, in
particular, planes, contours, and individual objects. For
this purpose, both classical clustering methods and deep
learning methods for semantic segmentation were used.
Dedicated clusters were used for localisation, mapping,
object tracking, and road scene analysis tasks. Thus, for
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example, H. Zhou et al. (2020) proposed a method for se-
mantic segmentation of a point cloud based on a cylin-
drical representation of space. The researchers performed
spatial clustering of points by cylindrical voxelisation,
which enabled more efficient grouping of LiDAR points
in road scenes. Based on the generated voxel clusters, the
neural network performs semantic segmentation of vehi-
cles, pedestrians, and other road objects.

Another approach was presented by J. Zhang et
al. (2026), who divided the algorithm of work into: col-
lection of LiDAR data (fixing point clouds, determining
spatial coordinates, collecting information about inten-
sity), scene processing (segmentation, object detection,
clustering, tracking), situation interpretation (analysis of
traffic flows; definition of conflict situations, behaviour-
al analysis, anomaly detection). To track trajectories, as a
rule, a multi-step tracking algorithm was used, which con-
sidered the sequence of changes in the position of an ob-
ject, predicting its further movement, and the probability
of correspondence between consecutive measurements.
This allows accurately reconstructing the mathematical
model of the trajectory of vehicles passing through inter-
sections, and the direction of movement of pedestrians.
This approach was described by X. Weng et al. (2020), who
presented an approach to 3D tracking of multiple objects
based on LiDAR data, in which vehicle tracking was per-
formed by combining traffic forecasting and establishing
correspondence between consecutive observations. The
researchers used the Kalman filter to estimate the future
position of objects and the Hungarian algorithm to link 3D
bounding rectangles between frames. The effectiveness of
multi-step tracking for formulating stable vehicle trajecto-
ries in a dynamic road environment was shown.

After determining the trajectories, each vehicle is
classified according to the type of manoeuvre, such as
driving straight ahead, turning right or left, or making
a U-turn (where applicable). Classification is based on
the analysis of changes in the angle of the trajectory and
its spatial position relative to the intersection geometry.
Rotational movements are counted within the specified
time limits. The length of queues is determined based on
the spatial distribution of vehicles within a given LiDAR
scanning area. J. Zhao et al. (2019) presented the con-
cept of queue estimation, which is implemented through
point cloud segmentation, vehicle clustering, trajectory
tracking; spatial fill analysis. In other words, the queue
length is determined based on the spatial position and
accumulation of vehicles in the stationary LiDAR obser-
vation area. The study by S. Cao et al. (2021) proposed
the concept of an intelligent multimodal traffic moni-
toring system. Such a concept is presented as a system
that must simultaneously perceive different types of ob-
jects, analyse their interaction, and form a high-precision
digital representation of the road scene. When analysing
multimodal interactions, particular attention is paid to
the dynamics between cars, pedestrians, and cyclists. The
system considers “conflict zones”, road crossing behav-
iour, and dangerous interactions.
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”Optimisation of traffic light regulation

based on LiDAR data™

The obtained values of traffic intensity and cornering dis-
tribution are used as input parameters to describe a math-
ematical model for optimising traffic light regulation. In
modern traffic light control systems, various mathemat-
ical optimisation models are used, which are aimed at
minimising delays. The classic Webster method is based
on the analytical determination of the optimal duration of
the traffic light control cycle and phase distribution, con-
sidering the intensity of traffic flows (Zhang et al., 2021;
Liang et al.,, 2024). The TRANSYT model is designed to
optimise the operation of a group of interconnected traf-
fic light objects by minimising delays and the number
of vehicle stops in the network (Qadri et al., 2020; Kim et
al., 2023). The MAXBAND method provides coordination
of traffic light regulation by maximising the “green wave”
and creating the largest possible lane of continuous traffic
flows in two directions (Dai et al., 2016; Lan et al., 2026).
Simultaneously, contemporary adaptive intelligent trans-
port systems use methods of dynamic programming,
optimisation with a moving horizon, maximum load reg-
ulation, and reinforcement learning. Most optimisation
models consider the spatial and temporal distribution
of traffic flows, queue parameters, and real-time traffic
state forecasting. Such integration involves the creation
of mathematical optimisation models that consider: the
volume of return flows; cycle length; distribution of green
time; phase sequences; limiting the minimum and max-
imum duration of phases; vehicle delays; intersection
throughput. In addition, machine learning techniques
can be used to identify permanent patterns based on his-
torical data and dynamically adjust the signal timing in
response to changes in traffic conditions. For example,
J. Ugirumurera et al. (2023) proposed a method for pre-
dicting traffic light regulation parameters based on the
analysis of mobile vehicle data using machine learning
algorithms. The researchers showed that vehicle trajecto-
ry data can be used to estimate cycle duration, red zone
time, and other signal synchronisation parameters with-
out direct access to traffic light controllers. The paper uses
XGBoost and neural networks to analyse transport trajec-
tories and identify patterns of traffic light phases.

An interesting approach using machine learning was
presented in the paper by S. Eteifa et al. (2021), who pro-
posed a method for predicting phase change moments co-
ordinated by adaptive traffic lights using a neural network.
It was shown that deep recurrent neural networks can ef-
fectively model time dependencies in traffic light intersec-
tions and predict future signal changes based on histori-
cal transport data. The methodology was focused on the
use of connected mobile vehicle systems and intelligent
transport systems. Existing interval parameters of signals
at the intersection are estimated based on models created
as a result of real observations of traffic and the volume
of return flows. The analysis showed inefficiencies in sig-
nal phasing and time distribution between phases, which
leads to a decrease in the “performance” of intersections
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and an increase in vehicle delays. Potential optimisation
areas were identified, in particular, adjusting the duration
of signal cycles, green light time, and phase sequence. This
allows increasing the efficiency of the intersection and re-
ducing traffic jams.

Statistical methods are usually used to process calcu-
lations of rotational movements and traffic flow data, in
particular, regression analysis and hypothesis testing. This
approach allows identifying correlations, patterns, and
statistically significant effects. Data analysis shows that
the LiDAR-based system provides high accuracy in deter-
mining vehicle trajectories and classifying turning ma-
noeuvres. Thus, for example, in comparison with conven-
tional methods of data collection (manual calculations,
inductive loops, video surveillance, etc.), the LIDAR-based
method demonstrates: higher stability of data acquisition;
reduced error in object classification; better identification
of complex manoeuvres (in particular, left turns in a dense
flow); accuracy and reliability of the received information.
The system is capable of operating in conditions of vary-
ing traffic intensity, including peak periods. It was deter-
mined that an integrated approach to data collection and
analysis using LiDAR contributes to understanding the
dynamics of object movement at intersections, optimising
the duration of signals, and improving the overall efficien-
cy of traffic flow in the urban environment. Calculations of
the number of turning manoeuvres obtained using LIDAR
sensors are integrated into the optimisation algorithm to
form informed decisions on traffic light synchronisation.
The model incorporates observed volumes of turning
movements, the distribution of directions, and the tempo-
ral variations in traffic flows. Based on the use of real-time
traffic data, the algorithm can dynamically adjust the du-
ration of signals, which allows adapting to changing traffic
conditions and minimising delays at the intersection.

During traffic signal optimisation, several key param-
eters and constraints are considered: the geometry and
configuration of the intersection, including lane layout
restrictions, prohibited turning movements, and the pres-
ence of pedestrian crossings; traffic flow characteristics,
reflecting traffic volumes, vehicle arrival rates, and traffic
composition (e.g., passenger cars, lorries, and bicycles),
which enable realistic modelling of traffic dynamics; sig-
nal timing constraints, including minimum and maxi-
mum green times, cycle lengths, and phase sequences to
ensure technical feasibility and compliance with traffic
regulations; and coordination with adjacent intersections,
whereby signal synchronisation with neighbouring inter-
sections is considered to optimise capacity and improve
traffic flow along arterial corridors. Sensitivity analysis is
performed to assess the impact of parameter variations
and uncertainties on the performance of the optimisation
algorithm. This analysis allows identifying critical param-
eters and assessing their impact on the results of synchro-
nisation of traffic light signals. Reliability testing is neces-
sary to determine the stability of the algorithm to changes
in traffic conditions, sensor failures, or interruptions in
communication systems. In the future, after applying the
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optimised time parameters of the signals, it is necessary to
constantly monitor and collect data to evaluate the effec-
tiveness of changes. LiDAR sensors continuously record
turning movements at intersections, providing real-time
feedback on traffic dynamics and intersection perfor-
mance. Video cameras or other monitoring systems may
be used to supplement LiDAR data, thereby providing ad-
ditional information about events at the intersection and
improving the accuracy of assessments of the effective-
ness of the optimisation strategies implemented.

The expected efficiency of optimised signal timings is
estimated by several key indicators, such as: reducing the
average delay time of vehicles at the intersection; reduc-
ing the length of queues of traffic flows, especially during
peak hours; increasing the number of vehicles crossing
the intersection per unit of time; increasing throughput
(reducing the total time of movement of vehicles through
the intersection); more uniform load distribution between
phases; reducing emissions of harmful substances into
the environment and fuel consumption due to increased
efficiency of traffic flow. Optimisation will allow using the
available green time more efficiently and reducing capac-
ity losses due to inconsistent phases.

”Conclusions™

The research presented in this paper was devoted to the
topical issue of improving the efficiency of the functioning
of transport intersections by improving approaches to op-
timising traffic light regulation. The analysis of scientific
publications showed that most of the existing optimisa-
tion methods are based on aggregated or limited informa-
tion content, which significantly reduces the efficiency of
decision-making, especially in complex and dynamic sit-
uations. In the course of the study, the expediency of us-
ing LiDAR technologies as a source of three-dimensional
space-time information about the movement of vehicles,
pedestrians, and other road users was substantiated. It
was shown that the use of three-dimensional point clouds
enables high-precision detection, tracking, and classifica-
tion of objects. This, in turn, creates prerequisites for the
correct determination of both the usual intersection and
turning manoeuvres, and the assessment of the intensity
of traffic flows and the development of an expanded set of
parameters necessary for optimising the control of traffic
light objects.

A comprehensive approach to LiDAR data process-
ing was proposed, which included stages of noise fil-
tering, point cloud alignment, segmentation of moving
objects, clustering, multi-step tracking, and vehicle clas-
sification by manoeuvre type. Based on the results ob-
tained, “direct” and “return” traffic flows were calculated,
the length of queues was estimated, and other charac-
teristics of the transport process were determined. This
detailed data allowed moving from simplified models to
a more detailed description of the actual dynamics of
traffic at intersections. It was established that the inte-
gration of the obtained parameters into mathematical
models of traffic light regulation optimisation provided
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the possibility of adaptive adjustment of the time char-
acteristics of signals based on current traffic conditions.
In particular, consideration the volume of return flows,
intersection geometry, phase constraints, and variations
in traffic intensity helps to more reasonably determine
the cycle duration, green time distribution, and phase
sequence. This allows increasing the capacity of inter-
sections, reducing vehicle delays, and optimising the
use of existing infrastructure.

An analysis of data collection methods has shown
that the revised approach is characterised by the stability
and informativeness of its results. In particular, it provid-
ed identification of complex manoeuvres (including left
turns in dense traffic), reduced the probability of count-
ing errors, and improved the quality of output data for
optimisation algorithms. This substantiates the feasibili-
ty of using LiDAR as a basic technology for building con-
temporary traffic monitoring and management systems.
However, a number of limitations and areas for further
research have been identified. In particular, additional
study is required into the impact of weather conditions on
the quality of data obtained from LiDAR sensors, ensur-

> o B8

@

channel failures, and the integration of LiDAR with oth-
er data sources (video, radar systems). The investigation
of these issues is necessary to improve the reliability and
completeness of observations. An important task is also
to scale the proposed approach to a network of intercon-
nected intersections and validate it in real-world opera-
tion conditions. The results obtained indicate a significant
potential for using LiDAR technologies in the tasks of op-
timising automated traffic management. The proposed
approach lays the foundations for the development of a
new generation of intelligent traffic management systems
capable of enhancing the efficiency of the urban road net-
work, improving road user safety, and reducing the nega-
tive impact of transport on the environment.
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AHoTauif. PoboTa npucBsYeHa IOCIiIKEHHIO aKTyaJbHOTO MUTAHHS, STKE 3yMOBJIeHe HeOOXiIHICTIO miABUIIIEHHS
e(eKTUBHOCTi KepyBaHHS MiCbKUM TOPOKHIM PYXOM IIJISIXOM BUKOPHUCTAHHS CY4YaCHUX TEXHOJIOTi . MeTo0 poboTu
OyJIO TOCTimKeHHs MiAXOAy 0 ONTUMI3alii peskuMiB poboTH cBiIOpOpiB HaA MepexpecTsx Ha OCHOBi JaHUX PO
TPAaHCIOPTHI TOTOKY, OTPIMAaHNX i3 3acTocyBaHHAM nar4yukis Light Detection and Ranging (LiDAR), 114 nigBuUIeHHA
e eKTUBHOCTI JOPOKHBOTO PYXy Ta 3MEHIIIeHHS 3aTPUMOK. B po0oTi npesicTaB/IeHO OIIUC METOAY BUKOPHUCTAHHSA
nJatyukiB LiDAR 11 migpaxyHKy IOBOPOTHHX IIOTOKIB Ha ITepexpecTsx Ta MoJaJlbIno] onTuMisanii peskuMis poboTu
cBiTII0OpiB HAa OCHOBI OTpUMaHUX JaHUX. [Ipy qocaimskeHi 6y710 BCTAaHOBJIEHO, IO IJIsI KOPEKTHOI pOOOTH METOJ,
TMOBUHEH BKJIIOYATH HACTYIHi eTanu: po3minieHHsA naTyukiB LiDAR y KJ/IIOUOBUX TOUYKax IlepexpecTs 3 MeTOI0
OTPUMaHHSA TPUBUMIPHUX XMap TOYOK, IO BimoOpaskaioTh JUHAMIKy TPAHCIIOPTHOTO IIOTOKY; 0OpoOKa Ta aHasi3
3reHepOBaHUX JaTIYNKOM JaHUX (3aCTOCOBYIOTHCSA Cy4acHi METOAM 0O0POOKHY JaHUX, 30KpeMa aJITOPUTMU CerMeHTaIlil
XMap TOYOK Ta pO3Mi3HAaBaHHs 00'€KTiB); MPOBeIeHHsI aHATI3Y iH(opMalii mpo TpaeKTopii pyxy 06’eKTy (30Kpema
JJIs BUJiJIEHHS Ta IMiJpaxyHKY IIOBOPOTHUX IOTOKIB i3 mepBuHHMX LiDAR-maHux); opMyBaHHS MaTeMaTHYHOL
Mofieli CHCTeMH KepyBaHHSA pYXOM; BUKOPHUCTAHHA aJalTHUBHHUX CTparerii KepyBaHHA i (opMyBaHHSA
ONTUMi30BAaHUX PEXUMIB pobOOTH CBiTIO(OpPiB; po3poOKa peKOMeHAAlliil IOAO0 IMiJBUIIEHHs e(eKTUBHOCTI
Ta ONTHUMI3allili Ha OCHOBi MeTOHiB CTAaTUCTUYHOTO aHAJi3y Ta MAIIMHHOTO HAaBYaHHs [JII BUSBJIEHHS CTIHKHUX
3aKOHOMIpHOCTel i YaCOBUX TeHJEHIIiH ¥ CTPYKTYpi TPAaHCIOPTHOTO PYXY; 3[1iICHEHHS KepyBaHH:A CBIVIOOpHUMU
o0’ekTamu. B poOoTi IpuBeieHO y3arajabHEeHI pe3yabTaTy JOCTiIKeHH I, SIKi TOKa3aJIH, 110 OIMCAaHUN METOT MOYKe
3abe3nevyBaT KOMILJIEKCHUM MiAXif Ta MiITPUMKY aBTOMAaTHYHOIO aJalTUBHOIO KepyBaHHA CBIIOpOpPHUMU
ob’ekTaMU 3aBAsAKU BUKOpUcTaHHIO LiDAR-TexHoJIOTIT /1 300py AeTanbHOI iHdopMarliii Ipo IOBOPOTHI pyxu Ha
IepexpecTsx Ta onTuMisalii yacy cBiIOpOpHUX CUTHAJIB, 110 B HiICYMKY COPUATHME MiIBUIIEHHIO POMYCKHOL
3JaTHOCTI IIepeXpecTh i SMEHIIIEHHIO 3aTOPiB y MiCbKUX TPAHCIIOPTHUX MepesKax. PeayJibraTy NOCHiIKeHHA MOXKYTh
OyTU BUKOPUCTaHi OpraHaMu yIpaBJIiHHA JOPOKHIM PYXOM Ta iHKeHepaMU TPaHCIOPTHOI iHDPaCTPYKTYpH Mif gac
MIPOEKTYBaHHA 1 onTUMi3allil cBiTI0(hopHOTro perynoBaHHA Ha MiCbKUX IIepexpecTsax

Kniovosi cnosa: marumku Light Detection and Ranging; posmisHaBaHHA 00'€KTiB; MaTeMaTHM4Ha MOJeJIb; PyX
TPaHCIOPTY; KOPETyBaHH:A B pealbHOMY 4aci; MalllMHHe HaBYaHHs
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