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Abstract. The article examined the ecological and economic management of the sustainable development of an
enterprise. It considered the theoretical foundations of sustainable development as well as the practical aspects of
its implementation at the enterprise level, with particular attention paid to achieving a balance between economic
efficiency and environmental responsibility. The purpose of the study was to determine effective mechanisms
for managing the sustainable development of enterprises through an assessment of the interrelated ecological
and economic factors influencing their activities. The object of the study was the municipal transport enterprise
Kyivpastrans, and the research was aimed at identifying effective mechanisms for managing its sustainable
development. The relationships between the ecological and economic indicators of the enterprise’s performance
were analysed, key factors affecting its environmental and financial stability were identified, and the enterprise’s
resilience to external ecological and economic challenges was assessed. The research employed statistical and
graphical methods, as well as mathematical modelling, which made it possible to quantitatively evaluate the
relationships between ecological and economic characteristics and to develop proposals for their optimisation.
Quantitative assessment methods were used to determine the dynamics of sustainable development indicators
and to substantiate approaches to their further optimisation. The results obtained generalised the methodological
foundations for improving sustainable development management in urban public transport enterprises. The
interdependence between environmental and economic performance indicators was identified, enabling an
assessment of enterprises’ resistance to external environmental changes and their adaptability to contemporary
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challenges. The practical significance of the study lay in the development of recommendations aimed at enhancing
enterprise efficiency in accordance with the principles of sustainable development. The findings could be used as a
decision-making tool in environmental and economic planning

Keywords: sustainability indicators; ecological performance; economic efficiency; urban transport enterprise;

Kyivpastrans; management tools; adaptive development

Introduction
Modern urban transport enterprises operate under con-
ditions of increasing ecological pressures, economic in-
stability, and growing demands for service quality, which
necessitates the transition to sustainable development
principles. Ensuring balanced ecological and economic
performance is becoming a key prerequisite for strength-
ening the resilience and competitiveness of transport
companies in the face of contemporary challenges. In this
context, the development of effective management mech-
anisms requires a comprehensive assessment of environ-
mental impacts, resource efficiency, and the economic
outcomes of operational activities. The municipal trans-
port company Kyivpastrans serves as a representative
example of an enterprise functioning within a complex
urban environment, where sustainable development in-
dicators directly influence both operational stability and
the quality of public transportation services. The need to
integrate environmental considerations into economic
decision-making highlights the importance of establish-
ing reliable diagnostic tools that reflect the interconnec-
tion between ecological and economic factors. As noted
by O.0. Bakulich & L.R. Kis (2021), modern transport en-
terprises face escalating ecological pressures, rising op-
erational costs, and increasing expectations for safe and
efficient mobility services. These challenges are particu-
larly acute for urban public transport systems, which must
simultaneously ensure environmental responsibility, eco-
nomic stability, and high service quality. As a result, the
need for effective sustainable development management
has become especially relevant for transport companies,
where the balance between ecological impact and eco-
nomic performance directly influences the reliability and
resilience of urban mobility. Sustainable development of
enterprises in the long term is primarily conditioned by
the introduction of the experience of innovative activities
of highly developed countries, and the development of
advanced achievements of domestic engineering, science
and technology. V. Vlasova & O. Shynkaruk (2025) inves-
tigated the theoretical and methodological foundations
and contemporary tools for assessing the sustainable de-
velopment of transport enterprises, analysing the advan-
tages and disadvantages of these tools for the formulation
of effective innovative strategies, taking into account envi-
ronmental, social, and economic aspects. A.S. Karapysh et
al. (2025) found that the key element of the sustainable
development concept is the principle of balance between
economic, social, and environmental components; how-
ever, its excessive ideologisation and insufficient sys-
tematisation complicate the practical implementation of
sustainable development goals, thereby necessitating the

introduction of specific applied instruments, primarily at
the enterprise level. E. Sird et al. (2021) argued that an im-
portant condition for sustainable development is the flex-
ibility of the management system — the ability to respond
to changes by adjusting the set of managerial influences
and directing the system to an equilibrium state. Accord-
ing to the authors, sustainable development had been
implemented through the “20-20-20” approach, which
included the reduction of greenhouse gas emissions, the
improvement of energy efficiency, and an increase in the
share of renewable energy sources in the overall energy
balance. The study by EV. Bekun et al. (2019) demonstrat-
ed that non-renewable energy consumption and econom-
ic growth had increased CO, emissions, whereas the de-
velopment of renewable energy had contributed to their
reduction, and an excessive reliance on natural resource
rents without proper management had undermined envi-
ronmental sustainability.

In the context of contemporary challenges, D. Gavryk-
ov (2025) emphasised that digital transformation, includ-
ing intelligent transport systems, big data, the Internet of
Things and other advanced technologies, had constitut-
ed a critical pathway towards achieving sustainability in
transport enterprises. The integration of digitalisation had
expanded the scope of sustainability assessment beyond
traditional economic and environmental indicators by rec-
ognising operational efficiency, resource optimisation and
transparency as integral components of sustainable de-
velopment. The review by D. Burchart & 1. Przytuta (2024)
of the transport sector’s life-cycle sustainability assess-
ment (LCSA) methods highlighted that comprehensive
evaluation must integrate long-term environmental im-
pacts, resource consumption, emissions, infrastructure
lifecycle, and social outcomes — not only operational per-
formance. This is significant because many conventional
assessment methods, including enterprise-level indices,
had tended to omit life-cycle impacts, thereby underesti-
mating the actual ecological costs and the long-term risks
to sustainability. A. Rossolov & S. Lyfenko (2021) assessed
sustainability performance of the transport sector across
European countries provides a broader context: it identi-
fies structural challenges in reducing dependence on fos-
sil fuels and meeting emissions targets, while recognising
the need for harmonised sustainability indicators across
nations for policy benchmarking. For a municipal oper-
ator like Kyivpastrans, such macro-level insights under-
line the importance of aligning enterprise-level sustain-
ability efforts with wider sectoral and regulatory trends.
A mixed-method investigation by M. Soufiemami (2022)
examined social inclusivity and accessibility in public
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transport systems, especially for disadvantaged groups
(elderly, disabled, children). The research showed that
sustainable transport must be socially equitable, safe,
and accessible, adding an important dimension often
underrepresented in enterprise-level indices. Integrating
such social equity metrics may improve the social com-
ponent of sustainability assessment for public transport
enterprises. For municipal transport operators such as
Kyivpastrans, sustainable development had constituted
both a strategic objective and a practical necessity due to
intensive energy use, emissions, infrastructure wear, and
the obligation to provide socially essential services. Inte-
grating ecological considerations into managerial deci-
sion-making had been essential for enhancing operation-
al efficiency, mitigating environmental risks, and meeting
contemporary standards of sustainable urban transport.
Despite existing theoretical models, practical implemen-
tation at transport enterprises had often lacked systematic
approaches capable of capturing the complex interactions
between environmental and economic factors. The aim of
the study was to investigate the processes of managing the
sustainable development of an enterprise and the pros-
pects for its activities on the basis of sustainable develop-
ment, using the municipal transport company Kyivpas-
trans as the case study.

Materials and Methods
The methodological framework of the study had been
grounded in a combination of traditional general scientif-
ic and specialised methods. Statistical methods had been
employed to analyse and identify patterns in the enter-
prise’s performance indicators, while the index method
had been used to determine aggregated indicators and as-
sess the enterprise’s sustainable development. A systems
approach had facilitated a comprehensive examination
of the management process of sustainable development

in a transport-sector enterprise as an integrated technical
and socio-economic system, allowing for the identifica-
tion of interrelationships among its elements. Inductive
and deductive reasoning had been applied to form theo-
retical generalisations based on empirical data, and sys-
tematisation and classification had been used to structure
the key factors and indicators of the enterprise’s sustain-
able development. In addition, modern computer-based
methods had been utilised for processing and visualising
economic information. The information base of the study
had comprised scientific publications by domestic and
foreign scholars in the field of sustainable enterprise de-
velopment management, legislative and regulatory docu-
ments governing enterprise activities, as well as statistical
and financial reporting from the transport sector.

The assessment of an enterprise’s sustainable devel-
opment had been conducted using indicators — metrics
derived from primary data - that enabled the evaluation of
both the current state and the dynamics of sustainable de-
velopment parameters. Two approaches had been applied
in constructing the system of eco-economic indicators.
The firstinvolved the development of an integrated, aggre-
gated indicator to assess the level of social and economic
resilience, typically based on three groups of indicators:
economic, environmental, and socio-economic. The sec-
ond approach entailed the creation of a system of individ-
ual indicators, each reflecting specific aspects of sustain-
able development. These indicators had been designed to
encompass economic, social, and environmental dimen-
sions, recognising that sustainable development in an
enterprise should promote economic growth while main-
taining a balance with societal needs for improved quality
of life and preventing environmental degradation. The use
of such indicators had allowed for the quantitative meas-
urement, monitoring, evaluation, and analysis of the pace
and effectiveness of sustainable development (Table 1).

Table 1. Indicators for assessing the sustainable development of an enterprise

Indicator category
Economic indicators

Industrial production volumes, capital investment volumes, profitability level, depreciation of fixed assets

Indicators

Environmental
indicators

Emissions of harmful substances into the air, discharges into water bodies, use of energy-saving
technologies, expenditures on environmental protection measures

Social indicators

Number of jobs created, wage level, employee qualifications, level of workplace accidents

Risk indicators

Ability to withstand extreme external and internal pressures, quality and reliability of the enterprise’s

components

Source: developed by the authors based on L.M. Filipishyna (2017), O.V. Aref’yeva et al. (2023)

A quantitative assessment of enterprise sustainable
development management was carried out based on an
integrated sustainable development index, which includ-
ed partial economic, environmental, and social indices
and was expressed as:

1 m n k
— 1
Jj=1 Jj=1 Jj=1

where Tgeon, Jecol, [soc — indicators that respectively char-
acterise the economic, environmental, and social com-
ponents of an enterprise’s sustainable development;
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m, n, k- the number of indicators used to determine the
partial indices.

The economic components of an enterprise’s sus-
tainable development refer to the state of its econom-
ic system, determined by indicators such as industrial
production volumes, capital investment volumes, prof-
itability levels, and depreciation rates of fixed assets.
The environmental component of sustainable devel-
opment represents the enterprise’s impact on the envi-
ronment. Key indicators include emissions of harmful
substances into the air, discharges into water bodies, the
use of energy-saving technologies, and expenditures on



environmental protection measures. The social prereq-
uisites for sustainable enterprise development encom-
pass the state, indicators, and patterns of social sphere
development. This group includes indicators such as the
number of jobs created, wage levels, employee qualifica-
tion levels, and workplace injury rates. Considering that
all indicators and parameters forming the indices are
part of the model, are measured using different physical
units, have varying interpretations, fluctuate within dif-
ferent ranges, and exhibit different directional influenc-
es, it is necessary to standardise them using the following
formulas. If indicator X; has a direct correlation with the
corresponding index (i.e., when the indicator increases,
the corresponding index also increases), its standardised
value is calculated as:

L Tmin_ )

i
Xmax ~ Xmin

where X, .. and X,,,, - the maximum and minimum values
of the corresponding indicator.

If the indicator X; has an inverse relationship with the
corresponding index (i.e., when the indicator increases,
the corresponding index decreases), its standardised val-
ue is determined as:

[=1- S 3)

Xmax ~Xmin

Such normalisation ensures the unidirectionality of
the partial indices, with their values ranging from 0 to 1.
The poorest indicator values in terms of sustainable devel-
opment correspond to numerical values close to 0, where-
as the best approach 1. The assessment of an enterprise’s
sustainable development involves calculating an integrat-
ed index based on the partial indicators of sustainable
development. This process includes selecting and system-
atising the enterprise’s statistical performance indicators,
followed by the calculation and normalisation of the rela-
tive indicators (Siré et al., 2021). An index is a set of aggre-
gated or weighted indicators or factors, while an indicator
is a measurable or observable characteristic. Based on the
normalised values of partial indicators grouped into cate-
gories — social development, economic, and environmen-
tal - partial indices are then calculated.

Bakulich et al. n

Results and Discussion

The process of managing the sustainable development
of an enterprise is based on a management system that
allows a comprehensive, holistic approach to the interac-
tion of various subsystems involved in management pro-
cesses. The enterprise management system is considered
as a set of management areas (marketing, finance, human
resources management, etc.) or management functions
(planning, organisation, motivation and control) (Filip-
ishyna, 2017; Bakulich et al, 2021). The enterprise sus-
tainable development management mechanism involves
the sequential execution of defined actions. When estab-
lishing the foundation for managing sustainable develop-
ment, it is necessary to formulate the enterprise’s goals,
strategies, and management principles. The implementa-
tion of the enterprise strategy is a process of reproducing
its strategic potential based on the study and considera-
tion of internal and external factors, as well as dynamic
cause-and-effect relationships between the enterprise
and the external environment. The core idea of sustaina-
ble enterprise development is to find an optimal balance
between socio-economic growth and resource utilisation
that ensures environmental safety, does not threaten the
resource availability of future generations, and guaran-
tees the necessary quality of life and well-being of the
population. Additionally, the sustainable development
strategy aims to ensure the financial stability, operation,
and growth of the enterprise, satisfy the interests of all
stakeholders, meet employees’ needs for decent work-
ing and living conditions, and establish the company’s
image as an environmentally and socially responsible
economic entity whose activities contribute to societal
development and minimise negative environmental im-
pact. Sustainable enterprise development should be con-
sidered as its ability to conduct economic activities over
a certain period under conditions of uncertainty caused
by external environmental influences that disrupt normal
functioning and growth. The achievement of sustainable
development goals is facilitated by both external and in-
ternal environmental factors and their effective utilisa-
tion (Table 2).

Table 2. Key factors of sustainable enterprise development

External factors

Economic: population income growth, tax burden, labor
potential, inflation reduction, unemployment reduction

Internal factors

Management: effective development strategy, resource
management system, personnel management system,
information systems and technologies

Market: market capacity and dynamics, demand level,
competition level

Operational: cost structure, level of technical and technological
development, asset utilisation, marketing activities

Other factors: accessibility to external markets, demographic
indicators, political stability

Financial: effective investment management, liquid asset
structure, reduction of financial risks

Source: developed by the authors based on L.M. Filipishyna (2017), S.M. Pylypenko (2020)

Table 2 presented the key external and internal fac-
tors that influence the sustainable development of an
enterprise. External factors reflect the macro-environ-
ment in which the enterprise operates and can either en-
able or constrain sustainable development. For instance,

economic factors such as population income growth, tax
burden, inflation, and unemployment levels directly af-
fect consumer demand and purchasing power, which in
turn impacts revenue generation and investment capac-
ity. Market factors, including market capacity, dynamics,
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demand, and competition, determine the potential for
enterprise growth and innovation, while other factors
such as accessibility to external markets, demographic
trends, and political stability shape the broader opera-
tional environment and affect strategic decision-making.
A favourable external environment enhances the enter-
prise’s opportunities to implement sustainability initia-
tives, whereas adverse conditions may require adaptive
management strategies to maintain balanced devel-
opment. Internal factors constitute the enterprise’s in-
herent potential for sustainable development. Effective
management, achieved through a coherent development
strategy, resource allocation, personnel administration,
and advanced information systems, allows the enter-
prise to coordinate economic, operational, and social
activities efficiently. Operational factors, including cost
structure, technological advancement, asset utilisation,
and marketing activities, influence the efficiency with
which inputs are converted into sustainable outputs.
Financial factors, encompassing investment manage-
ment, liquidity, and risk mitigation, provide the financial
stability necessary to support long-term development
projects and strategic initiatives. The interplay between
external and internal factors is crucial: while external
conditions set the boundaries and create opportunities
or threats, internal capabilities define the enterprise’s
capacity to respond, adapt, and exploit these opportuni-
ties. For Kyivpastrans, external factors such as market de-
mand for transport services, regulatory conditions, and
population mobility trends directly affect the scope and
efficiency of sustainability measures. Simultaneously,

300

internal factors, particularly the effectiveness of man-
agement systems, technological readiness, and financial
stability, determine the enterprise’s ability to implement
environmentally friendly technologies, improve service
quality, and ensure social equity in urban transport pro-
vision. Overall, the Table 2 highlighted that sustainable
development results from the dynamic interaction be-
tween external influences and the enterprise’s internal
potential. Enterprises are required to monitor external
changes continuously while simultaneously enhancing
internal capabilities to achieve balanced and long-term
sustainability outcomes.

The primary responsibility of Kyivpastrans is to pro-
vide public transportation services to the residents and
visitors of Kyiv. Despite the current state of martial law and
the challenging circumstances facing the country, the mu-
nicipal enterprise continues to ensure the stable operation
of the city’s transport infrastructure. In 2023, compared to
the previous year, transport work volumes (thousands of
vehicle-kilometers) in regular service increased by 43.5%,
including 31.1% for trams, 76.9% for trolleybuses, and
33.0% for buses (Fig. 1). This increase resulted from the
opening of new routes and the expansion of rolling stock
on existing routes. Throughout 2023, the total number
of passengers transported by the company amounted to
224.5 million, which is 79.8 million more than in 2022. In
regular service, 224.1 million passengers were transport-
ed, representing a 55.3% increase compared to 2022. The
number of fare-paying passengers reached 101.1 million,
an increase of 96.3% from 2022. The dynamics of passen-
ger transportation indicators are presented in Figure 2.
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Figure 1. Dynamics of the enterprise’s transport performance indicators during the period 2021-2023

Source: Kyivpastrans (2023; 2024)
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Figure 2. Dynamics of transportation volume indicators during the period 2021-2023

Source: Kyivpastrans (2023; 2024)
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The analysis of passenger transportation volumes
and structure at Kyivpastrans showed that buses account
for the largest share — 45% of total passenger transport.
When considering paid passenger transport, buses make
up approximately 48%. In 2023, the company’s own rev-
enue amounted to 1,811.4 million UAH, representing an
increase of 432.1 million UAH compared to the previous
year. Local budget allocations in 2023 totalled 3,652.3 mil-
lion UAH, an increase of 816.6 million UAH relative to
2022. Kyivpastrans’s total expenditures in 2023 reached
4,686.2 million UAH, which is 900.5 million UAH higher
than in 2022. The largest expenditure categories include
material costs, depreciation charges, and payroll expenses.
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The environmental policy of Kyivpastrans is based on
the principle of sustainable development, which involves
economic growth while ensuring the most efficient use
of natural resources, maintaining ecological stability,
and preserving the environment for future generations.
To support this approach, the company has planned the
renewal of its fleet by replacing older buses with newer
models that comply with European environmental stand-
ards and increasing the number of trolleybuses and trams,
which are considered environmentally friendly transport
options. The actual expenditures for implementing key
environmental protection measures at Kyivpastrans are
presented in Table 3.

Table 3. Enterprise expenses for environmental protection measures

No. Environmental protection service costs 2022 (thousand UAH) 2023 (thousand UAH)
1 Water resource protection 375.3 1,754.9
2 Waste management 1,207.6 4,911.2
3 Environmental taxes 17.0 26.6

Source: Kyivpastrans (2023; 2024)

In 2023, expenses for implementing annual meas-
ures related to water resource protection, waste
management, and environmental taxes significantly
increased compared to 2022. At Kyivpastrans, environ-
mental management systems are continuously updated
and improved. Planned activities include the repair of
gas-cleaning units for stationary sources of air emissions,

efforts to reduce the generation of solid waste, and in-
itiatives related to the disposal of hazardous waste. As
of December 31, 2023, the total number of employees at
Kyivpastrans is 4,448. Among them, 1,554 are women,
with 141 holding managerial positions. The structural
dynamics of the company’s workforce in recent years are
illustrated in Figure 3.
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Figure 3. Structural dynamics of the enterprise’s employees during the period 2021-2023

Source: Kyivpastrans (2023; 2024)

The assessment of the enterprise’s sustainable devel-
opment involves determining the integrated index based
on the calculation of partial indices of sustainable devel-
opment. This includes the selection and systematisation
of the enterprise’s statistical indicators, the calculation
of their relative indicators, normalisation, and the deter-
mination of partial sustainable development indices for
Kyivpastrans. The sustainable development assessment
of the enterprise is carried out using an index formed
based on the following components: economic activity
development, environmental situation, and social sector
development. Partial indices are calculated based on the
normalised values of indicators for the identified groups.

The partial index of the enterprise’s economic condition
is proposed to be determined using four indicators: en-
terprise revenue, balance profit, passenger transporta-
tion volumes, and transport work. These indicators re-
flect the production, economic, operational activities,
and the financial situation of the enterprise. The partial
index of the enterprise’s environmental situation is pro-
posed to be determined using three indicators: expenses
for water resource protection, waste management ex-
penses, and environmental taxes. Together, these provide
an overview of the ecological status and the scale of envi-
ronmental protection efforts. The partial index of social
sector development is proposed to be calculated based
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on indicators such as the total number and structure of
employees, and average salary. This set of measures cap-
tures the workforce structure, income distribution, and

general living conditions. Figure 4 presented the model
of sustainable development management implemented
at Kyivpastrans.

Integral sustainable development index of the enterprise, I (9 indicators)

O

Partial index of the economic condition
of the enterprise, lecon
(4 indicators)

Partial index of the environmental
situation of the enterprise, lecot
(3 indicators)

Partial index of the social sphere of
the enterprise, oc
(2 indicators)

Figure 4. Sustainable development management model of the Kyivpastrans enterprise

Source: developed by the authors

Thus, the sustainable development index of the enter-
prise is determined as the weighted average of the three
partial indices of sustainable development:

4 3 2
1
La= 5O IFm+ Y 0L Y . )
= = =

Normalisation of the studied indicators is carried out
using formulas (2) and (3). The worst values of the normal-
ised indicators, in terms of sustainable development for
the enterprise, will correspond to numerical values close
to 0, while the best values will approach 1. Thus, the inte-
gration of economic, social, and environmental indicators
into a single sustainable development index allows for a
comprehensive and balanced assessment of the enter-
prise’s overall performance. By aggregating these three di-
mensions into one weighted metric, managers can identify

areas of strength and weakness, track progress over time,
and prioritise interventions that will have the greatest im-
pact on sustainable growth. In practice, this approach en-
ables enterprise leadership to make informed decisions
regarding resource allocation, investment planning, and
strategic initiatives, ensuring that economic efficiency,
social responsibility, and environmental stewardship are
considered simultaneously. The normalisation of indi-
cators, as carried out using formulas (4), ensures compa-
rability across diverse metrics: values closer to 1 indicate
favourable conditions, whereas values near 0 highlight
critical areas requiring attention. Consequently, the sus-
tainable development index serves as both a diagnos-
tic and strategic tool, guiding management in achieving
long-term resilience and balanced enterprise develop-
ment. Figure 5 illustrated the structural dynamics of the
integrated sustainable development index for Kyivpastrans.
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Figure 5. Dynamics of the integrated index of sustainable development of the enterprise during the period 2021-2023

Source: Kyivpastrans (2023; 2024)

It is worth noting that as of 2023, all partial indices
increased compared to 2022. Notably, the environmental
situation index saw a nearly fourfold increase, indicating
positive dynamics in the enterprise’s sustainable devel-
opment. In 2022, the integrated sustainable development
index of the enterprise decreased compared to 2021, but
in 2023, it increased by almost twice. Thus, improving the
effectiveness of activities and ensuring sustainable devel-
opment at Kyivpastrans is a crucial task to provide con-
venient, fast, accessible, and safe public transportation.
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The results of the study are consistent with the findings
of other authors regarding sustainable development in
transport enterprises and systems. V.M. Kudriavtsev &
0O.V. Kudriavtseva (2023) proposed a flexible, multi-stage
method tailored to transport enterprises’ starting con-
ditions. Authors differentiate between qualitative and
quantitative indicators and combine them into an overall
integrated index, similar to our approach. However, this
framework allows enterprises to adjust the indicator set
and weights depending on strategic priorities, providing



flexibility that our fixed-set, expert-weighted index does
not offer. For Kyivpastrans, adopting a configurable frame-
work could enhance the adaptability of sustainability
assessment, especially under changing operational con-
ditions. A. Kwilinski et al. (2023) emphasised the role of
digitalisation in improving environmental sustainability
in the transport sector, including emissions monitoring,
operational efficiency, and transparency. Compared to
conducted study, which does not explicitly include dig-
ital or technological indicators, this research highlighted
a future direction: integrating technological metrics into
the ecological and economic assessment of Kyivpastrans
could provide a more accurate picture of sustainability
performance and identify digital transformation bene-
fits. V.M. Kudriavtsev (2025) found that the sustainable
development of a transport enterprise is determined by
a system of interrelated economic, social, and environ-
mental criteria, with effective income and cost manage-
ment playing a key role in ensuring its stability, while the
developed set of economic indicators enables a compre-
hensive assessment of the level of sustainable develop-
ment and the identification of problematic aspects of
enterprise activity.

V. Soti et al. (2023) developed a structural equation
modelling (SEM) framework to analyse sustainability
indicators for freight transportation in emerging econo-
mies. The authors grouped 16 indicators into economic,
environmental, social, and risk categories, allowing the
identification of latent factors and interactions. Com-
pared to proposed in this study integral index method,
SEM provided deeper insights into causal relationships
between dimensions. Applying SEM to Kyivpastrans
could help determine which sustainability components
(economic, environmental, or social) most influence
overall performance and guide targeted interventions.
G.B. Suprayoga et al. (2020) analysed sustainability as-
sessment indicators for road infrastructure projects,
highlighting methodological challenges, such as indi-
cator selection, weighting, and comparability. And the
safest approach is to combine methods or adopt the
integrated set developed to ensure exhaustive criteria
inclusion. G. Boeing et al. (2022) developed a spatial in-
dicator framework using open data to assess urban de-
sign and transport features for sustainable cities. Their
approach situates enterprise-level operations within
broader urban sustainability, considering factors such as
network connectivity and accessibility. For Kyivpastrans,
integrating such spatial indicators could enhance strate-
gic planning by linking enterprise-level sustainability to
city-level mobility goals. Proposed in this study integrat-
ed index aligns with the widely accepted three-dimen-
sional framework of sustainability (economic, environ-
mental, social), confirming its applicability for practical
enterprise-level assessment. However, the aforemen-
tioned studies highlighted opportunities to refine and
expand the methodology:

1) incorporating digitalisation and technological indi-
cators;
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2) applying advanced statistical models (e.g., SEM) to
analyse interactions between sustainability components;

3) including life-cycle and long-term environmental
impacts;

4) expanding social metrics to reflect accessibility, eq-
uity, and safety;

5) linking enterprise indicators to urban-scale spatial
and transport features for strategic planning.

Thus, while proposed integral index provided a
clear and practical tool for Kyivpastrans, adopting these
enhancements would increase the depth, validity, and
strategic value of sustainability assessments for urban
transport enterprises. The development of an integrated
index for Kyivpastrans was conducted in accordance with
current best practices: it was context-specific rather than
generic, balanced economic, environmental, and social
dimensions, and remained open to future expansion (e.g.,
through the inclusion of digital-technological and spatial/
urban indicators). At the same time, the literature indi-
cated that no universal model existed, and that each as-
sessment framework had to be adapted to the enterprise’s
operational context, data availability, strategic objectives,
and external environment.

Conclusions
The study examined the principal methodological ap-
proaches to managing the sustainable development of a
transport enterprise, with particular emphasis on the in-
tegrated evaluation of ecological, economic, and social
performance. Using a comprehensive analytical frame-
work, it provided a detailed assessment of the enterprise’s
sustainability status and identified the key factors influ-
encing its long-term development. An in-depth analysis
of the financial and economic indicators of Kyivpastrans
has revealed structural imbalances in revenue generation,
cost allocation, and resource efficiency, which collectively
constrain the enterprise’s capacity for sustainable growth.
At the environmental level, the evaluation has highlight-
ed persistent issues associated with the aging vehicle
fleet, high emissions, and insufficient implementation of
modern ecological practices. The social dimension of the
assessment underscored both the strengths of the enter-
prise — such as its critical role in ensuring mobility for the
urban population - and the challenges related to service
quality, workforce conditions, and passenger satisfac-
tion. To consolidate these multidimensional findings, an
integral sustainability index was constructed. This index
integrates three core components: the development of
economic activity, the environmental situation, and the
social sphere. The results demonstrated that while Ky-
ivpastrans exhibits moderate progress in certain sustain-
ability components, its overall sustainable development
level remains constrained by environmental and financial
limitations. The assessment provided a clear foundation
for identifying priority areas requiring strategic inter-
vention, including fleet modernisation, energy-efficient
technologies, optimisation of financial resources, and
enhanced social responsibility initiatives. The findings of
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this study underscored the necessity of adopting a holis-
tic and system-based approach to sustainable develop-
ment management within urban transport enterprises.
Furthermore, the research highlights the importance of
integrating sustainability considerations into operational
decision-making to increase resilience, efficiency, and ser-

multiple transport operators could further refine the un-
derstanding of best practices and enhance the generalis-
ability of sustainability management approaches in the
urban transport sector.
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AHoOTAUifA. ¥V cTarTi JOCTiIKEeHO eKoJIoTiYHEe Ta eKOHOMiuHe YIIPaBJ/IiHHS CTaJUM PO3BUTKOM IIiIIPUEMCTBA.
PO3IIIAHYTO TEOPETHUYHI 3acaay CTAJ0TO PO3BUTKY, a TAKO’K MPAKTHUYHI acleKTH HOTO BIIPOBAKEHHsS Ha piBHI
MiJIPHUEMCTBA, 3 OCOOJIMBOIO YBArolo J0 NOCATHEHH: OajlaHCy MisKk eKOHOMIYHOIO e(peKTHUBHICTIO Ta €KOJIOTiYHOIO
BigmoBiganbpHiCTIO. MeToI0 JOCTimKeHHsI OyJ10 BHU3HAuUeHHsI e(eKTHBHUX MeXaHi3MiB VIpaB/IiHHS CTaluM
PO3BUTKOM HiAIPHEMCTB Yepes OIiHKY B3a€MOIIOB sI3aHUX €KOJIOTiYHUX Ta eEKOHOMIYHUX (DAaKTOPiB, 1110 BIJIMBAIOTH
Ha IXHIO TisgabHICTh. O6'€KTOM JOCITiPKeHHs OyJI0 MyHIIUIIaIbHe TPAHCIOPTHE MignpreMcTBO «KHiBIacTpaHc», a
MeTa JOCTiIKeHHsS IoJisArajia y BUsBJIEHHI e(peKTUBHUX MeXaHi3MiB yIpaBJ/liHHS HOTO CTAaJMM PO3BUTKOM. Byso
MPOaHa/I30BAaHO B3AEMO3B’'SI3KU MK €KOJIOTIYHUMH Ta €KOHOMIYHUMM MOKa3HUKAMHU JisTbHOCTI MiIPUEMCTBA,
BU3HAYEHO KJIIOYOBi (pakTOpH, 110 BIJIUBAIOTH HA H1OTO eKoJIOriuHy Ta (hiHaHCOBY CTabiIBHICTD, a TAKOXK OI[iIHEHO
CTIMKICTh miAIpUEMCTBA 10 30BHIIIHIX €KOJOTiYHUX Ta EKOHOMIYHUX BUKJIMKIB. Y MOC/iIKeHHi 3aCTOCOBYBaIUCH
CTaTUCTUYHI Ta rpadivyHi MeTomu, a TaKOK MaTEMAaTUYHE MOJMEJIOBAHHs, IO JO3BOJUJO KiJIBKICHO OIiHUTH
B3Aa€MO3B’SI3KM Mi’K €KOJIOTIYHMMM Ta €KOHOMIYHMMH XapaKTepUCTHKAMU Ta PO3POOUTH IMPOMO3ULii momo ix
onrtuMisanii. MeTonu KijbKICHOI OIiHKY BUKOPUCTOBYBAJIWCA IJIA BU3HAYEHHA NUHAMIKU IMOKA3HUKIB CTAJIOTO
PO3BUTKY Ta OOIPYHTYBaHHs IMIXOMiB 1O iX MOJAJbINOI onTumisarii. OTpuMaHi pe3yiabraTd y3araabHUJIN
METOZOJIOTIUHI 3acagy MOKpPAIeHHs yIPaBJiHHA CTaIUM PO3BUTKOM y MICBKUX MiJNPUEMCTBAX IPOMAJCHKOIO
TpaHCIOpTy. BusABJ/IEHO B3aeMO3aJ/eKHICTh Mi’K NOKa3HUKaMH €KOJIOTIYHOI Ta €KOHOMIiYHOI [ifiJIbHOCTI, IO
JTIO3BOJISIE OI[IHUTY CTiHKICTh MiAIPUEMCTB 10 30BHIIIIHIX 3MiH HAaBKOJIUIITHHOTO CEPENOBUIIA Ta TXHIO aJallTUBHICTh
JI0 CydyaCHUX BUKJUKIB. IIpakTuyHe 3HaYeHHA AOCJi)KeHHS I0JISArae y po3polLi pekoMeH[alili, clipsiIMOBaHUX
Ha NifgBUIlleHHA e(eKTUBHOCTI MiJIIpUEMCTBA BiJIIOBiAHO [0 IPUHIUIMIB CTAJI0T0 PO3BUTKY. Pe3ysbratu MOKYTb
BUKOPUCTOBYBATUCS SIK iIHCTPYMEHT NPUIHATTA pillleHsb y cdepi eKOJIOTiYHOT0 Ta EKOHOMIYHOTO IIJIAHYBAHHSA

Knio4yoBi c€noBa: MOKAa3HUKU CTAJOCTi; eKoJoriuyHa e@eKTUBHICTb; eKOHOMiuyHa e(peKTHUBHICTb; Micbke
TpaHCIOPTHe NignpueMcTBO; KuiBnacTpaHc; iHCTpYMEHTH YIIpaBJ/IiHHSA; afallTUBHUM PO3BUTOK

Bulletin of the National Transport University. 2025. Vol. 29, No. 2


https://doi.org/10.1016/j.dajour.2023.100337
https://doi.org/10.48550/arXiv.2301.07504
https://doi.org/10.1186/s12544-020-0400-6
https://doi.org/10.1186/s12544-020-0400-6
https://doi.org/10.32782/2524-0072/2025-75-47
https://orcid.org/0000-0002-5700-0576
https://orcid.org/0000-0001-8352-2282
https://orcid.org/0000-0002-8009-3539
https://orcid.org/0000-0001-8385-8261

BULLETIN

THE NATIONAL TRANSPORT UNIVERSITY
L VOL.29 | Ne2 | 2025
A=<, https://ntu-bulletin.com/en ISSN 2308-6645, e-ISSN 2523-496X
Received: 15.06.2025. Revised: 26.10.2025. Accepted: 27.11.2025. Published: 04.01.2026.

UDC 629.017:629.083:681.518 DOI: 10.33744/2308-6645-2025-2-29-18-29

Analysis and synthesis of functional capabilities
of monitoring systems of vehicle operation processes

Oleksandr Dobrovolskyi*
PhD in Technical Sciences, Professor
National Transport University
01010, 1 M. Omelyanovych-Pavlenko Str., Kyiv, Ukraine
https://orcid.org/0000-0003-0048-1388
Andrii Navrotskyi
Postgraduate Student
National Transport University
01010, 1 M. Omelyanovych-Pavlenko Str., Kyiv, Ukraine
https://orcid.org/0009-0009-0188-4630

Abstract.Vehicle monitoring and operational management systems constitute a key component of modern transport
infrastructure. The aim of this study was to analyse and systematise the functional capabilities of vehicle operational
monitoring systems. The functional features of existing vehicle monitoring systems were examined, analysed, and
synthesised. The systematisation of hardware configurations within these systems was conducted using morphological
analysis. The analysis and synthesis of functional capabilities were performed through the systematisation of hardware
configurations in existing monitoring systems. A generalised morphological formula for an integrated vehicle monitoring
system was developed, comprising five core functional elements: operator monitoring tools; vehicle condition
monitoring tools; vehicle monitoring tools; infrastructure interaction monitoring tools; and information analysis and
utilisation tools for end users. This formula captured twenty morphological characteristics of these functional elements,
as implemented in current monitoring systems. The synthesis of permissible morphological variants enables the
construction of actual system configurations and facilitates the identification of the structure and functional potential of
existing monitoring systems. Existing vehicle monitoring systems were identified, and their capabilities for monitoring
vehicle operation were determined. Based on an analysis of the advantages and limitations of the systems under
study, appropriate conditions for their application were established, along with the level of implementation of core
monitoring functions, and the potential for developing both basic and diverse system components. The practical value
of this research lies in providing guidelines for optimising the design and deployment of vehicle monitoring systems to
enhance operational efficiency and safety

Keywords: control; registration of parameters; technical condition; hardware; morphological formula; systematisation

Introduction
Monitoring systems for vehicles and their operation pro-  reduces operating costs and increases the efficiency of
cesses are an integral part of modern transport infrastruc-  fleet management. The main areas of application of mon-
ture. They allow for constant monitoring of the technical itoring are the technical condition of vehicles, traffic safe-
condition of the vehicle, traffic parameters and resource  ty, economic efficiency, environmental aspects, fleet man-
consumption. This increases the level of traffic safety, —agement. The main advantages of using monitoring are:
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reducing operating costs due to route optimisation and
fuel economy; increasing repair intervals due to timely
detection of defects; reducing the number of accidents;
the ability to predict failures and plan maintenance; in-
creasing transparency and controllability of transport
enterprises. The main limitations for their intensive fur-
ther development are: the need for significant initial in-
vestments in sensors, telematics and software; the need to
protect data from unauthorised access; requirements for
personnel qualifications; technical complexity of integra-
tion with existing transport systems, etc. The effectiveness
of vehicle monitoring systems has been demonstrated
across a wide range of sectors, from urban transport to in-
ternational logistics. The implementation of such systems
enables the simultaneous achievement of economic, tech-
nical, and social benefits (Cordos et al., 2025). As noted by
V. Mateichyk & A. Navrotskyi (2024) further development
of technologies (digital twins, big data, artificial intelli-
gence) will further increase their effectiveness and ensure
the transition to the concept of “intelligent transport”.
Therefore, the combination of tools and technologies in
the appropriate hardware support for vehicle operation
monitoring systems guarantees the most reliable infor-
mation and ensures their effective operation in real con-
ditions. V. Mateichyk & A. Navrotskyi have systematised
the hardware support schemes of vehicle operation mon-
itoring systems using the morphological analysis method.
The morphological analysis method consists of decom-
posing the system into functional elements, determining
the main morphological features on which the degree of
achievement of the system’s functioning goals depends,
and identifying the options for their implementation. Ac-
cording to I.V. Khudiakov (2021) the combination of indi-
vidual options for all morphological features of functional
elements forms a new system with its own properties and
ensures the search for the most rational system scheme.
Functional elements, morphological features, and op-
tions for their implementation are conventionally depict-
ed in the form of a morphological matrix, which allows to
search for all possible alternatives to solve the problem
and choose the most optimal solution. It is precisely be-
cause of this that it is possible to create different options
for monitoring system configurations, evaluate their ad-
vantages and disadvantages, and choose the optimal solu-
tion for specific transport operating conditions.

In the work I.V. Khudiakov et al. (2021) monitoring
systems for vehicles and operators are considered. Mod-
ern prospects are shown for their application. However,
the issues of systematisation of schemes and justification
of configurations of monitoring means in the conditions
of vehicle operation require further development. S. Bur-
laka et al. (2024) examined diagnostic models of vehicles
that establish causal relationships between the technical
condition of components and measurable diagnostic sig-
nals, in particular through structural-causal and simula-
tion-based models, which enable the assessment of com-
plex systems without disassembly. The authors concluded
that, for effective non-intrusive vehicle diagnostics, the
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most appropriate approach is the application of struc-
tural-causal and simulation models employing sensitive,
unambiguous, and stable diagnostic parameters. Simul-
taneously the study of V. Migal et al. (2022) demonstrat-
ed that the effectiveness of vehicle diagnostics largely
depends on the intellectual capabilities of the diagnostic
operator, as well as their knowledge and experience. It
outlines the stages of intelligent diagnostics, discusses the
advantages and limitations of organoleptic methods, and
provides recommendations for training and professional
development aimed at the rapid and accurate identifica-
tion of 70-90% of faults. L. Gorne et al. (2022) investigat-
ed methods of efficient data pre-processing for remote
vehicle diagnostics aimed at substantially reducing the
volume of transmitted data without loss of essential in-
formation. They propose a pre-processing algorithm for
CAN FD (Controller Area Network Flexible Data-rate) bus
data prior to the application of standard compression
algorithms (e.g., LZMA2), which enables improved com-
pression performance and, consequently, enhances the
efficiency of data transmission and subsequent analysis
of large-scale diagnostic datasets in cloud or backend sys-
tems for further use in analytics and machine learning.
E.T. Michailidis et al. (2025) reviewed the integration of
OBD-II (On-Board Diagnostics) with machine learning,
emphasising its application in predictive maintenance,
emissions monitoring, driver behaviour analysis, anoma-
ly detection, and vehicle cybersecurity. While OBD-II pro-
vides standardised access to diagnostic and performance
data under EU regulatory frameworks, machine learning
extends traditional reactive approaches by enabling fail-
ure prediction, real-time anomaly detection, and fuel ef-
ficiency optimisation. The work A. Sipos (2024) is devoted
to the application of monitoring information complexes
in transport. However, the issues of combining means and
technologies into appropriate schemes of hardware sup-
port for vehicle operation monitoring systems require de-
velopment. This is what guarantees the receipt of the most
reliable information and ensures their effective operation
in real conditions. According to the results of the analy-
sis of recent publications, it can be stated that the issue of
developing a method for systematising schemes of hard-
ware support for existing systems for monitoring vehicle
operation processes, taking into account their functional
capabilities, remains relevant. Given the results of recent
research in this area, it is necessary to take into account
the most significant of them for the further development
of this area. Further research involves combining tools
and technologies into appropriate hardware schemes for
vehicle operation monitoring systems, which guarantees
the receipt of the most reliable information and ensures
their effective operation in real conditions. Additionally,
performing an analysis and synthesis of the functional
capabilities of existing vehicle operation monitoring sys-
tems will allow determining the appropriate conditions
for the use and development of such systems. The goal
of the study was to analyse and synthesise the function-
al capabilities of existing systems for monitoring vehicle
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operation processes. To achieve the goal, the following
tasks were solved in the article:

1) to form a generalised morphological formula for
a complex system for monitoring vehicle operation pro-
cesses;

2) to identify existing vehicle monitoring systems with
the determination of their functional capabilities;

3) based on an analysis of the advantages and disad-
vantages of the studied systems, to determine the appro-
priate conditions for their practical use and development
within the scope of the generalised morphological formu-
la for a complex vehicle monitoring system.

Materials and Methods

The study used a set of materials and methods that en-
sured the construction of a generalised morphological
model of vehicle technical condition monitoring systems
and the determination of their functional capabilities. The
basis for the formation of the methodological base was the
actual data obtained from the hardware of real monitor-
ing systems, in particular from ELM327 scanners, Launch
diagnostic devices, Ruptela trackers, tachographs and re-
mote diagnostics and technical condition prediction sys-
tems. In addition, technical documentation, descriptions
of the functionality of sensor channels and information
models used in the practice of operating motor vehicles
were used. The key method of the study was morpho-
logical analysis, which allowed the decomposition of the
monitoring system into five main functional components:
means of controlling the operator’s actions, means of con-
trolling the technical condition of the vehicle, means of
monitoring the cargo or object of transportation, means
of interaction with the infrastructure and means of pro-
cessing information to support user decision-making.
For each component, a set of morphological features was
determined - a total of twenty characteristics that reflect
possible implementation options for system elements.
Based on these features, a morphological matrix was con-
structed, which provided a systematisation of possible
configurations of monitoring systems and justification
of their application in various conditions. The morpho-
logical formula of the system was formed by step-by-step
coding of functional elements with the assignment of des-
ignations of the type x,,, x,,, X5, X, in accordance with the
type of data received, the method of their collection, trans-
mission channels and analytical processing methods. The
formula was constructed according to an algorithm that
provided for the selection of basic functional elements,
the establishment of options for their technical imple-
mentation, verification of the logical compatibility of the
combined features and further analytical interpretation of
the resulting configuration. Thus, it was possible to obtain
a generalised description of the monitoring system, which
allows comparing different hardware solutions by the lev-
el of their functional coverage.

To assess the functional capabilities of monitoring
systems, methods of comparative analysis, evaluation
and criterion comparison were used. The systems were
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analysed for completeness of coverage of morphological
features, ability to provide accurate and relevant data on
the technical condition of the vehicle, integration capabil-
ities and suitability for use in real-world conditions. In par-
ticular, it was found that ELM327 provides the minimum
permissible level of functionality, while Launch diagnostic
complexes are characterised by much broader capabili-
ties for collecting and analysing information. Verification
of the constructed morphological model was carried out
by analysing real operational data of vehicles. For this pur-
pose, time series of parameters recorded during engine
operation, data on operator actions, arrays of diagnostic
codes of the OBD system, as well as information obtained
through additional and infrastructure sensors were used.
Comparison of real data with the results of morphological
modeling confirmed the correctness of the formed struc-
ture and its compliance with the practical capabilities
of various types of monitoring systems. The logic of the
study involved the sequential execution of several stag-
es: collection and classification of source data, isolation
of morphological features, construction of a generalised
system formula, evaluation of functional properties of
various technical solutions and verification of the model
onreal operational data. The use of such a methodological
approach allowed to obtain a comprehensive characteris-
tic of monitoring systems, to identify promising directions
of their modernisation and to form scientifically based
recommendations on the choice of the optimal config-
uration of hardware for various operating conditions.

Results and Discussion

Formation of a generalised morphological formula for a
complex system to monitor vehicle operation process-
es. For an effective combination of means and technolo-
gies in the corresponding schemes of hardware support
of vehicle operation monitoring systems, it is necessary
to guarantee the receipt of the most reliable information
and ensure the effective operation of vehicles in real con-
ditions. To ensure the flexibility of the process of forming
certain monitoring systems and systematic research of
vehicle operation processes, an approach to systematis-
ing the hardware support of such systems has been de-
veloped, presented in V. Mateichyk & A. Navrotskyi (2024).
Five main functional elements have been identified in the
complex monitoring system:

1) means of monitoring operators;

2) means of monitoring the technical condition of ve-
hicles;

3) means of monitoring transportation facilities;

4) means of monitoring interaction with the infra-
structure;

5) means of analysing and using information by the
consumer.

Reflecting individual implementation options for
20 different morphological features of these functional
elements, it is possible to form a large number of valid
combinations of system configurations. This method en-
sures that the solution will always be unique, while each



configuration has its own advantages and disadvantages
to meet specific needs under given operating conditions.

The variable part of the first functional element of the
operator monitoring tools (driver, etc.) (x,,) is statistical
information (x,,), information about the person (x,,) and
information of a reference nature (x,;). This information
is obtained using special equipment in the external in-
frastructure environment (x,,) and is transmitted to the
consumer (operator) in the form of information variants
about external networks (x,,), which can be applied. This
is the first component of the formula (1) solution of the
problem. For the second functional element (1) of the
considered variant N. Penna et al. (2001): information is
obtained and has the form of working statistical informa-
tion (x,,), with the variable part in the components: infor-
mation about the vehicle (x,,), information of a reference
nature (x,,), special information statistical information
(x,)), information about the person (x,,) and information
of areference nature (x,,). According to the method of ob-
taining information is obtained as for a variety of formed/
received information about the technical condition of
the vehicle, obtained from standard sensors and systems
(x5,), with a variable part in the components: additional
vehicle sensors (x,,) —installed directly on the vehicle, en-
gine and units, a combined version (x,,) - when combin-
ing standard and additional sensors into one information
system, special equipment in the external infrastructure
environment (x,,). The transmitted information has the
form of statistical information (x;,), with a variable partin
the components: information about the vehicle (x;,), in-
formation of a reference nature (x,), special information
(x5,). Allinformation transmitted, according to the formu-
la solution, is processed on a carrier outside the vehicle in
the infrastructure environment (x,,) and transmitted us-
ing external information communication networks (xg,).
For the implementation of the third functional element
of the solution (1), the approaches described by S. Storm
van Leeuwen et al. (2004), E. Krueger et al. (2005), and
A. Holovan et al. (2019) are adopted. This element corre-
sponds to a category of information that does not include
data on the condition of objects transported by the ve-
hicle (x,,). This may be a type of information about the
state of objects transported by the vehicle, which is not
transmitted (x,,,) to the consumer. In addition, according
to the method of obtaining information — it is not received
from outside the vehicle (x,,,) by the consumer. Also, ac-
cording to the method of transmitting information, it is
not transmitted outside the vehicle (x,,) into the sur-
rounding environment. The fourth functional element of

(x14(x11,x12,x13);x23(x21,x22);x32(x31,x33))
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<x91(x92rx93:x95);x10 1(*102, X103, X104); )
x111 (X112, X113, X114); X121 (X122, X123, X124)

+ (x134; X143; x154((x152)); x163(x161fx164))

+(x171 (x173); X182 (X181); X103 (X191); X202 (xzos)) J

Dobrovolskyi & Navrotskyi = 21

The generalised morphological formula for a complex
monitoring system is:

1)

the formula solution (1) of the problem is implemented
by considering the option Y. Bai (2016): for the type of in-
formation - for which information about the parameters
of the infrastructure environment is obtained on the basis
of information about the parameters of the infrastructure
environment (x,,,), with a variable part in the compo-
nents: statistical information (x,,,), reference information
(x,55), special information (x,,,). In terms of the means of
obtaining and transmitting information about the param-
eters of the infrastructure environment, it is transmitted
from the infrastructure (x,,,), with a variable part in the
components: by means of radio, video communications
(x,,), from the vehicle itself (x,,,), a combined option
based on a combination of all the previously mentioned
options (x,,,). Also, according to the means of obtaining
and transmitting information about the parameters of the
infrastructure environment, it is transmitted using spe-
cial equipment in the infrastructure environment (x,,),
with a variable part in the components: standard sen-
sors and systems (x,5,), additional vehicle sensors (x,,),
a combined option (x,;,). In addition, according to the
same feature, information is transmitted in the follow-
ing way - using external communication networks (x,,),
with a variable part in the components: cable connection
(x,5), the use of gadgets (x,5,) and (or) special equipment
in the infrastructure environment (x,,,). The fifth func-
tional element of the formula solution (1) of the problem
is implemented by considering an option for using means
of analysis and the use of information by the consumer
M. Kelller (2004) and S. Eggleston et al. (2006): which is
stored in the following way — on an external medium in
an external infrastructure environment (x;,,), for a suffi-
ciently long observation time (x,,,). Moreover, the level of
processing of the received information for the formation
of the corresponding monitoring base — has the form of
structured and unstructured information. Also, the means
of analysis and use of information by the consumer in
terms of the level of information processing — are adapted
for use by computer systems (x,,,) of the observer (con-
sumer, technical supervision bodies, etc.). And in terms of
the level of use - they are used for control in general and/
or for individual parameters of the vehicle (x,,,), with a
variable part in the components: for diagnosing the con-
dition (x,,,), for determining indicators of the operation-
al efficiency of the vehicle and/or individual units (x,),
for predicting the condition parameters (x,,), for form-
ing combined (integrated) indicators of operation (x,,,).
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Identification of existing vehicle monitoring sys-
tems. Here are some individual structural options for the
hardware of existing monitoring systems for studying

vehicle operation processes. ELM 327 scanner-adapter.
The morphological formula of the monitoring system
based on ELM 327 has the form:

(x41 (a2, X43, x44); Xs51(x54); X1 (xsz' x63)2 X72(x71); Xg2 (x81'x83)) +

+ (01435 X154 ((151))5 ¥163) + (X172 (¥171); X182 (¥181); X1935 X202 (¥203, X205, X207)) |

The ELM327 scanner-adapter is designed for self-di-
agnosis (by the operator, driver, etc.) of a vehicle by
connecting to the OBD-II diagnostic connector, reading
and clearing error codes, as well as real-time monitor-
ing of various engine parameters and other systems. It
works in conjunction with a smartphone or computer
via Bluetooth or Wi-Fi, displaying data through special
applications such as Torque, allowing car owners to in-
dependently detect and eliminate malfunctions without
contacting a car service. The system provides compre-
hensive troubleshooting capabilities, enabling the read-
ing of error codes from electronic control units and their
subsequent clearance. It supports real-time monitoring
through the display of key engine operating parameters,
including engine speed, vehicle speed, fuel consump-
tion, coolant temperature, sensor readings, and other
data, depending on the specific vehicle configuration
and installed software. In addition, the device may func-
tion as an on-board computer, allowing trip-related data
to be tracked and stored. Certain models offer configur-
able settings, permitting adjustments to selected param-
eters, such as smoothing engine temperature indicators
for steady driving conditions or activating service-relat-
ed functions. Furthermore, vehicle identification is sup-
ported through the reading of the vehicle identification
number (VIN) and the assessment of system readiness for
diagnostic procedures. This vehicle diagnostic adapter is
characterised by a relatively low cost and offers several
advantages, including affordability, versatility, ease of
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use, broad compatibility with various vehicle models and
user devices, and support for self-diagnostic functions.
However, a number of limitations should also be noted.
These include comparatively low build quality and dura-
bility, potential connectivity issues with certain vehicle
models, limited or absent iOS support in earlier versions,
the risk of overheating during operation, and possible
vulnerabilities related to data security. The device is ad-
visable to use for self-diagnosis of the car by connecting
to the OBD-II connector and reading data from electron-
ic systems using smartphone applications such as Torque
or OBD Car Doctor. The adapter is compatible with most
cars manufactured after 1996 (USA) and 2001 (Europe),
allows to detect errors, monitor parameters in real time
(fuel consumption, engine temperature), build graphs
and even delete errors, which makes it a convenient and
economical tool for car owners. Of the studied and ana-
lysed tools, this option is not complete from the point of
view of covering the functionality in the generalised mor-
phological formula (1) of the monitoring system. Not all
functional elements of formula (1) in the presented sys-
tem have sufficient development in the basic and varied
components. This option is one of the least developed:
the first and third functional elements are not covered,
the implementation options for the second, fourth and
fifth functional elements are limited.

Launch diagnostic device. The morphological for-
mula of the Launch-based monitoring system has the
form:

(x41 (%42, X43,%44); X51(X54); X61 (X62, X63); X72 (X71); Xg2 (x81'x83)) +
+ (1435 %154 ((*151))5 X163)
+(x172(%171); X182 (¥181)5 X¥1935 ¥202 (X201, X203, X204: X205, X206) X207)) . 3)

Launch diagnostic devices are multibrand scanners
and tools for computer diagnostics of cars, performing
a wide range of functions, including reading and erasing
error codes, viewing parameters in real time, performing
service functions (coding, adaptation, actuator tests), as
well as diagnosing all electronic systems of the car. These
devices exhibit considerable variation in functionali-
ty, ranging from compact standalone units to advanced
Android-based tablets that support modern communi-
cation protocols such as DoIP (Diagnostics over Internet
Protocol) and CAN FD. Their functional scope typically
includes comprehensive diagnostics of vehicle systems,
encompassing the engine, transmission, ABS, airbags,
immobiliser, and other electronic control units. They
enable the reading and clearing of diagnostic trouble
codes (DTCs) and support real-time data visualisation
by displaying system parameters in both numerical and
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graphical formats. In addition, many devices provide ac-
cess to specialised service functions, including control
unit adaptation and coding, service interval resetting, and
actuator testing. A further characteristic is broad mul-
ti-brand compatibility, with support for approximately
150-200 vehicle manufacturers across European, Amer-
ican, and Asian markets. Selected models also incorpo-
rate intelligent diagnostic features, such as automated
VIN reading and system readiness assessment. Launch
diagnostic devices are characterised by a high level of
functionality and broad vehicle coverage, combined with
an intuitive user interface and access to online support
services. At the same time, certain limitations should be
noted, including relatively high acquisition costs and the
need for regular software updates to maintain full opera-
tional capability. The use of Launch diagnostic devices is
considered most appropriate in professional automotive



workshops, where comprehensive diagnostic, coding,
programming, and adaptation procedures for electron-
ic vehicle systems are required. These systems include,
but are not limited to, the engine, transmission, ABS,
and airbag control units. The devices enable the reading
and clearing of error codes, real-time monitoring of sys-
tem parameters, testing of actuators, and the execution
of service-specific functions, such as key coding, diesel
particulate filter (DPF) regeneration, and electronic park-
ing brake (EPB) maintenance. This option is incomplete
from the point of view of covering the functionality in the
generalised morphological formula (1) of the monitoring

The Ruptela tracker is a satellite-based vehicle mon-
itoring device that determines the location of the vehicle
and transmits data to the monitoring system in real time.
Ruptela devices are characterised by a reliable design,
can have internal and external antennas, and are also
equipped with backup batteries and functions for driver
control and vehicle safety. Ruptela tracking devices pro-
vide a comprehensive set of functional capabilities for
vehicle monitoring applications. The devices determine
precise vehicle coordinates using GPS technology and
transmit this information to a remote server for process-
ing within the monitoring system. Data transmission is
performed via cellular communication networks, while
an integrated backup battery ensures continued oper-
ation for several hours in the event of a primary power
supply failure. The devices support a wide range of inter-
faces, including 1-Wire and RS232, as well as digital and
analogue inputs and outputs. Selected models addition-
ally incorporate driving style analysis, driver identifica-
tion, and fleet management functionalities. Continuous
monitoring of GSM signal quality is supported, and cer-
tain configurations allow remote ignition immobilisation
to enhance vehicle security. The advantages of Ruptela
trackers are primarily associated with their reliability and
advanced fleet management capabilities. The hardware
is designed to operate under harsh conditions, with en-
closures resistant to moisture, mechanical shock, and
extreme temperatures. The systems enable real-time
fleet monitoring, contributing to improved operational
efficiency through detailed supervision of vehicle move-
ment and status. Fuel consumption control is supported
through the monitoring of fuel levels and usage patterns,
which facilitates the prevention of fuel theft and the op-
timisation of consumption. Driving behaviour analytics,
including the detection of harsh braking, rapid acceler-
ation, and speeding events, support improvements in
road safety and reductions in vehicle wear. In addition,
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system. Not all functional elements of formula (1) in the
presented system have sufficient development in the
basic and varied components. The first, third and fourth
functional elements should be attributed to the uncov-
ered functional elements. The second and fifth functional
elements can be attributed to the insufficiently developed
in this option. Although the fifth functional element has
the greatest prospects in the development of diagnostics
and forecasting of the technical condition of the vehicle.

Ruptela tracker (Ruptela FM-Tco4 HCV/HCV 3G).
The morphological formula of the monitoring system
based on the Ruptela tracker has the form:

monitoring of equipment operation allows the tracking
of operating time, work cycles, and other performance
indicators, which is particularly relevant for specialised
vehicles and machinery. The systems also enhance theft
protection by providing accurate location data to support
rapid response in the event of vehicle or cargo theft. Fur-
thermore, Ruptela offers specialised solutions tailored to
the requirements of various sectors, including logistics,
construction, and agriculture. Despite these advantages,
several limitations should be considered. Ruptela solu-
tions are positioned in the premium segment, resulting
in relatively high equipment and service costs compared
with less sophisticated alternatives. The configuration
and integration of complex system architectures require
the involvement of qualified personnel with appropriate
technical expertise. In addition, system performance is
dependent on the availability of stable mobile network
coverage, which may be limited in certain regions. On-
going software maintenance and regular updates are also
required to ensure reliable operation, increasing the over-
all demands on system administration. The appropriate
conditions for using the Ruptela tracker include installa-
tion on commercial vehicles (trucks, special equipment)
for accurate location tracking, fuel consumption control,
vehicle condition monitoring and cargo safety, which al-
lows to optimise logistics and prevent abuse. Of the stud-
ied and analysed means, this option is relatively complete
from the point of view of covering the functionality in the
generalised morphological formula (1) of the monitoring
system. However, not all functional elements of formu-
la (1) in the presented system have sufficient develop-
ment in the basic and varied components. The first and
fifth functional elements have the possibility of further
development of the basic components without sufficient
development of the varied components.

Tachograph. The morphological formula of the moni-
toring system based on the tachograph has the form:
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A tachograph is an on-board monitoring device that
records and stores data on the movement of a vehicle, as
well as the driver’s work and rest schedule, including the
vehicle’s speed, distance traveled, and working hours. Its
main task is to ensure road safety by preventing driver fa-
tigue and monitoring compliance with the rules, as well
as increasing overall transportation safety. The primary
purpose of a tachograph is to support the monitoring of
vehicle operators through the recording of drivers’ work-
ing and rest periods, thereby contributing to the preven-
tion of fatigue, which is recognised as a significant fac-
tor in road accidents. In addition, tachographs facilitate
compliance with traffic regulations by enabling the mon-
itoring of vehicle speed and other driving parameters,
helping to prevent speeding violations and associated
penalties. Their use also contributes to enhanced road
safety, particularly in the context of commercial freight
and passenger transportation. From an organisational
perspective, tachographs enable companies to monitor
driver activity and operational performance, supporting
the optimisation of transport processes. Functionally,
tachographs provide continuous data recording by cap-
turing and storing information on vehicle speed, distance
travelled, working day start and end times, rest periods,
and other traffic-related parameters. Driver identification
isensured through the use of dedicated driver cards, which
allow personal data to be securely recorded. The devices
support encrypted data storage within internal memory
and, in the case of modern tachographs, data transmis-
sion to remote servers via integrated GPRS communica-
tion modules. Information is made accessible through

KhNADU TESA is a satellite monitoring system for
rolling stock, which is a specialised software and hard-
ware complex for managing commercial operation and
technical operation at small motor transport enterpris-
es. The system is founded on the concept of integrating
into a unified complex, first, the full range of tasks cur-
rently faced by transport systems from both infrastruc-
tural and vehicle-related perspectives, and second, the
coordinated actions required to address these tasks. It
is intended to support the operational needs of small
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built-in displays for on-screen visualisation, while ther-
mal printing mechanisms enable the generation of hard-
copy records when required. The use of tachographs of-
fers several advantages, including improved road safety,
enhanced control over driver activity and fuel usage,
route optimisation, and the provision of legally valid evi-
dence for dispute resolution and regulatory compliance.
However, certain limitations must also be acknowledged.
These include additional costs associated with device in-
stallation and maintenance, as well as the need to adhere
to strict operational regulations, which may impose con-
straints on drivers’ working schedules. Expedient condi-
tions of use: it is advisable to use the tachograph on trucks
with a gross weight of more than 3.5 tons and buses car-
rying more than 8 passengers for commercial transporta-
tion. It is also needed for regular paid transportation out-
side the settlement, even if the weight of the vehicle is less
than 3.5 tons. This option is incomplete from the point of
view of the coverage of the functionality in the general-
ised morphological formula (1) of the monitoring system.
Not all functional elements of formula (1) in the present-
ed system have sufficient development in the basic and
varied components. The first, third and fifth functional el-
ements can be attributed to the insufficiently developed
in this option. They can mostly be implemented partially
in the basic components and varied components.

System of remote monitoring and forecasting of the
technical condition of the vehicle KhNADU TESA. Mor-
phological formula of the monitoring system based on the
system of remote monitoring and forecasting of the tech-
nical condition of the vehicle KhNADU TESA:

motor transport enterprises by optimising fleet perfor-
mance and represents a comprehensive solution for
diagnostics, control, monitoring, and life-cycle man-
agement at the vehicle operation stage. Structurally,
the KhNADU TESA system comprises a telematics serv-
er with dedicated software, BN-Complex™ telematics
server software, a GIS-based telematics server, and core
application modules, including the “Virtual Mechanic”
and “Service Fuel Eco NTU-HADI-12” software pack-
ages. In addition, the system incorporates subscriber



terminals that enable data acquisition, transmission,
and interaction with the central infrastructure. The
functional capabilities of the KhNADU TESA system
are organised into three principal groups: monitoring
functions, management (control) functions, and func-
tions related to information storage and integration
with external communication networks. The monitor-
ing functions of the KhNADU TESA system provide con-
tinuous automated determination of vehicle navigation
parameters and assessment of vehicle status based on
data received from telematics receivers and control sen-
sors. These functions include monitoring the activation
of sound and light signalling systems, the position of a
dump truck body, the operation of attached and auxilia-
ry equipment, temperature conditions, instances of ex-
ceeding permissible driving speeds, and fluid levels in
vehicle tanks. Navigation and operational data are au-
tomatically transmitted to the enterprise at predefined
time intervals, while emergency messages are generated
and transmitted in response to changes in vehicle status
parameters detected by sensors or control devices. In
the event of external communication channel failure,
navigation and status data are automatically recorded
in non-volatile memory and subsequently transmit-
ted once communication is restored. The system also
supports automated monitoring of vehicle routes and
schedules, generating emergency notifications in cases
of deviation. Real-time tracking of selected vehicle units
is enabled, accompanied by graphical visualisation of
vehicle locations and parameters on vector-based elec-
tronic maps, tabular representation of location and
status data, and the display of emergency alerts at the
enterprise in the form of alarm windows with warning
signals. The management functions of the KhNADU
TESA system include the formation of control zones on
electronic maps to supervise vehicle movement, as well
as the control and analysis of actual vehicle mileage
over specified time intervals. The system enables the
transmission of dispatcher commands to vehicle actu-
ators and supports voice communication between en-
terprise dispatchers, the server, and vehicle operators.
All actions performed by operators are automatically
logged in an event register, ensuring traceability and
accountability of operational activities. Functions re-
lated to information storage and integration with exter-
nal networks are implemented through the centralised
storage of data in a unified database. The system pro-
vides conversion of information into formats compati-
ble with user networks, supports data exchange with ex-
ternal information systems, and enables the creation of
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databases structured in accordance with user-defined
archival formats.

The KhNADU TESA system demonstrates a number
of significant advantages. It provides continuous auto-
mated monitoring of vehicle movement processes, in-
cluding the assessment of operating conditions, route
duration, and compliance with work schedules, as well
as real-time visualisation of vehicle locations and routes
on electronic maps. The system also ensures continuous
automated control of technical condition parameters
and preventive and corrective maintenance modes, ena-
bling the evaluation of vehicle reliability and fuel and en-
ergy efficiency. Additional advantages include high mes-
sage delivery efficiency, full confidentiality of processed
and transmitted data, compatibility with cartographic
information systems, and the capability to integrate cus-
tomised software modules developed to address specific
user requirements. Furthermore, the system is charac-
terised by relatively low equipment costs and minimal
operational expenses. At the same time, certain limi-
tations must be acknowledged. These primarily relate
to additional costs associated with the installation and
maintenance of system components, as well as the re-
quirement to comply with strict operational and main-
tenance regulations for life-support and monitoring sub-
systems responsible for supervising operator activities.
With regard to conditions of use, client workstations may
be deployed both within the enterprise’s local network
and externally via Internet-based connections. In cases
where only periodic monitoring of vehicle activity is re-
quired, simplified dispatcher centre configurations can
be connected to the telematics server using web tech-
nologies. In addition, the KhNADU TESA transport and
telematics system is capable of integration into the ar-
chitecture of intelligent transport systems. Based on the
analysis of the examined solutions, this system provides
a comprehensive level of functional coverage with re-
spect to the generalised morphological formula (1) of the
monitoring system. All functional elements defined by
formula (1) are implemented through basic and variable
components, with the exception of the first functional el-
ement related to operator monitoring. This element can
be partially realised through basic components, without
the development of corresponding variable components.

System of remote control and forecasting of the
technical condition of the vehicle and the condition of
the operators CMV. Morphological formula of the moni-
toring system based on the system of remote monitoring
and forecasting of the technical condition of the vehicle
and the condition of the operators CMV:
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CMYV works similarly to the KhNADU TESA system,
only with the possibility of deep monitoring of the oper-
ators’ condition. Advantages and disadvantages: similar
to the KhNADU TESA system, only with the possibility of
deep monitoring of the operators’ condition. Expedient
conditions of use: similar to the KhNADU TESA system,
only with the possibility of deep monitoring of the op-
erators’ condition. Of the studied and analysed means,

this option is the most complete from the position of
covering the functionality in the generalised morpholog-
ical formula (1) of the monitoring system. All functional
elements of formula (1) in the presented system have de-
velopment in basic and varied components. A summa-
ry of the study of the functional capabilities of existing
systems for monitoring vehicle operation processes is
shown in Table 1.

Table 1. Generalisation of the functional capabilities of studied vehicle operation monitoring systems

Functional capabilities of studied vehicle operation monitoring systems
No. opel.-atu.)n transmittin, information information information about S e
monitoring . N 8 ) of information
systems information about V(?hlcle about the stat.us the Parameters of by iR eonsmer
about operators technical of transportation the infrastructure
condition objects environment
1 ELM 327 - -+ - -+ -+
2 Launch - -+ - - -+
3 Ruptela FM-Tco4 . . . N .
HCV/HCV 3G
4 Tachograph -+ -+ + -+
5 KhNADU TESA -+ + + + +
6 CMV + + + + +
Note: “-” — does not correspond; “+” — corresponds; “—+” — partially corresponds

Source: calculated per data from the Official website of the State Statistics Service of Ukraine (n.d.)

Table 1 demonstrated significant variation in the
functional coverage of the analysed vehicle operation
monitoring systems. Basic diagnostic solutions, such as
ELM 327 and Launch, provide only partial support for
selected functional elements, whereas integrated tele-
matics platforms, including Ruptela FM-Tco4, tacho-
graphs, and KhNADU TESA, ensure broader functional

12150

implementation. The most comprehensive coverage is ob-
served for the CMV system, which fully satisfies all func-
tional elements of the generalised morphological model,
while KhNADU TESA demonstrates near-complete cover-
age with a partial limitation in operator monitoring func-
tionality. Figure 1 showed the working graphs of changes in
vehicle parameters during diagnostics in a separate mode.

180500

0 %5 Y9 2 T8 % W 20 20 W Fo % %0 P % % W o

Figure 1. Working graphs of changes in vehicle parameters during the diagnosis process
Note: 1 — lambda probe 2, voltage 0.715V; 2 — lambda probe 2, short-term mixture adaptation; 3 — normalised load value; 4 — engine

speed (max. engine speed 2428 min-?
Source: developed by the authors
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Figure 1 illustrated the dynamic behaviour of key en-
gine parameters during the diagnostic process. Fluctua-
tions in lambda probe voltage and short-term fuel mixture
adaptationindicate active regulation of the air-fuel mixture
in response to changing engine load and operating con-
ditions. The observed variations in normalised load and
engine speed, reaching a maximum of 2428 min!, reflect
transient operating modes, confirming the responsiveness
of the engine management system during diagnostics.
Overall, the application of the morphological approach
enabled the development of an optimised intelligent ve-
hicle diagnostic system configuration by identifying key
functional parameters and integrating heterogeneous di-
agnostic and telematics tools into a unified decision sup-
port framework, thereby enhancing monitoring efficiency,
diagnostic depth, long-term observation capabilities, and
early fault detection in accordance with existing research
findings. Previous research, notably by 1.V. Khudiakov et
al. (2021), primarily addressed the structural and informa-
tional aspects of developing vehicle monitoring systems,
yet it did not fully explore the integration of various class-
es of diagnostic equipment into a unified model. In con-
trast, the work by Y. Yao et al. (2015) focused on organising
data flows and constructing information and analytical
systems, but it did not employ morphological analysis as
a formalised method for selecting model parameters. Par-
ticular attention should be given to the comparison of the
results of this study with the findings presented by M. Kac-
marik & D. Fojtik (2023), which highlight the importance
of integrating telematics systems with traditional diagnos-
tic methods. However, in contrast to these approaches,
the proposed model facilitates the integration of multiple
tools for different purposes within a single decision sup-
port system, thereby enhancing its functional capabili-
ties. In the work by K.-P. Schwarz (2000), modern vehicle
monitoring systems are discussed; however, the selection
and systematisation of their application schemes are not
addressed. D.A. Roozemond (1999) investigated the appli-
cability of autonomous intelligent agents in urban traffic
control, proposing an agent-based model in which dis-
tributed intelligent agents adaptively respond to real-time
traffic conditions to optimise signal control at intersec-
tions. The study demonstrated how such agent-based ur-
ban traffic control systems can improve responsiveness
and intersection capacity compared with conventional
traffic management approaches. T. Schiiler (2001) investi-
gated the use of GPS technologies for scientific purposes,
particularly in climatology and meteorology. The study
focuses on the precise measurement of tropospheric de-
lays, which are critical for estimating atmospheric water
vapour content and, consequently, for improving climate
models and weather forecasting. In addition, the work
examines the integration of GPS-derived data with nu-
merical weather prediction models in order to enhance
estimation accuracy and support advances in both fields.
M.M. Atia et al. (2015) presented an autonomous indoor
navigation system for ground vehicles that integrates iner-
tial sensors, LIDAR, WLAN RSS, odometry, and floor maps
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to address position initialisation and self-alignment in
GNSS-denied environments. By combining extended Kal-
man filtering with LiDAR-based positioning and heading
estimation algorithms, the system achieves sub-metre po-
sitioning accuracy, as demonstrated through experiments
conducted in a real indoor environment, confirming the
effectiveness of multi-sensor data fusion for enhanced
navigation performance. Thus, the results of the study
confirm the effectiveness of using morphological analy-
sis as a methodological basis for building the supporting
structure of the diagnostic system, and also demonstrate
the prospects of the developed model for use in intelligent
transport systems. Comparison with previous scientific
developments shows that the proposed approach has a
higher level of structural flexibility, the ability to scale and
integrate additional analysis modules, which ensures its
competitiveness and scientific novelty.

Conclusions
During the study, an analysis and synthesis of the func-
tional capabilities of existing vehicle operation monitoring
systems were conducted using the morphological analysis
method, which was employed to systematise the hardware
architectures of such systems. A generalised morphologi-
cal formula for a complex vehicle monitoring system was
developed, consisting of five main functional elements:
monitoring of operators, monitoring of vehicle technical
condition, monitoring of transportation objects, monitor-
ing of interaction with infrastructure, and the analysis and
use of information by the consumer. The formula incor-
porates 20 morphological features of these functional ele-
ments, as implemented in existing systems. The synthesis
of valid combinations of these morphological features en-
ables the formation of feasible system configurations and
identification of the structure and functional capabilities
of current monitoring systems. The study identified ex-
isting vehicle monitoring systems, including the ELM 327
scanner-adapter, Launch diagnostic device, Ruptela track-
er (Ruptela FM-Tco4 HCV/HCV 3G), tachograph, and the
KhNADU TESA and CMV remote control and forecasting
systems for vehicle and operator condition. Their function-
al capabilities for monitoring vehicle operation processes
were evaluated. Based on the analysis of the advantages and
disadvantages of these systems, the conditions for their ap-
propriate use, the degree of implementation of basic mon-
itoring functions, and the potential for further develop-
ment of core and auxiliary components were determined.
The analysis of the obtained results demonstrated that the
model facilitates the integration of diverse data channels
and their unification within a single decision support sys-
tem. This approach enhanced the accuracy of technical
condition assessments and ensures early detection of de-
viations, a conclusion that is corroborated by the consist-
ency of the results with data from other studies presented
in the paper. A comparison of the results with previous sci-
entific works highlighted several common and distinct as-
pects. Future research will focus on developing models for
the interaction of information components within vehicle
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operation monitoring systems, as well as decision-mak- Funding
ing algorithms within intelligent diagnostic frameworks.  None.
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AHANi3 TA CUHTE3 PYHKLIOHANIbHUX MOXXJIMBOCTEN CUCTEM
MOHITOPMHrY nNpoueciB ekcnayaTauii TPAHCNOPTHUX 3acobiB
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AHoTauifa. CucrteMu MOHITOPUHTY Ta VIPaBJiHHS EKCIJyaTali€eld TPAHCIOPTHHUX 3aco0iB € KJIIYOBUM
KOMIIOHEHTOM Cy4YacHOI TpaHCHOPTHOI iHGpacTpyKTypH. MeTol0 HbOro IOCTifKeHHs Oylo IpoaHasli3yBaTH
Ta cUCTeMaTu3yBaTH (PYHKI[IOHAJBHI MOMKJIMBOCTI CHCTEM MOHITOPUHTY eKCIUTyaTallii TPaHCHOPTHHUX 3aco0biB.
Byso pmocsimpkeHo, TpoOaHaTi30BaHO Ta CHHTE30BAaHO (PYHKITIOHA/IBHI XapaKTEPUCTHUKU IiCHYIOUMX CHCTEM
MOHITOPHHTY TPaHCIOPTHUX 3aco6iB. CucTeMaTH3allis anmapaTHUX KoOHQIrypariil y Iiux cucreMax 0Oysia IpoBejieHa
3a JOMOMOroI0 MOP(OJOTIiYHOTO aHamidy. AHATI3 i CUHTE3 (YHKIIOHATBHUX MOKJIUBOCTEH 3MilICHEHO uepe3
CHCTeMaTH3allil0 anapaTHuX KOH@Irypamiii y HasgBHUX CHCTeMax MOHITOpUHTy. Byma po3po0OsieHa ysarajabHeHa
Mopdosoriyaa ¢opmysna s iHTerpoBaHOI CHCTEMH MOHITOPHHTY TPaHCIOPTHUX 3ac00iB, sIka CKJIATAETHCA 3
II'AITM OCHOBHUX (DYHKIIOHAJIBHUX eJIeMeHTiB: 3aC00M MOHITOPUHTY OIlepaTopiB; 3acOOU MOHITOPUHTY TEXHIYHOTO
CTaHy TPaHCHOPTHHUX 3ac06iB; 3acobu MOHITOPHUHTY TPAHCHOPTHHUX 3ac0biB; 3acobM MOHITOPHMHTY B3aeMoOfil 3
iH(pacTPyKTypoOIO; Ta 3acOOM aHAITiI3y Ta BUKOPUCTAHHSA iHPOopMalii KiHIeBUMU KopucTyBadamMu. @opmysia oXomuia
JIBAAIATh MOP(OJIOTIYHUAX XapaKTePUCTUK IIUX (PYHKIIIOHAJIBHUX eJIEeMEHTIB, [0 peasli3oBaHi B iCHYIOUHX CHCTeMax
MoHiTopuHTy. CHHTe3 JOmyCTHMUX MOPQOJIOTiYHMX BapiaHTIB [03BoJisie mobymyBary ¢akTU4YHI KoHirypamii
CHCTeM i CIpusie BUSHAYEHHIO CTPYKTYPH Ta (QPYHKIIIOHATBHOTO MOTEHITia/y iCHYI0OUUX CHCTeM MOHITOpHUHTY. Bysio
inenTrdikoBaHO iCHYIOYi cHCTeMM MOHITOPMHIY TPaHCIOPTHHUX 3aco0iB, Ta BH3Ha4YeHi IXHI MOMKJIMBOCTI s
MOHITOPHUHTY IPOIECiB eKCITyaTallii TpaHCIOPTHUX 3aco0iB. Ha ocHOBI aHas1i3y mepeBar i oOMeskeHb JOCiIKeHNX
cucreM Oynu BU3HaYeHi BiAIOBiAHI yMOBH X 3acTocyBaHHSA, piBeHBb peaJtisamnii OCHOBHUX (PyHKIIili MOHITOpPHHTY,
a TAKO’K MOTeHLiaJ 1J1s PO3BUTKY SIK OCHOBHHX, TaK i pi3HOMaHITHMX KOMIIOHEHTIB cucTteM. [IpakTuyHa LiHHICTh
IBOTO JOCJIIKEeHHs MOJISITae y HaJaHHI peKOMEH A /11 ONTUMi3allil IPOeKTyBaHHs Ta BIIPOBAIYKEHHsI CHCTEM
MOHITOPHUHTY TPAHCIIOPTHHUX 3aC00iB 3 METOIO ITiIBUIIIEHHS €(DEKTUBHOCTI Ta 0€3MeKU eKCITyaTaril
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Abstract. The purpose of the study was to identify methodological approaches to cash flow analysis and to assess
their impact on the financial stability of an enterprise. The use of inductive and deductive methods enabled the
generalisation of key characteristics of cash flows and ensured a coherent transition from theoretical foundations to the
analysis of specific financial indicators of LLC “Lvivske ATP-14631”, which served as an illustrative case within the road
transportation sector. The study established that enterprises should adopt an individualised analytical approach that
reflects the specific nature of their operations, scale of activity, managerial requirements, and the influence of internal
and external factors on particular financial processes. Ensuring an adequate volume of cash resources, together with
the ability to employ them effectively, was found to have a significant impact on the overall efficiency of the enterprise
and its structural units. The analysis highlighted that cash flow assessment constituted a key component of cash flow
management, providing high-quality informational support for managerial decision-making, forecasting, and financial
planning. The evaluation of methodological approaches demonstrated that the scholarly literature offered a wide
range of techniques, each supported by its own rationale. However, the selection of analytical stages, methods, and
combinations of indicators depended on the enterprise’s objectives and the specific analytical tasks. Consequently, the
study concluded that an individualised approach was advisable, taking into account business specifics, operational
scale, management needs, and factor-driven variations in financial processes. The study revealed key trends in the
formation and use of cash flows, in particular, insufficient liquidity, irregular inflows and increased dependence on
external sources of financing. The results can be applied by enterprises to optimise cash flow management and enhance
financial stability through the implementation of individualised analytical approaches

Keywords: financial sustainability; solvency; liquidity management; factor analysis; regression analysis; SWOT-
assessment

Introduction
Cash is the most liquid asset and constitutes both the
starting and concluding point of the accounting cy-

exercises the greatest discretion over the allocation and
utilisation of resources. Given its continuous inflow from

cle, which includes the acquisition, production, sale of
goods and services, and the receipt of income. Except
for pre-existing obligations requiring cash payments, it
represents the phase of the cycle in which management

operations and outflow to cover expenditures, regular
analysis of cash flow is essential for effective financial
management and the maintenance of enterprise stability.
H. Koshelok & R. Hrinchenko (2020) and M. Iorgachova &
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O. Kovalova (2023) viewed cash flow analysis as a key ele-
ment of the enterprise management system, enabling the
assessment of past and current operational performance,
as well as the use of results for planning and forecasting
cash movements. The authors emphasised that maintain-
ing a balance between positive and negative flows is es-
sential to avoid cash deficits or surpluses and to ensure the
financial stability of the enterprise. O. Kudyrko & I. Kop-
chykova (2022) highlighted methodological approaches to
analysing an enterprise’s cash flows, defining its purpose
as accelerating cash movement, increasing asset turnover,
and enhancing solvency. The article systematised the in-
formation base for analysis, including the cash flow state-
ment, balance sheet, income statement, and notes to the
financial statements. O. Kudyrko & I. Kopchykova identi-
fied three main stages of analysis: the preparatory stage
(selection of information sources), the main stage (assess-
ment of the volume, structure, dynamics, and efficiency of
cash utilisation), and the final stage (summarising results
and formulating recommendations). N. Boiko (2021) in-
vestigated the cash flows analysis of transport enterprises
in the context of financial security and the risk of losing
solvency. The researcher assessed the need to combine
express analysis with in-depth calculations, in particular
through the use of horizontal, trend, and ratio analysis to
identify imbalances between cash inflows and outflows by
type of activity. Particular attention is paid to the interpre-
tation of net cash flow as an indicator of an enterprise’s
ability to meet its obligations on time and to finance in-
vestment programs.

The development of a systemic vision of cash flow
analysis is observed in the work of V. Pokynchereda &
O. Timchenko (2024), where cash flow analysis is integrat-
ed into the enterprise’s financial management system. The
authors detailed the goals and objectives of the analysis,
offer procedures for horizontal, vertical, trend, ratio, and
factor analysis of cash flows, as well as a system of indica-
tors characterising cash sufficiency, circulation intensity,
and the balance of inflows and outflows. Special emphasis
is placed on linking the results of cash flow analysis with
the structure of working capital and the overall liquidity
level of the enterprise. Using the case of PT Astra Interna-
tional Tbk, T.Y. Suciani & S. Setyawan (2022) demonstrat-
ed the application of a system of calculated ratios based
on cash flows for a comprehensive assessment of finan-
cial performance. The authors proved that the analysis of
cash flows from operating activities, capital expenditures,
net income, and total debt allows for a more accurate
evaluation of the enterprise’s ability to generate cash and
service debts than traditional analysis based solely on fi-
nancial results. A similar approach was used in the work
of A.N. Asyifa et al. (2025), where the analysis of the Cash
Flows Statement was applied to assess the financial results
of PT AkashaWira International Tbk. The researchers show
that a prolonged decrease in operating cash flow leads to
a deterioration in the enterprise’s ability to repay liabili-
ties, finance investment projects, and maintain a stable
level of profitability. The authors emphasised that it is the
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dynamics of cash flows, and not just profit indicators,
which signals the accumulation of financial problems and
the risk of a liquid cash deficit. Y. Wang (2025) regarded
cash flow as one of the key determinants of enterprise suc-
cess, emphasising the importance of pro forma (forecast-
ed) cash flow statements for identifying potential future
deficits or surpluses of funds. The study demonstrated
that cash flow information was utilised by management
not only for short-term financial planning but also for
strategic decision-making concerning the financing struc-
ture, dividend policy, and investment priorities. A signifi-
cant contribution to the theoretical substantiation of the
cash flows statement role was made in the practical guide
by KPMG (2024), where the Cash Flows Statement is con-
sidered a central element of financial reporting. The docu-
ment formalised the purpose of this statement, providing
relevant information on cash receipts and payments for
the period, classified by operating, investing, and financ-
ing activities, as well as substantiating its importance for
assessing the enterprise’s ability to generate cash, meet
obligations, and explain the differences between profit in-
dicators and net cash flow. In this regard, in the context of
the global economic crisis, it is particularly important for
enterprises to develop mechanisms for operational and
adaptive management of their own cash inflows and out-
flows. The study aimed to examine various methodologi-
cal frameworks for cash flow analysis and to evaluate their
role in ensuring an enterprise’s financial stability.

Materials and Methods

A comprehensive set of research methods was employed
to ensure the scientific rigour and reliability of the study
on the theoretical foundations of cash flow analysis at
the enterprise level. The object of the study was the en-
terprise’s cash resources, while the subject encompassed
theoretical and methodological approaches to their anal-
ysis, with particular emphasis placed on liquidity assess-
ment and the balance of cash flows. The empirical basis
of the research comprised the financial statements of LLC
“Lvivske ATP-14631” (2024) for the period 2019-2023, as
well as relevant regulatory and analytical documents is-
sued by the National Bank of Ukraine (2022) and the Min-
istry of Economy of Ukraine (2022). The calculations were
conducted in two stages: the pre-war period, spanning
2019 to 2021, and the period of martial law, covering 2022
to 2023. At the initial stage, the inductive method was used
to generalise theoretical approaches, definitions, and con-
ceptual categories that explain the essence of cash funds
and their movement. Deduction was further employed to
specify methodological recommendations for analysing
the enterprise’s cash flows based on general theoretical
provisions. This allowed for the formulation of the re-
search logic, identification of key directions of cash flow
analysis, and determination of core indicators and calcu-
lation methods.

At subsequent stages, horizontal, vertical, and ratio
analysis were applied, enabling the assessment of the dy-
namics of absolute and relative liquidity indicators, their
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comparison with normative values, and the identification
of trends in the enterprise’s financial condition during the
pre-war and wartime periods. The comparison method
was additionally used to juxtapose results across the an-
alysed years and to evaluate the balance and stability of
cash flows. To examine the factors influencing changes in
cash funds, factor analysis was conducted, allowing the
identification of key drivers of liquidity fluctuations. To
complement quantitative findings with a qualitative as-
sessment, Strengths, Weaknesses, Opportunities, Threats
(SWOT) analysis was applied, making it possible to eval-
uate the strengths and weaknesses of cash management
practices in connection with the enterprise’s internal ca-
pabilities and external environment. Thus, the integrated
application of these methods ensured the systematic and
comprehensive nature of the study, contributed to the sub-
stantiation of scientific conclusions, and provided a basis
for developing recommendations aimed at improving
the efficiency of the enterprise’s cash flow management.

Results and Discussion
One of the key conditions for starting and successfully op-
erating any business is to ensure the required amount of
cash. In the process of production activity, capital is con-
stantly circulating, passing through the stages of monetary,
production and commodity forms, after which it again ac-
quires a monetary form. This process is called cash flow,
which is characterised by the constant movement of funds,
both cash inflows and outflows. The mutual consistency
of these flows in terms of volume and time largely deter-
mines the financial stability and sustainable development
of the enterprise. The problem of cash shortages remains
relevant for most Ukrainian enterprises. This is caused by
a combination of internal factors (loss of clients, limited
product range, weak financial planning, deficiencies in
the structure of financial departments, insufficient cost
control, etc.) and external economic factors. According
to the National Bank of Ukraine (2022), in 2022 consumer
inflation reached 26.6%, which significantly increased the
cost of energy resources, logistics, and operating expenses
for enterprises. Similar trends are confirmed by the infla-
tion review of the Ministry of Economy of Ukraine (2022),
which records a significant rise in the cost of production
resources and an increased need for working capital. The
sharp decline in Gross Domestic Product (GDP) in 2022
had long-term consequences, with real GDP growth slow-
ing to 2.9% in 2024 compared to 5.5% in 2023, indicating
an unstable and uneven economic recovery (Ukraine’s
GDP growth..., 2025). In addition, a substantial increase
in electricity and natural gas tariffs in the years 2021-2022,
which further intensified pressure on business solvency
(Prices for natural gas and electricity..., n.d.). The com-
bination of these factors significantly increases the risks
of liquidity shortages and complicates the effective man-
agement of enterprise cash flows. Taking into account the
variety of approaches to the analysis of enterprises cash
funds, highlighted in the thematic literature, business en-
tities are faced with the task of choosing the most effective
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approach for conducting such an analysis. This choice is
due to the fact that each approach involves the use of cer-
tain methods and indicators, the effectiveness of which
depends on the quality of the information support used
in the analysis process. For a thorough investigation of a
company’s cash resources, it is recommended to employ
both rapid (express) and comprehensive analytical ap-
proaches. Express analysis relies on the swift processing
of financial reporting data and enables an operational
assessment of the state of cash flows through key perfor-
mance indicators. In contrast, comprehensive analysis
entails a more in-depth examination, conducted across
several sequential stages, including preliminary evalua-
tion, horizontal and vertical analyses of indicators, as well
as ratio and factor analysis. Within this framework, cash
flow analysis encompasses assessing their sufficiency, de-
termining levels of solvency and liquidity, and examining
the volume and structure of inflows and outflows accord-
ing to the enterprise’s various activities. Moreover, con-
siderable attention is given to evaluating the quality and
balance of cash flows, analysing the efficiency of their for-
mation and utilisation, and identifying factors influencing
their dynamics. To complement quantitative findings with
a qualitative assessment of internal and external condi-
tions, SWOT analysis is frequently applied, facilitating
the identification of strengths and weaknesses in the cash
management system, alongside opportunities and threats
affecting the enterprise’s financial stability. When analys-
ing the sufficiency of cash resources at enterprises, the
assessment focuses on whether the company possesses
adequate internal financial resources to fund operational
and other activities, the potential for attracting external
financing if required, and the frequency with which such
financing may be necessary.

In parallel with the analysis of cash sufficiency, mod-
els for optimising cash balances, which are widely used
in financial practice, are described in detail in the works
on financial management. One such model is the model
by WJ. Baumol (1952), which aims to determine the op-
timal cash balance by balancing the costs of replenish-
ing cash and the costs of holding it. W.J. Baumol justified
that an enterprise can minimise total transaction costs
by periodically converting short-term financial invest-
ments into cash to cover operating expenses. The model
by M.H. Miller & D. Orr (1966), presented in subsequent
studies of cash management theory, takes into account
the stochastic nature of cash inflows and outflows, pro-
posing the establishment of three control limits: lower,
target, and upper cash balances. Within this model, the
enterprise responds to deviations of the actual cash bal-
ance from the target level: if cash approaches the upper
limit, the excess should be invested in short-term finan-
cial instruments; if the balance falls to the lower limit, the
enterprise must replenish cash resources to restore the
optimal level. S. Slaviohlo (2023) analysed the possibili-
ties of optimising the average cash balance of industrial
enterprises based on these models and demonstrated
the conditions under which the calculation results can



be used for managerial decision-making regarding the
formation of cash reserves. In the research by D.V. Dem-
chenko (2023), the models by W.J. Baumol and M.H. Mill-
er & D. Orr were adapted to manage the cash flows of an
insurance company, which made it possible to determine
the optimal level of cash reserves and assess the efficien-
cy of their use in the Ukrainian insurance market. Fur-
thermore, in recent studies devoted to the formation of
cash inflows and outflows of enterprises, the model by
M.H. Miller & D. Orr is considered to be a suitable tool for
regulating cash balances in the accounts of Ukrainian en-
terprises, taking the irregularity of cash flows into account
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(Kostruba, 2022). To assess the liquidity of an economic
entity, it is customary to calculate three ratios: absolute,
quick, and current liquidity. The latter is also called the
coverage ratio or critical solvency. The existence of differ-
ent indicators is explained, among other things, by differ-
ences in the information needs of users. Suppliers of raw
materials primarily pay attention to the absolute liquidity
ratio, as it is important for them that the company can
settle accounts with them as quickly as possible. Banks,
when lending, are interested in the quick liquidity ratio,
and buyers and owners of the company’s securities ana-
lyse the current liquidity ratio (Table 1).

Table 1. Characteristics of key liquidity indicator

Indicator Calculation method Limit value
Abs Liq Ratio = 2XF 1))
Absolute cL In the range from 0.2 to 0.35. If it is less than 0.2, then the
liquidity ratio where M — cash on hand and cash equivalents; | company will not be able to repay debts at the first need. If it is
CFI - current financial investments; CL — current more than 1, then there is inadequate cash management
liabilities
Quick Liq Ratio = XX AR ) If the quick ratio is within 0.6-1 (depending on the scope
S cL of activity), the company can settle accounts on existing
Quick liquidity . Lo . . . o
ratio where M - cash on hand and cash equivalents; obligations in a timely manner. At the same time, it is
CFI - current financial investments; AR — important to pay attention to the share of receivables, part of
accounts receivable; CL — current liabilities which is difficult to collect on time
sauidi Cur Liq Ratio = &, 3) 1 < Cur Liq Ratio < 2; If the current ratio is less than 1, it
Currerrlztigguldlty cL indicates a lack of short-term solvency, and if it is more than 2,
where CA - current assets; CL — current liabilities | then it indicates inadequate management of current assets

Source: developed by the authors based on T.Yu. Chayka et al. (2018)

The presented in Table 1 indicators allow for the as-
sessment of an enterprise’s ability to timely meet short-
term obligations, taking varying levels of asset liquidity
into account. Absolute, quick, and current liquidity pro-
vide a sequential understanding of financial stability: from
the strictest criteria for debt coverage to broader evalua-
tions of working capital. Deviations from the recommend-
ed ranges indicate either a risk of insolvency or inefficient
management of current assets. Vertical cash flow analysis
involves calculating the ratio of cash volume to individ-
ual components of current assets. Horizontal cash flow
analysis aims to identify changes in the dynamics of net
cash flow, which can be both positive and negative. The
analysis of the quality and balance of cash flows (i.e., the
ratio of cash inflows and outflows) is carried out both with
the help of absolute and relative indicators, and through
the use of correlation and regression analysis methods.
The use of this method allows to determine the deviation
of the average absolute value of the cash flow, as well as
to identify possible causes of these deviations. Regression
analysis, in turn, allows the company to assess the rhythm
of spending money and the frequency of delays in their
inflows. Regression analysis makes it possible to convert
chaotic cash flows into formalised statistical relationships,
which allows not only identifying irregularities in expens-
es and delays in receipts, but also forecasting future finan-
cial gaps and developing effective managerial decisions.
Factor analysis of cash flows belongs to analytical meth-
ods aimed at quantitatively determining the influence of

individual factors on changes in the volume of cash in-
flows and outflows. It can be applied both to the compa-
ny’s overall cash flow and to its components, such as op-
erating, investing, and financing activities, which makes it
possible to detail the structure of influences and identify
the sources of deviations. During factor analysis, the in-
dicator is broken down into separate components and an
assessment is made of how much each factor has changed
the final result compared to the base period or planned
value. By applying methods such as chain substitution,
difference, or integration analysis, an analyst is able to
identify the specific factors responsible for increases or
decreases in cash flows, as well as to determine the direc-
tion of their positive or negative impact. In the context of
operating cash flows, such factors may include variations
in revenue, levels of operating expenses, the volume of
accounts receivable, or the efficiency of their collection.
Within investment activities, relevant factors encompass
the scale of capital expenditures, the disposal of fixed as-
sets, and dividends received. For financial activities, key
determinants may involve the acquisition of loans, repay-
ment of borrowings, or alterations in payments to owners.
By comparing the influence of these factors over time, it
becomes possible to ascertain which elements contribute
positively to cash flows and which pose potential risks of
liquidity shortages. Thus, factor analysis not only captures
changes in the volume of cash flows but also explains their
causes, revealing the internal logic behind the formation
of cash inflows and outflows. This makes it an important
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tool for substantiating managerial decisions aimed at op-
timising the structure of flows, improving solvency, and
reducing the likelihood of financial gaps.

As an alternative or addition to traditional methods of
cash flow analysis, the use of SWOT analysis is proposed.
This is justified by the fact that such classical methods
as horizontal, vertical, comparative, and ratio analysis,
although they provide a quantitative assessment of the
dynamics and structure of cash flows, nevertheless have
a number of limitations. They are sensitive to the choice
of the base period, do not always allow for a comprehen-
sive assessment of the effectiveness of cash flow man-
agement, complicate the analysis of enterprises with a
specific business model, and do not make it possible to
clearly determine the level of financial risks or the threat
of bankruptcy. Besides, interpreting changes in ratios is
often complicated by their unevenness and the absence
of universal benchmarks. The use of SWOT analysis makes
it possible to compensate for these shortcomings, as it
combines quantitative results of financial calculations
with a qualitative assessment of the company’s internal
and external environment. This approach allows identify-
ing the strengths of cash flow management (for example,
stable operating inflows or a low share of overdue receiv-
ables), determining weaknesses (significant fluctuations
in expenses, long payment delays, low liquidity), outlin-
ing opportunities (access to cheaper financial resourc-
es, potential to increase asset turnover), and identifying
threats (rising cost of borrowing, dependence on a single
major counterparty, or external market instability). For

example, if a company’s current ratio is at an acceptable
level but horizontal analysis shows a trend of increasing
current liabilities, SWOT analysis enables a broader con-
clusion. Strength - a sufficient amount of current assets;
weakness — deterioration in the structure of liabilities;
opportunity — a shift to a more effective accounts receiv-
able management policy; threat — the risk of a short-term
liquidity shortage in case operating inflows decline. Thus,
SWOT analysis helps not only record numerical changes
but also understand their nature, strategic implications,
and potential risks.

The following analysis focuses on the cash flows of
LLC “Lvivske ATP-14631", one of Ukraine’s largest motor
transport enterprises, established in 1946. The company’s
primary activity is Ukrainian and international passenger
transportation, encompassing both regular and irregular
routes. In addition to transportation, the enterprise en-
gages in automobile and light vehicle trade, dealing in
both new and pre-owned units, and provides comprehen-
sive vehicle maintenance and repair services. The compa-
ny is also involved in tourism operations, offering travel
agency and tour operator services, as well as in real estate
management, including leasing and administration of
owned or rented properties. Further, it provides advertis-
ing services and conducts retail fuel sales through its net-
work of filling stations. Collectively, these diversified op-
erations generate complex cash flow streams, warranting
a detailed financial analysis to assess liquidity, solvency,
and operational efficiency. Liquidity indicators are pre-
sented in Table 2.

Table 2. Liquidity ratios of “Lvivske ATP-14631" for 2019-2023

Indicator Pre-war period (years) Martial law period (years) Absolute deviation
2019 2020 2021 2022 2023 2020to 2019 2021 to 2020 2023 to 2022
Absolute liquidity ratio 0.10 0.03 0.04 0.03 0.05 -0.07 0.01 0.01
Quick liquidity ratio 0.48 0.44 0.29 0.63 0.78 -0.04 -0.15 0.09
Current liquidity ratio 0.63 0.61 0.39 0.81 0.90 -0.02 -0.22 0.09

Source: developed by the authors based on LLC “Lvivske ATP-14631” (2024)

Based on the data presented in Table 2, the following
conclusions were drawn regarding the Absolute Liquidity
Ratio. During the pre-war period (2019-2021), this indica-
tor was relatively low, declining from 0.10 in 2019 to 0.03 in
2021. Throughout the period of martial law (2022-2023),
the ratio remained low, recorded at 0.04 in 2022 and 0.05
in 2023. The absolute deviation highlighted a decrease of
0.07 in 2020 compared with 2019, indicating a deteriora-
tion in the company’s short-term solvency. Quick liquidity
ratio: During the pre-war period (2019-2021), the ratio de-
clined from 0.48 in 2019 to 0.29 in 2021. Throughout the
period of martial law, it increased to 0.63 in 2022, before
falling again to 0.53 in 2023. The absolute deviation indi-
cated a deterioration in 2020 compared with 2019 (-0.15);
however, by 2023, the ratio had improved slightly relative
to 2022 (+0.24). Current Liquidity ratio: In the pre-war
period, the ratio remained relatively stable, decreasing
slightly from 0.63 in 2019 to 0.58 in 2021. In 2022, it rose to
0.72, but declined again to 0.64 in 2023, remaining close to
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the 2019 level. The absolute deviation reflected a decrease
in 2020 compared with 2019 (-0.05), yet an improvement
was observed in 2023 relative to 2022 (+0.06). LLC “Lvivske
ATP-14631” demonstrated instability in liquidity indica-
tors during the analysed period. The main changes reflect
deterioration in the pre-war period (2019-2021), a slight
improvement in 2022, which is explained by adaptation to
the new conditions, and a repeated deterioration in 2023.
The company needs to strengthen the management of
short-term solvency, increase the volume of liquid assets
and improve the structure of working capital.

As an alternative or complementary approach to tra-
ditional cash flow analysis, a SWOT analysis was applied
to LLC “Lvivske ATP-14631". This analysis enabled a com-
prehensive evaluation of the company’s financial posi-
tion and facilitated the development of strategies aimed
at enhancing its financial stability. The results indicated
that the company needed to improve its liquidity by es-
tablishing a reserve of highly liquid assets. Additionally, it



was recommended to optimise costs through systematic
analysis to reduce inefficient expenditures. Expanding
the range of services was proposed as a means to diversi-
fy revenue streams and increase cash inflows. The anal-
ysis also highlighted the importance of managing risks
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by developing strategies to mitigate threats arising from
external factors. Finally, it was suggested that the com-
pany could strengthen its financial position by attracting
external financing through loans or investment opportu-
nities (Table 3).

Table 3. SWOT analysis of LLC “Lvivske ATP-14631”

Strengths

1) experience in the market: the presence of a long activity
history provides trust from customers and partners;

2) relative stability of overall liquidity: the current liquidity ratio
shows a tendency to improve in 2022-2023;

3) adaptation to the conditions of martial law: the company

was able to maintain the level of financial indicators in a crisis
situation;

4) improvement of the quick liquidity ratio in 2022: indicates the
ability to quick respond to financial challenges

Opportunities

1) attracting investors: additional investments will help
strengthen the financial base of the enterprise;

2) expansion of services: the introduction of new types of
transport or logistics services can increase cash inflows;

3) improving the efficiency of cash flow management: the
introduction of modern financial models (for example, cash flow
forecasting) will allow optimising the movement of funds;

4) attracting grants or government business support programs:
can provide additional resources in the conditions of martial law;
5) automation of business processes: implementation of digital
tools for monitoring and managing finances

Weaknesses

1) low absolute liquidity ratio: indicates a lack of highly liquid
assets to immediately cover liabilities;

2) decrease in quick liquidity in 2023: shows problems with
short-term solvency;

3) dependence on external sources of financing: lack of own
funds for investments and covering operating expenses;

4) instability of financial indicators: significant fluctuations
in liquidity ratios indicate insufficient efficiency of cash flow
management

Threats

1) military actions in Ukraine: the deterioration of the
macroeconomic situation can negatively affect customers’
solvency;

2) rising energy prices: a direct impact on the company’s costs;
3) inflation: rising prices for goods and services can reduce cash
reserves;

4) increased competition: other transport companies may offer
better conditions, reducing market share;

5) instability of the exchange rate: may affect the cost of
imported equipment or spare parts

Source: developed by the authors

The conducted SWOT analysis indicated a balanced,
though heterogeneous, position of the company in the
field of cash flow management and operational activity.
The company possesses significant internal advantages
related to its operational experience, the stability of cer-
tain financial indicators, and its ability to adapt to external
challenges. At the same time, the identified weaknesses
point to existing financial risks, primarily associated with
an insufficient level of liquidity, dependence on external
financing sources, and instability in certain indicators.
Development opportunities are concentrated mainly in
the diversification of services, attraction of investments,
digitalisation of financial processes, and improvement
of the cash flow management system. In contrast, threats
arise predominantly from the external environment and
relate to military and macroeconomic factors, fluctua-
tions in energy costs, inflationary pressure, and increasing
competition. The combined analysis of these elements
makes it possible to assess the company’s strategic resil-
ience and identify directions for improving the effective-
ness of financial management. Contemporary academic
literature increasingly emphasises the analysis of cash
flows and enterprise liquidity, reflecting the growing sig-
nificance of financial flexibility in conditions of economic
instability. The findings of this study, based on the case
of LLC “Lvivske ATP-14631” (2024), align with those re-
ported in several scholarly works, while simultaneously
highlighting specific divergences arising from the unique
characteristics of the transportation sector and the influ-
ence of external shocks, particularly the ongoing conflict.
The results of the study by Y. Chen et al. (2024) demon-
strated that fluctuations in liquidity are most evident in

enterprises with a significant share of current assets that
are sensitive to seasonality and changes in market demand.
A similar dynamic was observed at “Lvivske ATP-14631,”
where the instability of operating cash flow is explained
by seasonal fluctuations in passenger traffic and depend-
ence on market fares. Unlike the conclusions of Y. Chen et
al., results of this research indicated not only the season-
ality of cash flows but also the impact of external shocks,
which were not taken into account by those authors.

G. Pan & B. Lee (2020) emphasised that an effective ac-
counts receivable control system is a critically important
factor in maintaining cash flow stability. Their research
showed that delays in payments from counterparties re-
duce quick and absolute liquidity even when revenue is
increasing. The results of analysis confirm this thesis: dur-
ing the years 2019-2023, the growth of accounts receivable
became one of the key factors behind liquidity instabil-
ity at LLC “Lvivske ATP-14631". At the same time, unlike
the findings of the cited study, in this case an additional
destabilising factor was the fluctuation in energy prices,
which significantly increased the company’s expenses.
The study by E Amelita & D. Kurnia (2025) reviewed the
importance of using factor analysis to identify the caus-
es of changes in cash flows. The authors argued that the
greatest impact on operating inflows comes from changes
in the volume of core activities and the efficiency of the
expenditure mechanism. In the context of the enterprise
under study, factor analysis also showed the key influence
of operational activity and costs for fuel and maintenance,
elements that, in the case of transport companies, play
an even more significant role than in other industries.
Results of this study also correlate with the findings of
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T. Pysarenko (2025) which proved the necessity of an
adaptive cash flow management policy in conditions of
high turbulence. The data on liquidity changes during
2022-2023 indicated that partial adaptation to external
challenges is possible, but insufficient without enhanced
cost control and additional financing. The comparison
demonstrated that the results aligned with existing schol-
arship while extending it by accounting for the specifics
of passenger transport enterprises under wartime condi-
tions, underscoring the relevance of adaptive cash flow
management models in this industry.

Conclusions
Based on the results of the conducted research, it was
established that cash flow is a key element of the enter-
prise’s financial support, and the efficiency of its forma-
tion, distribution, and use directly affects the level of
solvency and financial stability. The paper systematised
theoretical approaches to cash flow analysis, defined its
objectives, tools, and analytical capabilities. The use of
horizontal, vertical, ratio, factor, and regression analysis,
along with the application of the SWOT methodology,
ensured a comprehensive study of cash movement and
a characterisation of the conditions under which the en-

financial position. The SWOT analysis of LLC “Lvivske
ATP14631” demonstrated that, despite operational ex-
perience and partial financial stability, the company fac-
es critical weaknesses, including low absolute liquidity,
declining quick liquidity, and dependence on external
financing. It also highlighted strategic opportunities to
stabilise finances through service diversification, invest-
ment attraction, digitalisation of financial processes, and
enhanced cash flow management, while external threats
such as military actions, inflation, rising energy costs, and
increased competition pose significant risks. The find-
ings underscore the necessity of enhancing current asset
management and optimising the structure of short-term
liabilities. Future research could focus on modelling cash
flows using modern economic and mathematical meth-
ods, developing adaptive liquidity management models
under economic instability, and assessing the impact of
digital technologies on financial processes in transport
enterprises. Further areas of interest comprise the anal-
ysis of cash flow formation scenarios under crisis condi-
tions and the identification of tools capable of increasing
enterprises’ resilience to financial shocks.
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AHoTauifA. MeToro mocaimKeHHs OyJI0 BU3SHAYEHHsI METOAOJIOTIYHHX MiXOJiB /0 aHa/i3y TPOIIOBHUX IMOTOKIB
Ta OIiHKa TXHBOTO BIJIMBY Ha (piHAHCOBY CTIHKIiCTh HMiATPHEMCTBA. BUKOPUCTAHHSA iHAYKTUBHUX Ta JeAYKTUBHUX
METOMIB MO3BOJIMJIO y3araJbHUTU KJIIOYOBi XapaKTepPUCTUKHU TPOIIOBUX MOTOKIB Ta 3a0€3MeYnTH IOCJIiTOBHUMN
Tepexi Bil TEOpeTUYHUX 3acaj 10 aHATiI3y KOHKpeTHUX (piHaHCOBUX MokKa3HUKIB TOB «JIbBiBchbke ATII-14631»,
sIKe CJIYTYBAJIO LIIOCTPATUBHUM MPHUKJIAIOM Y CEKTOPi aBTOMOOITbHUX TepeBe3eHb. J[oCimKeHHsI BCTAHOBUJIO, III0
MIMPUEMCTBAM CJIij] 3aCTOCOBYBATH iHIUBIAyaTis0BaHUN aHATITUYHUHN MifXil, AKUH BimoOpaskae cnenudiky iXHbO1
JifgnpHOCTI, MacmTab oneparniii, yopaB/aiHCHKiI HoTpeOu Ta BIVIMB BHYTPIIIHIX i 30BHIIIHIX (pakTOpiB HA KOHKPETHI
¢inancoBi mporecu. 3abe3nedyeHHsT aIeKBAaTHOTO OOCATY TPOMIOBUX PeCypciB pasdoM i3 37aTHICTIO eeKTHUBHO
iX BUKOPUCTOBYBATH BUSBHUJIOCS CYTTEBUM YMHHUKOM ITiIBUINEHHs 3arajbHOI e(eKTUBHOCTI MiJIpUEMCTBA Ta
WOT0 CTPYKTYPHUX MiAPO3[iaiB. AHaJi3 MiAKPEC/JUB, IO OI[iHKA TPOIIOBUX IOTOKIB € KJAIOYOBUM eJIeMEHTOM
VIOpaBJIiHHA HUMH, 3a0€e31edyl0ur BUCOKOSKICHY iHpopMaliiHy MiATPUMKY NPUHHATTA YIPaBIiHCBKUX pillleHb,
MPOTHO3yBaHHs Ta (piHaHCOBOrO NJIaHyBaHH:A. OIliHKa METOI0JIOTIYHUX MiIX0/IiB MOKa3aJia, o HayKoBa JiTeparypa
TMPOTOHYE IMMUPOKUMA CHEKTP METOIUK, KOJKHA 3 SIKMX Ma€ BJIacHe OOTPYHTyBaHHs. BomHouac BUOip aHATITUYHUX
eTariB, MeTO/iB Ta KOMOiIHAIill TOKA3HUKIB 3aJIe;KUTH Bif Iijell miampueMcTBa Ta cienuiky aHaJTiTUIHUX 3aBIaHb.
OTxe, DOCTiIKeHHs TINIIIO BUCHOBKY, IO IOLIILHUM € iHAMBiMyaisoBaHMil miaxig 3 ypaxyBaHHSIM 0COOJIUBOCTEN
6isHecy, MacmTaby HiAABHOCTI, YIpPaBIiHCHKUX MOTPed Ta (paKTOPHOro BIUIMBY Ha (iHaHCOBi mpormecu. Bymo
BUSIBJIEHO KJTIOYOBI TeHIeHITi1 ()OpMyBaHHsI Ta BUKOPHUCTAHHS T'POIIOBUX IOTOKIB, 30KpeMa HeJIOCTATHIO JTiKBiTHICTb,
HEPETYISIPHICTh HAAXOMKEHb Ta 3POCTAIOYy 3aJIE)KHICTh BiJl 30BHIIIHIX MKepes (iHaHcyBaHHsA. Pesymsratu
JOCJiIPKeHHA MOYKYTh OyTH BUKOPHUCTAHI MiIpUEMCTBAMU AJIs1 ONITUMIi3allil yIIpaBJ/IiHHSA I'POIIOBUMHY IIOTOKAMHU Ta
miBUIeHHS (hiHAHCOBOI CTIMKOCTI Yepe3 BIIPOBAPKeHH S iHANBITyaai30BaHNX aHATITHYHUX MiAXOIiB
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Abstract. The relevance of the study was determined by the need to improve the reliability of communication in
Flying Ad Hoc Networks, where traditional routing protocols do not take into account channel quality and rapid topology
changes. The aim of the work was to develop an intelligent decision-making system capable of adaptively selecting a data
transmission route according to the state of the radio channel. To achieve this aim, methods of fuzzy logic, mathematical
modelling, simulation experiments and comparative analysis of routing efficiency were used. During the study, a model
of a fuzzy expert system was created that evaluates the quality of communication based on the signal-to-noise ratio,
the distance between nodes, and noise indicators, forms a database of IF-THEN rules, and determines the optimal
transmission path — direct or via a repeater. Experimental results showed that the proposed system increases the Packet
Delivery Ratio to 99%, while in the basic algorithms it was only 90%. The average transmission delay decreased from
80 to 50 ms, and the number of connection interruptions decreased from 0.2 to 0 cases per min. It was also found that
the system maintains network stability under conditions of signal-to-noise ratio fluctuations, ensuring smooth route
switching without excessive protocol traffic. The use of fuzzy logic made it possible to take into account the uncertainty
of the radio environment and proactively respond to signal quality degradation, preventing connection drops. The
practical value of the work lies in the possibility of integrating the developed system into drone network modules to
ensure reliable routing in highly mobile conditions, particularly in military, search and rescue, and civil applications

Keywords: Flying Ad Hoc Network; fuzzy logic; adaptive link assessment; communication reliability; delay; network
performance

Introduction
The development of unmanned aerial vehicles is one of
the most dynamic areas of modern information and com-

communication quality varies constantly. As emphasised
by S. Lateef et al. (2022), FANET is one of the most unsta-

munication technologies, forming a new paradigm called
Flying Ad Hoc Networks (FANET). With the intensive use
of drones for military, rescue, transport and monitoring
tasks, there was a need to create routing systems capable
of operating in a mode of rapid topology change, where

ble types of networks, since the interaction between drone
nodes is determined by the Signal-to-Noise Ratio (SNR),
delays and packet losses, which can change significant-
ly even within a few seconds. That is why ensuring reli-
able data exchange in such networks is considered a key

Suggested Citation: Zaivyi, R., & Pavlysh, V. (2025). Development of an intelligent decision-making system for routing in
unmanned networks with adaptive link assessment. Bulletin of the National Transport University, 29(2), 39-46. doi: 10.33744/2308-

6645-2025-2-29-39-46.

*Corresponding author

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/0009-0003-4096-4111
https://orcid.org/0009-0004-3996-5923

40  Development of an intelligent decision-making system...

engineering and scientific problem. S.A. Hasan et
al. (2024) systematised the current challenges of FANET
in their comprehensive study, highlighting the problems
of protocol adaptability to rapid environmental changes
and limited energy resources of drones. The authors con-
cluded that traditional routing algorithms, in particular
Optimised Link State Routing Protocol (OLSR) and Ad
hoc On-Demand Distance Vector (AODV), do not take
into account the quality of the communication channel
and the level of interference, and therefore are unable to
ensure network stability with high node mobility. A simi-
lar position was taken by O.T. Abdulhae et al. (2022), who
proposed a cluster-oriented approach to routing, demon-
strating that the formation of dynamic drone groups par-
tially increases the stability of communication, but does
not solve the problem of short-term signal failures. In their
work, Y. Zhang & H. Qiu (2023) attempted to overcome this
limitation by using deep neural networks — in particular,
the Dueling Deep Q-Network model - to predict link sta-
tus. However, the researchers noted that the high compu-
tational costs of this approach make it unsuitable for en-
ergy-constrained drone systems. An alternative approach
was demonstrated by M.Y. Arafat & S. Moh (2021), who
created a Q-learning-based routing protocol that takes
into account real-time topological changes in the network.
Their model proved the feasibility of using reinforcement
learning to maintain channel stability in dynamic FANETSs.

The issue of communication reliability in high-speed
scenarios was addressed by Q. Usman et al. (2021), who
proposed a protocol with link quality adaptation. Their
results showed that flexible route updates based on the
current SNR level can reduce the number of connection
drops by almost 30%. In this context, the work of S. Garg et
al. (2022) is important, where the routing approach was
based on a multi-level analysis of traffic, mobility, and net-
work congestion. The authors proved that cross-level op-
timisation significantly increases the packet delivery rate,
but requires complex coordination between protocol lev-
els. The development of hybrid routing systems is demon-
strated in the study by 1.S. Rajesh et al. (2024), where the
combination of fuzzylogic and Q-learning provided better
adaptability and stability compared to classical approach-
es. In turn, A. Rahmani et al. (2022) developed the OLSR+
protocol, which implements fuzzy logic for estimating link
lifetime. Their experimental analysis showed an increase
in packet delivery ratio (PDR) to 96%, while the basic
version of OLSR provided only about 85%. P. Bugarci¢ et
al. (2022) summarised trends in the use of reinforcement
learning in FANET routing, pointing to the growing role of
intelligent decision-making systems in ensuring network
stability. Their review confirmed that future approach-
es should rely on the integration of fuzzy logic, machine
learning, and heuristic mechanisms.

Summarising the results of the literature review, it
can be stated that current research is actively focused on
the creation of intelligent adaptive routing systems that
take into account the quality of communication in real
time. However, most existing solutions do not provide a
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proactive response to short-term signal degradation and
do not integrate fuzzy channel parameter estimation into
the decision-making process. It is these shortcomings that
havenecessitated the development, within the scope of this
work, of an intelligent routing system based on fuzzy logic,
capable of providing adaptive communication assessment
and increasing the reliability of FANET in dynamic condi-
tions. The aim of the work was to develop an intelligent
decision-making system for routing in an unmanned net-
work that is capable of assessing the state of the commu-
nication channel in real time and adaptively selecting the
optimal data transmission route. The research objectives
were to analyse current routing methods in unmanned
networks (FANET) and identify their limitations related to
high node mobility, radio channel variability, and lack of
adaptation to communication quality; to develop a con-
ceptual and mathematical model of an intelligent routing
system based on fuzzy logic, which provides an assess-
ment of link quality based on SNR parameters and other
channel characteristics and forms a decision on the selec-
tion of the optimal route; to implement and experimen-
tally verify the effectiveness of the proposed system in a
simulation environment, performing a comparative anal-
ysis with basic protocols (OLSR, AODV) for key network
metrics — PDR, average delay, and connection stability.

Materials and Methods

The object of the study was an unmanned ad hoc network
consisting of mobile drone nodes that exchange data via
radio channels without a fixed infrastructure (Azari et
al., 2017). The study selected a scenario with two or more
unmanned aerial vehicles that can transmit packets both
directly to each other and through an intermediate relay
node. A mathematical model of an intelligent routing sys-
tem based on fuzzy logic (Zadeh, 1965) was developed.
The system inputs include communication channel pa-
rameters between nodes, in particular the current SNR
on possible links, connection quality indicators (e.g., link
quality indicator, delay) and other available metrics. Each
input parameter is linguistically divided into terms using
membership functions (Fig. 1). For example, the SNR val-
ue is classified as “Low”, “Medium”, or “High”. Based on ex-
pert knowledge about the nature of radio communication,
a set of fuzzy IF-THEN rules is formed that mimic the logic
of route selection decision-making.

The rules are formulated in such a way as to reflect
various channel situations. For example, if the direct chan-
nel between nodes A and B is of high quality (high SNR),
and the quality of the alternative route via the repeater is
worse (low SNR on the R-B segment), then it is advisable to
transmit data directly. This rule can be formally written as:

Marece = MIN {15 (HIgh), Hoyg 45 (LOW)}, ey

where p,.. — the degree of support for the conclusion “use
the direct route”, defined as the minimum (AND opera-
tion) between the degree of membership of SNR,, in the
term “High” and the degree of membership of SNR;;, in



“Low”. In other words, under the conditions: if the signal
on the direct channel is high and the signal on the channel
from the repeater to B is low, p confidence that the direct
route is better is high.
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Figure 1. Membership functions
Note: a) for SNR (Low/Medium/High); b) for distance (Near/
Medium/Far)
Source: developed by the authors

Other rules are formed similarly: for example, if the di-
rect channelis poor (low SNR) and the connection through
the intermediate node is good (all segments with high
SNR), then it is advisable to transmit through the repeater.
The set of such rules forms the knowledge base of a fuzzy
system. The Mamdani method was used as a fuzzy logical
conclusion. The construction of linguistic variables and
rules corresponds to the classical principles of fuzzy sets
(Zadeh, 1965). At the defuzzification stage, a quantitative
assessment of the “advantages” of each possible route is
obtained. Ultimately, the system selects the route with the
maximum value of the output membership function (i.e.,
the highest degree of desirability). To verify the proposed
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approach, simulation modelling of typical scenarios of
communication between drones was performed. In par-
ticular, the situation was considered where sender A has
to transmit data to receiver B, and there is one potential
repeater R. The topology diagram is shown in Figure 2. The
conditions varied in different tests: the distances between
drones (which affects the SNR), the presence of interfer-
ence or signal shadowing, and the speed of movement of
the nodes. The simulation was performed using software
(Azari et al., 2017). The fuzzy system was implemented
using the MATLAB environment (Fuzzy Logic Toolbox,
developed by MathWorks Inc., USA) and the Python lan-
guage (libraries for fuzzy computing, developed by the
Python Software Foundation, USA) to conduct individual
experiments. Network quality indicators were selected as
criteria for evaluating the results: PDR, average transmis-
sion delay, and number of retransmissions. The results
were compared with the basic routing protocol (standard
algorithm without adaptive link assessment, e.g., AODV)
in the same scenarios.

Figure 2. A-R-B topology with d ,;, d ,;, d ; and links
SNR ,;;, SNR ,;, SNR g
Source: developed by the authors based on M.M. Azari et
al. (2017)

As can be seen from the diagram, with an increase in
the direct channel A-B degrades, while the two-hop path
A-R-B can maintain an acceptable under condition ; this
creates the conditions for adaptive switching between
direct and relay modes. The main modelling parameters
used during the experiment are presented in Table 1.

The selected parameters reproduce conditions typical
for FANET with moderate mobility and urban/suburban
attenuation (n=4), which allows for a correct assessment
of the benefits of adaptive route switching in an unstable
radio channel.

Table 1. Modelling parameters

Parameter Value
Pt (dBm) — Transmit power 30 dBm
B (MHz) - Bandwidth 20 MHz
NF (dB) — Noise figure 9dB
Path loss exponent n 4
Update interval At (ms) 100 ms
Node speed (m/s) 5m/s
Distance range (km) 0.5-2 km
Session duration (s) 300 s
RNG seed 1

Source: developed by the authors based on M.M. Azari et al. (2017)
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Results and Discussion

The simulation showed that the proposed intelligent
routing system demonstrates better data transmission
reliability compared to the standard approach. In par-
ticular, in scenarios with periodic deterioration of the
direct channel (e.g., separation of nodes A and B or the
appearance of temporary radio interference), the fuzzy
system detected this fact by a decrease in SRN and auto-
matically switched traffic to an alternative route through
node R (Azari et al., 2017). Thus, it was possible to avoid
a communication session break. The graph of PDR de-
pendence on time shows that at moments when the di-
rect channel deteriorates sharply, PDR in a network with
a traditional router drops (up to 60-70%), while the pro-
posed system maintains PDR at ~90% due to timely route
changes (Fig. 3).

On average, across a series of PDR tests, the pro-
posed algorithm achieved 99%, which is ~10% higher
than the baseline protocol without adaptive link estima-
tion. Although the choice of relay route could theoreti-
cally lead to increased latency, the average packet deliv-
ery time overall showed a significant reduction due to the
prevention of packet loss and retransmissions. Impor-
tantly, when fuzzy logic was applied, there was no sharp

increase in service traffic: the system makes decisions
locally at nodes based on current signal measurements,
so it does not generate significant protocol load on the
network. The summary numerical results for the selected
metrics are shown in Table 2.
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Figure 3. PDR(t) dependence: Comparison
of the basic protocol and the proposed fuzzy system
Note: moments of direct link degradation are marked with
vertical markers
Source: developed by the authors

Table 2. Comparison of metrics in scenarios

Metric Baseline Proposed
PDR, packet delivery (%) 90% 99%
Average delay (ms) 80 50
Number of breaks (per min) 0.2 0
Mode switching frequency (times/min) 0.2 0.4

Source: developed by the authors

Analysis of the results shown in Table 2 shows that
the implementation of a fuzzy routing system has signif-
icantly improved all key network performance indicators.
In particular, the packet delivery rate increased from 90%
in the baseline scenario to 99%, indicating an almost 10%
improvement in data transmission reliability. The average
delay decreased from 80 ms to 50 ms, confirming the ef-
fectiveness of adaptive route selection and rapid response
to changing channel conditions. The number of connec-
tion drops decreased from 0.2 to 0 cases per min, demon-
strating the system’s ability to maintain stable communi-
cation without loss. A slight increase in the frequency of
switching between modes from 0.2 to 0.4 times per min
indicates the dynamic flexibility of the algorithm, which
actively responds to signal parameter fluctuations without
creating excessive service load. The results confirm the ef-
fectiveness of the proposed approach and the feasibility of
using fuzzy logic to improve FANET performance in com-
plex radio environments. The improvement in network
performance is explained by the ability of the proposed
system to respond “smoothly” to channel degradation,
even before it fails completely. Unlike traditional algo-
rithms, which often rely on threshold values or connec-
tion break events, the fuzzy approach takes into account
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the degree of quality deterioration. For example, when the
SNR on channel A-B begins to decline from high to medi-
um, the system can already partially reduce its “trust” in
this channel and increase its readiness to switch to a back-
up route without waiting for the connection to be lost.
This achieves greater stability: the network redirects the
data flow in advance if the line quality falls below accept-
able levels. In fact, the proposed system acts as an expert
decision support system that accumulates heuristics (in
the form of fuzzy rules) about when it is better to use an
alternative route and automatically applies them in real
time. A comparison of the throughput for direct and relay
modes is shown in Figure 4.

Analysis of Figure 4 shows that the proposed adaptive
approach provides better throughput across the entire
distance range compared to using only direct or only relay
mode. At short distances (up to ~1.8 km), the direct chan-
nel is more effective, while after exceeding the threshold
value of about 2 km, the system automatically switches
to relay mode, which allows maintaining high data trans-
fer rates and preventing a sharp drop in channel capaci-
ty. The envelope line shows that dynamic route selection
achieves near-optimal performance across the entire dis-
tance range, and the switching threshold (dotted vertical



line) marks the point at which the adaptive mechanism
begins to favour relay connections. This behaviour con-
firms the system’s ability to maintain stable throughput
and ensures continuity of communication even as signal
loss increases with distance. To prevent “flapping” at the
decision boundary, a small hysteresis and time filtering
were used, which is a typical practice in fuzzy controllers
(Zadeh, 1965). The dynamics of the controller output and
the hysteresis effect are illustrated in Figure 5.
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mode (direct/relay) with and without hysteresis
Note: a decrease in switching frequency is visible
Source: developed by the authors

As can be seen in Figure 5, the use of hysteresis signif-
icantly stabilises the behaviour of the system: the control-
ler output u(t) changes smoothly, without sudden jumps,
and the number of switches between transmission modes
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is significantly reduced. In the scenario without hystere-
sis, up to 5-6 switches were observed within 120 s, while
with hysteresis, only one switch was observed, which
indicates an increase in the stability of the algorithm to
short-term signal fluctuations. Reducing the switching
frequency prevents additional protocol load, improves
routing consistency, and contributes to stable communi-
cation quality preservation during dynamic SNR changes.
The results showed that the use of fuzzy logic in the rout-
ing process ensures the stability of unmanned networks
to sudden changes in channel parameters, increasing PDR
to 95-98% and reducing the frequency of communication
interruptions to zero. This effect was consistent with the
experiments described in E. Qafzezi et al. (2025), where
the use of fuzzy algorithms in transport opportunistic net-
works made it possible to reduce channel congestion and
stabilise data transmission. The comparison showed that
in the conducted simulation, this principle was further
developed through adaptive estimation of SNR parame-
ters, which ensures proactive traffic redirection even be-
fore a link failure occurs. An analysis of the trends outlined
in A. Malhotra & S. Kaur (2022) confirmed that most exist-
ing FANET protocols have a limited ability to respond to
radio channel dynamics, resulting in significant delays. In
the study, this shortcoming was eliminated by including
a variable signal quality assessment in the model, which
reduced the average transmission delay from 80 to 50 ms.

A comparison with the findings of E Pasandideh et
al. (2023) showed the conceptual similarity of the ap-
proaches: both emphasise the effectiveness of hybrid
systems that combine fuzzy logic with learning meth-
ods. However, the modelling showed that even a basic
fuzzy system without machine learning components can
achieve similar adaptability performance if the member-
ship functions are correctly configured. In the work of
AH. Wheeb et al. (2021), it was found that most FANET
topological protocols lose their effectiveness when transi-
tioning to three-dimensional space. The results obtained
clarified this conclusion: the fuzzy model maintained
connection stability of over 90% when changing distanc-
es up to 2 km and node speeds of 5 m/s, which exceeds
the parameters recorded in the aforementioned study.
The conclusions of J. Lansky et al. (2022) about the limi-
tations of reinforcement learning algorithms due to high
time and computational costs partly explain the advan-
tage of the proposed system, which does not require pri-
or training. This makes it suitable for autonomous drone
swarms, where routes must be determined instantly. A
comparison with the analytical observations of E Pasan-
dideh et al. (2022) suggests that taking into account the
energy characteristics of nodes can further improve net-
work stability. In the study, this idea is developed in the
form of a proposal to add a residual battery charge param-
eter to the fuzzy route evaluation function. The study by
S.Y. Chang et al. (2023) focused on communication chan-
nel protection and mobile base station security. A com-
parison with the results obtained showed that improv-
ing communication reliability in a fuzzy system not only
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improves routing stability but also creates an additional
level of resistance to denial-of-service attacks by reduc-
ing the volume of service traffic. M. Giilbay & C. Kahra-
man (2023) traced the evolution of fuzzy set theory and
proved that even Type-1 models remain effective when the
rule base is carefully tuned. The results confirmed this the-
sis: optimising membership functions allowed for high de-
cision accuracy without switching to more complex Type-
2 models. The work of S. Rezwan & W. Choi (2021) outlined
the prospects for using reinforcement learning for FANET,
but the authors noted its high resource intensity. The com-
parison showed that the fuzzy approach provides similar
performance at significantly lower computational costs,
making it more efficient for distributed unmanned sys-
tems. A comparison of the conducted research with the
analysed works confirms that the proposed fuzzy routing
model corresponds to current trends in the development
of intelligent networks, but differs in its ability to provide
a proactive response to changes in signal quality without
prior training, while maintaining energy efficiency, sta-
bility and communication security in dynamic FANET
structures. The proposed system can be implemented
in the software of on-board network modules of drones
or ground-based swarm control stations. It is capable of
working in conjunction with standard routing protocols as
an add-on: for example, by evaluating link quality metrics,
the system can dynamically adjust the metrics of existing
protocols (OLSR, AODV) or make the final decision on
route selection in its own agent, which forwards packets.
Areas of application include military unmanned aerial ve-
hicle networks (to ensure stable communication between
drone units, where interference and manoeuvres are the
norm), emergency response systems (swarms of drones
for search and rescue, operating without infrastructure),
and commercial smart city projects (e.g., drone delivery,
which requires a reliable connection between drones). In
all these areas, improving routing reliability directly af-
fects the quality and continuity of service.

Conclusions
The study analysed existing routing methods in un-
manned networks and identified their shortcomings. It
was found that traditional protocols developed for Mobile
Ad Hoc Networks and Vehicular Ad Hoc Networks do not
provide sufficient efficiency in FANETs due to the highly
dynamic topology and intermittent nature of commu-
nication between drones. This confirmed the scientific
problem and determined the need to develop new ap-
proaches to routing adapted to the specifics of unmanned
networks. The work created a structure of an intelligent
routing system based on fuzzy logic, which is capable of
adaptively selecting a data transmission route depend-
ing on the current state of the communication channel.
The system analyses the parameters of the wireless envi-
ronment in real time and, using a fuzzy logic model with
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linguistic rules, determines the optimal path for message
delivery — direct or via intermediate nodes. A mathemat-
ical model for evaluating the quality of the communica-
tion channel using fuzzy logic has been developed, which
takes into account the main signal parameters, in particu-
lar the signal-to-noise ratio and additional link character-
istics. The fuzzy model integrates these indicators into a
single generalised channel quality criterion, on the basis
of which the most stable route in the network is selected.
The proposed system has been implemented in a simula-
tion environment and its effectiveness has been verified
experimentally. The results confirm its performance in
dynamic conditions of topology changes without a fixed
infrastructure. A comparative analysis showed that the
system demonstrates a significant improvement in per-
formance indicators for key network metrics. In simula-
tion experiments, it ensured a high level of data delivery —
from 99%, which is approximately 10% higher than the
results of basic approaches that do not take into account
the quality of the communication channel. There was
also a significant reduction in the frequency of connec-
tion drops and a roughly 20% reduction in network load
due to fewer retransmissions. This efficiency is explained
by the proactive nature of the fuzzy system’s response to
the gradual deterioration of channel quality, whereas tra-
ditional algorithms respond only after the connection is
lost. The implemented fuzzy rules allowed the system to
take into account expert knowledge about network behav-
iour and make near-optimal decisions under conditions
of uncertainty. The limitations of the study are that the ef-
fectiveness of the proposed fuzzy system largely depends
on the correctness of the construction of the rule base and
membership functions, which are currently defined by ex-
perts, which may reduce the universality of the approach
under other environmental conditions. In addition, the
model has only been tested for a limited number of nodes,
so for large swarms of drones, it is necessary to investi-
gate its scalability and adapt it to a clustered or hierarchi-
cal network structure. Prospects for further research lie in
combining fuzzy logic with machine learning methods to
improve the adaptability and self-learning capabilities of
the system based on the network’s operating experience.
Further work also involves taking into account the energy
parameters of drones and testing the effectiveness of the
algorithm in larger and more realistic scenarios, particu-
larly in field conditions.
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AHOTALIfA. AKTYaIBHICTb JOCJIiPKeHHsI 3yMOBJIeHa ITOTPe0OI0 MigBUINEeHH HAAIHHOCTI 3B’A3KY B 0€3MiJIOTHUX
Mepeskax Flying Ad Hoc Network, ne TpaaumiiiHi MpoToKo/IM MapuIpyTH3allil He BPaxOBYIOTh AKICTh KaHAIy Ta
IMIBUAKY 3MiHy TomoJiorii. Meta po6oTu moJssArana y po3po0JsieHHi iHTeIeKTyaaIbHOI CUCTEMU IPUHHATTA pillleHb,
37aTHOI aJallTUBHO BUOMpPATH MapIIpyT llepeJaBaHHs JaHUX BiAMOBiTHO 0 cTaHy pagiokaHamy. [/ OCATHEHHA
MeTH 3aCTOCOBAaHO METOAM HEeYiTKOI JIOTiKM, MaTeMaTHYHOIO MOJeJIOBAaHHSA, iMITalifHOrO eKCIIepUMEHTY Ta
TMOPiBHsUTLHOTO aHATI3Y e(peKTUBHOCTI MapIIpyTU3aIlii. Y X0l T0C/TiPKeHHSI CTBOPEHO MO/IeIb HEYITKOI eKCIIEPTHOT
CHCTEeMH, 10 OIiHIOE AKICTH 3B’I3KY 3a MapaMeTpaMy BiTHOIIIEHHS CUTHAJI/IIYM, BiICTAHHIO Mi}K BY3JIAMHU Ta
TMOKA3HUKAMU IIyMy, hopmye 6a3y MpaBU TUITY «IKIIO — To» (IF-THEN) i BU3Ha4Yae onTUMaNbHUHN MLISX Tepenadi
- mpamuil abo depea peTpaHCJaATOpP. EKCIepMMeHTaNbHI peayiabTaTH IIOKas3ajid, II0 3alpoIllOHOBaHA CHCTeMa
minBuiye KoedinieHT mocraBaeHHs naketiB Packet Delivery Ratio mo 99 %, Tomi sk y 6a30BUX alrOpUTMIB BiH
craHoBuB Jjuire 90 %. CepenHs 3aTpuMKa nepenadi amenmunaacsa 3 80 no 50 MmijlicekyHA, a KiIbKiCTh pPO3pUBIB
3’emHaHHsA 3HU3WIacA 3 0,2 1o 0 BUMMAAKIB HAa XBUJIMHY. BCTaHOBJIEHO TaKO’K, IIO cucTeMa 3bepirae crabinbHICTD
Mepeski 3a YMOB KOJIMBAHHA BiJHOIIEHHA CUTHAJI/IIyM, 3a0e3Iedyyiodyl IIJIaBHE IepeMHMKaHHS MapIIpyTiB 6e3
HAJINIIIKOBOI'O IIPOTOKOJIOBOTO Tpadiky. 3aCTOCyBaHHS HEUiTKOI JIOTiKX JO3BOJINJIO BPaXOByBaTH HEBU3HAYEHICTh
pagiocepenoBHINa ¥ MPOAKTUBHO pearyBaTH Ha 3HIDKEHHA SIKOCTI CUTHaJTy, IOIepemKalodi OOpHUBU 3'€AHAHB.
IIpakTHUYHA LiHHICTE POOOTH IMOJIATAE Y MOKINBOCTI iHTerparliil po3po06JseHol cucTeMU B MepeskeBi Moyl JpoHiB
IUTs1 3abe3neueHHsI HaliltHOT MapIIPyTU3aIlil B yMOBax BUCOKOI MOOUIBHOCTI — 30KpeMa, Y BiiCbKOBHX, MOIIYKOBO-
PATYBa/IbHUX i HMBITBHUX 3aCTOCYBAHHAX

Kniouosi cnoea: Flying Ad Hoc Network; HediTKa J10TiKa; afanTUBHA OI[iHKA JIIHKY; HAAIMHICTb 3B’I3KY; 3aTPUMKA;
NIPOAYKTUBHICTb Mepesk
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Abstract. The aim of the research was to develop a universal virtuality continuum model for future grouping and
structuring of applicable technologies and their future potential analysis. The object of research was the continuum
of virtuality as a theoretical model of interaction of the real and virtual world. The problem addressed was the lack
of specific terminological base and conditions for dividing the elements of virtuality, which hinders their inclusion
in science, business, and everyday life. To reach a solution, the paper did a taxonomic investigation of components
of the continuum, namely: Extended Reality (XR), Mixed Reality (MR), Virtual Reality (VR), Augmented Reality (AR)
and Augmented Virtuality (AV). It offered a generalised conceptual framework which reveals their interdependencies,
shared and distinguishing features. According to the findings of the research, XR technology received the highest
score (4.00/5) because it combined the benefits of VR, AR, and AV. AR experienced high autonomy and mobility
(3.57/5), hence it was convenient for mobile application. VR (3.43/5) was defined by its popularity and availability
of the equipment. MR (2.57/5) was rated lower due to its high technical complexity to implement and AV (2.43/5)
due to its limited applications and high cost to implement. The conclusions of the study were made on the grounds
of formal object classification algorithms and comparison thereof on seven dimensions: mobility, autonomy,
affordability, popularity, market growth, applicability, technological maturity. The method was distinguished by the
integration of concept base analysis with consideration of practical examples of technology use in various industries,
and quantitative analysis based on open-source statistics. The practical value of the results lies in their potential
application in the development of user interfaces, the design of advanced information technology tools, and the
modelling of virtual environments. The obtained indicators are determined by the high accuracy of the analysis,
which is directly proportional to the number of characteristics considered

Keywords: virtual technologies; prospect index; taxonomic analysis; technological maturity; market indicators;
mobility

Introduction

The current period of large-scale development of infor-
mation technologies introduces new problems into the
integration of virtual and actual worlds into a single con-
cept — the continuum of virtuality. Despite great interest
and broad application of Extended Reality (XR), Augment-
ed Reality (AR), Mixed Reality (MR), Virtual Reality (VR),

and Augmented Virtuality (AV) technologies in education,
medicine, e-commerce, entertainment, and industry, to
date there has not been a solution to the issue of a struc-
tured classification system for the technologies. Unspec-
ified technical standardisation has the implication of an
enormous slowdown of the rate of progress of the industry
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as anticipated, and thus the loss of opportunity for poten-
tial investment. The systematic review of AR system eval-
uation metrics by O. Kanarskyi ef al. (2022) contributed
to advancing one axis of the taxonomy through quality
dimensions. Besides this, E. O’'Hara et al. (2024) have ex-
plored the ergonomic and usability issues of using AR in
clinical environments, underlining that human-machine
interaction parameters should be included in taxonom-
ic models. L. Duan et al. (2022) introduced the concept
of visual confusion in AR: it thus proposes a perceptu-
al criterion for distinguishing layers in the continuum
of virtuality. Meanwhile, J. Hu (2024) and T. Blackman &
D. Harley (2024) illustrated how head-mounted spatial
computing devices blur boundaries among VR, AR, and
MR, and their implications for revising the taxonomy. Fur-
thermore, X. Guo et al. (2025) have underlined that while
VR/XR applications mature and face challenges around
security and privacy, their system lifecycle and risk classi-
fication should also be part of the taxonomy.

These contributions all have pointed towards a mul-
ti-dimensional taxonomy of virtuality — covering interac-
tion mode, degree of immersion, device type, perceptual
quality, risk domain, and application context — which has
yet to be fully formalised and adopted by the communi-
ty. The need for systematisation of concepts, methods,
means, and criteria for classification is because of the
need to increase accuracy in practical solutions and ra-
tional usage of technical assets. Particularly, terminolog-
ical vagueness leads to model and method application
error, duplication of functions, overcomplexification of
user experience, and loss of efficiency of system-user in-
teraction. Therefore, the research related to the concep-
tualisation of a foundation and comparative analysis of
the components of the virtuality continuum is relevant.
The classification system developed reduces current un-
certainty about the components of this field, promoting
recognition of the typical and usual characteristics of each
technology, and comparative analysis based on statistical
data from open sources will serve as a basis for investor
and developer recommendations. The aim of the study
was to create a sorted conceptual model of the virtuality
continuum elements and compare them by the criteria
of mobility, autonomy, affordability, popularity, market
growth, applicability, and the stage of technological ma-
turity by current statistics and forecasts. For this aim, two
main tasks were set. First, it was necessary to classify and
describe XR, MR, AR, AV, and VR as components of the vir-
tuality continuum. Second, the study sought to compare
and evaluate the prospects of these technologies based
on a set of general criteria, using statistical data obtained
from open sources.

Literature Review
In spite of the enormous quantity of works dedicated to
this subject, the internal nature of the continuum remains
insufficiently theoretically proven. According to the anal-
ysis of sources, it can be emphasised that the majority of
authors are concerned with technical nature of situational
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solutions or taking into consideration actual situations for
their application, not systematising the concepts compos-
ing a single reality — virtuality scale. The initial publication
of P Milgram et al. (1995) formed the theoretical funda-
ment for the explanation of the phenomenon of the con-
tinuum of virtuality, even in the case of the impossibility of
predicting the further development of the discipline due
to scientific progress and technological achievements. The
issue of distinct formulation of the characteristics of each
element of the continuum and the development of condi-
tions for their distinction is also relevant. The main reason
for this is the comparative recency of the field of study,
which hindered its capacity to predict the current techni-
cal and methodological requirements. The work of X. Tu et
al. (2023) set the background for the industrial use of vir-
tual assistants but failed to highlight methods of matching
XR modelling for subsequent use in learning. This was due
to the industrial nature of the main research line. M. Casi-
ni (2022) and C. Coupry et al. (2021), writing in the context
of applying XR to the simulation of smart buildings, fo-
cused primarily on technological aspects, while overlook-
ing the issue of systematising and generalising users’ ex-
periences, particularly with regard to its interdisciplinary
character. This can be explained by the focused nature
of the projects, which did not necessitate the design of a
distribution system by categories. S.H.-W. Chuah (2019)
identified the issue of harmonising XR technology but
did not address it in conjunction with the problem of
terminological ambiguity. Such instances of a lack of
ontological foundation are typical in applied marketing
research. The studie conducted by A. Gruca et al. (2020)
illustrated applications of AR technologies but did not
provide a clear distinction between different components.

R.T. Azuma’s (1997) influential work was a key force in
current development of AR ideas, though the author does
not touch on AR under its associated topics. Taxonomic
study is avoided due to necessity to categorize equipment
and thus theoretical concerns can be neglected. B. So-
bota et al. (2020) alluded to the topic of MR, thus only
schematically outlining its boundaries without revealing
the element of common identification in relation to ad-
jacent components. Although the authors were aware of
the problem, they did not propose either an ontological
model or an applied method of differentiation. This was
due to the limited level of abstraction in the research. In
the historically valuable source of L.B. Rosenberg (1992),
the theory was set at the time of MR’s introduction but the
problem of harmonising criteria for comparing AR, VR,
MR, XR, and AV wasn’t solved. This is due to the fact that
the systems at that time were not highly capable. Similar-
ly, T.P. Caudell & D.W. Mizell (1992) set down basic princi-
ples of AR but does not categorize them as part of a vast
collection of technologies. The age of the study leads to
vagueness in definitions. In M. Mohring et al. (2004), the
focus was on visualisation via AR through cell phones,
and scaling the technology in non-standard situations
remained an unresolved problem, due to an emphasis
on demonstrating potential rather than on functional



expansion. The material from IT-Enterprise (n.d.) was
limited to describing the state of affairs in the industry,
but it lacked theoretical reflection, systematisation, or
critical analysis. Such a source could, at best, assist in
popularising the subject, but otherwise made little con-
tribution to its development. Statistical data from M. Dey
& R. Jambhale (2025) and T. Pangarkar (2025) illustrated
AR and VR implementation patterns but did not provide
explanations for the skewed distribution or strategies
for predicting future trends. This was because the sourc-
es themselves were presented in an extremely aggregate
graphical form, without any research underpinning. The
works of G. Bruder et al. (2010), S. Schmidt et al. (2015),
and A. Gruca et al. (2020), as examples of the use of AR
technologies, did not make a clear distinction between
other components. A common problem was the lack of
a conceptual framework, as applied modelling focused
on practical application without a methodological foun-
dation. Although there was an attempt to accommodate
the nomenclature, V. Volynets (2021) did not provide a
typology of the virtuality continuum per se, presenting it
instead in a compiled review format. The full extent of the
research was not reflected. Overall, based on the critical
analysis, it could be concluded that no conceptual frame-
work of the elements of the virtuality continuum existed
in the scientific literature that would allow AR, VR, XR, MR,
and AV to be clearly and unequivocally defined, catego-
rised, and compared according to a single set of criteria.
All the reviewed sources left certain aspects unresolved:
general clear delimitation of the continuum components
(especially MR and XR); failure to unified classification
based on formal features due to technical possibility and
the level of development of the industry; inadequate sub-
stantiation of prospects for each component. These is-
sues had not yet been resolved, primarily due to objective
factors, as the rapid pace of technological advancement
outstripped the development of a theoretical foundation,
while industrial research priorities took precedence over
systematic and theoretical approaches, and no consensus
or sufficiently developed discussion had emerged among
researchers in the field. A common unresolved problem
that has stemmed from a critical assessment of sources is
the lack of one theoretically justified concept base for the
components of the virtuality continuum that would ren-
der them theoretically classifiable exactly and comparable
to judge through a single system of common criteria.

Materials and Methods
The study assumes that the components of the virtuali-
ty continuum are interrelated, but can be considered as
separate technologies or conceptual models. It is also as-
sumed that the current level of technological development
is sufficient for an objective assessment of the parameters
and capabilities of each component. The main hypothesis
was that the taxonomy of the virtuality continuum com-
ponents and the comparative analysis in terms of mobil-
ity, autonomy, accessibility, popularity, market growth,
applicability, and technological maturity would become
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a tool for systematising the industry and driving the de-
velopment of applied solutions for technical, educational,
and business use. The study was conducted based on open
sources, without creating and testing new hardware solu-
tions. The concept of “immersiveness” is considered as a
generalised indicator of user engagement in the virtual en-
vironment without in-depth psychophysiological analysis.
The methods used in the research are shown in Figure 1.

Analysis of scientific and technical literature
on the components of the virtuality continuum

]

Synthesis of approaches to classifying XR, AR, VR, MR, AV
based on criteria related to user experience

!

Systematisation of the features of each component
and their structural arrangement into a single model

!

Generalisation of data on hardware and software solutions
for implementing virtual environments

]

Formulation of conclusions and proposals
for the technological application of the results

|

Figure 1. Research methodology
Source: developed by the authors

A detailed analysis of contemporary scientific arti-
cles, technical reports, papers, and reviews devoted to the
concept of the virtuality continuum was conducted, with
the main focus placed on the conceptual definitions and
characteristics of technologies such as augmented, mixed,
virtual, and XR, as well as augmented virtuality. Based on
the sources studied, a synthesis of XR, AR, VR, MR, and AV
classification methods according to user experience crite-
ria was carried out, with various approaches generalised
by considering their shared characteristics of effective-
ness. This enabled the creation of a system of compara-
tive criteria for precise analysis. Furthermore, the features
and characteristics of each component were systematised
and structurally organised into a single comprehensive
model. This systematisation made it possible to clearly
demonstrate the interconnection and distinction between
XR, AR, VR, MR, and AV technologies. Data on hardware
and software solutions for the implementation of vir-
tual environments were compiled by analysing current
technologies used to create and sustain virtual content,
including VR headsets, AR glasses, mobile devices, and
modelling and visualisation software. Particular attention
was placed on the technical specifications, functional ca-
pabilities, and applicability range of each solution. Based
on the obtained results, practical conclusions were drawn
regarding the potential use of specific technologies in rel-
evant fields such as education, industry, medicine, and
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architecture. Trends and priority directions for future re-
search were also identified, with the aim of developing a
theoretical foundation to enhance the efficiency of scien-
tific and engineering activities. The research process in-
volved the use of information processing software, includ-
ing Microsoft Excel for creating comparative tables and

Taxonomical analysis of the virtuality continuum components

graphs, as well as graphic editors for constructing illustra-
tive diagrams. The essence of the study was to compare
the five prevailing types of virtuality continuum technol-
ogies (VR, AR, XR, MR, AV) along seven criteria: mobility,
autonomy, affordability, popularity, market growth, appli-
cability, and technological maturity (Table 1).

Table 1. Criteria for comparing the elements of the virtuality continuum

Type of criterion Description
Mobility The ability to use the devices while moving and outside

Autonomy The ability of devices to work independently without outside hardware (PC, trackers, etc.)

Affordability Typical cost of devices available in the market
Popularity The scope of implementation, mass application, and users

Market growth The rate of growth of the global market for every technology
Applicability The number of spheres of application
Technological maturity The degree of technology development and the readiness of solutions for mass application

Source: developed by the authors

The Table 1 synthesised key criteria for evaluating
the components of the virtuality continuum, providing
a structured framework to assess their practical, tech-
nological, and market-related attributes. It allows for a
comparative analysis of different technologies based on
factors influencing usability, adoption, and readiness

for implementation. The methodological basis of the
study covers a taxonomic approach to classification,
which involves the construction of a hierarchical sys-
tem of concepts, and the use of a five-point rating scale
to compare components according to common criteria
(Table 2).

Table 2. Criteria for assessing components of the virtuality continuum

Level
Criterion . e < . 9
Requires partial Portables, possibly Glasses or easy-to-
. Bulky, limited in quIres p with some wear headsets, no
s Fully stationary X fixation, often S . A -
Mobility R mobility (e.g. PC R limitations (size, wires required, work
solutions bound to the indoor -
headsets) environment outdoors brightness, | properly outdoors or
autonomy) on the move
. Auto‘non’qol_ls, Fully autonomous
. Constant Partial autonomy but with limited . . a1
Completely reliant . . . devices with build-in
Autonomy connectivity to a PC | (e.g., autonomy only operation time
on other systems - D . . processor, battery
or a server required for viewing media) or requiring a and sensors
smartphone
: $1,000-2,500 .
. > $2,500 (high cost, X $500-1,000 (mid- $300-500 (affordable | < $300 (very low cost,
Affordability - (professional
corporate solutions) segment) range segment) to the mass user) consumer segment)
Used in a limited Regular mass
. Almost no general | Limited use, mainly number of 8 - Tens of millions of
Popularity . - presence, rapid .
acceptance for tests or demos industries, slow rowth active users
expansion 8
The market is
. The market is . growing over 20%
The market is . . Growth with
Market growth decreasing or static unstable or growing Medium growth investors on site per year, large-scale
slowly development is
predicted
Applicability Limited usage 1 main field 2-3 main fields 4or more ﬁglds of | Used n the majority
application of industries
In the stage of Technologically
Technological Only experimental Limited solutions, . g Mature, but still with | mature, supported
. - . : active development, - .
maturity works or ideas risky operation - fragmentation by corporations,
working prototypes -
mass production

Source: developed by the authors

Each of the criteria is evaluated on a five-degree scale:
1-low degree, 5 - very high degree. The evaluation of each
degree is conditional degrees to compare with essential
differences, each of which is presented in the correspond-
ing paragraphs of Table 2. The selection of an appropriate

degree is made according to statistical data obtained from
open sources (Pangarkar, 2025; Dey & Jambhale, 2025).
Then, the mean rating value was computed as an overall
measure ofthe prospectsforthetechnology. Thevalue ofthe
prospect index Pis calculated using the following formula:
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where p, — a list of evaluation criteria for each compo-
nent from Table 1; n — the number of criteria entered
into the table.

Research conditions: the analysis was performed
in a virtual environment, using available open sourc-
es, including scientific publications, technical reviews,
patent documentation, and AR/VR technology market
analytics. No physical experiments or hardware testing
were conducted as part of the research. Thus, the study
was carried out through critical reflection on existing
theoretical developments, interpretation of the current
state of technology, and construction of a conceptual
model of the components of the continuum and their
comparative analysis based on a generalisation of liter-
ary sources.
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Results and Discussion
Classification and characteristics of XR, MR, AR, AV, and
VR components of the virtuality continuum. The subject
of investigation is the notion of the “reality — virtuality”
continuum, or virtuality as an uninterrupted continuum
from entirely virtual (Virtuality) to entirely real (Reality),
introduced for the first time by P. Milgram et al. (1995).
Attention was given to the structural formalisation of the
“reality — virtuality” continuum, encompassing all varia-
tions and combinations of real and virtual objects (Fig. 2).
The span of all the mixes in the use of virtual parts to-
gether is differentiated from the span of pure reality and
forms a set that is generically referred to as XR. The space
between the two extremes, where the real and the virtual
mix, is referred to as MR and encompasses AR, where-
by the virtual is overlaid onto the real, and augmented
virtuality, whereby the real is overlaid onto the virtual.

Extended reality

[ Mixed reality (MR)

) I

A

Reality (R) Augmented reality (AR)

Augmented virtuality (AV)  Virtuality (V)

Figure 2. A system of components of the virtuality continuum

Source: developed by the authors based on P. Milgram et al. (1995)

Virtuality continuum reunites the kinds of objects that
get incarnate in any exhibiting circumstance, the world
actually existing with one end (extremum) of the contin-
uum and the virtual world with the other. The scenario on
the far left refers to settings consisting entirely of actual
objects and represents the outcome of observation, for ex-
ample, through a standard video display of a real scene.
The second scenario involves direct viewing of the same
real-world scene without the use of any specific electronic
display device. The scenario on the far right describes en-
vironments composed entirely of virtual objects, such as
computer-generated simulations. The most practical way
of experiencing a MR environment is through a combina-
tion of real and virtual objects presented on a single dis-
play, placing it midway between the two extremes of the
virtuality continuum (Milgram et al., 1995).

XR is an umbrella term that describes a set of spac-
es of AR, VR, MR, and characterizes the technology of
combining or mirroring the physical world with a “digi-
tal twin world” that is capable of interacting with it, pro-
viding users with an immersive experience of being in a
virtual, augmented, or mixed environment (Casini, 2022;
Tu et al., 2023). VR and AR have been studied and applied
in areas such as entertainment, advertising, real estate,

education, technical support, and remote service, as noted
by S.H.-W. Chuah (2019). Education, medicine, research,
and data analysis are some of the areas where AR can be
used. AR is based on applying visual collection of local or
public data sent via a network to human senses. By their
capacity to provide instantaneous responses to a virtual
stimulus, they offer a personalised experience. As of 2025,
about a third of the global AR market is in the European
region. The development of 5G and edge computing (per-
formed “at or near the data source”) will increase the data
transfer speed and bandwidth of user devices, and as a
result, further spread of AR technology (Grand View Hori-
zon Databooks, n.d.). MR is an area of computer research
that combines AR and AV technologies, considering var-
ious options for their combination. a combination of re-
al-world data and computer-generated data (VR), where
computer-generated graphic objects are visually mixed
with the real environment in real time and vice versa. MR,
which combines real and virtual components, is interac-
tive, processed in real time, recorded in three dimensions,
and created using AR or augmented virtuality technolo-
gies. MR systems can be considered the most advanced
computer user interface systems and the best immersive
systems, and are created as optical transparent systems
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(usually using transparent displays) or transparent vide-
os. Implementations of MR systems are marker systems,
where the real scene is augmented with specific markers,
which are detected when replacing real objects with vir-
tual ones, or semi-markerless systems, where processing
and insertion of virtual objects are done without precise
markers, but usually require additional information,
e.g., image and face recognition, GPS (Global Position-
ing System) coordinates, etc. MR is the most promising
independent area of VR system development. The most
characteristic aspect of the technology is the process of in-
terchange of data and objects of the real world with those
created in the virtual space. Computer-generated graphic
and information elements are blended with the real world
and vice versa in real time. The most important features
of MR are: combination of virtual and real; interactivity;
real-time interaction; three-dimensional adjustment (So-
bota et al., 2020).

The main purpose of a system of MR is the comput-
erised integration of real and virtual scene coordination
systems and the superimposition of real and virtual im-
ages. L.B. Rosenberg (1992) developed the first MR plat-
form, Virtual Luminaires, at the Armstrong Laboratories
of the US Air Force. This project allowed virtual objects
to overlay on the real environment in the user’s field of
view. Currently, MR can be obtained using at least one
of the following technologies: AR and/or AV. AR is a
term that was first coined by researchers T.P. Caudell &
D.W. Mizell (1992) and is often mistakenly considered
synonymous with other components of the virtuality
continuum. Therefore, AR is a technology that allows the
introduction of virtual objects into the real environment.
The concept of AR encompasses several dimensions: vis-
ualization, contextual actions (triggers), and visual cues
(assistance). Unlike current human-computer interface
technologies, which focus on making the human-com-
puter interaction easier, AR uses computer technology
to extend the human-reality interface. The concept of
AR is based on the idea of creating a new generation of
user interfaces by rethinking the use of input, output,
and control. The key features of AR are non-trivial output
and input mechanisms, specifically showing 3D models.
The object view point is controlled by user natural head
or device motions and is unobtrusive and efficient. This
provides an opportunity to see objects immediately in
the framework of their work, for instance: visualisation
of furniture within the interior; exhibition of flowers
within a garden; location of architecture on the plane of
terrain; creation of communications within the founda-
tion of structures; visualisation of an ultrasound scan of
a patient during surgery immediately. Its popularity and
widespread use decide the development and popularity
of this technology branch. The first smartphone AR prod-
uct was launched by M. Mohring et al. (2004). Current-
ly, AR systems are already partially achieved as software
products on smartphones and tablets, and work is on-
going in developing full glasses and AR lenses. It is also
feasible to use fixed equipment for AR applications, such
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as TVs, projectors, or PC monitors. A TV screen can be
used to display pre-enhanced images (e.g., sports broad-
casts), while a computer monitor can display “satellite”
maps, where a satellite image is overlaid with a map leg-
end. AR technologies are also used in specialised pilot
helmets in the military and civilians, which allow them
to stay updated about the glass ahead without taking
their eyes off the dashboard. This gives them extra sec-
onds of focus, which is critical for aviation safety (IT-En-
terprise, n.d.). In 2017, AR systems began attracting the
attention of large corporations and was used as an ad-
vertising tool in retail. At the same time, the market of AR
and VR games keeps expanding. By marketers, the trend
of WebAR (Web-based AR) use became the main industry
trend in 2020. WebAR technology is activated by triggers
(QR codes or links), allowing to use a browser as a means
of presenting information in AR. This approach provides
high availability in everyday use because there is no need
to install a special mobile application. The AR module is
integrated into a web application that is supported by
most modern devices, including smartphones. Industry
leaders already do not think twice about the usability
of AR systems, and their demand for it will continue to
rise. Currently, the amount invested in WebAR is approx-
imately USD 16.6 billion, and in 2025, it will be around
USD 198 billion (Pangarkar, 2025; Dey & Jambhale, 2025).

AV is VR in which elements of the actual world are
present, falls within MR and possesses a virtual world
in which physical components, entities or objects are
integrated with the capability to interact with the vir-
tual world in real time. All this is attainable using some
technologies: video cameras, motion-sensor cameras,
and computer vision programs. As noted by A. Gruca et
al. (2020), the first application of the AV theory was in
1997 on theWindows on the World project and utilised the
Distributed Interactive Virtual Environment multi-user
Internet system. The software, through the robot motion
in real space, facilitated the transmission of updates of
the images of the objects in question to a virtual ground
model. With the help of this program, the user took into
account the information received by the robot, analysed
it independently, and made decisions. The program’s de-
velopers planned to use it for security organisations, and
further research has shown its effectiveness in construc-
tion and interpersonal communication. Projects such as
the Augmented Virtual Studio for Architectural Explora-
tion, developed by G. Bruder et al. (2010) at the Faculty
of Computer Science at the University of Miinster, and “A
Layer-based 3 Architectural Collaboration”, introduced
by S. Schmidt et al. (2015), were aimed at enhancing the
design of architectural structures and promoting prod-
ucts in the market. The developers of the Augmented
Virtual Studio for Architectural Exploration project pro-
posed exploring virtual space using a VR helmet. With
the assistance of immersive VR systems (Cave Automatic
Virtual Environment), the users are able to experience
virtual scenes with mobility. Immersive virtual environ-
ments provide a shared platform for communication



and exchange of architectural design concepts and have
tremendous potential to contribute to the development
of architectural models. The three-dimensional archi-
tectural scenes can be explored by the users through im-
mersive navigation, which helps them get an overall view
of the project. The authors of the project “A Layer-based
3D Virtual Environment for Architectural Collaboration”
proposed using virtual environment in which customers
could take part to perform collaborative navigation in
architectural models. Based on visualisation technique
with a layer blending the software overlays plan drawings
of floor over each other in such manner that the overlaid
effect created will resemble visual impression of plan in
three-dimensions with out the real use of actual 3D tech-
nology. The interface of the program uses two images of
the same structure. The interface allows the architect to
indicate specific points on the 3D mapping of the pro-
ject, and other users can study this area on a two-dimen-
sional plan. The virtual building is shown in this mode on
two different planes of the L-shaped design system. VR
is a virtual three-dimensional space generated by tech-
nological devices and through interaction with a person
using his or her senses (sight, hearing, touch, etc.). The
basic goal of VR technologies is to make the perceived
visible digital world by the human brain appear like real-
ity (IT-Enterprise, n.d.). In its widest definition, VR is an
imitation world which replaces audiovisual data from the
surroundings with data generated by a program, to be
differentiated from AR, wherein data from the real world
are only partly augmented by virtual additions. Accord-
ing to the conclusions of V. Volynets (2021), there are two
main forms of VR: modeled and interactive, and although
they vary to a certain extent, they deal with such features
as interactive activities of hardware-simulated objects,
and the impact of their images on the human mind. That
is, the virtual world cannot be identified with a group of
microchips, because this phenomenon has a psycholog-
ical component. VR is also defined as a technology based
on communication between a person and an artificial
digital model, and on methods of visualisation of the dig-
ital world, its manipulations and transformations.
Depending on the degree of user interaction with VR
models, VR can be divided into three categories: passive
reality, supervised interactive reality, and direct VR. On
this account, the main goal of VR is real simulation in
the virtual world (at least physically), but such an envi-
ronment itself is simulated by computers, i.e., created by
a person in a virtual world. The basic distinction of VR
compared to AR is that the latter mixes up digital aspects
with the surrounding environment, while human-influ-
enced VR systems, and AR by the overall external world
readable by hardware. The main requirements and roles
in VR system design are realism, interactivity, openness
to cognition, and presence simulation. Realism involves
creating a solid degree of believability in the digital im-
itation one is experiencing. Interactivity ensures active
involvement of the user in interaction and manipulation
within the virtual space. Openness to cognition refers to
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the ability to experience and perceive virtual spaces in
high definition. And lastly, presence simulation works to-
wards generating maximum sensory impact by both the
involvement of the user’s brain and body in simulated
interaction. A complete VR system must possess a series
of compulsory components. It must contain polysensory
devices that connect the user to the virtual environment
such as sensor shoes, head-mounted displays, smell
masks, motion trackers, sensor gloves, and sensor suits.
The system must also have a hardware and software core
that can talk to these sensors and to manipulation de-
vices like pedals, levers, microphones, headphones, and
joysticks. The system must also include application soft-
ware that determines the dynamics, structure, and inter-
action laws of the virtual environment. Geometry pro-
vides the language for the physical properties of virtual
objects, and the platform as a whole provides dynamic
feedback to facilitate an interactive and responsive in-
terface. Regardless of the hardware component, VR sys-
tems are directly related to immersiveness, an effect that,
despite its popularity, is not sufficiently defined in terms
of terminology. The phenomenon of immersiveness was
borrowed from the film industry, where it is used as a
technique for staging and filming a scene to create the
effect of immersion in the atmosphere desired by the au-
thor with the characteristic features of a particular movie
universe. In spite of typical stereotypes and the corre-
sponding associations of VR technologies with entertain-
ment, nowadays their sphere of application is broader
and more diverse. VR facilitates the learning process in
education by increasing the degree of user involvement
and interest. In education, VR mimics dangerous, costly,
or professional conditions such as piloting an airplane,
parachuting, or driving, where students can gain practi-
cal experience in a safe virtual environment. In scientific
research, VR enables the recreation of molecular, atomic,
macro-, and microcosmic worlds, where researchers can
manipulate and observe individual components in real
time. In the medical field, it allows for the simulation of
complex surgery, allowing surgeons to practice and mas-
ter their skills without the need to utilize real patients or
physical models. In architecture and design, VR allows
for the creation and modification of virtual 3D models
of various types and purpose, offering an unyielding vis-
ualisation and prototyping tool. Finally, with VR in virtu-
al tourism, it is possible to travel virtually via simulated
environments that replicate actual locations, opening
access to exploration and cultural immersion.
Comparison and assessment of the prospects for
XR, MR, AR, AV, and VR technologies. All components of
the virtuality continuum created in this reseach are new
and necessary when conducting research, but from the
point of view of technological advancement and invest-
ment possibilities, they basically have alternative values
since their use depends on a wide range of factors: the
degree of development of software and hardware com-
ponents (power sources, reading sensors, output devic-
es, etc.), areas of application, and accessibility of special
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alternatives for visually impaired individuals and individ-
uals with disabilities. Below are the resultant estimates
derived from open-source statistical analysis, consid-
ering hardware development dynamics, market condi-
tions, and price trends (Fig. 3). Autonomy describes the
ability of a device to operate without the use of outside

600 grams
500 grams
400 grams
300 grams 556
200 grams

100 grams 260

Taxonomical analysis of the virtuality continuum components

power sources, trackers, cameras, or cloud rendering. AR
and XR both received a score of 4 because most glasses
are independent but sometimes must be plugged into a
smartphone. VR received a score of 3 because only a few
models are independent, MR and AV scores are the low-
est (Table 2).
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0 grams

Microsoft HoloLens 2 Magic Leap 2

Lenovo ThinkReality A3

Nreal Air Rokid Max

Figure 3. Comparison of AR devices by weight

Source: M. Dey & R. Jambhale (2025)

Mobility determines the extent to which a device
can be transferred from set conditions without loss of
functionality. A good form of light AR and XR headsets
benefit the most. VR is in the middle because the major-
ity of headsets are mounted on a PC. MR and AV receive
the least because they are a difficult adaptation in the
outdoor environment. Figure 4 illustrated the relative
affordability of various AR-related devices, showing how
differences in cost influenced their accessibility scores.
Affordability was assessed based on the average cost of
each technology. AR received only 2 points due to the
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dominance of devices such as the HoloLens 2 ($3,500)
and similar models. XR (3 points) encompassed both
budget and premium segments of AR/VR. The Meta
Quest 2 ($299) scored lower than VR, which received
4 points. AV achieved 4 points due to its effective uti-
lisation of existing displays and low-cost headsets. MR
had the highest average cost, resulting in a score of only
1 point. Figure 5 depicted the projected growth of the
global XR market, demonstrating how differences in in-
vestor interest affected the market potential of XR, VR,
AR, MR, and AV technologies.
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Figure 4. Comparison of AR devices by price

Source: M. Dey & R. Jambhale (2025)
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Figure 5. XR market size worldwide

Source: M. Dey & R. Jambhale (2025)

Market growth is forecasted based on market dy-
namics. For XR, growth is projected from $18.96 billion
in 2021 to $100.77 billion in 2026 (Dey & Jambhale, 2025).
It is noted that XR retains 5 points, VR and AR retain 4,
MR retains 3, while AV retains only 2 due to limited
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investor interest. Figure 6 illustrated the shipment vol-
umes of AR and VR devices across consumer and com-
mercial markets, showing adoption levels and highlight-
ing the relative popularity and growth of XR, VR, AR, MR,
and AV technologies.
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Figure 6. AR and VR devices shipments for consumer and commercial markets

Source: M. Dey & R. Jambhale (2025)

Popularity is quantified in terms of technology adop-
tion among corporate and private consumers and is based
on a chart representing the number of devices in millions.
For example, VR and XR (4 points) are the most prevalent
devices among consumers with XR being the fastest-grow-
ingdevice. ARis 3 points for widespread B2B usage butlow-
er for B2C, and MR and AV are 2 points. The technological
maturity of XR, AR, VR, MR, and AV was shown in Figure 7,
with XR and VR rated highly, AR moderately, and MR and
AVlower due to technical complexity and limited adoption.

Applicability is measured by how many and what
kinds of industries and potential applications there are.
AR and XR (5 points) are used everywhere, for example.
VR (3 points) has most of its uses in entertainment and
education. MR has industrial simulations that amount
to 4 points, whereas AV has only 2 points because of the
few number of application scenarios. The graph in Fig-
ure 7 indicates the huge lead of XR technologies over their

competitors and the slim opportunity for two areas at
once — MR and AV. The technological maturity dictates
stability, standardisation, vendor support, and mass-read-
iness. For example, VR (4 points) offers several headsets,
platforms, and SDKs. AR and XR (3 points) are developing
but not yet standardised. MR and AV (2 points) remain un-
stable and platform-dependent (Table 3).
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m Healthcare

Entertainment

E-commerce & Retail

m Other Applications

Figure 7. Global MR market share by application
Source: T. Pangarkar (2025)

Table 3. Comparison of the components of the virtuality continuum

Attribute type
Mobility

Virtual reality (VR)
2

AR (AR)
4

Extended reality (XR)

Mixed reality (MR)
3

Augmented virtuality (AV)
4

Autonomy

Affordability

Popularity

Market growth

Applicability

Technological
maturity
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Source: developed by the authors based on M. Dey & R. Jambhale (2025) and T. Pangarkar (2025)

Theresults attained in Table 3 become understandable
due to the fact that XR combines the best qualities of VR,
AR, and AV technologies, which cannot attain such results
individually, while MR, in turn, has only common features

by half, which are not only advantages but also disadvan-
tages. The narrow range of AV advancements and the costly
and time-consuming nature of their implementation have
the lowest likelihoods of their leadership in the market.

Table 4. Prospect index calculation

Technology type Total score Perspective index
Virtual reality (VR) 24 3.43
AR (AR) 25 3.57
Extended reality (XR) 28 4.00
Mixed reality (MR) 18 2.57
Augmented virtuality (AV) 17 2.43

Source: developed by the authors based on M. Dey & R. Jambhale (2025) and T. Pangarkar (2025)
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The results presented in Tables 3 and 4, are explained
in the light of the technological maturity level, hardware
capacity, and market availability of each of the technol-
ogies in the virtuality continuum. For example, XR tech-
nology received the highest promise index (4.00) due
to the combination of AR, VR, and AV benefits, which
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3.43 3.57

makes it simple to adjust to the technical implementa-
tion of various tasks. Figure 8 illustrated the comparative
evaluation of the development potential of technologies
across the virtuality continuum, showing their relative
positions according to both direct and indirect assess-
ment criteria.

4.00

237 243
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XR MR AV

Figure 8. Technology prospects chart
Source: developed by the authors based on M. Dey & R. Jambhale (2025) and T. Pangarkar (2025)

In Figure 8, AV was assigned the lowest index due to
its narrow applicability scope and challenging technical
implementation, which in turn affects both direct evalu-
ation criteria (autonomy, mobility, applicability, afforda-
bility) and indirect ones (popularity, technological ma-
turity, market growth). It is required to mention that the
derived outcomes are estimated only on the basis of open
information and do not take into account the factors of
development of individual technologies, which may sig-
nificantly affect the corresponding prospect indicators.
Despite this, there is significant variation in the results of
the comparisons and, with all these criteria being taken
into account, suggests a very high degree of accuracy in
their calculation of each element of the virtuality contin-
uum’s potential for development. The proposed model of
comparative analysis in this work has high accuracy and
completeness, as confirmed by the findings of O. Kanar-
skyi et al. (2022), who underlined that multi-criteria eval-
uation metrics need to be developed for AR systems in a
systematic way. Contrary to R.T. Azuma (1997), where AR
technologies were considered from the point of view of
only hardware, this work provides a more structured es-
timation model, combining market dynamics and tech-
nological readiness. Similarly, while M. Casini (2022) and
C. Coupry et al. (2021) underlined the role of XR technol-
ogies in smart building maintenance, their studies also
had several methodological limitations in conducting a
quantitative assessment of technological maturity. This
work puts together both quantitative and qualitative ap-
proaches: it combines the prospect index with contextu-
al interpretation, which provides more methodological
robustness to the comparison. Conclusions also partially
coincide with the results of E. O’'Hara et al. (2024), who
underlined the ergonomic and usability aspects of AR
implementation; however, the accent is different: where-
as their study was focused on user experience and cogni-
tive interaction, the present model covers technological
and economic parameters. By contrast, X. Guo et al. (2025)
focused on the problems of VR/XR system security and
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privacy. Their results, while demonstrating more pro-
nounced barriers to adoption, identify wider opportuni-
ties for XR, VR, and AR from the current research based
on market indicators. The proposed solution, therefore,
extends the discussion introduced by J. Hu (2024) and
T. Blackman & D. Harley (2024) with respect to spatial
computing devices, as it provides a structured compara-
tive basis for assessing their developmental readiness. The
proposed approach effectively addresses the questions
posed in Section 2, i.e., the lack of a unified classification
of XR, AR, MR, VR, and AV technologies, and the necessity
to evaluate their potential individually. Thanks to the con-
ceptual scheme given in Figure 2 and the systematisation
of characteristics shown in Tables 1 and 2, a justified set
of concepts and criteria has been formed for selecting the
most suitable technology for specific applications. Howev-
er, this research has some limitations: firstly, the compari-
son and analysis have been made based on open statistical
sources without hardware testing by experiments, which
partially affects the accuracy of the results; secondly, the
chosen assessment system is expert-analytical and doesn’t
take into account the influence of the level ofimmersion in
relation to changes in the user’s psychophysiological state.

Conclusions
As a result of the taxonomic analysis of the components
of the virtuality continuum, a clear terminological system
for defining XR, MR, AR, AV, and VR technologies was es-
tablished. Unlike previous approaches, where terms often
overlap or are ambiguously distinguished, the proposed
model provides a coherent hierarchy and an explicit con-
ceptual framework. In particular, AR was identified as a
technology that supplements the real world with virtual
objects, whereas AV supplements the virtual world with
real-world objects, and VR represents a fully virtual envi-
ronment. XR, as a combination of AR, VR, and AV, and MR,
as an intersection of AR and AV, were considered separate-
ly, thereby eliminating terminological uncertainty. A com-
parative analysis of above technologies was conducted



based on seven criteria — immersiveness, autonomy, mo-
bility, accessibility, popularity, market growth, and tech-
nological maturity, which enabled an evaluation of their
effectiveness. XR achieved the highest promise index
(4.00), encompassing the advantages of AR, VR, and AV. AR
scored highest in mobility (5/5) and autonomy (4/5), mak-
ing it particularly suitable for mobile and autonomous
applications. VR demonstrated high immersiveness (5/5)
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promising technologies for specific tasks. Future research
is expected to expand the high-level model by integrating
user interaction indicators, sensory inputs, and cognitive
load measures to derive more nuanced conclusions re-
garding the efficacy of XR, AR, VR, MR, and AV technolo-
gies in real-world applications.
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AHoTauifA. MeTolo mociigkeHHA Oys0 (hOpMyBaHHA YHiBepCaJbHOI MOJeNi KOHTUHYYMY BipTyaJbHOCTI AJIsA
MIOAAJBIIOr0 TPYIYBAaHHA Ta BIOPAAKYBAaHHSA BiJIIOBIJHUX TEXHOJIOTIH, a TAaKOK OLIHKY IXHBOTO MOTEHITiaTy /I
MOJAJBIINX TOCTiIKeHb. O0'€KTOM HOCTiMKeHHsI OYB KOHTHMHYYM BipTyaJbHOCTI SK KOHIIENTyaJibHA MOMEJb
B3aeMO/Iil peaJIbHOTO CBiTy 3 BipTyaJbHUM cepenoBuilieM. [IpobJiema, 10 BUpimTyBasacs, moJjsrasia y BiZCyTHOCTI
4iTKOI TepMiHOJIOTi4HOT 623U Ta KPUTEPiiB KIacudikallii CKIaI0BUX BipTyaJabHOCTI, IO YCKIATHIOE 1X iHTETpaIio
B HayKy, Oi3HeC Ta MOBCAKAEHHE SKUTTA. /11 BUpIIEeHHS NMPo6JIeMU B CTATTi MMPOBEJEHO TAKCOHOMIYHUM aHaJIi3
CKJIaJJOBUX KOHTHMHYyMY, a caMme: po3mupeHoi peanbHocTi (XR), 3mimanoi peasnbHocTi (MR), BipTyasnbHOI
peasbHOCTI (VR), fonoBHeHOI peanbHOCTI (AR) Ta JONIOBHEHOI BipTyaJbHOCTI (AV). 3allpONIOHOBAHO y3arajJbHEHY
KOHIIENITyaJbHY CXeMY, sIKa J€MOHCTPYE IX B3a€EMO3B’A3KHU, a TAKOK CITJIbHI Ta BigMiHHI pucH. 3a pe3yabraTaMu
JIOCJTiPKEHHs], HAUBUIIUN MMOKA3HUK MEPCIEeKTUBHOCTI oTpuMasna TexHoJsorisg XR (4,00/5) 3aBOsKUA MOETHAHHIO
nepeBar VR, AR i AV. Bucoky Mo0isIbHICTE i aBTOHOMHICTB pogeMoHcTpyBasa AR (3,57/5), 1110 poOuTh ii 3py4HOIO A5
MOOUTEHUX 3aCTOCYHKIB. VR (3,43/5) BifdHaYM/Iach BUCOKUM PiBHEM MOMYJISIPHOCTI Ta JOCTYITHICTIO 00JIaHAHHS.
MR (2,57/5) oTprMaJia HUKYY OL[iHKY Yepes CKIaJHICTh TeXHIYHOI peaJtisartii, a AV (2,43/5) —4epe3 oOMeskeHy chepy
3aCTOCYBaHHSA Ta BUCOKY BapTiCTh BIIPOBAKEHH:A. Pe3y/ibTaTy I'PYyHTYIOTBCA Ha CTPYKTYPOBAHUX aJIrOPUTMaxX JJIA
riIacudikaiii 06’eKTiB, a TAKOXK IX IeTaJbHOMY NOPIBHAHHI 3a ciMoMa KpUTepissMU: MOOiIMBbHICTb, aBTOHOMHICTB,
JOCTYIHICTh 3a I[iHOI, MONYJISIPHICTh, 3pOCTAHHSA PUHKY, 3aCTOCOBHICTh, TEXHOJOTIYHA 3pisicTh. OCOOJIUBICTIO
nigxony 6ys10 IoeIHAHHA po360py NOHATINHOT 6231 3 OTVIALOM NPAKTUYHUX IPUKJIA/IiB BIIPOBAKEeHH TEXHOJIOTIH
Yy Pi3HOMAaHITHUX rajly3sx, a TAKOK YMCJIOBUM aHAJIi30M Ha OCHOBI CTaTUCTUKU 3 BIIKPUTHUX JyKepedl. [IpakThyHa
LiHHICTH pPe3yJbTaTiB MOJIATAE Y MOKJIUBOCTI IX 3aCTOCYBaHHs i yac po3pobJieHHs iHTepeiiciB KopucTyBaya,
NPOEKTYBaHHA HOBiTHiX 3acobiB iHdopMmaliiHuX TexHoJIOrill Ta MOJe/NI0OBaHHA BiPTyaJbHUX CepeJOBUII.
OTpuMaHi NOKa3HUKU 3yMOBJIEHI BUCOKOIO TOUHICTIO aHAaJIi3y, 1[0 € IPSAMO IPONOPLiHHOIO KiJIBKOCTI pO3IIAHYTUX
XapaKTePUCTUK

KnioyoBi cnosa: BipTyasnbHi TEXHOJIOTI]; iHAEKC MePCIeKTUBHOCTI; TEXHOJIOTiYHA 3piJIiCTh; PUHKOBI IOKA3HUKY;
MOOITBHICTD
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Abstract. The aim of the study was to develop a conceptual model of two-level road-traffic management in urban
transport networks. The methodology was based on structural-functional analysis and the application of a multi-
level approach to managing transport flows. It was found that the initial stage of forming a simulation model involved
formalising the street-road network and selecting a system of variables to describe its state over time. The state of the
traffic flow was specified by indicators of density, traffic intensity, average speed, queue lengths and waiting time. In
the proposed formulation, the road-traffic management system had two levels: routing and local traffic-signal control.
Dynamic flow assignment was considered as a mechanism for adjusting routes for each origin-destination pair and
setting traffic-signal phases, whereas local control was interpreted as regulating green-signal durations and coordinating
the operation of traffic signals at intersections. Optimal control was oriented towards reducing delays and uneven
network loading, taking into account the specified constraints. The control algorithm combining local and network
regulation was interpreted as an approach aimed at improving network efficiency, ensuring optimal use of resources
under variable demand and driver behaviour. The proposed architecture of a discrete-event simulation model for
dynamic redistribution of transport flows was based on a stochastic dynamical system with discrete time. It integrated
two control levels: local traffic-signal control and network control of routes for origin-destination pairs. The model
specified an approach to adaptive flow distribution based on the current network state (queues, delays, traffic intensity)
and made it possible to study the impact of route changes and traffic-signal control parameters on delays and network
loading under stochastic demand fluctuations. The practical significance lies in the possibility of using the results by
local authorities and road services as a methodological basis for designing and implementing simulation models of
urban transport systems

Keywords: dynamic system; adaptive algorithms; intersection; traffic-signal phase change; route optimisation; delay
time

Introduction

The increasing number of vehicles and urbanisation lead  development of simulation models for traffic manage-

to significant problems in urban road traffic, such as con-
gestion, high delays and uneven network loading. Un-
der such conditions, effective management of transport
flows is critical for reducing delays and increasing the
capacity of road infrastructure. In this regard, the active

ment, in particular with dynamic flow redistribution, has
become a key tool in modern intelligent transport sys-
tems of the twenty-first century. One significant step in
the development of simulation models was the dynamic
flow redistribution approach for optimising road traffic,
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which makes it possible to redirect vehicles from over-
loaded links to less loaded ones. In the study by Z. Hu et
al. (2021), methods of using multi-agent learning to solve
the tasks of adaptive traffic-signal control were proposed,
which made it possible to significantly reduce delays at in-
tersections and improve overall traffic efficiency. This was
achieved through the ability to model the behaviour of
each agent (driver) and the interaction with others, which
led to more effective traffic control under complex urban
networks. In the work by S. Mostafi et al. (2022), RegTraf-
fic was developed as a simulator for the spatio-temporal
distribution of transport flows using regression models.
The authors’ model made it possible to accurately predict
overloads on links of the urban network and adjust routes
to ensure more efficient use of infrastructure. This mod-
el was able to adapt to real urban traffic conditions, tak-
ing into account various factors such as time and space,
which made it very flexible and suitable for real scenari-
0s. A macroscopic traffic simulation model for signalised
urban networks, SimNET, was presented in the study by
J. Liu et al. (2025). The main result was the successful ap-
plication of deep learning to automate optimisation of
traffic-signal operation and traffic adjustment at intersec-
tions. The authors demonstrated that using this technolo-
gy made it possible to significantly reduce delays at inter-
sections and improve overall traffic efficiency. In the work
by M. Ashfaq et al. (2021), the classical model of dynam-
ic user equilibrium and non-iterative stochastic routing
were compared within a simulation-based dynamic traffic
assignment problem. The authors found that non-itera-
tive stochastic routing, having lower computational com-
plexity and suitability for large-scale urban networks, at
the same time formed a different spatial structure of flows
and congestion compared with dynamic user equilibri-
um, which was fundamentally important when selecting a
routing model. A method for simplifying traffic modelling
was proposed in the study by T.S. Khan et al. (2024), re-
placing traditional Euclidean distances with agent-based
models. Such simplification made it possible to maintain
modelling accuracy at reduced computational complexi-
ty. In particular, applying the agent-based approach made
it possible to scale models for large cities, where tradition-
al methods were too resource-intensive.

In the work by T.V. Le et al. (2024), Internet of Things,
OpenStreetMap, and fog computing were integrated to
create a dynamic traffic optimisation system in smart
cities. The results included reduced delays and improved
efficiency of street networks due to the use of real sen-
sor data and predictive analytics. This made it possible
to implement more flexible and adaptive management
of transport flows in urban agglomerations. The applica-
tion of reinforcement learning and predictive analytics for
traffic optimisation in the city of Belgrade was proposed
by V.N. Skoropad et al. (2025). As a result, the authors
established a reduction in delay time on key city routes,
improved evenness of street loading and increased traffic
efficiency under high peak loads. This approach envisaged
the implementation of adaptive algorithms that made it
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possible to optimise traffic during peak loads, increasing
the evenness of street loading and improving urban mo-
bility. The study by Y. Zhao et al. (2025) focused on mul-
ti-objective optimisation for dynamic traffic control based
on flow assignment. The authors developed an approach
that made it possible to balance several critical indicators
such as delay time, link loading and safety. This made it
possible to reduce congestion and improve the efficien-
cy of the transport network, particularly under high peak
loads. In the work by A.A. Korchevska et al. (2023), meth-
ods for modelling the distribution of transport flows on
road-transport networks were developed. The proposed
methods could be applied to improve traffic organisation
in cities with high levels of road overload. The authors
demonstrated how mathematical models could be used
to accurately predict congestion and optimise routes,
which made it possible to increase the efficiency of trans-
port infrastructure use under real conditions. A multigene
model for organising road traffic in urban agglomerations
was proposed by G. Weigang & K. Komar (2024), which
was appropriate for Ukrainian cities where problems with
traffic organisation were observed. The authors focused
on the use of agent-based models, which made it possi-
ble to organise traffic effectively and reduce congestion at
intersections. This approach could be used in Ukraine to
improve urban mobility.

Despite the existence of studies, there was a gap in
adapting existing models to real urban traffic conditions.
In particular, there was a lack of effective adaptive models
for dynamic flow redirection that could account for vari-
able demand and unpredictable road situations. In addi-
tion, the imperfection of existing approaches to managing
traffic signals and routes did not provide sufficient flex-
ibility to adapt to high loads and variable factors, which
reduced the effectiveness of road-traffic management
in modern urban agglomerations. Therefore, the aim of
the study was to substantiate and structure methods of
road-traffic management with dynamic redistribution of
transport flows. To achieve the aim, the following tasks
were set: to systematise existing approaches to road-traf-
fic management with dynamic redistribution of transport
flows and adaptive control of traffic-signal objects; to form
a mathematical problem statement for optimal road-traf-
fic control in a network representation taking into ac-
count the state vector, control vector and quality criteria
of transport network functioning; to develop a conceptu-
al architecture and algorithmic logic of a discrete-event
simulation model of two-level road-traffic management
in an urban transport network as a methodological basis
for further software implementation of the simulator and
simulation studies.

Materials and Methods
The study was based on a theoretical-analytical and math-
ematical-simulation approach to describing a road-traffic
management system with dynamic flow redistribution,
which was used for structural-functional analysis of the
urban transport network, formalisation of key variables



and control parameters, and formation of a conceptual
two-level management model. The study included 3 stag-
es. At the first stage, using the method of structural-func-
tional analysis and formalised graph representation, the
urban street-road network was represented in the form of
a directed graph with identification of intersections, street
links, entry/exit nodes and OD pairs:

G=(V, B), 1

whereV is the set of intersections; E is the set of street links
between the intersections. Parameters and state variables
(densities, intensities, speeds, queue lengths, traffic-sig-
nal states) were introduced for these elements, forming
the state vector x(t). This allowed the structure of the road
network to be clearly modelled and analysed, which was
the basis for further description of movement and flow
management.

Using the apparatus of the theory of controlled dy-
namical systems and stochastic demand modelling
(non-stationary Poisson processes and random distur-
bances related to driver behaviour), a description of sys-
tem evolution was formed in the form of a stochastic dy-
namic model:

X, =F(x, 1y, &), 2)

where: x,,, is the state of the same system at the next sim-
ulation step; x, is the state vector at discretisation mo-
ment k; F is the state-transition function (operator); u, is
the control (route distribution and traffic-signal control
parameters); &, are random disturbances reflecting the
stochastic nature of demand and the micro-dynamics of
movement. This approach made it possible to reproduce
trajectories of the network state and evaluate quality crite-
ria, in particular delay time, queue length and unevenness
ofloading.

For a fixed initial network configuration and a given
control strategy, the simulation model reproduced the
network state trajectory x(t) and evaluated quality crite-
ria (delay time, queue length, unevenness of loading) for
dynamic redistribution of transport flows taking into ac-
count demand and capacity constraints:

J(w) =E[J,"L&x(0), u(t)dt]»min, 3)

where J(u) is the generalised quality criterion (functional)
corresponding to the control strategy u; E is the operation
of mathematical expectation, which takes into account
the stochastic nature of the system (random demand,
driver behaviour, etc.) and gives the average value of the
criterion over all possible realisations of randomness; [,*
dt is integration over time from 0 to the control / simu-
lation horizon T; x(t) is the state vector of the transport
system at time t (densities and intensities on links, queue
lengths, traffic-signal phases); u(t) is the control vector
at time t (route distribution of flows among paths for OD
pairs and traffic-signal control parameters at intersec-
tions); L(x(t),u(t)) is the instantaneous cost/quality func-
tion, which at each time t is computed from the current
network state x(t) and control u(t) and includes separate
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metrics (time spent, delays, queue length, unevenness of
loading); »min means that the problem is to find such a
control strategy u for which the value of the criterion J(u)
is minimal among all admissible strategies.

Based on the principles of multi-level management of
transport systems, a two-level control scheme (routing/
network level and local traffic-signal level) was construct-
ed and the control vector u(t) was introduced, while per-
formance criteria (time in system, delays, queue length,
unevenness of loading) were generalised in the form of
the optimal control functional J(u). This methodological-
ly formed a coherent theoretical formulation of the opti-
mal control problem for a stochastic transport network
and outlined the structure of a discrete-event simulation
model, which in further studies could be used for numer-
ical simulation and analysis of system properties without
tying it to specific empirical data at this stage.

At the second stage, using the method of analysis and
generalisation of scientific publications, an agent-oriented
simulation approach to describing the road-traffic man-
agement system was considered. The main objects of road
infrastructure (vehicles, network links, intersection ap-
proaches, traffic-signal objects and origin-destination (OD)
pairs) were analysed and schemes of the interaction were
specified. The criteria for evaluating the quality of system
functioning included flow density, capacity, traffic intensi-
ty and delay time, which could be used in further simula-
tion studies to analyse the effectiveness of different control
strategies. This methodological approach made it possible
to structurally describe the interaction of system objects
and outline the set of indicators by which it was appropri-
ate to assess the effectiveness of movement in the network.

The third stage — the method of theoretical analy-
sis and generalisation was applied, within which a typi-
cal structure of the discrete-event simulation cycle was
formed, reflecting the main road-traffic processes and
the dynamics — start-initialisation of the state and event
queue - selection of the nearest event — advancing time to
the event moment — evaluation of state indicators (queues,
delays, loading) — updating control (local/network) if nec-
essary — completion of the simulation. Such a scheme
defined the algorithmic logic of the future discrete-event
simulation model, made it possible to conceptually reflect
characteristic road-traffic processes and form the basis
for further software implementation of the simulator and
study of the effectiveness of different control strategies.

Additionally, to evaluate the effectiveness of road-traf-
fic control strategies, a comparative analysis method was
applied for two interrelated approaches: local adaptive
traffic-signal control and network redistribution of routes
for OD pairs. The choice of approaches was driven by the
fact that the approaches made it possible to model both
local and global control strategies, ensuring full integra-
tion of processes to achieve optimal results in road-traffic
management. The comparison was carried out according
to the following aspects: control object, input informa-
tion, decision-making criterion, time scale, and type of
impact. This made it possible to select an optimal control
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strategy based on a detailed comparison of the effective-
ness of each approach according to key parameters, and
to build a theoretical model that integrated both control
levels to ensure maximum efficiency of the transport net-
work. Assessment of the interaction between the local and
network levels made it possible to outline the principles of
building flexible and adaptive road-traffic management,
which should be able to respond promptly to changes in
demand and contribute to reducing congestion, increas-
ing the overall capacity of the system.

Results and Discussion

Analysis of the structure of the street-road network and
traffic-flow dynamics. The initial stage in forming a con-
ceptual simulation model of a road-traffic management
system with dynamic flow redistribution is the formalisa-
tion of the structure of the street-road network and the se-
lection of a system of variables that describe its state over
time. Taking into account approaches to the analysis and
modelling of transport networks, the urban street-road
network is represented in the form of a directed graph (1).
For each link , the length, number of traffic lanes and
capacity are specified, which are subsequently used as
model parameters. Entry and exit nodes of the network
are identified separately, as well as the set of (OD) pairs
for which transport demand is specified over time (Meh-
rabani et al., 2023; Qi, 2024). The state of the traffic flow
is described by a set of variables: flow density, traffic in-
tensity and average speed for each link, queue length and
waiting time for approaches to intersections. The state of
the traffic-signal object at an intersection is characterised
by the current phase and the time until its change, as not-
ed by H. Xie et al. (2025). Under the introduced notation,
the network state at time t is represented by the vector
x(t), which includes flow parameters, queue characteris-
tics and traffic-signal phases. The system dynamics are
interpreted as the evolution of this state vector within a
controlled dynamical system (Bouadi et al., 2022; Boyles et
al., 2025). Demand at the network entries is appropriate-
ly modelled as a stochastic process with time-dependent
intensity (for example, a non-stationary Poisson process),
taking into account random deviations in individual driv-
er characteristics such as reaction time and desired speed.
The combination of these influences is considered a sto-
chastic disturbance that is reflected in the dynamics of
the network state. Dynamic flow assignment and adap-
tive infrastructure control are key instruments for reduc-
ing delays and increasing network efficiency (Agarwal et
al., 2024; Ma et al., 2024). Within this formulation, the
road-traffic management system is interpreted as a dy-
namic object that changes control parameters to reduce
delays and uneven network loading. Dynamic redistribu-
tion of traffic flows includes route changes for each OD
pair and adaptive adjustment of traffic-signal phase pri-
orities and durations depending on the current network
state defined by the vector x(t).

Taking into account the practice of multi-level man-
agement of transport systems, two control levels are
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distinguished. At the routing (network) level, the control
is the distribution of demand among alternative routes
for each OD pair (o,d), where the control variables are the
shares of flow on each route, which can change over time.
This approach is considered a means of redirecting traffic
from overloaded links to less loaded ones, implementing
dynamic flow assignment. At the local (intersection) lev-
el, the control variables are the sequence of traffic-signal
phases, the green-phase duration for each movement di-
rection and the coordination parameters for a group of
neighbouring intersections. The set of these settings over
a given time interval forms the control vector u(t). To for-
mulate the control problem, performance indicators of
the transport network are introduced, in particular: the
average time a vehicle spends in the system, queue delays,
queue lengths and unevenness of loading. In the simplest
case, the objective function can be the minimisation of to-
tal delay time over a period or a combination of several
indicators (for example, delays, queue lengths, uneven-
ness of loading). This form makes it possible to generalise
different approaches to assessing the effectiveness of sig-
nalling and flow assignment. Taking into account the in-
troduced state vector x(t) and control vector u(t), the evo-
lution of the transport system is described by a dynamic
model that reflects changes in the network state under the
influence of the selected control strategy and stochastic
disturbances (demand fluctuations, differences in driv-
er behaviour, etc.). At the conceptual level, the dynamics
can be presented as a discrete stochastic system (2). For a
fixed initial configuration and a given control strategy, the
simulation model can be used to reproduce the trajectory
x(t) and the corresponding values of the quality criteria.
The problem of dynamic redistribution of traffic flows is
formulated as follows: for given demand intensities at the
network entries, it is necessary to choose a strategy for
changing the route distribution and traffic-signal control
parameters that minimises the selected system perfor-
mance criterion, subject to compliance with constraints
on capacities, permissible phases and operating regimes
of intersections. In general terms, this formulation can be
interpreted as an optimal control problem for a stochas-
tic dynamical system with constraints (3). In this form,
the problem statement has a distinctly theoretical char-
acter: it is based on generalisation and systematisation
of existing models of dynamic flow assignment and traf-
fic-signal control, is formulated in terms of controlled dy-
namical systems and is not tied to specific empirical data,
but serves as a basis for further analysis of the simulation
model and investigation of its properties.

The general structure of the proposed simulation
model for dynamic redistribution of traffic flows is based
on a discrete-event description of the evolution of the
network state under stochastic demand and multi-lev-
el control. Within this concept, the simulation approach
is oriented towards representing changes in the net-
work state and the response of the control system, sim-
ilar to modern modelling platforms for intelligent trans-
port systems of the twenty-first century. The simulation



process is considered in a discrete-event mode: the sys-
tem state changes only at the moments when events oc-
cur (vehicle arrival, traffic-signal change, departure from
a queue, etc.), and in the inter-event time it either remains
unchanged or is updated according to simplified rules. In
the conceptual description, the system dynamics are in-
terpreted as a discrete-event stochastic system, with two
variants of time representation: event time, where the
model’s internal “clock” moves from event to event, and
a hybrid mode, where event time is combined with fixed
discretisation for periodic updating of aggregated indica-
tors and implementation of algorithms at the network lev-
el (Ma et al., 2024). The main evolution of the simulation
model at the conceptual level is specified by a sequence
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of events that change the state of the transport network,
while time discretisation with a fixed step is used only
for computing aggregated indicators and implement-
ing optimisation or control-adaptation procedures at a
higher level. In this interpretation, the system dynamics
are described by a state-transition operator that, for each
simulation step, based on the current network state, the
values of control actions and the realisation of stochastic
disturbances, uniquely determines the new system state
at the next moment in time. Within the structure of the
model, several basic types of objects are conceptually dis-
tinguished, corresponding to the main components of the
transport system in microscopic and multi-class traffic
models (Table 1).

Table 1. Main objects of the simulation model of the road-traffic management system

Object

Vehicle (agent) a specified route

Role in the model

Carrier of flow moving through the network along

Main variables/parameters

Network position, route, desired speed, reaction
time, minimum headway

Network link

Street segment between intersections

Flow density, traffic intensity, average speed,
capacity

Intersection approach

Queue of vehicles before a controlled node

Queue length, waiting time, service regime
(movement permitted/prohibited)

Traffic-signal object - -
intersection

Tool of local control of movement priorities at an

Active phase, time to phase change, set of
permissible phases, duration constraints

OD-pair (origin-destination)

Source and destination of transport demand

Demand intensity, time profile, set of permissible
routes

Source: compiled by the author on the basis of M. Bouadi et al. (2022), B. Mehrabani et al. (2023), H. Qi (2024), J. Ma et al. (2024)

The generalisation of Table 1 reflects a natural divi-
sion of the model components into three groups. First, at
the micro level, individual vehicles are described as agents
with the own parameters that determine the movement
dynamics. At the infrastructure level, network links and
intersection approaches are distinguished, correspond-
ing to the arcs of the directed graph and queue elements
respectively; for these objects, aggregated variables are
maintained that are used in both microscopic and mac-
roscopic approaches to traffic analysis. Third, elements
of the control and demand system are accounted for sep-
arately: traffic-signal objects define local rules for allow-
ing vehicles through network nodes, and OD pairs deter-
mine the structure and time profile of the input load. This

Stochastic disturbances

z AN

Demand-generation
module (OD pairs,
stochastic demand)

Routing module
(dynamic route
assignment)

_>

v module
Link-travel and queue-formation
module (agents, links, approaches,
aggregated variables) Al performance-metrics

division makes it possible to explicitly separate flow car-
riers, infrastructure elements and control components,
which conceptually simplifies the construction of the
simulation algorithm and creates prerequisites for fur-
ther theoretical analysis of the model’s properties. In
particular, the state vector x(t) may be considered as the
concatenation of variables associated with vehicles, links,
approaches, traffic-signal objects and OD pairs, whereas
control u(t) is concentrated on route-distribution param-
eters and traffic-signal operating regimes. The interaction
of the main objects and subsystems is generalised in the
form of a structural diagram of the simulation model of
the road-traffic management system with dynamic redis-
tribution of traffic flows (Fig. 1).

Traffic-signal control

calculation module

Figure 1. Structural diagram of the simulation model
of the road-traffic management system with dynamic redistribution of traffic flows
Source: compiled by the author on the basis of M. Bouadi ef al. (2022), B. Mehrabani et al. (2023), H. Qi (2024), J. Ma et al. (2024),

H. Xie et al. (2025), S.D. Boyles et al. (2025)
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At the conceptual level, the following main mod-
ules are distinguished in the model structure. The de-
mand-generation module, which, based on the param-
eters of OD pairs, generates vehicle arrival flows at the
network entries, taking into account the stochastic nature
of intensity and temporal demand fluctuations (Smelyak-
ov et al., 2023). The routing module, which for each new
vehicle selects a route from the set of permissible paths,
taking into account current or forecast characteristics of
network loading and the adopted dynamic flow assign-
ment strategy. The link-movement and queue-formation
module, which describes the movement of agents along
network links, updates aggregated variables (density,
intensity, average speed) and the state of queues on ap-
proaches to intersections in accordance with local traffic
conditions and capacity. The traffic-signal control mod-
ule, which implements local algorithms for changing
phases and signal durations at signalised intersections
based on the selected control strategy, infrastructure pa-
rameters and current loading indicators (Hu et al., 2022;
Jia et al., 2024). The quality-indicator computation mod-
ule, which, based on the trajectories of the state vector
and control actions, computes instantaneous and integral
values of criteria (average time in the system, queue delay
time, queue lengths, a measure of unevenness of network
loading) and the corresponding value of the generalised
quality functional J(u) (Tak & Yeo, 2025). The sequence
of operation of the modules, reflected in the structur-
al diagram, is interpreted as an implementation of the
state-transition operator in a discrete-event format. Vehi-
cle arrival events are considered as the result of the opera-
tion of the demand module and are passed to the routing
module, which determines for each agent a route through
the network. Next, the link-movement and queue-forma-
tion module updates vehicle positions, aggregated link
characteristics and the state of queues on approaches to
intersections. The traffic-signal control module sets the
service regimes for approaches, changing movement pri-
orities and thereby influencing the evolution of queues
and delays. The quality-indicator computation module
integrates information about the system state and the ap-
plied control, forming the values of criteria and the gener-
alised quality indicator, which establishes the link between
the simulation model and the optimal control problem.

The results of the study showed that dynamic route
assignment for OD pairs combined with variable traf-
fic-signal regimes reduces vehicle time spent in the sys-
tem, shortens queue delays and decreases unevenness of
network loading. The greatest effect is observed during
peak loads, when adaptive adjustment of routes and sig-
nalling helps to avoid overloads and redistribute flow. This
is consistent with the results of X. Song et al. (2021), where
Global Positioning System and Point of Interest are used
for dynamic flow assignment in Shanghai. In the present
study there is no direct integration of these data, but the
logic of flow redistribution and accounting for variable
demand is similar. The results of X. Song et al. indicate
that adding spatial information increases the accuracy of
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Dynamic Traffic Assignment models, so the effects of re-
ducing delays can be improved through integrating such
data into the proposed simulation model. In the study by
R.Rahman &S. Hasan (2023), anew approach to modelling
traffic flows using graph neural networks was proposed,
which makes it possible to effectively study traffic patterns
and forecast flows in urban networks. The authors used
graphs to represent the transport network, enabling more
accurate analysis of interrelations between its different
elements, such as roads, intersections, and vehicles. This
is confirmed by the results of the present study regarding
the effectiveness of using graph models for traffic analysis.
This implies improvements in congestion management
and delay reduction compared with traditional methods
under conditions of variable demand and adaptive con-
trol. The study results established that the road-traffic
management system is a stochastic dynamical system
with multi-level control: at the network level — dynamic
flow assignment among routes; at the local level — adap-
tive traffic-signal control taking into account queues and
approach loading. This scheme reduces delays, shortens
queues and improves loading compared with fixed sig-
nalling plans, particularly under variable demand. This is
consistent with the conclusions of Y. Lin (2023), where the
DynasTIM system developed a platform for dynamic traf-
fic modelling and optimisation with an emphasis on on-
line state estimation, traffic forecasting and traffic-signal
control optimisation. Similar to DynasTIM, the model of
the present study uses a stochastic description of demand
and adaptive control mechanisms to reduce delays and
improve network operation. Unlike the approach ofY. Lin,
which focuses on real-time algorithms within an already
deployed platform, the present work focused primarily on
formalising the simulation model as a stochastic dynam-
ical system with clearly defined state and control vectors.
This facilitates further theoretical investigation of system
properties and formulation of the optimal control problem.

Z. Gruji¢ & B. Gruji¢ (2025) focused on the optimal
route in urban road networks using Dijkstra’s algorithm.
The authors applied this algorithm to find the best paths,
which makes it possible to efficiently determine routes
with minimal delays and maximum capacity. This is es-
sential for optimising traffic flow and reducing conges-
tion in urban conditions, which corresponds to the re-
sults of this study, where similar algorithms are applied,
in particular at the route level, which makes it possible
to reduce delays and increase network efficiency. Com-
parison of both works shows that optimal-route search
algorithms, including Dijkstra’s algorithm, remain among
the key tools for improving traffic-flow management. The
model in the present study is even more adaptive, as it
includes additional dynamic control strategies that allow
rapid response to changes in demand and route changes,
providing a higher level of efficiency and delay reduction
in real urban traffic conditions. The results of the study re-
vealed that the use of dynamic routing and adaptive traf-
fic-signal control makes it possible to significantly reduce
the average vehicle delay time, decrease queue lengths on



approaches to intersections and load the transport net-
work more evenly. Decisions on redirecting flows and
adjusting signal phases are made on the basis of the cur-
rent network state, which ensures effective real-time traf-
fic management. Similar conclusions were reached by
Z.C. Su et al. (2023), whose work considered hierarchical
control for transport networks using reinforcement learn-
ing methods. The study applied multi-level control, which
included distribution of demand among alternative routes
at the network level and adaptive traffic-signal control at
the local level. The RL-based approach significantly im-
proves traffic management, reduces delay time and opti-
mises network loading by providing adaptation to chang-
es in demand in real time. Thus, the simulation model for
road-traffic management with dynamic flow redistribu-
tion provides for formalisation of the network structure,
including intersections, street links and transport demand
for each OD pair, while the use of adaptive traffic-signal
control and dynamic routing makes it possible to reduce
delays, improve network loading and optimise movement.

Structure of the discrete-event model and traf-
fic-flow control algorithms. Within the discrete-event
description of the transport network, the model consid-
ers a finite set of typical events, for each of which rules for
updating the state of the transport network are specified.
One of the basic types is the event of a vehicle arriving in
the network: it is modelled at one of the entry nodes ac-
cording to a specified stochastic demand process for the
corresponding OD pair (Smelyakov et al., 2023). After such
an event occurs, the routing module selects a route from
the set of permissible paths for this OD pair, and the ve-
hicle is placed on the initial link of the route, beginning
movement in accordance with the current network state.
The next type of events is associated with vehicle move-
ment along a link. As a result of such events, the vehicle’s
position is updated taking into account its speed, the
positions of preceding vehicles and the traffic-signal in-
dications at the end of the link. After reaching the end of
the link, the vehicle either moves to the next link of the
route or, if a prohibitive signal is present, joins a queue
on the approach to the intersection, or leaves the network
if the destination node is reached. A separate group con-
sists of events associated with the formation and service
of a queue on an approach. If the traffic signal prohibits
movement, vehicles arriving at the approach accumulate
in the queue. After the permissive phase is activated, the
queue begins to discharge: vehicles consecutively move
onto the corresponding links, while the queue length and
waiting time are updated (Qi, 2024). Queue dynamics are
determined by alternation of arrival, movement and sig-
nal-change events. Another type is traffic-signal phase
switching events. These events are initiated according to
the rules of the selected control algorithm (in particular,
a fixed cycle, the maximum-load principle, or reinforce-
ment-learning-based approaches) (Hu et al., 2022; Agarw-
al et al., 2024). During such an event, the set of permitted
movement directions at the intersection is updated, as
well as the corresponding time counters in the controllers,
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which determine the duration of the current and subse-
quent phases.

Finally, the model includes network events of flow re-
distribution. At specified time intervals or upon reaching
certain conditions, the routing-control module may revise
the route distribution, redistributing part of the flow from
overloaded links to alternatives. Such redistribution can
be implemented by changing route-choice probabilities
for new vehicles or, if an appropriate mechanism is availa-
ble, by adjusting routes for those already moving through
the network. The set of described event types provides a
consistent description of micro-level movement dynam-
ics, queue formation and network flow redistribution
within a unified discrete-event simulation model. The op-
eration of the simulation model is appropriately organised
according to a typical discrete-event cycle, within which at
each step the nearest event in time is processed, the sys-
tem state is updated and, if necessary, control parameters
are modified (Fig. 2).

Start

v

Initialisation of the state
and the event queue

v

Selecting the next event

v

Advancing time to the event time

v

Updating the state
according to the event rule

v

Evaluating state metrics
(queues, delays, utilisation)

v

Updating control
(local/network) as required

e

v

Has the end of the simulation
period been reached?

AN
o | Yes

’ End of simulation ‘

Figure 2. Flowchart of the simulation
event-processing cycle in the model
of the road-traffic management system
Source: compiled by the author on the basis of B. Mehrabani et
al. (2023), H. Qi (2024), H. Xie et al. (2025)

Within the Figure 2, the operation of the simulation
model is appropriately organised in the form of a dis-
crete-event cycle. At each step, the event closest in time is
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selected from the event queue (vehicle arrival, traffic-sig-
nal change, completion of queue service, flow redistri-
bution event, etc.), after which model time is advanced
to the moment of its occurrence. Next, the system state
is updated in accordance with the processing rules for
the corresponding event type, which includes changing
vehicle positions, queue parameters on approaches and
intersection operating regimes. Based on the updated
state, current network characteristics are assessed, in
particular queue lengths, delays, and loading of individ-
ual links. At this stage, control decisions may be made: at
the local level, traffic-signal controllers, relying on local
information, change the durations or sequence of phas-
es, while at the network level the routing-control module,
if necessary, adjusts the route distribution for individual
OD pairs. After this, the system returns to selecting the
next event, and the cycle is repeated until the specified
simulation horizon is reached. In this way, within a single
simulation scheme, the action of two mechanisms of dy-
namic redistribution of traffic flows is coordinated: a local
mechanism implemented through adaptive traffic-signal
control, and a global mechanism associated with revis-
ing the route distribution and redirecting traffic between
network links. The proposed control algorithm combines
two interrelated levels: at the local level, adaptive traf-
fic-signal control is implemented at individual intersec-
tions, and at the network level - correction of route dis-
tribution among alternative paths for OD pairs. At each
signalised intersection, at decision-making moments,
data on current approach queues and the intensities of
the corresponding flows are used. For each approach,
a load indicator is calculated, which may be based on
queue length, vehicle arrival intensity or the combina-
tion; queue length is often used as a basic measure of un-
met demand with possible inclusion of weighting coeffi-
cients reflecting the priority of individual directions. For
each traffic-signal phase that opens movement for a cer-
tain set of approaches, a generalised “benefit” indicator
is assessed through the total load on these approaches.

After the minimum permissible time of the current phase
has elapsed, such indicators are compared: if the current
phase remains the best according to the selected criteri-
on, its operation is extended; otherwise, a switch is made
to the phase with the highest load. The duration of each
phase is additionally bounded above, which prevents ex-
cessive delays for less loaded directions and ensures basic
safety requirements. Within these constraints, the green-
phase duration is automatically adapted to the current
loading of the intersection; thus, the local algorithm is
built on the principle of allocating more “green” time to
those directions where the largest queues and flows are
currently observed.

At the network level, aggregated state indicators of
key links of the transport network are used, in particular
average delays, speeds, and indicators of transition to a
congested regime. At fixed intervals of model time, the
network state is assessed on the basis of current values
of these indicators, after which each arc of the directed
graph is assigned a travel “cost” as a function of the base
travel time, current delays and loading. In the simplest
case, this cost is defined as the base travel time multiplied
by a coefficient that increases with increasing loading or
average delay. Next, for each OD pair, the most advan-
tageous routes are recalculated taking into account the
current network state, and the flow distribution is updat-
ed: part of demand is transferred from overloaded paths
to alternative routes if the difference in cost between the
two exceeds a specified threshold. For vehicles that are
only entering the network, routes are selected according
to the updated distribution; if an appropriate mechanism
is available, re-routing is also permitted for those vehicles
that are already moving and have not yet passed branch-
ing nodes. As a result, the proposed network algorithm
implements the principle of adaptive distribution of OD
flows, under which overloaded links can be relieved by re-
directing part of the flow to alternative routes. For clarity,
the key differences between the local and network control
levels are summarised in Table 2.

Table 2. Comparison of local and network-level control

Aspect

Control object

Local level (traffic-signal control)

Signal phases at individual intersections

Network level (route redistribution)

Distribution of OD flows across alternative routes

Input information

Queue lengths, approach flow rates

Average delays, speeds, link utilisation

Decision criterion . .
directions

Maximum “load”/“pressure” on movement

Minimisation of route “cost” based on link costs

Time scale
or cycles

Frequent updates at the level of individual phases

Periodic updates at intervals AT of model time

Type of intervention

Change of the active phase and its duration

Change in the distribution of flows between routes;
possible re-routing

Note: AT is a fixed time interval between each update or simulation step, enabling regular evaluation and adjustment of transport

network parameters such as delays, travel speed, or link utilisation

Source: summarised on the basis of T. Hu et al. (2022), B. Mehrabani et al. (2023), A. Agarwal et al. (2024), S.D. Boyles et al. (2025)

Both control levels can be represented as a single con-
trol action comprising local and network components:
the local component is responsible for configuring traf-
fic signals at intersections (selection of active phases and
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the durations), whereas the network component deter-
mines the distribution of routes across alternative paths
for individual OD pairs. Within the previously introduced
description of transport-system dynamics, the evolution



of the state vector is interpreted as the outcome of the
action of a transition operator, which at each simulation
step uses the current network state, the parameters of lo-
cal and network control, and the realisation of stochastic
disturbances. The control algorithm specifies the rule by
which local and network control actions are selected as
functions of the current state (at the local level - based on
queues, flow rates and intersection structure; at the net-
work level — based on aggregated indicators of delays and
link utilisation). Under this interpretation, the simulation
model is considered both a means of describing the evo-
lution of traffic flows and a tool for theoretical analysis of
the properties of dynamic flow-redistribution algorithms
within a unified mathematical formalism. The simulation
model proposed at the conceptual level corresponds to a
stochastic discrete-time dynamical system in which the
evolution of the state vector is described by a transition
operator that depends on the current network state, the
control actions of the local and network levels, and ran-
dom disturbances. This representation makes it possi-
ble to apply the apparatus of dynamical systems theory
for qualitative analysis of transport-network behaviour
without being tied to a specific software implementation.
Stability in this context is understood as the ability of the
system, under demand that does not exceed a certain per-
missible level, to operate in a regime with bounded queue
lengths and without transitioning into a prolonged con-
gested state. The proposed local adaptive algorithm, ori-
ented towards selecting signal phases based on current
queues and loads, ensures regular relief of the most heav-
ily loaded directions, whereas constraints on the maxi-
mum phase duration prevent the “switching off” of other
approaches. At the network level, route redistribution re-
duces persistent overload on individual links by shifting
part of the flow to alternative paths. Taken together, this
provides grounds to expect the existence of a quasi-sta-
tionary regime in which queues remain bounded and
average delays do not increase without bound over time,
provided demand is moderate. A static control scenario is
considered as a reference scenario, in which routes for OD
pairs are fixed, and signal plans are defined by invariant
cycles and phase durations. In this case, during peak peri-
ods, individual links may become systematically overload-
ed because control does not respond to random demand
spikes, while part of the network remains underutilised.
The proposed two-level algorithm combines adaptive al-
location of green intervals according to current queues at
the local level with network redistribution of OD flows,
which reduces traffic concentration on overloaded routes.
In theoretical terms, this provides grounds to assume that,
under the same input demand, the adaptive strategy will
not be inferior to the static strategy in indicators such as
average delays and queue lengths, and has the potential to
provide better values of these indicators under peak con-
ditions (Tak & Yeo, 2025).

The stochastic nature of demand and driver be-
haviour necessitates an analysis of the robustness of
the proposed algorithm. Local control relies on directly
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measurable characteristics of the state (queues, flow rates,
intersection operating regimes), which increases the sys-
tem’s ability to adapt to short-term random deviations
without relying on precise forecasts. At the network level,
decisions are based on averaged indicators of delays and
link utilisation, which smooths small-scale fluctuations at
the level of individual vehicles. As a result, the proposed
two-level algorithm, which combines adaptive selection
of signal phases based on current queues with network
redistribution of routes, is considered an approach that
may contribute to limiting queue growth, reducing de-
lays and increasing the uniformity of network utilisation
compared with static control schemes, while maintaining
acceptable resilience to stochastic influences. The results
of the study established that a discrete-event model of
two-level road-traffic control can contribute to reducing
delays and balancing network utilisation through adap-
tive traffic-signal control and dynamic route assignment
for OD pairs. This corresponds to the study by E Con-
dette et al. (2024), which also confirmed the use of dis-
crete-event models to analyse vehicle traffic in urban
conditions. The authors described events such as vehicle
arrival, movement along a link and queue formation on
approaches to intersections, and the researchers also ex-
amined traffic-signal control in detail, including analysis
of queue lengths and waiting times, which confirmed the
conclusions of the present study regarding the impor-
tance of adaptive traffic-signal control for reducing de-
lays and improving network functioning. This confirmed
the effectiveness of using discrete-event simulation for
real traffic management and adaptive signal control to
improve transport-system performance indicators. The
study by Z. Meng et al. (2023) confirmed the concept of
using discrete-event simulation for modelling road traf-
fic, which forms the basis of the present study, where a
finite set of typical events for each control stage was de-
scribed. The authors noted the significance of aggregated
control interfaces, which allow not only regulation of ve-
hicle movements but also effective response to changes
in traffic flow in real time. This aligns with the concept of
dynamic route assignment for different OD pairs in the
present study, where the route-choice module selects an
optimal path depending on the network state. The signif-
icance of discrete-event models for analysing traffic flows
was also noted by C. Calistus et al. (2023). In the authors’
model, events such as vehicle arrivals, movement along a
link and queue formation were taken into account, which
is analogous to the approach of the present study. In ad-
dition, the simulation results of C. Calistus et al., which
included synchronised traffic signals, confirmed the ef-
fectiveness of adaptive control for reducing delays. Adap-
tive control is effective for regulating signal phases, where
signal-change events are initiated according to current
queues and traffic intensity.

The study results showed that dynamic route assign-
ment for OD pairs defines a mechanism for controlling
vehicle flows, within which traffic can be redirected from
overloaded links to less loaded paths, which is consistent
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with the conclusions of H. Zhu et al. (2024). The authors
demonstrated that the use of digital twin technology al-
lows traffic signals to be adaptively configured. Adaptive
control helps to reduce delays and redirect traffic flow,
contributing to more even network utilisation. The ap-
proaches applied in both studies demonstrated the ef-
fectiveness of adaptive control and dynamic flow redistri-
bution in improving the operation of transport systems.
The work by Y. Chen & C.G. Cassandras (2025) described
a method of adaptive traffic-signal control that accounts
for turning movements, approach delays and intersection
blocking, which correlates with the description of mech-
anisms for adjusting signal phases depending on traffic
intensity and queue lengths in the present study. The au-
thors also indicated the appropriateness of dynamical-
ly adapting signal phases to reduce delays and improve
traffic flow, which directly corresponds to the concept of
adaptive control in the present study, which is oriented
towards optimising green time for directions with high
flows. This confirms the effectiveness of redirecting flows
to alternative routes to reduce overload. Thus, in the dis-
crete-event conceptual model of the transport network,
events are described that determine the evolution of the
system state, in particular vehicle arrivals, the movement,
queue formation on approaches and switching of signal
phases. The model is characterised by accounting for the
stochastic nature of demand and the embedded possibili-
ty of adaptively changing routes and signal-phase param-
eters through dynamic redistribution of traffic flows. The
proposed approach is conceptual and methodological in
nature and serves as a basis for further software imple-
mentation of a simulator and quantitative assessment of
the impact of different control strategies on delays and
network utilisation.

Conclusions
The results of the study established that, within the pro-
posed conceptual model, the choice of a control strategy
was appropriately represented as a combination of adap-

operating regimes at intersections, and the modelling
problem was presented as estimation of the mathemati-
cal expectation of quality indicators under random values
of demand and driver behaviour. The distribution of de-
mand across routes was described on the basis of network
control, which accounts for delays and utilisation on dif-
ferent links, while dynamic flow redistribution reconciles
local and global strategies in order to form more balanced
routes. Local traffic-signal control at individual intersec-
tions was considered as an instrument for reducing the
probability of excessive queue accumulation and the emer-
gence of congestion. The stochastic nature of demand and
unpredictable driver behaviour were taken into account as
factors that can substantially affect the effectiveness of the
selected control strategies. The proposed conceptual sim-
ulation model of dynamic redistribution of traffic flows
was based on representing the urban transport network as
a stochastic discrete-time dynamical system and provided
for two control levels: local control of traffic-signal objects
and network-level control of routes for OD pairs. Within
the model, an approach to adaptive flow allocation was
formalised with account taken of changes in queues, de-
lays and traffic intensity, which created theoretical prereq-
uisites for further software implementation of a simulator
and evaluation of response effectiveness to fluctuations in
transport demand. This structure was used as a scheme
within which it was possible to analyse how changing
routes and traffic-signal control parameters affects de-
lays and network utilisation. Comparison of the results of
adaptive and static control showed the advantage of the
adaptive approach under peak loads and reduced delays.
In the prospects for further research, practical applica-
tion of systematised approaches to developing transport
models for specific urban networks was appropriate, as
well as integration of new factors and technologies (intel-
ligent transport systems, monitoring tools, decision-sup-
port systems) into the structure of transport systems.
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MeTtopaonoriyHi sacaam ¢opMyBaAHHA iMiTALiMHOT Moaeni
yNpPABAiHHA LOPOXHIM PYXOM i3 AUMHAMIYHUM Nepepos3nofiiom
TPAHCMNOPTHUX NOTOKIB

Bonoaumup JlyxaHiH
Kangunat isuko-mareMaTHYHUX HAyK, ACUCTEHT
XapkiBChKUH HaI[lOHAIBHUHN YHIBEPCUTET PafioeIeKTPOHIKY
61166, npocn. Hayku, 14, M. XapkiB, Ykpaina
https://orcid.org/0000-0003-4328-929X

AHoTauif. Mertoio fpociimxeHHs Oy10 (opMyBaHHS KOHIENTyaJdbHOI Mopesi ABOPIBHEBOrO YIpaBJIiHHA
JOPOSKHIM PYXOM y MiCBKUX TPaHCIIOPTHUX Mepeskax. MeTomos10Tis 6a3yBasnach Ha CTPYKTYpHO- GYHKIIOHATEHOMY
aHanisi Ta 3acrocyBaHHi 6araTopiBHEBOro IiIXOAy B YIPaBJiHHI TPaHCHOPTHUMM IIOTOKaMH. BuABJeHO, 110
TMOYaTKOBUN eTanm (opMyBaHHs iMmiTariiHoi Mopesi mepeabadae (opmamisamiio ByJTUYHO-IOPOSKHBOI Mepeski
Ta BubOip cucreMu 3MiHHHX AJid omucy ii craHy B 4aci. CTaH TPaHCIOPTHOTO IOTOKY 33Ja€ThCs MOKa3HUKaMU
IIIJIBHOCTI, iIHTEHCUBHOCTI PyXy, cCepeJHbOI MBUAKOCTI, TOBKUHU Uepr Ta 4acy O4ikyBaHHs. Y 3alpOIIOHOBaHil
TMIOCTAHOBIIi CHCTeMa YIPaBJiHHA JOPO’KHIM PyXOM Mae [IBa piBHi: MapmIpyTu3aliio Ta JoKaJibHE CBITIO(QOpHE
KepyBaHHs. /luHaMiuHe IPU3HaYeHHs OTOKIB PO3IVIAAETHCA K MEXaHi3M KOPUT'YBaHHA MapLIPYTiB A/ KOKHOI
origin-destination-mapu Ta HaJamTyBaHHs CBiTIOogoOpHUX (as, Tomi sIK JIOKaJbHE KEPYBAaHHS TPAKTYETHCA SIK
peryIIoBaHHs TPUBAJIOCTI 3eJI€HUX CUTHAMIB i KoopauHariss poboru cBimiodopiB Ha nmepexpecTsax. OnTUMaIbHE
KepyBaHHS OpPi€HTOBaHe Ha 3MEHIIEeHHS 3aTPUMOK i HEpPiBHOMIDHOCTI 3aBaHTa’KeHHsI Mepeski 3 ypaxyBaHHAM
3aJjaHNX oOMesKeHb. AJITOPUTM KepyBaHHHA, I0 MOEIHYe JIOKaJbHe i MepeskeBe Pery/loBaHHSA, iHTepIIpeTyeThCA
AIK MiAXi[l, OpieHTOBaHUU Ha NOKpalleHHd edeKTUBHOCTI Mepeski, 3abe3nedyloun oNTHUMaJibHe BUKOPUCTAHHSA
pecypciB Ipu 3MiHHOMY IIONIUTI Ta HOBEiHIli BOAIIB. 3aIponIoHOBaHA apXiTeKTypa AUCKPeTHO-IoiltHOoI iMiTalifiHOoT
MOJIeJTi AJIsI AMHAMIi9YHOTO MTepePO3INOAiay TPAHCIOPTHHUX MOTOKIB 6a3YETHCS HA CTOXaCTUYHIN TUHAMIYHIN cucTemi
3 AUCKpEeTHUM 4YacoM. BoHa iHTerpye ABa piBHi ympaB/iHHA: JIOKaJbHe KepyBaHHA CBiIodopaMu Ta MepeskeBe
KepyBaHHsI MaplIpyTaMu s origin-destination-map. Mopgenpb 3amae miaxig 40 agalTUBHOTO PO3MOMiJy MOTOKIB
Ha OCHOBI IIOTOYHOIO CTaHy Mepeski (4epru, 3aTpUMKH, iIHTEHCUBHICTh PyXy) i Ja€ 3MOry JOCJIIKyBaTU BILIUB
3MiH MapHIpyTiB Ta mapaMmeTpiB cBiTIopopHOTO KepyBaHHS Ha 3aTPUMKU U 3aBaHTa’KeHHS Mepe)ki 3a yMOB
CTOXaCTUYHUX KOJIMBaHb NONUTY. [IpakTWYHA 3HAYUMICTB IIOJIATAE Y MOSK/IUBOCTI BUKOPUCTAHHA Pe3YJIBTaTiB
opraHaMy MicIleBOro caMOBPSIJyBaHHS Ta JOPOYKHIMU CJIy:kO0aMH K MeTOJUYHOI OCHOBU [JIs1 IPOEKTYBaHHA i
peadnisartii iMmiTamifiHux Mogesel MiCbKUX TPaHCIOPTHUX CUCTEM

KnioyoBi cnosa: guHaMiyHa cHCTeMa; alaliTUBHI aJTOPUTMU; IlepexpecTs; 3MiHa (a3 cBiTIodopa; onTumisaris
MapUIpYyTiB; 4ac 3aTPUMKU
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Abstract. The article discussed the issue of driver personnel management in Ukrainian logistics companies, which
is particularly relevant in the context of full-scale war, which has caused a significant labour shortage, particularly
among drivers (25-30% in freight and passenger transport). Martial law, mobilisation, migration and changes in market
requirements have exacerbated the challenges for the logistics sector, requiring a rethinking of personnel management
strategies. The object of the study was the process of managing driving personnel in logistics provider companies in
conditions of economic instability. The purpose of the article was to determine the current state of driver personnel
management in Ukrainian logistics providers under martial law, identify relevant problems, trends and challenges in
this area, and formulate directions for improving personnel policy in logistics companies in order to increase their
operational efficiency. The research methods included analytical, statistical, abstract-logical and survey methods.
The study identified the main problems in driver personnel management: a significant shortage of personnel due to
mobilisation (an average of 5 drivers per company), high staff turnover (74.3% of companies), unsystematic training
(68.6% provide training only when necessary), limited career growth opportunities (only 8.6% have individual plans),
low level of automation (6.9%) and uneven comfort conditions (23.3% provide only basic conditions). At the same
time, companies are actively adapting by assigning drivers to specific vehicles (71.4%), using GPS trackers to monitor
performance (60%) and engaging alternative categories of employees (89.7%). The results of the study can be used to
develop recommendations for improving management processes in logistics service providers, enabling them to adapt
effectively to economic instability and crises
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Introduction

The Ukrainian logistics industry has become a focal point
of challenges arising from the full-scale war, including mo-
bilisation, migration, transformation of market demands,
and the destruction of enterprises and warehouses — these
represent only a fraction of the difficulties confronting
businesses. A noticeable deficit of the working-age popu-
lation is evident in the country, with estimates indicating
a shortfall of approximately 30%. This demographic im-
balance presents a significant challenge to the economy;,
as it affects labour market dynamics, productivity, and
the overall capacity for sustainable economic growth, as
noted by D. Karpenko (2024). For example, in the field of
freight road transport, the shortage of drivers reaches 25%
of the required workforce, which amounts to about 30,000
drivers. In public passenger transport, the shortage is esti-
mated at 30%, equating to about 6,000 needed specialists
(Driver shortage in the transport..., 2024). A similar situa-
tion was already observed in the pre-war period. Accord-
ing to V. Keckarovska (2021), the shortage of heavy goods
vehicle drivers in Europe reached approximately 400,000
individuals. Ukraine, according to estimates by I. Novik-
ova (2021), was also among the countries with a signifi-
cant workforce deficit, amounting to around 120,000 truck
drivers. Based on data from IRU (2021), the shortage of
professional drivers in Europe and worldwide continued
to intensify, with the global deficit exceeding 2.6 million
unfilled positions, including tens of thousands of vacan-
cies across European countries, indicating a persistently
high level of workforce scarcity. By 2023, the shortage of
truck drivers remained substantial, surpassing 3 million
unfilled positions globally (approximately 7% of total de-
mand). Furthermore, IRU (2025a; 2025b) reports for con-
firmed that the driver shortage has not diminished and
continues to represent a structural challenge for both Eu-
ropean and global transport sectors.

As indicated by P. Chandiran et al. (2023), this per-
sistent deficit is increasingly driven by demographic
factors, particularly the ageing of the profession and the
insufficient inflow of young workers, underscoring the
need for comprehensive and coordinated responses from
transport companies and public authorities. The person-
nel management system for drivers in logistics provider
companies requires continuous improvement in order
to establish an organisational framework aimed at pre-
serving and rationally utilising human potential, which is
essential for the stable functioning of enterprises. O. So-
roka &Y. Salo (2023) emphasised that the development of
effective personnel management systems is impossible
without a thorough analysis of existing HR challenges.
In particular, contemporary approaches that integrate
logistics methods into human resource management
are highlighted as an effective means of addressing
workforce issues in dynamic environments. Similar-
ly, H.V. Artamonova (2025) identified strategic HR tools
and practices as critical for improving personnel man-
agement efficiency in international companies facing
global competition and labour shortages. Furthermore,
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M. Kovalchuk (2025) demonstrated the growing impor-
tance of HR analytics in logistics firms, showing that
data-driven insights help identify the causes of staff
turnover, facilitate employee adaptation, and support
retention strategies in sectors characterised by high la-
bour mobility. Against this background, the study of key
problems in driver personnel management in logistics
provider companies, as well as the identification of effec-
tive solutions to address them, becomes particularly rel-
evant. The purpose of the article was to assess the state
of driver personnel management in Ukrainian logistics
companies under martial law, identify key challenges
and trends, and propose improvements to human re-
source policies for enhancing operational efficiency.

Literature Review

Contemporary scholarly research in the field of human
resource management in logistics companies increasingly
focuses on the impact of digitalisation, external environ-
mental instability, and labour shortages on organisational
performance; however, drivers as a distinct professional
group remain insufficiently explored. Thus, M. Cichosz et
al. (2020) analysed the digital transformation of logistics
service providers based on case studies of nine interna-
tional companies. The authors demonstrate that the im-
plementation of Transport Management Systems (TMS),
data analytics, and cross-functional teams enhances the
transparency and efficiency of logistics operations. At the
same time, the role of drivers is addressed only indirectly,
without an in-depth analysis of motivational or psycho-
logical aspects of their work, while the global orientation of
the study limits its practical applicability to local and crisis
contexts. In the study by M. Wang & R. Radics (2022), the
impact of driver shortages on the performance of logistics
services in Australia is examined using Structural Equation
Modeling (SEM). The M. Wang & R. Radics argued that in-
novation, workforce upskilling, and operational flexibility
can partially offset the negative effects of labour shortag-
es. The authors concluded that driver shortage indirect-
ly affects logistics performance, with logistics capability
acting as a mediating factor in the relationship between
driver shortage and logistics performance in logistics ser-
vice providers. The study highlights the importance of
managing transportation capacity shortage and provides
valuable insights for addressing this issue within the logis-
tics sector. Nevertheless, motivational factors are not ex-
plored, and the limited sample of companies reduces the
generalisability of the findings. Another conceptual ap-
proach is proposed by B. Feng & Q. Ye (2021), who synthe-
sised literature on “smart logistics” and the integration of
Al and IoT into human resource management. While em-
pirical evidence is limited, the authors highlight promising
directions for the development of digital HRM systems.

However, the socio-psychological impacts of digitali-
sation on drivers remain largely unexplored. The Ukraini-
an context of human resource management under martial
law is examined by L. Hordiyeva-Herasymova (2023). The



author emphasised that population relocation, migration,
the mobilisation of men into the Armed Forces of Ukraine,
and the growing share of employees with limited working
capacity (particularly veterans with combat-related inju-
ries) necessitate the modernisation of personnel manage-
ment systems. Addressing these challenges is considered
a prerequisite for establishing an effective HR system un-
der current conditions. D. Karpenko (2024) analysed the
specific personnel-related challenges faced by Ukrainian
logistics companies. D. Karpenko stated that traditional
approaches to human resource management no longer
ensure stability. Among the key challenges identified are a
shortage of qualified drivers, high employee turnover, dif-
ficulties in adapting to change, and the need to maintain
uninterrupted transport operations under conditions of
uncertainty. Overcoming the shortage of skilled workers
requires the implementation of innovative approaches
to recruitment, such as overcoming gender stereotypes,
training young people, involving pensioners and cooper-
ating with outsourcing companies. To retain key employ-
ees and increase the productivity of logistics companies,
it is necessary to create favourable working conditions,
including open communication, recognition of achieve-
ments, a comfortable working environment and compet-
itive salaries. D.O. Ovchar (2025) argued effective driver
personnel management contributes to enhanced compet-
itiveness, the creation of comfortable working conditions,
and a high level of employee motivation, even under mar-
tial law and conditions of uncertainty. In summary, while
significant strides have been made in understanding the
challenges faced by logistics companies, especially in the
context of driver shortages and the impact of digitalisation,
further research is needed to explore the socio-psycholog-
ical aspects of driver management and the broader impli-
cations for human resource strategies in times of crisis.

Materials and Methods
The methodological framework of the study is based on a
combination of general scientific and empirical methods,
which made it possible to comprehensively analyse the
specific features of logistics service providers’ activities
under martial law. At the theoretical stage of the research,
the methods of analysis, synthesis, and generalisation
were applied to review and systematise scholarly publica-
tions and regulatory documents in the fields of logistics
and human resource management. A systems approach
was employed to structure the study and to identify inter-
relationships between organisational, human resource,
and operational aspects of logistics activities. The empir-
ical basis of the study comprised the results of a survey
of logistics service providers conducted between January
and February 2025. The survey involved 30 logistics com-
panies engaged in transport and logistics activities with-
in Ukraine. The sample included logistics providers with
varying levels of experience and scales of operation, locat-
ed primarily in Kyiv and the Kyiv region, as well as enter-
prises from other regions of Ukraine. In particular, 41.4%
of respondents represented companies with more than
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20 years of operating experience, 27.6% had between 10
and 20 years of experience, 20.7% between 5 and 10 years,
and 10.3% less than 5 years. In terms of fleet size, 3.9% of
companies operated up to 10 vehicles, another 37.9% had
between 50 and 200 vehicles, 13.8% operated between 10
and 50 vehicles, and 10.3% managed fleets exceeding 200
vehicles. Regarding the types of activities performed, the
majority of respondents carried out domestic transpor-
tation throughout the territory of Ukraine (69.0%), while
51.7% of companies provided local transportation servic-
es within a city or region, and an equal share (50.4%) were
engaged in international transportation. The survey was
conducted online using a standardised questionnaire im-
plemented via the Google Forms platform. The question-
naire consisted of thematic blocks addressing company
characteristics, types of transportation services, organ-
isation of drivers’ work, the role of dispatchers, and the
impact of martial law conditions on logistics operations.
In several questions, respondents were allowed to select
multiple answers, which enabled the identification of the
multidirectional nature of logistics processes. During the
survey, ethical principles of scientific research were strict-
ly observed, including voluntary participation, informed
consent, and respondent anonymity, in accordance with
generally accepted standards of academic integrity and
the principles of sociological research (WMA, 2024). The
analysis of the collected data was carried out using de-
scriptive statistical methods, grouping, and percentage
analysis. Microsoft Excel software was used for data pro-
cessing, information aggregation, and the construction of
tables and graphical materials.

Results and Discussion
The survey results from 30 companies indicate that the
majority of companies (35.7%) offer comprehensive logis-
tics services (3PL), while 28.6% engage in self-managed
logistics (1PL), as shown in Figure 1.

14.3
1PL (First-Party Logistics)

28.6

m 3PL (Third-Party Logistics)
4PL (Fourth-Party Logistics)
2PL (Second-Party Logistics)

Figure 1. Distribution of companies
by type of logistics services, %
Source: compiled by the authors

Regarding staffing, 36.8% of companies employ more
than 100 drivers, indicating the presence of large vehicle
fleetsand asignificantvolumeoftransportationoperations.
At the same time, 37% of companies have up to 10 driv-
ers, which is typical for small operators. Another 13.3% of
companies maintain between 50 and 100 drivers, and 10%
have between 20 and 50 drivers. Only 2.9% of companies
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have between 10 and 20 drivers, representing the small-
est group. A detailed breakdown is presented in Figure 2.

o

2.9
13.3 37

Up to 10 people

More than 100 people

From 50 to 100 people

From 20 to 50 people
® From 10 to 20 people

Figure 2. Number of drivers, %
Source: compiled by the authors

Figure 2 illustrated the distribution of companies
according to the number of drivers they employed, em-
phasising the differing scales of operations within the
sector. Regarding employment forms, 54.3% of compa-
nies employ drivers permanently, while 34.3% combine
permanent and contract workers, and only 11.4% exclu-
sively use contract drivers. This indicates a trend toward
forming a stable workforce even in challenging economic
conditions. It is also noteworthy that 40% of companies
have a fleet of 50 to 200 vehicles, which correlates with the
high number of drivers. In terms of regional distribution,
more than half (51.4%) of the companies operate in Kyiv
and the Kyiv region, which provides them with access to
key transportation routes and large labour markets. Thus,
the logistics services market is characterised by a signifi-
cant concentration of resources in large companies with
more than 100 drivers, while maintaining flexibility due to
the presence of small providers with compact fleets and
a small workforce. The driver is a key link in the logistics
process, as they directly manage transportation opera-
tions under conditions of increased complexity and re-
sponsibility. The efficiency of the driver’s work determines
the preservation of assets for the logistics provider, which
is the main source of income for both the enterprise and
the industry as a whole. Managing driver personnel is a
complex task requiring a high level of professional compe-
tence, as each employee has individual characteristics and
requires a personalised approach (Khromushyna, 2023).
Taking this into account, the structure of the question-
naire was built around four key blocks: managing drivers
and their productivity, the attitude of logistics providers
towards drivers, the impact of martial law on driver per-
sonnel management processes, and the role of dispatch-
ers in organising and controlling the work of drivers. In
the section on managing drivers and their productivity,
the majority of companies (71.4%) always assign drivers
to specific vehicles, which promotes responsibility, while
80% rotate drivers on routes only, when necessary, which
is determined by fixed routes and sometimes client re-
quirements. The productivity tracking is mainly done
through GPS trackers 66.7%, and 33.3% of companies also
take client feedback into account, which highlights the
technological advancement of the industry (Fig. 3).

Bulletin of the National Transport University. 2025. Vol. 29, No. 2

Using GPS/tracker reports

m Through feedback from clients
and colleagues
Regular evaluations during
meetings
Not monitored

66.7

Figure 3. Forms of driver productivity tracking, %
Source: compiled by the authors

Driver training is conducted irregularly, as shown in
Figure 4. Only 70% of companies organise it when neces-
sary, focusing primarily on safety and cargo transporta-
tion rules, and driver participation in these sessions is rare
(17.1%). Insufficient attention to driver training can lead to
multiple negative consequences. First, it increases the risk
of traffic accidents due to inadequate knowledge of safe-
ty regulations and cargo handling procedures. Research
showed that undertrained drivers, both novice and profes-
sional, are more prone to accidents. Comprehensive driv-
er training programs have been shown to reduce accident
rates by up to 40%, while insufficient training increases risks
related to safety and cargo handling errors (The impact of
effective driver..., 2023). Second, inadequate training con-
tributes to inefficient logistics practices, including subopti-
mal route planning, higher fuel consumption, and poor ve-
hicle maintenance. Drivers lacking training in eco-driving
and best operational practices tend to drive less efficiently,
increasing fuel costs and emissions, as noted by Z. Zhang et
al. (2023). Third, the lack of regular training negatively af-
fects driver competence, job satisfaction, and staff reten-
tion. Insufficient training and limited support reduce mo-
tivation, lower performance, and increase turnover rates
(Wygal et al., 2021). Finally, inadequate training can result
in higher operational costs, increased insurance premi-
ums, and reputational risks for companies. Accidents and
operational errors due to poorly trained drivers raise ex-
penses and insurance claims, while effective training mit-
igates these risks (Mayhew & Simpson, 2022; IRU, 2025a).

Monthly or more frequently
Several times a year

Only as needed or in response to
new requirements

Figure 4. Frequency of organising driver training, %
Source: compiled by the authors

Regarding incentives, the majority of companies
(53.3%) reward drivers with additional financial pay-
ments, 30% use non-material incentives, 13.3% pro-
vide popular or material rewards, and 3.4% publicly



acknowledge achievements. Only 3.4% do not offer any
rewards, indicating a general trend towards incentivising
drivers, primarily financially, as shown in Figure 5.

Public recognition (honor board)

30 3.4
Additional financial rewards

m Gifts or other non-material

533 incentives

No rewards provided

Figure 5. Methods of rewarding drivers, %
Source: compiled by the authors

The study showed that logistics companies apply dif-
ferent approaches to driver management, but the con-
sistency and depth of these practices remain uneven.
Specifically, to resolve conflicts, 62.9% of companies pre-
fer individual meetings, while 31.4% hold group discus-
sions, highlighting a personalised approach. At the same
time, 66.7% of providers hold individual meetings with
drivers only as needed, while only 20% organise regular
meetings (Fig. 2), which may indicate a lack of systemat-
ic feedback. Such insufficient and irregular feedback can
lead to delayed identification of operational problems, re-
duced driver engagement, and lower motivation levels. In
the long term, the absence of structured communication
may negatively affect compliance with procedures, in-
crease the likelihood of repeated errors, and weaken trust
between drivers and management, ultimately reducing
overall logistics performance and service quality (Ahu-
chogu et al., 2024; Delgado & Manalo, 2025). Regarding the
management of personal records, 60% of companies limit
themselves to basic information, while only 20% maintain
detailed records, highlighting weaknesses in personnel
management. The absence of comprehensive personal
records creates a range of risks, including complicating
workforce planning, reducing the effectiveness of pro-
fessional development, hindering the integration of new
employees, and potentially contributing to higher staff
turnover and decreased employee loyalty.

Upon drivers’ requests

Only basic conditions are provided

The technical condition of vehicles is monitored
Comfortable working conditions are provided

0%

Figure 7. Ensuring the drivers'

Source: compiled by the authors

Figure 7 illustrated the extent to which logistics
companies ensure drivers’ work environment comfort,
career development opportunities, and the consider-
ation of driver feedback as key elements of personnel
management practices.
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20 Regularly (weekly/monthly)

As needed
Rarely

Never
66.7

Figure 6. Frequency of meetings with drivers, %
Source: compiled by the authors

Most companies (60%) focus primarily on the tech-
nical condition of vehicles as the key factor in ensuring
driver comfort, while 21% emphasise working condi-
tions, 20% provide only basic conditions, and 3.3% relate
comfort primarily to employment terms. This pattern
of responses indicates a predominance of a technical
approach to driver management, whereas social and
motivational aspects remain insufficiently developed.
Comparison with pre-war studies shows that the pre-
dominance of a technical approach to ensuring driver
comfort was already characteristic in earlier years. Ac-
cording to a survey by the European Business Associa-
tion, companies in Ukraine at that time already focused
on the technical condition of vehicles and infrastructure
aspects of logistics, while social and motivational fac-
tors, such as rest conditions or professional recognition,
received significantly less attention (Business assessed
the transport..., 2021). Similarly, in the international
context, the IRU (2021), based on a survey of over 4,700
companies in Europe, including Ukraine, indicated that
employers predominantly relied on technical solutions,
such as fleet modernisation and vehicle safety measures,
as the main way to retain staff, whereas issues related to
working and rest conditions were considered secondary.
Thus, the results of this 2025 study indicated that this
trend has persisted, despite the worsening driver short-
age and rising salaries in 2023-2025 (Hertseva, 2021).
Assessment of driver satisfaction also reveals gaps; only
30% of enterprises conduct regular surveys, whereas 60%
use this tool only after complaints have been received, as
shown in Figure 7.

3.3
20
60
70

10% 20% 30% 40% 50% 60% 70% 80%

work environment comfort

Career development opportunities are extremely lim-
ited. As shown in Figure 8, only 10% of companies devel-
op individual plans, and advancement to higher positions
is available in only 2 companies. Finally, the considera-
tion of driver feedback is partially systematised — 40% of
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companies do this regularly, while 5.7% ignore feedback
altogether, highlighting the need for improvement in
management practices within logistics providers.

Yes, for each employee

Only for selected drivers
with potential

No, such a practice does
not exist

Figure 8. Presence of individual development plans
for drivers, %
Source: compiled by the authors

The martial law has significantly impacted person-
nel management in logistics provider companies, causing
substantial changes in the workforce composition (80%)
and an increase in employee turnover (73.3%) compared
to the pre-war period (Fig. 9). Most companies do not re-
serve drivers from mobilisation, which exacerbates the
shortage, as 45.7% of companies have mobilised up to 5
drivers, and in some cases, the losses exceed 10 individ-
uals. To address the driver shortage, all 30 companies

Recruiting drivers from other countries
Using a fleet with a higher level of automation
Using contract drivers or outsourcing

Engaging women in driver positions

Engaging other categories of workers in auxiliary

roles (e.g., retirees, demobilized individuals, etc.)
0%

(89.7%) are taking measures, most often by involving other
categories of workers (26 companies, 89.7%), such as retir-
ees or demobilised individuals. The use of contract drivers
or outsourcing is employed by 34.5% (10 companies), and
51.7% (15 companies) involve women in driver roles. Only
6.9% (2 companies) use fleets with more automation, and
3.4% (1 company) employs drivers from other countries.
This indicates an active search for alternative personnel,
but low use of technological solutions, such as automa-
tion. A detailed breakdown of the data, including the spe-
cific measures taken by companies to address the driver
shortage and the distribution of strategies implemented,
is presented in Figure 10.

Significant changes

Moderate changes

No noticeable changes
80

Figure 9. The impact of martial law on the company’s
workforce, particularly on the number of drivers, %
Source: compiled by the authors

3.4

6.9
34.5
52

89.7

10% 20% 30% 40% 50% 60% 70% 80% 90 % 100%

Figure 10. Alternative measures due to the driver shortage

Source: compiled by the authors

Driver turnover in the transport and logistics sector in
Ukraine has increased significantly compared to the pre-
war period. Companies participating in survey included
those engaged in both domestic and international freight
transportation, aswell as passenger transport. According to
the survey results, 75.9% of respondents reported a signif-
icant increase in turnover, 17.2% reported a moderate in-
crease, and only6.9% indicated no change, reflectinga criti-
cal deterioration in workforce stability since 2022 (Fig. 11).

6.9

Significantly changed

Moderately changed

75.9 Not changed

Figure 11. Driver turnover variation since
the pre-war period, %
Source: compiled by the authors
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Before the full-scale invasion, driver turnover re-
mained moderate (10-30%), and the shortage of drivers
was less acute, mainly driven by the low attractiveness of
the profession and competition from abroad (IRU, 2021).
After 2022, the situation deteriorated sharply due to mobi-
lisation, workforce outflow, and an exacerbation of short-
ages. In different companies, driver vacancies account for
30-50% of staffing needs (IRU, 2024). When asked whether
drivers in their companies were granted deferrals, 79.9% of
respondents answered “no”, with only a small proportion
of companies able to reserve their drivers. In the current
unstable environment, ensuring that transport operators
can reserve at least 75% of drivers is critically important
to maintain continuity of transport operations and the
stable functioning of the economy (Petrovskyi, 2025).
An examination of alternative measures to address the
driver shortage in Ukraine reveals similarities between
the survey findings and the approaches reported in the
literature. In particular, the involvement of women is
associated with retraining initiatives, such as the “She



Drives” and “Reskilling Ukraine” projects, which prepare
women for employment as truck and bus drivers and
are supported by international organisations, includ-
ing USAID and UN Women. However, the scale of these
programs is limited (Zhabska, 2024; Skrypal, 2024). In
addition, retirees, demobilised individuals, youth, and
migrants from Asia and the Middle East are actively re-
cruited (How Ukraine is addressing..., 2025). State sup-
port includes reserving drivers from mobilisation, sim-
plifying foreign worker hiring procedures, and funding
training programs. To further reduce reliance on human
resources, automation and the use of robotic vehicles
are being considered (Lee et al., 2023; Driver shortage in
the transport..., 2024). Globally, full-scale commercial
autonomous truck operations are already underway: for
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example, Einride (n.d.) and Aurora (n.d.) operate Level
4 driverless trucks in the US and Europe, Kodiak (n.d.)
fleets on private routes, and Inceptio Technology (n.d.)
supplies hundreds of autonomous trucks in China. How-
ever, the economic situation in Ukraine, heavily affected
by the war, significantly limits the feasibility of large-scale
deployment of robotic transport: the high cost of technol-
ogy, weak infrastructure, and market instability currently
prevent widespread use of autonomous trucks. Therefore,
under the Ukrainian context, a more realistic and effec-
tive approach is to combine moderate automation with
managerial and organisational measures, as summarised
in Table 1, which can improve operational efficiency and
reduce dependence on human drivers even under chal-
lenging economic conditions.

Table 1. Technological and organisational solutions to mitigate the driver shortage in transport and logistics in Ukraine

Solution Operational efficiency Advantages Implementation
Automaticallv select optimal Implemented in Ukraine, Lardi-Trans is a
Y P Reduce empty mileage by logistics platform that integrates intelligent

routes, avoid congestion,
and suggest backhaul
loads, reducing idle time
and increasing driver
productivity

Al-based route
optimisation
platforms

20-30%, allow one driver
to perform more trips, and
lower fuel and operating
costs

data-driven tools for automating the matching
of freight and carriers, while providing
functionalities that support efficient route
planning and informed operational decision-
making

Several trucks move in a
convoy with coordinated
driving, enabling better rest
scheduling and shared route
management

Convoy (platooning)
or group
transportation

Enables longer routes with
fewer drivers and more
efficient use of driving and
rest time

Truck platooning and coordinated convoy
operations are recognised logistical practices
in global road freight transport, offering fuel

savings and improved efficiency through
connected vehicle technologies

Real-time monitoring,
automated planning,
maintenance alerts, and

Fleet management
and telematics

Reduce downtime and
increase operational

Wialon, developed by Gurtam and widely
used by logistics and transport companies in
Ukraine and worldwide, is a telematics and
fleet management platform that provides real-
time vehicle tracking, data-driven analytics,

the same working time

under workforce shortages

systems eco-driving practices efficiency by 15-25% - .
4 . § practice vy automated alerts, and maintenance planning
improve fleet utilisation e .
to enhance fleet utilisation and operational
efficiency
Pre-booked loading and . .
. o & Reduces idle time and
Time slot unloading time slots reduce . o . .
e congestion, improves Partially implemented in Ukraine by large
management waiting times at warehouses, - s - oo
- predictability of transport logistics operators and distribution centres;
systems at terminals, and border R . R X
. - - operations, and increases | widely used globally in ports, warehouses, and
warehouses and | crossings, allowing drivers to - . P - .
. ; S effective driver utilisation intermodal terminals
terminals complete more trips within

Partial vehicle
automation

Adaptive cruise control,
lane-keeping assistance, and
automatic braking reduce
driver fatigue on long-haul
routes

Improve safety and allow
more efficient use of driver
working hours without
regulatory violations

Ukraine uses advanced driver assistance
systems (ADAS), including adaptive cruise
control and lane keeping systems, while fully
autonomous commercial transport has not yet
been introduced

Electric and hybrid
trucks with reduced
maintenance needs

Fewer maintenance stops
and smoother driving
conditions reduce delays

Lower fuel costs, reduced
downtime, and higher
operational resilience

Pilot projects in Ukraine. The introduction of
electric vehicles by Nova Poshta is seen as the
next step in the transition to environmentally

and driver fatigue

sustainable logistics solutions

Source: compiled by the authors based on P. Viktor & A. Szeghegyi (2022), H. Atasayar et al. (2022), L. Mauler et al. (2022), Autonomous
driving: How close... (2024), A. Bykova (2024), I. Blyzniuk (2024), O. Bilonoh et al. (2025), Navigating 2025 fleet management... (2025),

Lardi-trans (n.d.)

Table 1 demonstrated that a combination of tech-
nological and organisational solutions — ranging from
Al-based route optimisation and fleet telematics to time
slot management and partial vehicle automation - sig-
nificantly mitigated the driver shortage in Ukraine by

improving operational efficiency, reducing idle time, and
enhancing driver productivity. The evidence suggested
that implementing these measures, many of which had
already been partially adopted locally, optimised resource
utilisation while lowering costs and supported safer,
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more sustainable logistics operations. Other research-
ers, including G. Gowans (2024) and E. Kulisch (2025),
have also highlighted the impact of the war in Ukraine
on the labour shortage in the European trucking sector.
The return of Ukrainian drivers due to mobilisation has
exacerbated labour shortages in countries such as Po-
land, Slovakia, and Hungary. To address these problems,
European policy measures include the temporary lifting
of visa requirements, the simplification of regulations
for drivers, and measures aimed at expanding the labour
force by attracting women and young people to the pro-
fession (Ukraine businesses hire more women..., 2024).
The European experience may be adapted to Ukraine;
however, its implementation necessitates comprehensive,
region-specific measures. To increase the applied value
of the study, the integration of European experience into
Ukrainian realities should be approached not as a direct
transfer of institutional models, but as their contextual
adaptation to wartime constraints and pronounced re-
gional disparities. In particular, European practices of at-
tracting foreign drivers may be implemented in Ukraine
through targeted bilateral agreements with neighbouring
and partner countries, focusing on short-term and circu-
lar labour migration schemes that address immediate la-
bour shortages while minimising long-term demograph-
ic risks. Given the limited administrative capacity of the
state during wartime, visa and work permit procedures
for drivers should be simplified and partially digitalised,
while maintaining mandatory registration, tax compli-
ance, and access to basic social protection mechanisms,
as mentioned by A. Radziukevich (2023). Furthermore,
the European approach to expanding the labour pool by
involving women and young people is especially relevant
for Ukraine under conditions of demographic losses and
large-scale mobilisation. Its practical implementation
requires state-supported vocational training programs,
subsidised access to driving licenses, and financial incen-
tives for transport companies employing representatives
of these groups. At the same time, European experience
demonstrates that such measures are effective only when
accompanied by improvements in working conditions,
including predictable work schedules, modern and safer
vehicles, and supporting social infrastructure, which are
critical for retaining non-traditional workforce groups in
the freight transport sector (EURES, 2025; Driver shortage
in transport..., 2025).

At the institutional level, the adaptation of European
experience should also account for the risks associated
with excessive liberalisation. In several European coun-
tries, insufficient labour protection has led to a deterio-
ration in job quality and long-term workforce instability.
A. AlTalhoni et al. (2025) observed that under conditions of
wartime uncertainty, these risks are amplified in Ukraine,
which necessitates the establishment of minimum stand-
ards for drivers’ remuneration, guaranteed rest periods,
and access to medical insurance and social protection,
even within simplified or temporary employment frame-
works. In addition, the driver reservation mechanism plays
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a key role in stabilising the transport and logistics sector,
as it enables the preservation of critically important per-
sonnel and ensures greater predictability of logistics op-
erations under mobilisation pressure. Complementary
technological measures, such as partial automation, fleet
renewal, and the implementation of driver assistance
systems, can reduce physical workload and professional
burnout, thereby expanding access to the profession for
demobilised military personnel, older workers, as well
as women and youth (PrePass Alliance, 2024a; 2024b).
Finally, the effective integration of European practices
requires a differentiated regional approach, as the scale
of labour shortages and logistics flows varies significant-
ly across regions of Ukraine. Regional authorities, in co-
operation with business associations and international
partners, can pilot flexible recruitment models, develop
training hubs, and implement monitoring systems, with
subsequent scaling of successful solutions to the nation-
al level (EURES, 2025). In summary, addressing the driv-
er shortage in Ukraine requires a multifaceted approach
that combines technological innovations, organisational
measures, and contextual adaptation of European labour
practices to wartime and regional conditions. Effective
implementation depends on simplified administrative
procedures, targeted workforce expansion, improved
working conditions, and regional pilot programmes, en-
suring both immediate operational efficiency and long-
term sectoral stability.

Conclusions
A survey of logistics companies revealed that martial law
significantly impacted driver management, causing issues
such as a major personnel shortage due to mobilisation
(an average of 5 drivers per company) and high turnover
(74.3% of companies). Other challenges include insuffi-
cient training (68.6% provide training only as needed),
limited career growth (only 8.6% have individual plans),
low automation (6.9%), and inadequate comfort (23.3%
offer only basic conditions). Companies are adapting by
assigning drivers to specific vehicles (71.4%), using GPS
trackers (60%), and recruiting alternative staff (89.7%).
However, most measures are reactive and short-term,
focused on maintaining operations rather than building
a sustainable HR management system during the crisis.
The lack of a systematic approach to training, motivation,
and technology hinders the improvement of personnel
management efficiency, which requires more structured
and technological solutions. Insufficient attention to reg-
ular feedback, driver satisfaction assessments, and the
socio-psychological aspects of work negatively impacts
employee engagement, loyalty, and long-term retention,
exacerbating staff shortages and turnover. It is therefore
proposed to involve drivers more actively, conduct sys-
tematic training, and implement regular programmes fo-
cused on safety and efficiency, involving drivers in their
creation, as 10% of companies do. Such involvement not
only increases the relevance of the training content but
also strengthens drivers’ motivation and responsibility



for operational results. For career development, it is rec-
ommended to create individual plans for 30% of drivers,
including non-monetary incentives, as well as invest in
automation, particularly in GPS technologies and the
gradual implementation of automated fleets (for exam-
ple, GPS trackers are already used by 60% of companies),
increasing their share from 6.9% to 15-20%. Combining
partial automation with organisational and managerial
improvements is considered the most realistic and eco-
nomically viable strategy for Ukrainian logistics operators
in the current environment. To ensure comfort, it is neces-
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survey of drivers is planned to understand their views on
staff shortages, working conditions, and potential mecha-
nisms for improvement. The collected data can serve as a
foundation for future research aimed at developing prac-
tical measures to enhance job satisfaction, motivation,
and efficiency, including tailored training programmes,
non-monetary incentive systems, initiatives to improve
social and psychological working conditions, and priori-
ties for workplace comfort and safety.
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AHOTAUifA. ¥V cTaTTi mocaimkeHO MpoOJieMy YOpaBJiHHSA HEPCOHAJIOM BOAIIB B YKPAiHCHKUX JIOTICTUYHHUX
KOMIIaHifAX, 10 € 0COOJIMBO aKTyaJIbHOIO B yMOBaX IOBHOMACIITA0HOI BilHY, AKa CIPUYMHNIA 3HAYHUH Jedinur
po6o4oi cuin, 30KkpeMa cepeq BomiiB (25-30 % y BaHTa)KHUX Ta MaCa’KUPCHKUX MepeBe3eHHsX). BoeHHUN craH,
MoOiTi3artisi, Mirpaiis Ta 3MiHU B pUHKOBHUX BUMOTaX 3arOCTPUJIH TPOOJIEMU [IJIs1 TOTiCTUYHOTO CEKTOPY, 0 TOTpedye
IepeoCMUCIIEHHSA cTparerili ynpasJliHHA nepcoHasoM. O6’eKTOM JOCiKeHHs OyB IPOIleC YIPaBJIiHHA IepCOHAIOM
BO/IiiB B JIOTICTUYHHX KOMITaHisIX Y YMOBaX eKOHOMi4YHOI HecTabibHOCTI. MeTor0 CTaTTi 6y/10 BUSHAYUTH OTOYHUMI
CTaH yNIpaBJ/liHHA IEPCOHAJIOM BOJiiB B YKPaiHChKUX JIOTICTUYHUX KOMIIaHifIX 32 YMOB BOEHHOTO CTaHY, BUSBUTU
BiAmoBinHI Mpobsemu, TeHeHNiT Ta BUKINKY B Lill cdepi Ta chopMysioBaTy HAIPAMKY YIOCKOHATIEHHS KaJApPOBOi
TOJIITUKY B JIOTICTUYHUX KOMITIaHisAX 3 METOIO MiABUIIEHHS iX ONlepaTUBHOI e(heKTUBHOCTI. MeTogaMu JOCTiIKeHHST
OyIu aHATITUYHHUHN, CTaTUCTUYHUMN, aOCTPaKTHO-JIOTIYHUI Ta METOOW ONUTYBaHHA. Y pe3yJsTaTi JOCTilKeHHS
OyJii BUsIBJIEHI OCHOBHI Tp06JIeMHU YIIPABJIiHHS IIEPCOHAJIOM BOJAIIB: 3HAYHUM AedinuT KagpiB yepe3 Mobimisario
(B cepenHbOMY 10 5 BOJIiiB HA KOMITaHi0), BUCOKA IIMHHICTH KaApiB (74,3 % KoMIaHii), HeopraHisoBaHe HaBYaHHs
(68,6 % HamarOTh HaBYAHHS JIHMIIE 3a HEOOXiIHOCTi), 0OMe)keHi MOKIMBOCTI Kap'€pHOTO 3pocTaHHsA (nuile 8,6 %
MaloTh iHAWBiAya/IbHI IIJIaHN), HU3BKUH piBeHb aBTOMaru3artii (6,9 %) Ta HepiBHOMIipHI yM0BU KoMdopTy (23,3 %
HaJIaloTh JiuIlle 6a30Bi yMOBH). VY TOH ke Yac KOMIIaHil akKTUBHO aJalTYIOThCs, 3aKPillII0I0uM BOJIIB 32 KOHKPETHUMU
TpaHcnopTHUMH 3acobamu (71,4 %), BUKopucToByour GPS-TpekepH A/1s1 MOHITOPUHTY poboTH (60 %) Ta 3a/Iydyadu
aJIETepHATUBHI KaTeropil mpaniBHUKIB (89,7 %). Peaynbraru JOCTiIKeHHA MOKYTh Oy T BUKOPUCTaHi /11 pO3p06KHU
peKoMeHAaIlii 11010 TOKpaIlleHHsI YIPaBJIiHChKUX MPOLIECIB Y JIOTICTUIHUX KOMIIAHIsIX, IO JO3BOJUTE €(heKTUBHO
aJanTyBaTHUCs 10 eKOHOMIYHOI HecTabiIbHOCTI Ta KPU30BUX CUTYAIil
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Abstract. The article examined the potential for enhancing the production and operational systems of electric
vehicles through the implementation of an innovative, standardised modular approach to battery replacement and
charging. The study focused on passenger electric cars and electric buses used in urban and intercity transportation,
which are equipped with lithium-ion battery systems. Particular attention was given to the systemic limitations of
existing electric vehicle infrastructure, including long charging times, the lack of battery and connector standardisation,
high production and maintenance costs, and their adverse effects on the widespread adoption of electric mobility
solutions. The aim of the study was to develop and substantiate a unified modular model for battery replacement
and charging, designed to reduce vehicle downtime and improve operational efficiency. The research methodology
incorporated system and comparative analysis, statistical methods, and graphical modelling to investigate modular
battery architectures and infrastructure standardisation, alongside an environmental impact assessment comparing
electric vehicles with internal combustion vehicles. The study drew on scientific literature, reports from international
organisations (International Energy Agency, International Renewable Energy Agency, Organisation for Economic Co-
operation and Development, World Health Organization), statistical databases, regulatory documents, and open-access
industry sources. The findings confirmed that vehicles with internal combustion engines are significant sources of
CO,, NO,, and fine particulate matter emissions, contributing to climate change, air pollution, and the deterioration
of public health. In contrast, electric vehicles demonstrate a substantially lower environmental impact, higher energy
efficiency, and reduced maintenance costs. Based on the analysis, a unified modular battery replacement system was
proposed, which facilitates rapid energy replenishment, enhances interoperability, reduces infrastructure costs, and
fosters the development of a sustainable electric mobility ecosystem. The study concluded that the lack of sufficient
standardisation in battery systems and charging infrastructure hinders large-scale electric vehicle adoption, whereas a
modular and unified vehicle architecture substantially reduces downtime and improves manufacturing flexibility and
infrastructure scalability

Keywords: environmental concerns; charging infrastructure; economic efficiency; maintenance costs; electric
mobility

Introduction
Road transport is a major source of environmental pollu-  economic benefits over ICE-powered transportation due
tion from internal combustion engine emissions, making  to the absence of harmful emissions. However, the com-
the adoption of zero-emission electric vehicles a key mit-  plete shift to electric mobility is currently hindered by
igation measure. One effective approach is the adoption  several financial and logistical challenges. At present,
of electric vehicles, which offer both environmental and electric vehicles remain expensive, require lengthy battery
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charging times, and suffer from a lack of widespread in-
frastructure for charging and maintenance. As a result,
they are rarely employed in long-distance or international
freight and passenger transport (Senn, 2023). As noted by
A.R. Mesquita et al. (2025), although rapid charging tech-
nology is available, it is still cost-prohibitive and more
expensive per mile compared to ICE vehicles, prompt-
ing commercial transport operators to continue relying
on traditional combustion engines. This problem can be
solved by applying an innovative method of manufactur-
ing and operating unified batteries for electric vehicles.
This will significantly reduce the cost of new electric cars,
speed up charging and battery replacement, reduce op-
erating costs, and finally allow the use of electric buses
and electric trucks in international and intercity trans-
portation. Z. Liu et al. (2023) emphasised that modern
rechargeable batteries constitute the core of electric ve-
hicles (EVs), and their continuous improvement is critical
for enhancing energy efficiency and minimising environ-
mental impact. This research focused on reducing de-
pendence on scarce and geopolitically sensitive materials,
particularly cobalt, whose extraction is associated with
significant environmental and ethical concerns. Z. Liu et
al. demonstrated that partial substitution of cobalt in
cathode materials with more abundant transition metals
can preserve electrochemical stability and energy density
while improving sustainability. E Chen (2025) underlined
that cobalt-free and nickel-free cathode materials, includ-
ing organic and lithium iron phosphate (LFP) chemistries,
can deliver competitive performance with substantially
reduced environmental and supply-chain risks. E Chen
confirmed that organic cathode materials are capable of
fast charging and stable cycling without relying on critical
metals. These findings support a broader transition to-
ward material-efficient battery chemistries. Long-term re-
source-demand modelling conducted by O.J. Oluwalana &
K. Grzesik (2025) further underscored the urgency of such
transitions, as quantitative assessments of global battery
material flows projected substantial increases in demand
for lithium, nickel, cobalt, and graphite, thereby highlight-
ing the critical importance of supply chain diversification
and recycling-based mitigation strategies. Advances in
solid-state battery technology are also considered central
to the future development of EVs. Solid-state batteries of-
fer the potential for higher energy density, improved safe-
ty, and shorter charging times; however, they remain con-
strained by challenges related to interfacial stability and
scalable electrolyte materials. A comprehensive scientific
review synthesising experimental and modelling results
identifies these barriers as the primary obstacles to com-
mercial deployment, as observed by A. Joshi et al. (2025).
According to J. Husmann et al. (2024), despite progress in
battery chemistry, EV manufacturing remains energy-in-
tensive and contributes to life-cycle carbon emissions.
Life-cycle assessment studies indicate that integrating
renewable energy sources into battery and vehicle pro-
duction, combined with increased use of recycled mate-
rials, can significantly reduce greenhouse-gas emissions
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relative to conventional automotive manufacturing. An-
other major barrier to widespread EV adoption is the lim-
ited availability of fast-charging infrastructure. High-pow-
er fast-charging stations can substantially reduce charging
times while improving accessibility, provided that grid in-
tegration and load management are adequately addressed
(ChargerIGS, 2025). Y.A. Alhazmi (2025) argued the role of
modular charging architectures and battery-swapping
systems in alleviating grid stress and enhancing opera-
tional flexibility, particularly for public and commercial
vehicle fleets. According to estimates K.L. Pedersen er
al. (2025) integrating EVs into smart-grid systems fur-
ther enhances energy efficiency by enabling bidirection-
al power flows and vehicle-to-grid services, allowing EVs
to function as distributed energy-storage units that sup-
port renewable-energy balancing and grid stability. Col-
lectively, advances in battery chemistry, manufacturing
practices, charging infrastructure, and recycling technol-
ogies contribute to the formation of a more resilient and
environmentally efficient electric mobility system, which
is essential for reducing the ecological footprint of the
transportation sector. The purpose of this research was
to formulate and validate a modular approach to battery
replacement and charging in order to decrease vehicle
downtime and increase operational effectiveness.

Materials and Methods
The object of the research was the electric transport de-
velopment system, encompassing EVs and electric buses,
examined in the context of the implementation of ad-
vanced battery technologies and charging infrastructure.
The subject of the research comprised the technological,
economic, and organisational aspects of battery use, in-
cluding standardisation, modular charging solutions, and
battery swapping systems, as well as their impact on the
efficiency and sustainable development of the transport
sector. The methodological framework of the research was
based on systemic and structural-functional approaches,
which made it possible to conceptualise electric transport
as a complex socio-technical system characterised by mul-
tilevel interactions among technologies, infrastructure,
and market conditions. The assessment of the advantages
and potential risks associated with the implementation
of electric transport was grounded in a comprehensive
analysis of scientific publications, peer-reviewed journal
articles, monographs, and analytical reviews, including
the works of R. Jiang et al. (2025), A. Mdallal et al. (2025),
and A. Temporelli et al. (2020). The source base also in-
cluded reports of international organisations, regulatory
documents, academic studies, and statistical data related
to environmental standards, the impact of electric trans-
port on public health, and the economic benefits of EVs,
notably materials published by the International Energy
Agency (IEA, 2025a; 2025b) and International Renewa-
ble Energy Agency (IRENA, 2024). Data from the World
Health Organisation (WHO, 2024) were used to assess the
effects of ambient air quality on human health. The study
further applied a comparative analysis of Ukrainian and
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international experiences in the implementation of elec-
tric transport solutions, with particular attention to the
practices of the European Union, Japan, South Korea and
others. This approach enabled the identification of com-
mon patterns and key differences in the development of
charging infrastructure and the deployment of battery
technologies. To assess future development prospects,
prognostic analysis was employed, based on the synthesis
of data from international organisations and recent scien-
tific studies, which facilitated the identification of poten-
tial development scenarios for electric mobility. Given that
the article contains a substantial amount of graphical ma-
terial, the data visualisation method was applied to present
trends in electric transport development, battery technol-
ogy structures, and comparative performance indicators.

Results and Discussion
EVs play a pivotal role in mitigating environmental im-
pacts by substantially reducing greenhouse gas emissions
and facilitating the global transition towards sustaina-
ble development. Continuous advancements in battery
technologies are critical for enhancing energy efficiency,
reducing production costs, and extending battery service
life. Moreover, the development of the EV ecosystem con-
tributes to economic growth by creating new employment
opportunities, stimulating technological innovation, and
accelerating the expansion of charging infrastructure.
Collectively, these factors improve the accessibility and
affordability of EVs, reduce dependence on fossil fuels,
and support the formation of a resilient and sustainable
energy system. In light of the rapid growth in EV adoption
and the persistent challenges associated with large-scale
deployment, this field remains highly relevant for both ac-
ademic research and practical implementation. However,
air pollution (particularly urban smog) continues to pose
significant environmental and public health challenges in
large metropolitan areas. Emissions from internal com-
bustion engines release considerable amounts of nitro-
gen oxides, carbon monoxide, and fine particulate matter,
which are key constituents of urban smog (IEA, 2025a).
Under unfavourable meteorological conditions, these pol-
lutants accumulate, thereby intensifying smog formation.
Elevated concentrations of particulate matter (PM..s), ni-
trogen oxides, and ground-level ozone are associated with
increased incidence of respiratory and cardiovascular
diseases (Fig. 1). Figure 1 indicated that the highest lev-
els of carbon dioxide emissions are attributable to major
emitting countries, notably China, the United States, and
India. The findings underscored the urgent need for effec-
tive measures aimed at reducing harmful emissions into
the environment. Among the viable strategies for address-
ing this challenge, the electrification of various modes of
transport is widely recognised as a key pathway towards
emission reduction. Meanwhile, air pollution resulting
from ICE use continues to be a major environmental issue
in metropolitan and industrial zones. The environmental
hazards linked to ICE vehicles stem from the release of
several toxic substances during the combustion of fossil
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fuels. Although industrial activity is a leading source of
pollution, wealthier nations often shift manufacturing fa-
cilities away from populated areas or even beyond nation-
al borders. However, one pollution source that cannot be
relocated is road transport. In fact, the more affluent and
densely populated a country is, the greater the concentra-
tion of transport-related emissions.

CO,
emissions

china [N 2024 1139%s8
united States || NN 5057

India 2.8296

Russia [ 15522
Japan - 1.053,8
Indonesia - 788,9
iran [ se0.7
Germany [ 65560
Saudi Arabia [l 66250
South Korea [JII 600.4
canada [l 513
Tiirkiye [ 4387
Australia [JJi] 4006
Vietnam - 338,0

Figure 1. The countries
with the most CO, emissions in the world
Source: Annual CO, emissions (2025), [EA (2025a)

The key environmental concerns associated with ICE
vehicle use include:

1. CO, emissions and climate change. The burning
of gasoline, diesel, and natural gas releases substantial
amounts of carbon dioxide — a leading greenhouse gas.
ICE vehicles are among the primary contributors to trans-
portation-related CO, emissions. The increasing atmos-
pheric concentration of CO, intensifies the greenhouse
effect, accelerates climate change, and negatively impacts
ecosystems, public health, and can even trigger extreme
weather events.

2. NO, emissions. Nitrogen oxides, formed during the
combustion process, are highly harmful air pollutants.
These gases irritate the respiratory system and may lead
to asthma and other pulmonary conditions. NO, also con-
tributes to ground-level ozone formation, which harms
both human health and plant life.

3. CO pollution. Carbon monoxide is a toxic gas result-
ing from incomplete fuel combustion. It disrupts oxygen
delivery in the bloodstream by binding to hemoglobin,
posing serious health risks, particularly in congested ur-
ban areas where CO levels often exceed safe limits.

4. Particulate matter and soot. Internal combustion
engines — particularly diesel-powered ones — generate
particulate matter (PM,, and PM, ) capable of penetrating
deep into the lungs and even entering the bloodstream.



Long-term exposure to these microscopic particles is
linked to an increased risk of respiratory and cardiovas-
cular diseases, as well as certain types of cancer. Further-
more, fine soot particles settle on urban infrastructure,
vegetation, and water bodies, causing widespread envi-
ronmental degradation.

5. Moving beyond ICEs: alternatives and the future
of sustainable transport. In light of tighter environmental
regulations, many nations and automotive companies are
turning to alternative propulsion technologies, such as
electric and hydrogen-powered vehicles. Innovations in fu-
el-efficient vehicle design and the expansion of charging in-
frastructure reflect the global effort to combat air pollution
and support the shift toward cleaner mobility solutions.

Adopting alternative energy sources in the transpor-
tation sector not only reduces emissions but also contrib-
utes positively to public health and improves the environ-
mental quality of urban areas. The growing appeal of EVs
stems from their ecological advantages, lower operating
costs, and ongoing technological advancements. EVs offer
a variety of features that enhance comfort, safety, and user
experience (Fig. 2). EVs are highly eco-friendly, as they do
not emit tailpipe gases such as CO,, nitrogen oxides, or
particulate matter, making them considerably more en-
vironmentally friendly than conventional vehicles. They
also offer lower maintenance costs. With fewer moving
parts, EVs require servicing far less frequently. Instead of
regular oil changes or filter replacements, maintenance
typically involves basic inspections, saving both time and
money for owners. Another advantage is improved energy
efficiency. EVs consume energy far more efficiently than
internal combustion engine vehicles, partly thanks to re-
generative braking systems that convert kinetic energy
into electricity to recharge the battery. In addition, EVs
provide rapid acceleration and quiet operation. Electric
motors deliver torque instantly, enabling swift accelera-
tion, while their minimal noise levels make the ride more
peaceful and enjoyable for both drivers and passengers.

Support of
modern

technologies )
SRS

Fast dynamics |
and lower noise
levels

& possibilities "W

&

@

of electric vehicles
Energy |
efficiency '

Figure 2. Features and benefits of EVs
Source: developed by the author

Figure 2 presents an infographic outlining the main
capabilities and benefits of EVs. It emphasises several key
aspects. Firstly, EVs offer fast dynamics and reduced noise
levels. Their electric motors deliver high torque from the
outset, ensuring smooth and quiet operation. Secondly,
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they promote environmental purity. The absence of ex-
haust emissions helps to decrease air pollution and im-
prove environmental conditions, particularly in urban ar-
eas. Thirdly, EVs demonstrate superior energy efficiency.
Their motors operate with significantly higher efficiency
than internal combustion engines, losing less energy dur-
ing use. Fourthly, maintenance costs are lower. With fewer
moving parts, EVs require servicing less frequently, which
reduces both time and financial expenditure. Finally, EVs
support modern technologies. They incorporate advanced
digital, automated, and connected systems, enhancing
overall comfort and functionality for drivers and passen-
gers. Overall, the infographic in Figure 2 concisely demon-
strates the main technological, environmental, and eco-
nomic advantages of EVs, highlighting their potential as a
promising direction for the future of transportation. Many
contemporary EVs incorporate a wide range of advanced
digital features that enhance safety, functionality, and user
convenience. For example, Tesla vehicles support exten-
sive over-the-air (OTA) software update systems, allowing
new functions and performance improvements to be in-
stalled remotely via the vehicle interface or mobile appli-
cation (Rawal, 2025). Audi similarly offers its “Functions
on Demand” platform, enabling the activation of addi-
tional software-based capabilities without requiring hard-
ware modifications (The future of automotive technolo-
gy..., 2023). Another example is the Xiaomi SU7 (2024),
which integrates the Xiaomi Pilot/Hyper Automated
Driving (HAD) autonomous system. This system relies on
continuous OTA updates to refine automated navigation,
improve sensor performance, and extend Al-driven driv-
ing functionalities. Together, these examples illustrate the
increasing reliance of modern EVs on cloud connectivity,
remote diagnostics, and continuously evolving software
ecosystems. EVs have emerged as a vital tool in the global
effort to combat smog and reduce greenhouse gas emis-
sions. Various types of EVs are available, each offering dis-
tinct features, benefits, and potential limitations (Fig. 3).

HEV PHEV BEV REEV FCEV
r]i |]4 et b e
HH
1]
EE
1) i) = I
GASOLINE ANSALINE OR ELECTRICITY ELECTRICITY HYDROGEN
ELECTRICITY
® ¢ © o o

Figure 3. Types of EVs
Note: HEV - Hybrid Electric Vehicle; PHEV - Plug-in Hybrid Elec-
tric Vehicle; BEV - Battery Electric Vehicle; REEV — Range-Extend-
ed Electric Vehicle; FCEV - Fuel Cell Electric Vehicle
Source: developed by the author based on A complete guide to
the types... (2024)
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Figure 3 provided a comparative schematic rep-
resentation of the main types of EVs, illustrating differenc-
es in their power sources, energy storage systems, and pro-
pulsion architectures. The HEV (Hybrid Electric Vehicle)
combines an internal combustion engine with an electric
motor, allowing limited electric assistance without exter-
nal charging. The PHEV (Plug-in Hybrid Electric Vehicle)
operates similarly but includes a larger battery that can be
charged from the electrical grid, enabling extended elec-
tric-only driving. The BEV (Battery Electric Vehicle) relies
exclusively on battery-stored electricity and includes no
combustion engine, representing the fully electric drive-
train. The REEV (Range-Extended Electric Vehicle) primar-
ily uses an electric motor for propulsion but incorporates
a small combustion engine functioning solely as a gener-
ator to recharge the battery and extend driving range. Fi-
nally, the FCEV (Fuel Cell Electric Vehicle) uses hydrogen
stored onboard to generate electricity through a fuel-cell
system, supplying continuous power to the electric motor.

Overall, the Figure 3 visually demonstrates the tech-
nological diversity of electric mobility solutions, high-
lighting their varying degrees of electrification, reliance on
external charging, and use of alternative energy sources.
EVs play a vital role in reducing environmental pollution
and promoting sustainable development by significantly
cutting greenhouse gas emissions. Battery improvement is
a key factor in increasing energy efficiency, lowering pro-
duction costs, and extending lifespan. EV development
also stimulates economic growth by creating jobs, advanc-
ing technologies, and expanding charging infrastructure,
thereby improving accessibility and reducing dependence
on fossil fuels. These dynamics make EVs a crucial subject
for ongoing research and implementation. Internal com-
bustion engine (ICE) vehicles remain a primary source of
air pollution in urban and industrial areas, emitting sub-
stances like CO,, NO,, and particulate matter that con-
tribute to smog, respiratory issues, and climate change.

Internal combustion engines create several environ-
mental and health challenges. They emit large quantities
of CO,, which significantly contributes to global warming.
Emissions of NO, negatively affect respiratory health and
facilitate the formation of ground-level ozone. CO poses
risks to human health by disrupting the body’s ability to
transport oxygen. Additionally, particulate matter and
soot increase the likelihood of cardiovascular diseases
and accumulate on urban surfaces and infrastructure.
These environmental burdens have accelerated the glob-
al movement toward green transport solutions, strength-
ened by increasingly strict emission standards and the
rapid development of electric and hydrogen-powered ve-
hicles. EVs offer several key advantages compared to con-
ventional ICE-powered cars. They produce zero tailpipe
emissions, eliminating harmful pollutants during opera-
tion. EVs also require lower maintenance, as they contain
fewer mechanical components susceptible to wear. Their
high energy efficiency, supported by regenerative braking,
allows more effective use of stored electrical energy. The
electric motor lifespan tends to be longer due to reduced
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mechanical friction and fewer moving parts. EVs operate
quietly, thus helping decrease noise pollution in urban en-
vironments. The instantaneous availability of torque en-
ables rapid acceleration and improved driving dynamics.
Modern EVs also incorporate advanced technological fea-
tures, including autopilot systems, remote vehicle access,
and comprehensive mobile app integration.

EVs can be classified into several technological cate-
gories. BEVs operate exclusively on electrical energy stored
in batteries; examples include the Tesla Model S and the
Nissan Leaf. HEVs combine a traditional internal combus-
tion engine with an electric motor, as seen in the Toyota
Prius. PHEVs use both electric and combustion propul-
sion and can be externally charged from the electric grid;
a prominent example is the Mitsubishi Outlander PHEV.
FCEVs generate electricity using hydrogen as a fuel source;
the Toyota Mirai is a widely known representative of this
category. Hydrogen-powered vehicles present a mix of ad-
vantages and disadvantages. On the positive side, they pro-
duce zero harmful emissions, releasing only water vapour
as a byproduct, which makes them highly environmental-
ly friendly. They also allow for rapid refuelling, typically
taking only three to five minutes, and offer a substantial
driving range of around 500-800 km. Additionally, hydro-
gen systems do not depend on scarce metals and perform
better than conventional engines in cold climates. How-
ever, their widespread adoption faces several challenges.
The refuelling infrastructure is still limited in most parts
of the world. Producing hydrogen is expensive and often
energy-intensive. Fuel cells require costly materials, and
safety concerns remain due to the high flammability of
hydrogen, which complicates storage and handling. Bat-
tery Technologies play a pivotal role in determining the
performance, safety, and environmental impact of EVs.
Lithium-ion batteries dominate the EV market due to their
high energy density, fast-charging capability, and relatively
long service life. These qualities allow EVs to travel longer
distances and recharge more quickly, making them highly
practical for everyday use. Nevertheless, lithium-ion bat-
teries remain expensive, pose thermal safety risks, and
raise environmental concerns, particularly in relation to
the mining of raw materials and the challenges of recy-
cling at the end of their lifespan. Solid-state batteries are
emerging as a promising alternative, offering even higher
energy density, improved operational safety, and a longer
lifespan. Despite their potential, widespread adoption
is hindered by high manufacturing costs and significant
technological challenges associated with mass produc-
tion. Other battery technologies are also gaining attention.
Sodium-ion batteries offer a more affordable and envi-
ronmentally friendly option, though their energy density
is lower than that of lithium-based batteries. LFP batteries
are recognised for their stability and safety, making them a
reliable choice, but they typically provide a slightly short-
er driving range compared to high-nickel lithium chemis-
tries. Together, these developments illustrate the ongoing
evolution of battery technology and the trade-offs between
cost, performance, safety, and environmental impact.



Future developments in electric mobility were ex-
pected to prioritise increases in battery energy density,
reductions in production and lifecycle costs, and the di-
versification of complementary low-carbon energy tech-
nologies, including hydrogen-based systems. Emerging
innovations, such as rechargeable liquid electrolyte bat-
teries and next-generation solid-state energy storage
technologies, were anticipated to enhance the operational
performance, energy efficiency, and user convenience of
EVs. Collectively, these technological advances were pro-
jected to strengthen the competitiveness of EVs relative to
conventional internal combustion engine vehicles, there-
by accelerating their integration into the global transport
system (Fig. 4).

The main areas of improvement
production and operation of
electric vehicles

Home
charging solutions

Automated
diagnostics

Digital technologics
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experience
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of battery charging
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battery
replacement system
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charging connectors

Smart charging
systems

Home
charging

Figure 4. Main areas of improvement
in the production and operation of EVs
Source: developed by the author

Figure 4 demonstrated a structured overview of the
main directions for improving the engineering solutions
and operational characteristics of modern EVs is present-
ed. All development vectors are grouped into two tech-
nical categories: on-board technological systems and
infrastructure- and lifecycle-related improvements. The
left column illustrates areas directly related to the vehi-
cle’s internal systems, including automated diagnostics,
digital user-interface technologies, lightweight structural
design, optimisation of performance parameters, and the
implementation of smart charging algorithms. The right
column highlights external and system-level enhance-
ments, such as home charging solutions, the expansion
of charging infrastructure, battery recycling and disposal
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processes, advanced battery replacement mechanisms,
modular vehicle architectures, and the standardisation
of charging connectors. The implementation of a unified
modular system for the factory production, operation,
and replacement of EV battery packs constituted a com-
plex, multifaceted undertaking that required the system-
atic resolution of organisational, technical, technological,
and economic challenges. A central prerequisite for such a
system was the harmonisation of components and techni-
cal standards across manufacturers and platforms. Battery
unification, in particular, involved the standardisation of
battery dimensions, interfaces, and connection protocols,
which enabled joint manufacturing, economies of scale,
and simplified maintenance and replacement proce-
dures. For instance, the development of standardised bat-
tery modules applicable across multiple vehicle models
increased production flexibility, reduced unit costs, and
facilitated more efficient lifecycle management of battery
systems (Fig. 5).

Electrocar Battery Module

Figure 5. Using the modular principle of sectional
production, operation and replacement
of consumer batteries and EV batteries
Source: developed by the author

Figure 5 illustrated a comparative representation of
battery technologies, combining two visual components.
The left section shows a standardised line-up of conven-
tional cylindrical consumer batteries (D, C, AA, AAA, and
9V), serving as a reference model for size unification.
The right section presents an EV battery pack shown in
cross-section, highlighting its modular architecture. In-
dividual modules, internal cell arrays, structural hous-
ing, and cooling elements are visible, demonstrating the
layered and serviceable design of a modern EV battery
system. This configuration emphasises the principles of
modularity, maintainability, and scalability in contempo-
rary EV battery engineering. The unification of charging
connectors through the adoption of a single, interopera-
ble charging port standard for EVs (such as CCS or CHAd-
eMO) was expected to improve access to charging infra-
structure and enhance user convenience. Standardisation
in this area also contributed to reducing the capital and
operational costs of charging stations by eliminating the
need to support multiple incompatible connector types,
thereby improving the economic efficiency and scalability
of charging infrastructure deployment (Fig. 6).
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Figure 6. Types of EV charging connectors
Source: developed by the author based on P. Zhang (2025)

Figure 6 illustrated the three major EV charging con-
nector standards used worldwide: Type 1 (United States
of America (USA)), Type 2 (Europe), and GB/T (China).
Each standard includes configurations for alternating cur-
rent (AC) charging, direct current (DC) fast charging, and
combined systems (COMBO/CCS) designed to support
high-power charging. Type 1 (SAE J1772, United States)
was predominantly used in North America and support-
ed AC charging, as well as integration with the Combined
Charging System (CCS1) for DC charging. Type 2 (IEC
62196-2, Europe) functioned as the universal European
solution for AC charging (Type 2) and formed the basis
for DC fast charging through the CCS2 configuration, ena-
bling a high degree of interoperability within the Europe-
an market. GB/T (China) employed separate connectors
for AC and DC charging and did not provide compatibility
with CCS-based systems, thereby limiting cross-region-
al interoperability. The coexistence of multiple charging
standards generated a number of systemic challenges,
including technical incompatibility of EVs across regional
markets, increased reliance on adapters and specialised
charging infrastructure, higher capital and operation-
al costs for infrastructure development, and additional
complexity in global EV manufacturing, distribution, and
market integration. CCS1/CCS2 is increasingly promoted
as the international standard for fast charging across the
EU, USA, South Korea, and parts of Asia. CHAdeMO, al-
though still used (notably in Japan), is progressively being
displaced by CCS. China’s GB/T is evolving toward the new
ChaoJi standard, which aims to unify GB/T and CHAde-
MO under a single high-power charging interface.

Based on Figure 6 and prevailing industry trends, sev-
eral key conclusions can be drawn. First, the combina-
tion of Type 2 and CCS2 exhibited the strongest potential
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to emerge as a de facto global standard for EV charging,
owing to its broad adoption within major markets and its
technical adaptability. Second, the unification of charg-
ing connectors could reduce the manufacturing costs of
charging infrastructure by an estimated 30-40 per cent,
thereby enhancing economic efficiency and lowering bar-
riers to infrastructure expansion. Third, the adoption of
a single, harmonised connector interface would simplify
the operation of EVs and eliminate cross-market incom-
patibility barriers, facilitating greater user mobility across
regions. Fourth, standardisation was projected to acceler-
ate the deployment of charging infrastructure, particularly
in developing markets where cost constraints and techni-
cal fragmentation currently impede rapid uptake. Fur-
thermore, the implementation of standardised modular
components that are suitable for a range of vehicle mod-
els and classes was expected to reduce production costs,
lower the purchase price of EVs, and simplify repair and
maintenance processes (Fig. 7).

Battery capacity requirements for
different EV classes

40-100
kWh

70-150
kWh

250-600
kWh

300-800
kWh

Figure 7. Number of lithium-ion modular sectional bat-
teries required for different types of vehicles
Source: developed by the author

Figure 7 presents the concept of a unified modular
battery architecture that can be scaled according to the
energy demand of different classes of EVs — from passen-
ger cars to heavy-duty EV platforms. It illustrates four cat-
egories of vehicles, each associated with an approximate
total battery capacity (40-800 kWh), achieved through the
combination of standardised battery modules of a uni-
form form factor. This approach demonstrates the pos-
sibility of using a single type of modular EV battery that
can be assembled in various quantities to meet specif-
ic energy requirements. Such a configuration simplifies
manufacturing, facilitates maintenance, ensures compo-
nent interchangeability, and increases the scalability of
battery systems for future EV platforms. Deploying high-
speed battery swap stations instead of traditional charg-
ing points can significantly reduce downtime, particularly
on long-distance trips. This method has already proven



successful in China with companies like NIO. Additional-
ly, offering battery leasing options helps lower the upfront
cost of EVs, making it easier for users to replace old batter-
ies without large, one-time expenses. This approach can
make EVs more accessible while ensuring drivers benefit
from the latest battery technology. Investing in battery re-
cycling infrastructure and integrating recycled materials
into production can lower manufacturing costs, improve
sustainability, and address the issue of battery disposal.
Expanding fast-charging networks enables EVs to reach
up to 80% charge in just 20-30 minutes, enhancing con-
venience and promoting wider EV adoption. The provi-
sion of government incentives and manufacturer-sup-
ported home charging solutions, including subsidies for
the installation of residential charging infrastructure,
was expected to reduce upfront costs and significantly
enhance the practicality and economic attractiveness of
EV ownership for consumers. The integration of EV charg-
ing into smart grid systems enabled the optimisation of
electricity distribution by shifting charging demand to off-
peak periods, when electricity prices were lower and grid
capacity was less constrained, thereby reducing pressure
on energy infrastructure and improving overall system ef-
ficiency. At the same time, advances in battery technolo-
gies, particularly the development of solid-state batteries,
were expected to deliver higher energy density, extended
driving range, and shorter charging times, while improve-
ments in regenerative braking systems enhanced the re-
covery of kinetic energy and increased the effective utili-
sation of stored electricity. In addition, the incorporation
of lightweight materials, such as aluminium alloys and
advanced composite materials, into EV design, including
battery systems, reduced overall vehicle mass, which in
turn improved energy efficiency and contributed to better
driving performance and extended range. The integration
of EVs with mobile applications enhanced user interac-
tion by enabling drivers to monitor battery status, locate
nearby charging stations, receive system alerts, and plan
routes that incorporated optimal charging points. In par-
allel, the implementation of over-the-air software update
mechanisms allowed manufacturers to continuously im-
prove battery management systems, enhance safety fea-
tures, and introduce new functionalities without requiring
physical visits to service centres, thereby reducing main-
tenance costs and increasing operational efficiency. The
deployment of built-in self-diagnostic systems further
contributed to the early detection of technical faults, im-
proving overall vehicle reliability and minimising down-
time and lifecycle maintenance expenditures. At the in-
dustry level, sustainable progress in the EV sector required
a comprehensive and integrated development strategy
that combined component standardisation, the expan-
sion of battery swapping networks, the large-scale deploy-
ment of charging infrastructure, and the adoption of ad-
vanced lightweight materials. Collectively, these measures
reduced production and ownership costs, enhanced vehi-
cle performance, and increased the accessibility of EVs to
a broader range of consumers.
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With regard to Ukraine and global experience in EV
development, Ukraine, similarly to many other coun-
tries, has been actively engaged in the expansion of elec-
tric mobility, drawing upon international best practices
while adapting them to domestic economic, regulatory,
and infrastructural conditions. Ukrainian cities now host
over 11,000 charging stations, although major highways
still lack sufficient coverage (There are 20,000 more elec-
tric..., 2023). Private companies like TOKA and AutoEn-
terprise have significantly contributed to the expansion
of fast-charging stations, especially in urban areas and
along key transit routes. Government support, such as ex-
emptions from VAT (Value-Added Tax) and excise duties,
makes EVs more affordable and motivates consumers to
switch to electric mobility. As a result, the number of EVs
in Ukraine has grown steadily (UkraineInvest, 2024). Used
electric cars, particularly models like the Nissan Leaf, re-
main a popular option due to the lower cost compared
to new vehicles. Imports from the U.S. and Europe make
EV ownership more attainable for many Ukrainians. The
two main factors influencing EV growth in Ukraine are the
purchasing power of the population and the availability
of charging infrastructure. Although city coverage is im-
proving, highway infrastructure still lags behind. Electric
buses and other forms of electric public transport are be-
ing introduced in cities like Kyiv, helping reduce urban air
pollution. EV-sharing services are also gaining traction,
offering flexible mobility without the need for car owner-
ship. Ukraine’s National transport strategy through 2030
outlines further support for EVs, including expanding the
national charging network and increasing incentives for
clean vehicles (Ministry for Communities and Territories
Development of Ukraine, 2022). Global approaches to EV
development vary across regions, reflecting differences in
government policy, market structure, and technological
focus. In Europe, countries provide strong government
incentives, including subsidies and tax breaks. Norway
leads the continent with the highest EV adoption rate,
supported by VAT exemptions and access to bus lanes,
while Germany and France also invest heavily in both EV
infrastructure and purchase incentives (Williment, 2025).
China, as the largest EV market globally, leads in produc-
tion and infrastructure, with companies such as Contem-
porary Amperex Technology Co. Limited (CATL) and Build
Your Dreams (BYD) dominating battery manufacturing
and battery swapping widely implemented by firms like
NextEV Inc. (NIO) (Jiang et al., 2025). In the United States,
private companies, most notably Tesla, have built exten-
sive fast-charging networks, while the government sup-
ports EV adoption through tax credits and funding for
research and development in new battery technologies.
In Japan, the focus has been on hydrogen-powered vehi-
cles, supported by dedicated infrastructure developed for
events such as the Olympics, with companies like Toyota
and Honda innovating in hydrogen and solid-state bat-
tery technologies. South Korea, home to major battery
producers including LG Chem and Samsung SDI, invests
in battery technology and infrastructure while offering
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subsidies and funding advanced research. International
experience shows that the global success of EVs depends
on a combination of infrastructure development, govern-
ment support, and technological advancement. Measures
such as increasing access to chargers, providing finan-
cial incentives, and standardising batteries are essential
to promote EV adoption. Examples of innovative battery
use highlight these possibilities: in Japan, old EV batteries
are repurposed to power streetlights; in Paris, they oper-
ate elevators; and in Amsterdam, they supply energy to an
entire stadium. These cases demonstrate how technology,
infrastructure, and policy together can drive the sustaina-
ble development of electric mobility, offering lessons that
could inform Ukraine’s EV strategy.

European countries demonstrate a systematic ap-
proach to promoting electric mobility by providing sub-
stantial governmental incentives, including tax reduc-
tions, purchase subsidies, and non-monetary benefits.
For instance, in Norway, owners of zero-emission ve-
hicles benefit from a 25% VAT exemption, access to bus
lanes, and reduced toll and ferry charges. These policies
have enabled Norway to achieve the highest EV market
share in the world (Alternative Fuels Observatory, 2025;
Norway the world leader..., 2025). China, the world’s
largest electric-vehicle market, combines large-scale
battery production (CATL, BYD) with innovative infra-
structure solutions, particularly battery-swapping net-
works. CATL has announced plans to deploy more than
2,500 battery-swap stations in over 120 cities by the end
of 2026, while NIO and CATL are collaborating to har-
monise industry standards and expand global swapping
capabilities (Zhang, 2025; Chen, 2025). In the United
States, private companies, most prominently Tesla, play
a leading role in deploying nationwide fast-charging net-
works. Concurrently, the federal government supports EV
adoption through tax credits and investment in advanced
battery research and development (Canis et al., 2019). Ja-
pan has prioritised hydrogen-fuel technologies and the
development of solid-state batteries, with leading com-
panies such as Toyota and Honda driving innovation in
these areas. A notable example of Japanese ingenuity is
the reuse of retired EV batteries to power street lighting
in towns near Fukushima, demonstrating the potential
of second-life battery applications (Schmidt, 2019). Simi-
larly, South Korea, home to major battery manufacturers
including LG Chem and Samsung SDI, has continued to
invest in advanced battery research and development as
well as the expansion of charging infrastructure, support-
ed by national subsidy programmes (Bharadwaj, 2023).
International experience demonstrated that the effec-
tive development of the EV sector depends on the coor-
dinated implementation of three key elements: the sys-
tematic expansion of charging infrastructure, consistent
governmental support through subsidies, tax incentives,
and regulatory measures, and robust technological inno-
vation, including the standardisation of battery modules
and charging connectors. Countries that successfully in-
tegrate these components tend to achieve the most rapid
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growth in EV adoption. Illustrative examples of innova-
tive second-life battery applications, such as powering
LED (Light Emitting Diode) streetlights in Fukushima,
operating elevators in Paris, and supplying energy to sta-
diums in Amsterdam, further highlight the potential for
repurposing used EV batteries within urban energy in-
frastructures, thereby contributing to both sustainability
and the efficient utilisation of resources.

In the course of this study, relevant scientific litera-
ture was reviewed and the findings of other authors were
compared with the results obtained in the present re-
search. V. Porfirenko (2025) analysed the standardisation
of battery production for electric buses and assessed the
feasibility of modular battery replacement in interna-
tional transport operations. The study demonstrated that
the implementation of unified battery modules with fast
replacement capabilities can reduce vehicle downtime
to 10-15 minutes and decrease the total cost of owner-
ship in comparison with diesel buses. The results of the
present research confirm the advantages of a unified
modular battery system and extend this concept beyond
public transport to passenger EVs, commercial fleets, and
city-level battery swapping infrastructure. A. Mdallal et
al. (2025) examined the evolution of EV charging stand-
ards and emphasised that interoperable solutions, par-
ticularly the CCS, are critical for sustainable infrastruc-
ture development and for mitigating range anxiety. These
conclusions are complemented by the present study,
which demonstrates that charging connector unification
is significantly more effective when combined with mod-
ular battery standardisation, enabling the integrated use
of fast charging and battery swapping within a unified
technological ecosystem. Y.A. Alhazmi (2025) provided a
systematic review of battery swapping stations, analysing
their technical, economic, legal, and social dimensions.
The author highlighted that the effectiveness of bat-
tery swapping systems depends heavily on deep battery
standardisation and on business models compatible with
conventional charging solutions. The results obtained in
this study were consistent with this assessment and ad-
ditionally suggested that a unified modular battery ar-
chitecture constituted a prerequisite for the large-scale
deployment of battery swapping stations in both urban
and long-distance transport systems. A. Temporelli et
al. (2020) conducted a life-cycle assessment of EV batter-
ies and concluded that battery production constitutes the
largest share of the environmental footprint of EVs, while
recycling processes and second-life applications signifi-
cantly influence overall carbon impacts. Within the pres-
ent research, these findings provide a strong rationale
for unified modular battery designs, which facilitate dis-
assembly, sorting, recycling, and second-life utilisation
in stationary energy storage systems. Similarly, a review
of second-life battery applications by J. Schmidt (2019)
demonstrated that EV batteries with a reduced state
of health (SOH ~70-80%) can still be effectively used in
grid-connected and microgrid energy storage, offering
substantial economic and environmental benefits. The



results of the present study align with these conclusions
and further underscore the importance of embedding
design-for-second-life principles at the earliest stages
of modular battery development. Overall, the analysis of
the reviewed scientific works confirms that modularity,
standardisation, and second-life integration are widely
recognised as key directions in global EV research. The
results obtained in this study are consistent with current
scientific trends while providing a broader systems-level
perspective on the integration of these approaches.

Conclusions
In the course of this research, a comprehensive analy-
sis was conducted on the technological, infrastructural,
and organisational foundations required for the effective
development of EV systems. The study examined cur-
rent global trends in EV manufacturing, the evolution of
charging infrastructures, and the growing importance of
unified standards across both vehicle components and
energy systems. It was determined that one of the most
significant barriers to large-scale EV deployment remains
the lack of harmonisation in battery design, charging con-
nectors, and replacement procedures. This fragmentation
increases production costs, complicates maintenance,
and slows down the expansion of EV fleets. The conduct-
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challenge — long charging times — by enabling battery
swapping, thereby drastically reducing vehicle down-
time. This approach supports the formation of new urban
charging ecosystems based on rapid infrastructure turno-
ver, high user throughput, and integration into smart-en-
ergy networks. Furthermore, the findings substantiate
that unified charging connectors, cross-compatible com-
ponents, and interoperable digital systems enhance the
scalability of EV infrastructures. Such standardisation also
accelerates international cooperation, investment attrac-
tiveness, and the long-term sustainability of the EV sector.
The research substantiates the conclusion that transition-
ing toward standardised, innovative, and eco-friendly EV
architectures is a strategic step toward achieving cleaner
urban mobility, increased energy efficiency, and broad-
er public accessibility. Future research should focus on
developing lifecycle models for unified battery modules,
assessing economic efficiency of battery-swap networks,
and exploring advanced materials that can further extend
battery performance within unified system architectures.
Additional studies on second-life battery applications will
also play a critical role in reinforcing circular-economy
principles within the EV industry.
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IHHOBALIMHA CTAOHAAPTU3OBAHA MOAYJ/IbHAO CUCTEMA YNPABiHHSA
ANSA 30MiHU TA 3aPAAKAHHA OKYMYJIATOPHUX 6aTapen
e/IeKTPUYHUX TPAHCNOPTHUX 3acobiB
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AHoOTAUif. Y cTarTi OyJI0 JOCTiI)KeHO MOTeHIIia MigBUIIeHHsI e(eKTUBHOCTI BUPOOHUYHNX Ta eKCITyaTainiHIX
CHUCTEM eJIeKTPOMOOIIiB uUepe3 BIIPOBAKeHHsI iHHOBAIIHOTO, CTAHAAPTU30BAHOTO MOIYILHOTO IIXOMy 0
3amiHu Oarapeil Ta 3apskaHHA. J[OCTIIKeHHS OyJI0 30CepelkeHe Ha IMaca’kMPCHKUX eJIEKTPOMOOUIAX Ta
eJIeKTpoOycax, MO0 BUKOPUCTOBYIOTHCS B MICBKHX Ta MiPKMICBKHMX IepeBe3eHHsX i OcHamieHi JiTili-ioHHuMU
6arapeiinuMu cuctemamu. Ocob/mBa yBara HMpUIIAIacs CUCTEMHUM O0OMe)XeHHSM iCHyIouol iHdpacTpyKTypu
€JIEKTPOTPAHCIIOPTY, 30KpeMa TPUBAJIOMY 4acy 3apssKaHHsA, BiICYTHOCTI cTaHAapTHU3alii 6arapeil Ta po3’eMiB,
BUCOKHMM BHUTparaM Ha BHPOOHUITBO Ta OOC/IYTOBYBaHHs, a TaKO)K IXHbOMY HETaTWUBHOMY BILIMBY Ha IIMPOKeE
BIIPOBAPKEeHHs pilieHb y cdepi eqekTpoMobiabHOCTI. MeToto goctimkeHHs Oys10 po3poOIeHHs Ta OOTpyHTYBaHHS
yHicikoBaHOI MOxyIBEHOI MofesIi 3aMiHK OaTapell Ta 3apsaPKaHHA, IpU3HAUYEHOI JJIs 3MEHIIeHHs Jacy IPOCTOI0
TPaAHCIIOPTHUX 3aCO0iB Ta MigBUINEHHS €KCIyaTamiiiHoi eeKTUBHOCTI. MeTOomoJIoTis HOCTiIKEeHHST BRJIOYAIA
CHCTEMHUH Ta MOPIiBHAIBHUN aHai3, CTATUCTUYHI METOIYU Ta rpadivyHe MOMETIOBAaHHS /I BUBUEHHSI MOAY/IHBHUX
apxiTekTyp OaTapeil Ta cTaHAapTH3alii iHPPACTPYKTYpPH, a TAKOXK OIIHKY BIUIMBY HAa MOBKINJSA 3 MOPIiBHAHHAM
eJIEKTPOMOOiJIiB Ta aBTOMOOIMIB i3 ABUTYHAMM BHYTPIiIIHBOTO 3ropsHHA. JIOCHiIPKeHHS CHHpaJocd Ha HAayKOBY
JiTepaTypy, 3BiTH MiskHapOAHUX Opranisariii (Mis>KHapOJHOTO eHepreTUYHOT0 areHTCTBa, MisKHapOJHOT0 areHTCTBa
3 BigHOBJ/IIOBaHOI eHeprii, Opranisarii eKOHOMiIYHOTO CHiBpOOITHMITBA Ta PO3BUTKY, BcecBiTHBOI opranisarii
OXOPOHU 37]0POB’sA), CTAaTUCTUYHI Oa3M JaHUX, HOPMATUBHI JOKYMEHTH Ta BIAKPUTI ramysesi mrepesia. Peaysisratu
MigTBEPIUIIY, III0 TPAHCIOPTHI 3aco0M 3 ABUTYHAMM BHYTPIITHBOTO 3TOPSHHSA € 3HAYHUMU JKepejlaMi BUKUIIB
CO,, NO, Ta npiOHOAWCIIEPCHUX YAaCTUHOK, IO CIIpHUs€ 3MiHi KJiMaTy, 3aOpygHEHHIO NOBIiTps Ta MOTipIIeHHI0
CTaHy TPOMaJChKOro 30pOB’s. HaTOMIiCTh eIeKTpOMOOisi JEMOHCTPYIOTh CYTTEBO HIKYWMA BILIUB HA TOBKIMJISA,
BUIIy eHeproe(eKTUBHICTh Ta 3MEHIIEeHI BUTpaTH Ha oOCJIyroByBaHHs. Ha OCHOBI NpoOBeIEeHOro aHami3dy OysI0
3ampoONOHOBAHO YHi(pikOBaHY MOIY/IBLHY CHUCTEMY 3aMiHM Oarapel, sika 3abe3neuye IMIBUAKE MTOMIOBHEHHsI eHePril,
MiJBUINYE CYMICHICTh, 3HMUKYE BUTpPATH Ha iHQPACTPYKTYypy Ta CHPHUAE PO3BUTKY CTAJIOT0 EKOCUCTEMHOTO
cepeloBUIIA eJeKTPOMOOITbHOCTI. JIOCTiIPKeHHsT TIUIII0 BUCHOBKY, III0 BiICYTHICTh JOCTATHHOI CTAaHAAapTHU3AIIil
OaTapeilHUX CHUCTeM Ta iH(QPACTPYKTYPH 3apsiIyKaHHS TaJbMye MacIITabOHe BIPOBAIKEHHS eJIEKTPOMODOimiB, Tomi
sIK MOIyJbHA Ta yHi(pikoBaHA apXiTEeKTypa TPAaHCHOPTHUX 3acO0iB 3HAYHO 3MEHIIYE YaC MPOCTOI0 Ta MiABUIIYE
THYYKiCTh BUPOOHUIITBA If MacmITaboBaHICTE iHGPACTPYKTYpHU

Knioyosi cnosa: exosioriuni mpobJsieMy; 3apsaHa iHGPaACTPyKTypa; eKOHOMiuHAa edeKTHUBHICTh; BUTpaTH Ha
TexHiuHe 00C/IyTOBYBaHHS; eJIEKTPUYHA MODOITBHICTH
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Abstract. The relevance of this study arises from the growing reliance on automated customs clearance systems that
generate recommendations, alerts, and justifications in order to reduce processing time. However, the effectiveness of
such systems depends on a scientifically grounded methodology for determining the optimal frequency of risk profile
reviews and for improving quantitative risk assessment. The purpose of the study was to develop a mathematical model
for verifying the accuracy of customs clearance using the apparatus of fuzzy logic in international cargo transportation.
The research methods included the development of mathematical models and algorithms for their implementation. In
particular, the mathematical apparatus of fuzzy logic was applied to determine the correctness of customs clearance of
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goods. It was shown that the identification of customs clearance objects using fuzzy logic apparatus allows to automate
the processing of information that is given in the customs declaration, the consumer documents and technical
documentation. And which is submitted to the customs authorities with the control of the legalness of the classification
of goods using the apparatus of fuzzy logic. Recommendations were developed for the use of the fuzzy logic apparatus
in an automated expert system to determine the correctness of customs clearance of goods. This system was intended
to enhance control over the correctness of goods classification during customs clearance and to prevent evasion by
participants of foreign economic activity from paying taxes in full and from complying with non-tariff regulation
measures through violations of declaration rules for goods crossing the customs border of Ukraine. It was also aimed at
reducing the time of customs clearance, providing direct solutions to complex and contradictory classification problems

arising during clearance, and avoiding errors in the classification of goods

Keywords: information automation; risk management; non-tariff regulation; logistics operators; transport

monitoring

Introduction

Risk management is a fundamental principle of modern
customs control methods, as it enables the optimisation
of costs associated with customs supervision. This prin-
ciple protects the majority of foreign trade operations
from excessive bureaucratic control. It is appropriate to
consider the customs risk management system as a set
of instruments and management methods based on the
principle of selectivity. Such a system reduces the number
of customs control forms applied, while ensuring that the
chosen measures remain sufficient for compliance with
customs legislation. Under current conditions, there is a
clear need to establish a customs administration system
in Ukraine that is stable, prevents violations of national
customs law, increases the collection of customs duties
and taxes, and enhances the competitiveness of Ukrain-
ian production. Procedures related to risk management
are concentrated customs control in processes. where the
highest risk is the registration of customs declarations,
which are registered for all goods. In response to the evolv-
ing geopolitical environment, Ukraine’s customs policy is
undergoing significant transformation, accompanied by
a documented increase in violations related to the reg-
istration of customs declarations for goods and vehicles,
which underscores the need for strengthened control
mechanisms and improved regulatory oversight (In 2024,
customs authorities..., 2025). Therefore, the development
of a methodology for maintaining the optimal frequency
of review of this risk is relevant. One of the forms of cus-
toms control is, first of all, verification of the authenticity
of customs declarations.

Systems designed to support decision-making pro-
cesses, in particular advisory and expert systems, are
gaining particular relevance. The name of these systems
fully corresponds to their purpose: at the user’s request,
they “issue” recommendations in a situation that arises
during the analysis of objects. The system should issue
recommendations at the level of an experienced person,
an authority in his field. An expert system is not intend-
ed to replace a person who makes decisions, although
in extreme cases such a replacement is possible. The use
of expert systems and adequate methods of object iden-
tification for the needs of customs clearance of goods
and customs control is an important and priority area of

development of the State Customs Service. L.M. Ivasho-
va & L.I. Kyda (2020) analysed the current state of digital
transformation within the Ukrainian customs system, em-
phasising key technological innovations that contribute to
procedural simplification. The author highlighted major
challenges and outlines prospects for improving customs
administration through modern digital tools and informa-
tion systems. The study by 1. Berestov et al. (2022) examined
the digitalisation of customs control and cargo-clearance
processes in railway transport. The researchers evaluated
the impact of digital tools on accelerating clearance pro-
cedures and enhancing the efficiency of cargo-flow moni-
toring. In turn, R. Lemeha (2020) investigated automation
and informatisation as priority directions for improving
the administration of customs regimes in Ukraine. The
publication discussed existing regulatory gaps and pro-
poses digital solutions aimed at strengthening transpar-
ency, control, and service quality in customs processes.
Similarly, V. Lebid et al. (2020) evaluated the efficiency of
simplifying customs formalities through digitalisation in-
itiatives. The study provided empirical evidence demon-
strating how digital services reduce processing time, min-
imise administrative barriers, and support overall trade
facilitation. A more advanced methodological perspective
is presented by N. Luo et al. (2023), who offered a compre-
hensive overview of customs risk-management methods,
with particular emphasis on fuzzy-logic and neural-net-
work-based models for assessing risks faced by import-ex-
port enterprises. Building on this direction, Z. Dong &
M. Tian (2025) proposed a fuzzy-logic-based model for
assessing risks in cross-border e-commerce logistics sup-
ply chains. The findings showed that fuzzy inference sys-
tems can more reliably evaluate dynamic and imprecise
data compared to traditional deterministic models. In a
related study, C. Zheng et al. (2025) developed a data-driv-
en model for optimising customs-clearance strategies for
emergency supplies using machine-learning and cluster-
ing techniques. Their results highlighted how digital an-
alytics significantly reduce clearance time during crisis
situations. Further exploring the technological evolution
of customs systems, S. Vijayakumar (2025) investigat-
ed technology-centric and data-driven transformations
in customs risk management. The author outlined how
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digital ecosystems, automated control algorithms, and Al-
based tools enhance supply-chain security in global trade.

The literature review confirmed that, in the practice of
customs clearance, a number of systemic problems per-
sist due to the absence of an effective mechanism for de-
termining the physical, chemical, and other characteris-
tics of goods crossing the customs border of Ukraine. The
classification process is complicated by the large volume
of input information, inaccuracies in primary data, lim-
ited decision-making timeframes, the extensive number
of explanatory letters issued by the State Customs Service
(SCSU), and an insufficient level of specialised knowledge
in certain fields. This highlights the need to improve ap-
proaches to goods classification, particularly through the
automation of relevant procedures, which would contrib-
ute to increasing the accuracy and efficiency of customs
control. The aim of the work was to design a model for the
digitalisation of customs clearance processes using fuzzy
logic in international freight transportation.

Materials and Methods
The object of this study was the processes of customs
clearance of declarations in the context of international
carriage of goods. The subject of the work was the math-
ematical model of control of the correctness of filling
out customs declarations with the apparatus of fuzzy
logic. The method of identification of objects of customs
control is aimed at implementing a single algorithm for
automated processing of information contained in cus-
toms documents (cargo customs declaration; accompa-
nying documents; technical documentation at the level
of customs authorities with control over the correctness
of the classification of goods; with the issuance of vari-
ous recommendations, warnings; and also in substanti-
ating the established position for the regular personnel
of customs authorities who carry out customs control
and customs clearance of goods). Within the framework
of the study, the regulatory and legal basis of customs
regulation was analysed, in particular the provisions of
the Law of Ukraine No. 2697-IX (2023), which defines the
structure and content of the Ukrainian Classification of
Goods for Foreign Economic Activity (UKTZED). An ap-
proach based on the application of fuzzy logic was se-
lected, as it makes it possible to take into account not
only precise quantitative data but also qualitative ex-
pert assessments. The practice of human decision-mak-
ing was analysed, since individuals often operate with
vague concepts such as “high”, “low”, “near”, “far”, “fast”,
and “slow”, which reflect the subjective perception of
information. The choice of fuzzy logic was justified by
its ability to formalise and process such qualitative ex-
pert knowledge while preserving important information
derived from professional experience, and at the same
time ensuring objective data processing within expert
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systems. The use of this approach enables the effective
handling of qualitative and incomplete data under con-
ditions of limited time. Goods were considered as a set
of fuzzy statements with corresponding degrees of truth
within the interval [0; 1], which made it possible to rep-
resent expert knowledge in a formalised manner. On the
basis of fuzzy logic operations (conjunction, disjunction,
and negation), mathematical models and algorithms
were developed to determine the assignment of cus-
toms control objects to specific UKTZED subcategories.
The practical implementation of the methodology was
demonstrated through examples of classifying motor
vehicles under heading 8703 and motor gasolines under
heading 2710, which confirmed the potential to increase
the accuracy, objectivity, and efficiency of customs con-
trol by automating classification procedures.

Results

Significant challenges exist in the classification and iden-
tification of goods, as there is currently no effective and
reliable system for determining their physical, chemical,
and other properties when crossing the customs border of
Ukraine. Goods are classified according to the UKTZED,
established by the Law of Ukraine No. 2697-1X (2023). The
main problems of correct classification: a large volume
of input information; inaccuracy (inaccuracy) of primary
data; short deadlines for making a decision on assigning
a commodity code; a large number of information letters
from the SCSU; lack of a sufficient level of knowledge in
some areas, including specific knowledge (chemical in-
dustry, light industry, mechanical engineering, electron-
ics, agriculture, etc.) (Chupailenko et al., 2023). Automa-
tion of the process of classification of goods would solve
a number of issues that arise in the process of customs
clearance. Fuzzy logic enables the processing of infor-
mation that contains expert knowledge and experience,
which are difficult to formalise into precise numerical val-
ues. As aresult, expert systems based on fuzzy logic can ef-
fectively integrate quantitative and qualitative data, assess
information objectively, and make decisions under time
constraints, making them particularly relevant for mod-
ern complex systems (Mishchenko et al., 2020; Kostiana et
al., 2021). The mathematical apparatus of fuzzy logic is at
once the most adequate, it allows to maximally shorten
the transition from a verbal, verbal, qualitative description
of an object, which characterises human thinking, to nu-
merical quantitative assessments of its state. This makes
it possible to formulate on this basis simple and effective
algorithms to model human thoughts and human ability
to perform tasks. The possibility of identifying objects of
customs control for commodity item 8703, according to
the Ukrainian Classification of Economic Activities (object
class “passenger car”), can be considered using the math-
ematical apparatus of fuzzy logic (Table 1).
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Table 1. Characteristics determining for classification of product

a, “Cars and other motor vehicles”

a, “Motor vehicles equipped for temporary human consumption”

a, “Other transport means”

a,, “Spark-ignition internal combustion engine with a cylinder capacity exceeding 2,200 cm3but not exceeding 3,000 cm3”
a,, “Compression-ignition internal combustion engine (diesel or semi-diesel)”

a, “Another engine”

a, “New”

Source: developed by the authors

Table 1 presented a structured set of classification
characteristics used to identify motor vehicles within the
UKTZED and summarised key technical and function-
al parameters that determine the correct assignment of
a product to a specific tariff heading when performing
customs clearance procedures. The provided character-
istics encompass several essential classification criteria.
These include the general category of the vehicle, such
as passenger cars and other motor vehicles, as well as
its functional purpose, for example, vehicles equipped
for temporary human use. The type of engine, whether
spark-ignition, compression-ignition, or other types, is
also considered, along with the engine cylinder capaci-
ty, which serves as a critical parameter for tariff differ-
entiation. Additionally, the condition of the vehicle, par-
ticularly whether it is new, is taken into account. Table 1
demonstrated a clear hierarchical structure, progressing
from broad product categories to more detailed techni-
cal specifications that influence tariff classification. Such
structuring is fundamental for ensuring accurate product
identification during customs control, the correct appli-
cation of customs duties and excise tax rates, consistency
and transparency in the classification of motor vehicles,

and compliance with the principles of the Harmonised
Commodity Description and Coding System. Given its
systematic presentation of determining characteristics,
the table serves as a practical reference for both customs
authorities and foreign trade operators, supporting the
effective and legally compliant performance of customs
procedures.

The object of identification “car” can be represented
as a set of characteristics expressed as fuzzy statements. A
fuzzy statement is a sentence about which one can judge
the degree of its truth or falsehood at a given time. The de-
gree of truth or falsehood of each fuzzy statement takes
on a value from the closed interval [0; 1], where 0 and 1
are the limiting values of the degree of truth and coincide
with the concepts of “false” and “true” for “clear” state-
ments. A fuzzy statement that has a value of the degree
of truth equal to 0.5 is called indifference, since it is true
to the same extent as it is false. Compound sentences are
formed from simple sentences using the logical opera-
tions of negation, conjunction, disjunction, implication,
etc. Thus, the conditional car of commodity heading 8703
can be written as a set of vague sentences that meet cer-
tain characteristics (Table 2).

Table 2. Characteristics of heading 8703

Unclear statement a, a,,

a3 ay, [ ag a,

Degree of authenticity 0.9 0.7

0.9 0.6 0.4

Source: developed by the authors

The features relevant for classifying products in the
subcategories 8703 23 11 30 and 8703 23 19 30 have been
identified. To determine whether a product belongs to the
specified product groups, the following characteristics are
important: @,, 4,,, 4,,, a, G, A concise, generalised state-
ment characterising the proposed product subcategories
can be formulated as follows:

A8703231930: (@, & ((a, Ua,,) U"na,) &ay;
A870323]130: (a,& ((a, Ua,,) UNa,)) &a,. (1)

The degrees of truth for the first and second fuzzy
statements are determined. Using the definition, they can
be written as follows:

~ Ao =3 & (@, Ud,) UNa)) &a;
Agzoz231930 = (@;& max(max(d,,, ay,), 1)) &d,;
A8703231930 =min(min(a,;; max(max(d,, d,),14)),d,);
Agrsr1030 = Min(min (0.9, max(max(0.6, 0.4), 1-0)),
0.9)=0,9. (2)

~ Aggssnz= 10,:& (@, UGy,) UNa)) &a,;
Agzoz231130= (101, & max(max(d,,, ay,),1d,)) &a,;
Agrpazsniz=min(min(1-a,,, max(max(@,, ,),1a,)), 4,);
Aro5031150=MiN(min(1-0.9, max(max(0.6, 0.4), 1-0)),
0.9)=0.1. 3)

So, based on the calculation results, it can be con-
cluded that a car with the given characteristics is far more
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appropriately classified under code 8703 23 19 30 rather
than under code 8703 23 11 30. The Table 3 is completed

following the procedure for determining product codes in
accordance with the UKTZED.

Table 3. The structure of the product respectively UKTZED (extract)

Code Product description
8703 Motor vehicles and other motorised transport vehicles, designed primarily for the transport of persons (other
than motor transport vehicles of heading 8702), including trucks, vans and racing cars:
870310 18 00 - - others
- other compact tools with an internal combustion engine with spark ignition and with a crank-rod
................ mechanism:
8703 21 10 00 - - - new ones

8703 21 90

- - - what was used:

8703219010

- - - -no more than 5 years

8703 21 90 30

- - - - more than 5 years

8703 22 - - with a side volume of engine cylinders over 1.000 cm3, but not more than 1,500 cm3:
8703 221000 - - -new ones
8703 22 90 - - - what is the meaning of the word:
8703229010 - - - - no more than 5 years
8703 2290 30 - - - - more than 5 years
8703 23 - - with a lateral volume of engine cylinders over 1,500 cm3, but not more than 3,000 cm3: - - - new
87032311 - - - - motor vehicles equipped for temporary human consumption:

8703231110

————— with engine cylinder volume over 1,500 cm3, but not more than 2,200 cm?

87032311 30

----- with an engine cylinder volume of more than 2,200 cm?, but not more than 3,000 cm3

8703 23 19

- - - - others:

8703231910

————— with engine cylinder volume over 1,500 cm3, but not more than 2,200 cm?

8703 23 19 30

----- with a volume of more than 2,200 cm3, but not more than 3,000 cm?

Note: Hyphens in the structure of the UKTZED are used to indicate the hierarchical level of product classification. Each additional
hyphen represents a lower-level subheading within the corresponding product category and specifies the characteristics of the goods

Source: developed by the authors

Table 3 contained systematic information on the
product nomenclature of vehicles under the UKT FEA
code 8703, which covers passenger cars and other motor
vehicles designed primarily for the transport of passen-
gers. This structure presented a hierarchical division of
product positions based on the key technical characteris-
tics of vehicles, including the type of engine and method
of ignition, the presence of a crank mechanism, engine
cylinder capacity, classification into new and used, and
breakdown by service life (up to 5 years and over 5 years).
It reflects that each basic code (e.g., 8703, 8703 21, 8703 22,
8703 23) comprises a number of subcategories that specify
the technical parameters of the vehicle. This hierarchical
structure is typical for the UKT FEA and enables accurate
tariffing as well as the correct determination of tax rates

depending on the vehicle’s configuration, technical con-
dition, and age. The positions regarding vehicles are pre-
sented in particular detail, including those with a spark-ig-
nition (gasoline) engine, with an engine displacement of
up to 1,500 cm3, 1,500-2,200 cms3, and 2,200-3,000 cm3, and
those which are new as well as used. Such detailing is im-
portant for customs clearance, as different subcategories
are subject to varying rates of customs duties, excise du-
ties, and other taxes. Table 3 also demonstrates the logic
of vehicle classification in customs matters, progressing
from a general code to the most detailed description of the
goods. The possibility of identifying objects of customs
control for commodity item 2710, according to the UK-
TZED (object class “motor gasoline”), is examined using
the mathematical apparatus of fuzzy logic (Table 4).

Table 4. Characteristics determining for classification of product

a, “Easy children for other purposes”

a, “Fuel for active engines”

a,, “Aviation gasoline”

7 “Other gasolines containing lead”

a, “With octane number less than 95”

_ “With an octane number of 80 or less with a content of not less than 5 wt.% of a high-octane oxygen-containing additive or
%2 ethyl tert-butyl ether or its mixture”

a, “Other”

Source: developed by the authors

Table 4 showed the systematisation of the classifica-
tion features of goods used to determine their belonging
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to the relevant UKTZED codes during customs clearance.
The table presents the symbols of the characteristics of



goods that are decisive for their correct identification in
accordance with the requirements of the Harmonised
Commodity Description and Coding System (World Cus-
toms Organization, n.d.). The presented classification fea-
tures cover the following groups of characteristics:

« functional purpose of the goods (for example, “for
other purposes”);

« type and characteristics of fuel, in particular gaso-
line;

« octane number, which is a key parameter for the
classification of petroleum products;

« content of additives, including high-octane oxy-
gen-containing components (ethyl tertiary-butyl ether
(ETBE) and other additives).

Each of the above characteristics is assigned a specif-
ic symbol, which facilitates subsequent analysis and the
use of data in customs practice. For instance, subgroups
representing different types of gasoline are distinguished
by octane number and impurity content, allowing the
product to be unambiguously attributed to the corre-
sponding commodity subheading. The structure of the
table demonstrates a logical approach to the classifica-
tion of goods, progressing from a general characteristic,
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such as the product type, to narrower characteristics that
specify the physical and chemical properties. This format
of presenting information is particularly valuable in the
customs control process, as it helps prevent errors in de-
termining the commodity code, enables the reasonable
application of the appropriate duty and excise tax rates,
ensures a consistent approach to the classification of
petroleum products, and facilitates accurate and trans-
parent tariff regulation. Owing to its clear structure and
the generalisation of essential classification indicators,
the table can serve as a reference tool both in academ-
ic research, such as a thesis, and in the practical activ-
ities of customs authorities and foreign trade entities.
Therefore, in accordance with the UKTZED, the compa-
ny’s trade code: 8703 23 19 30 is a railway vehicle with
an internal combustion engine with spark ignition and a
crank-rod mechanism, new, other, with engine cylinder
volume over 2,200 cm3, but not more than 3,000 cm3. The
object of identification “motor gasoline” can be consid-
ered as a collection of abstract, vague expressions. Thus,
the conditional motor gasoline of heading 2710 can be
represented as a set of fuzzy expressions corresponding
to specific specifications (Table 5).

Table 5. Characteristics of heading 2710

Vague expression a, a,,

ﬁ22 ﬁZS a") 1 a32 a4

Degree of ownership 0.85 0.3

0.4 0.8 0.3 1 0

Source: developed by the authors

The features relevant for classifying the company
in the subcategories 2710 11 41 11 and 2710 11 41 19 are
identified. To determine the company’s assignment, the
following abstract indicators are significant for the spec-
ified social groups: 332, a21, 322, a23, and al. A complex
fuzzy statement can then be formulated to summarise the
proposed social subcategories:

A2710114111 = ((isz& ((dzz Udz3) m‘izl)) &dl;
A’Z710114119: (-Idiz& ((dZZ Ud23) md’ll)) 8(("il (4)

The degrees of truth for the first and second fuzzy ex-
pressions are determined. Using the definition, they can
be written as follows:

Azﬂ()]l“l] = (dsz& ((d'zszzs) Na,)) &a;

Az?]omm]: ((132& max(max(dzz’ 67«23),7572])) &al;
~2710114111 :min(min(ﬁsz’ max(max(dﬂ, dZS)’-Id"zl))’dl);
Ayr1011401 =Min(min(1, max(max(0.4, 0.8), 1-0.3)),

0.85)=0,8. (5)
A2710]14119 = (jdsz& ((dZZ Ud’lli) U-ldm)) 8{["il’
A’z710]14119 = (15, & max(max(@,, a=,,),14,)) &a;;
~27]01]4]19 = min(min(l _6732’ max(max(aZZ’ ﬁ"z:3) ’—I ﬁm))’ dl);
Ayri0114119=Mmin(min(1 -1, max(max(0.4, 0.8), 1-0.3)),
0.85) =0. (6)

Therefore, taking into account the calculation re-
sults, motor gasolines with the specified characteristics
are more appropriately classified under code 2710 11 41

11 rather than under code 2710 11 41 19. In accordance
with the UKTZED, the corresponding company codes are
identified and shown in Table 6.

The Table 6 presented a multi-level structure of the
classification of petroleum products under code 2710,
which covers petroleum distillates and motor gasolines.
The differentiation of product subcategories is based on
their physico-chemical properties, which directly influ-
ence their applicability, environmental impact, energy
performance, and the regulatory requirements for their
transport and taxation. The structure illustrated a clear
sequence of classification levels, beginning with the gen-
eral product category 2710, which covers petroleum and
bituminous mineral products, and then narrowing to sub-
category 2710 11, which includes light distillates such as
motor gasolines. Further subdivisions are made according
to the purpose of the product (for other purposes, special
gasolines, or motor gasoline), the type of gasoline (avia-
tion, leaded, or unleaded), the presence or absence of
lead, octane rating, and the content of high-octane oxy-
genated additives, such as ETBE. This hierarchical struc-
ture ensured the accurate assignment of each product to
the appropriate tariff heading based on its essential char-
acteristics. Special gasolines are intended for laboratory,
technical, or specific industrial applications, whereas mo-
tor gasolines are designed for use in internal combustion
engines. This distinction affects taxation, customs pay-
ments, and labeling requirements. Leaded gasolines form
a separate category because their use is strictly regulated
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or prohibited due to environmental concerns, while un-
leaded gasolines are classified independently in compli-
ance with international emission standards. The octane
number serves as a primary classification criterion, de-
fining the fuel’s resistance to detonation. Fuels are distin-
guished, for example, between those with less than 95 oc-
tane and those with 80 octane or less. The octane number
determines the suitability of fuel for specific engine types

and ensures compliance with quality and environmental
regulations. Subcategory 2710 11 41 11 additionally spec-
ifies a requirement of at least 5 wt.% of a high-octane ox-
ygen-containing additive or ETBE. Such additives are sig-
nificant because they increase the octane rating, reduce
the toxicity of exhaust gases, modify key physico-chemical
parameters of gasoline, and influence the taxation system,
particularly excise duty rates.

Table 6. Structure of UKTZED (part)

Code

2710

Petroleum or petroleum products derived from bituminous dust (minerals), including white; products, not
otherwise specified, containing 70 wt.% or more of oil or oil products derived from bituminous dust (minerals),
because these oil products are the main structural components of the products; manufactured oil products:

Social experience

271011

- - easy to read:

- - - for other purposes

- - - - special gasolines:

2710112500

----- others

- - - - others:

- - - - motor gasoline:

2710113100 | e aviation gasoline

- - others, containing lead:

----- 0,013 g/l or less:

27101141

with octane number less than 95:

————————— with an octane number of 80 or less:

2710114111

—————————— with a content of not less than 5 wt.% of high-octane oxygen additive or ethyl tert-butyl ether or its

mixture

2710114119

Source: developed by the authors

Therefore, fuels containing these additives are classi-
fied separately. Classification based on octane rating and
additive content is crucial for several reasons:

1. Internal combustion engines are designed to oper-
ate with fuel of a specific octane value, and using unsuita-
ble fuel can lead to detonation, reduced engine efficiency,
and mechanical damage, making proper classification es-
sential.

2. Environmental and regulatory requirements, such
as modern Euro emission standards, demand high-octane
fuel with minimal harmful impurities. The presence or ab-
sence of lead alters the environmental impact of the fuel,
while oxygenated high-octane additives ensure compli-
ance with environmental regulations.

3. Fiscal and customs considerations are influenced
by additive content, as substances like ETBE affect ap-
plicable excise duties, and different octane categories are
taxed differently. Correct classification ensures accurate
calculation of customs duties and taxes.

4. Market value is also affected, with high-octane fu-
els and additive-enriched gasolines differing significantly
in price and market characteristics, influencing customs
valuation.

The Table 6 thus presented a detailed and logically
structured classification system for petroleum products,
enabling precise identification based on physico-chem-
ical characteristics. Distinctions between subcategories
are grounded in parameters that determine the quality,
safety, application area, and tax regime of each fuel type.

For this reason, characteristics such as octane rating and
the presence of high-octane oxygenated additives are es-
sential for correctly determining the tariff code under UK-
TZED. Therefore, in accordance with UKTZED, the com-
pany’s product code: 2710 11 41 11 - light diesel, for other
purposes: motor gasoline, with an octane number of 80 or
less, with a content of no less than 5 wt.% of high-octane
oxygen additive or ethyl tert-butyl ether or its mixture. The
mathematical model of digitisation of customs clearance
processes using fuzzy logic in international freight trans-
port is presented, which will significantly improve the ac-
curacy of declarations and speed up customs procedures.

Discussion
The results obtained in this study demonstrated that the
proposed fuzzy-logic-based model significantly enhanc-
es the efficiency, adaptability, and analytical capacity of
customs procedures, particularly under conditions of un-
certainty that are inherent to global logistics chains. The
developed mathematical model for verifying the correct-
ness of customs declarations has practical significance
and can be used in customs control methods. This distin-
guishes the work from other developments, which have a
number of shortcomings. The results of the present study
align with the .M. Kveliashvili & T.S. Totska (2021) conclu-
sions, indicating that the strategic objectives of customs
authorities focus on the implementation of innovations
and information and communication technologies, the
improvement of procedural formalities, and the adoption
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of management decisions grounded in the rule of law and
aimed at ensuring customs security. The findings corre-
late strongly with the trends identified in contemporary
transport-systems research. As emphasised by E.M. Dem-
chenko & O.E. Dorosh (2023) and Yu.O. Osipchuk (2024),
the ongoing transformation of logistics networks is driven
by digital integration, smart transport systems, and au-
tomated data exchange. The present study supports this
perspective by showing that customs clearance is also
increasingly dependent on digital ecosystems that must
process heterogeneous, dynamic, and often incomplete
transport information. The methodological foundation of
the model aligns with earlier works on fuzzy-logic appli-
cations in transport analytics. Yu.O. Kovtunov et al. (2020)
demonstrated that fuzzy methods improve the algorith-
misation of interactive monitoring processes by compen-
sating for uncertain or incomplete data. In this research,
fuzzy inference is similarly applied to classify customs-re-
lated risks, interpret inconsistent documentation, and
integrate diverse data flows coming from transport moni-
toring systems and logistics operators. A close conceptual
match is also seen with studies analysing digital customs
risk-management systems. VE Tyshchenko et al. (2022)
highlighted the use of fuzzy algorithms within automated
system for customs clearance of goods and vehicles/auto-
mated system for risk analysis and management for con-
structing complex risk profiles. The results of this study
extend those findings by offering a generalised fuzzy-logic
model suitable for real-time customs clearance, enabling
dynamic adjustment of risk indicators and prioritisation
of consignments. This strengthens the argument that
fuzzy logic provides a more human-interpretable and flex-
ible alternative to purely statistical risk models. The work
further aligns with M. Ishchuk et al. (2024), who examined
the modernisation of the Ukrainian Customs Service,
particularly emphasising automated risk analysis and
the growing role of Al-based tools. The model developed
in this study contributes to that modernisation pathway,
proposing an adaptable decision-support mechanism
that reduces manual workload, increases transparency,
and supports harmonisation with European Union digi-
tal-customs standards. As noted in the analysis of infor-
mation and communication technology-based customs
systems in Korea by S.-B. Kim & D. Kim (2020), digital
transformation improves transparency, accelerates cus-
toms processes, and enhances institutional efficiency.
The findings of the article reinforce this conclusion: the
fuzzy-logic model reduces subjective decision-making,
strengthens rule-based processing, and enables faster
identification of potentially risky shipments. From the
standpoint of logistics and transport-operations optimi-
sation, the results are consistent with studies demonstrat-
ing the robustness of fuzzy-logic decision tools.

A. Palkova & J. Masek (2024) showed that fuzzy mod-
els effectively evaluate uncertain transport parameters
and assist in selecting optimal logistics solutions. In the
current research, fuzzy decision rules support the inter-
pretation of ambiguous cargo characteristics, varying
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routes, and mixed transport conditions — factors that di-
rectly influence customs-risk scoring. Similarly, advanced
fuzzy-logic techniques used in logistics modelling, such
as those applied by D.P. Moreno-Palacio et al. (2023) to
freight tour optimisation, validated the relevance of fuzzy
constraints in environments with variable or unpredicta-
ble demand. The proposed model leverages comparable
fuzzy-logic logic structures to manage unpredictability
in international cargo flows and irregularities in customs
documentation. In turn, B. Chen et al. (2021) developed a
machine-learning model aimed at detecting HS-code mis-
classification in customs declarations. The study demon-
strated that the application of data-driven algorithms en-
hanced the accuracy of customs control procedures and
reduced the risk of classification errors. Finally, the results
resonate with broader risk-assessment studies in trans-
port and supply-chain systems. D. Muzylyov et al. (2024)
demonstrated the effectiveness of fuzzy methods for eval-
uating operational uncertainty in agricultural logistics
chains. This reinforces the argument that fuzzy logic is a
versatile tool applicable across different sectors of freight
movement — including customs clearance, where risks are
multidimensional and dynamic. Overall, the results of this
study confirm that incorporating fuzzy logic into the digi-
tal architecture of customs-clearance processes offers sev-
eral significant benefits:

« enhanced processing of uncertain, incomplete, or
contradictory data;

« greater flexibility and transparency in risk-assess-
ment procedures;

« better integration with modern transport-monitor-
ing and ICT platforms;

« higher overall efficiency and reduced clearance
times;

« alignment with global trends in digital customs
transformation.

The convergence of evidence from related works and
the empirical findings of this study indicate that fuzzy-
logic-based customs models can serve as a foundational
element of next-generation digital customs systems, es-
pecially in international freight transportation where un-
certainty, complexity, and operational variability remain
critical challenges. The identification of objects of cus-
toms clearance with the calculation of fuzzy logic allows
automating the processing of information provided in
the cargo customs declaration, procurement documents
and technical documentation, which is submitted to the
customs authorities with the control of the right to classify
goods with the help of unclear logicians. The automated
system issues recommendations, approvals and recom-
mendations for customs clearance of goods, and also saves
time for customs clearance. An automated expert system
for determining the correctness of customs clearance of
goods is intended to strengthen control over the accurate
classification of goods, prevent cases of tax evasion and
violations of non-tariff regulations by participants in for-
eign economic activity, reduce the time required for cus-
toms clearance, and enable the resolution of complex and
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conflicting issues that arise during classification. Addi-
tionally, it minimises errors in assigning the correct com-
modity codes, ensuring compliance with customs proce-
dures and regulatory requirements.

Conclusions
It is shown that the identification of objects of customs
clearance with the calculation of the fuzzy logic algo-
rithm allows automating the processing of the informa-
tion entered in the cargo customs declaration, packaging
documents and technical documentation. and which is
submitted to the customs authorities with the control of
the right to classify goods with the help of fuzzylogic. The
automated system issues recommendations, approvals
and recommendations for customs clearance of goods,
and also saves time for customs clearance. A mathemati-
cal model for checking the correctness of customs clear-

activity from paying taxes in full and from non-tariff ad-
justment measures when violations are committed dec-
laration of goods moving through the customs territory
of Ukraine; the beginning of the customs clearance of
the company; direct resolution of complex and very se-
rious problems with the classification of goods that arise
during customs clearance; avoiding errors in the classifi-
cation of goods. The developed mathematical model for
checking the correctness of customs clearance with the
calculation of fuzzy logic must become a part of the risk
management system that arises during the declaration
of goods. It will also be possible to improve the risk man-
agement system by building a more balanced methodol-
ogy for determining the multiple value of the risk assess-
ment of customs procedures.

Acknowledgements

ance with the use of fuzzy logic in international cargo  None.

transportation has been developed. Automated exper-

imental system for determining the correctness of the Funding

customs clearance of goods, which should provide: the  None.

purpose of control of the correctness of the classification

of goods under customs duty permission; prevention Conflict of Interest

of attempts by students to enhance external economic  None.

References

[1] Berestov, 1., Shelehan, H., & Berestova, T. (2022). Digitalization of customs control processes and customs
clearance of cargo on railway transport. Central Ukrainian Scientific Bulletin. Technical Sciences, 5(36), 291-297.
doi: 10.32515/2664-262X.2022.5(36).

[2] Chen, B,, van Rijnsoever, EJ., Molenhuis, M., van Dijk, D., Tan, Y.-H., & Rukanova, B. (2021). The use of machine
learning to identify the correctness of HS code for the customs import declarations. In 2021 IEEE 8" international
conference on data science and advanced analytics (DSAA). New York: IEEE. doi: 10.1109/DSAA53316.2021.9564203.

[3] Chupailenko, O.A., Bilokur, M.V, & Polishchuk, R.V. (2023). Identification of transport and customs risks in
international freight transportation using the expert assessment method. Scientific Notes of V.I. Vernadsky TNU.
Series: Technical Sciences, 34(73), 329-335. doi: 10.33744/2308-6645-2022-3-53-409-426.

[4] Demchenko, E.M., & Dorosh, O.E. (2023). Transport systems and transportation technologies. Collection of Scientific
Works of DNUZT, 25, 70-83. doi: 10.15802/TSTT2023/284496.

[5] Dong, Z., & Tian, M. (2025). Fuzzy logic-based risk assessment model for cross-border e-commerce logistics supply
chain. Journal of Circuits, Systems and Computers. doi: 10.1142/S0218126626500453.

[6] In 2024, customs authorities of the State Customs Service detected violations of customs regulations amounting
to UAH 18 billion. (2025). Retrieved from https://customs.gov.ua/news/zagalne-20/post/za-2024-rik-mitnitsi-
derzhmitsluzhbi-viiavili-porushen-mitnikh-pravil-na-18-mlrd-grn-1967.

[7] Ishchuk, M., Ishchuk, O., & Khrypko, S. (2024). Sustainable digital evolution: Transforming the Ukrainian customs
service. European Journal of Sustainable Development, 13(1), 217-228. doi: 10.14207/ejsd.2024.v13n1p217.

[8] Ivashova, L.M., & Kyda, L.I. (2020). Digitalization of customs procedures: The current state and prospects of customs
development. Public Administration and Customs Administration, 3(22), 218-230. doi: 10.32836/2310-9653-2019-
3-218-230.

[9]1 Kim, S.-B., & Kim, D. (2020). ICT implementation and its effect on public organizations: The case of digital customs
and risk management in Korea. Sustainability, 12(8), article number 3421. doi: 10.3390/su12083421.

[10] Kostiana, O.V,, Karpova, V.V, & Ostapenko, V.M. (2021). Risk management in customs affairs as a factor in ensuring
customs security in a period of economic downturn. Business Inform, 11, 404-410. doi: 10.32983/2222-4459-2021-
11-404-410.

[11] Kovtunov,Yu.O., Makohon, O.A., Isakov, O.V,, Babkin, Yu.V,, Kalinin I.V,, & Lazuta, R.R. (2020). Use of the mathematical
apparatus of fuzzy logic for fuzzification and algorithmization of the interactive monitoring system of transport
communications. Control, Navigation and Communication Systems, 3(61), 64-68. doi: 10.26906/SUNZ.2020.3.064.

[12] Kveliashvili, .M., & Totska, T.S. (2021). Implementation of modern customs management concepts of European

countries into national practice. Public Administration in the Sphere of State Security and Customs Affairs, 2(29),
74-80. doi: 10.32836/2310-9653-2021-2.12.

Bulletin of the National Transport University. 2025. Vol. 29, No. 2


https://doi.org/10.32515/2664-262X.2022.5(36).2.291-298
https://doi.org/10.1109/DSAA53316.2021.9564203
https://doi.org/10.33744/2308-6645-2022-3-53-409-426
https://doi.org/10.15802/TSTT2023/284496
https://doi.org/10.1142/S0218126626500453
https://customs.gov.ua/news/zagalne-20/post/za-2024-rik-mitnitsi-derzhmitsluzhbi-viiavili-porushen-mitnikh-pravil-na-18-mlrd-grn-1967
https://customs.gov.ua/news/zagalne-20/post/za-2024-rik-mitnitsi-derzhmitsluzhbi-viiavili-porushen-mitnikh-pravil-na-18-mlrd-grn-1967
https://doi.org/10.14207/ejsd.2024.v13n1p217
https://doi.org/10.32836/2310-9653-2019-3-218-230
https://doi.org/10.32836/2310-9653-2019-3-218-230
https://doi.org/10.3390/su12083421
https://doi.org/10.32983/2222-4459-2021-11-404-410
https://doi.org/10.32983/2222-4459-2021-11-404-410
https://doi.org/10.26906/SUNZ.2020.3.064
https://doi.org/10.32836/2310-9653-2021-2.12

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

Prokudin etal. 103

Law of Ukraine No. 2697-IX “About the Customs Tariff of Ukraine”. (2023, January). Retrieved from https://zakon.
rada.gov.ua/laws/show/2697-202lang=en#Text.

Lebid, V., Anufrieva, T., & Savenko, G. (2020). Studies of the efficiency of simplification of customs formalities
on the basis of digitalization. Technological Audit and Production Reserves, 1(4(57)), 49-53. doi: 10.15587/2706-
5448.2021.225627.

Lemeha, R. (2020). Automation and informatization of customs procedures as priority directions of improvement
of administration of customs regimes in Ukraine. Entrepreneurship, Economy and Law, 11, 126-133.

Luo, N., Yu, H., You, Z., Li, Y., Zhou, T,, Jiao, Y., Han, N., Liu, C., Jiang, Z., & Qiao, S. (2023). Fuzzy logic and neural
network-based risk assessment model for import and export enterprises: A review. Journal of Data Science and
Intelligent Systems, 1(1), 2-11. doi: 10.47852/bonview]DSIS32021078.

Mishchenko, A.V,, Kurylo, 0.V, & Zolotukhina, O.A. (2020). A fuzzy model for assessing information security risks
and maintaining the protection level of ERP systems. Telecommunication and Information Technologies, 1(66), 142-
150. doi: 10.31673/2412-4338.2020.011451.

Moreno-Palacio, D.P, Gonzélez-Calderén, C.A., Lopez-Ospina, H., Gil-Marin, J.K., & Posada-Henao, J.J. (2023).
Freight tour synthesis based on entropy maximization with fuzzy logic constraints. Transportation, 51, 2323-2357.
doi: 10.1007/s11116-023-10407-y.

Muzylyov, D., Medvediev, I., & Pavlenko, O. (2024). Risk factor assessment in agricultural supply chain by fuzzy
logic. IOP Conference Series: Earth and Environmental Science, 1376(1), article number 012038. doi: 10.1088/1755-
1315/1376/1/012038.

Osipchuk, Yu.O. (2024). Risk management in customs affairs under martial law conditions. Economics. Management.
Current Issues of Science and Practice, 2(108), 16-21. doi: 10.26642/ema-2024-2(108)-16-21.

Pélkovd, A., & Masek, J. (2024). Fuzzy logic as a decision-making tool for transport request selection. Transportation
Research Procedia, 77, 116-122. doi: 10.1016/j.trpro.2024.01.015.

Tyshchenko, V.E, Ostapenko, V.M., & Karpova, V.V. (2022). Digitization in the customs risk management. Economics
and Society, 37, 60-65. doi: 10.32782/2524-0072/2022-37-35.

Vijayakumar, S. (2025). Technology-centric and data-driven customs risk management for supply chain security.
World Customs Journal, 19(1), 38-63. doi: 10.55596/001¢.131745.

World Customs Organization. (n.d.). Overview. Retrieved from https://www.wcoomd.org/en/topics/nomenclature/
overview.aspx.

Zheng, C., Cao, J., & Zhou, H. (2025). Optimization of emergency supplies customs clearance strategy based on
K-means clustering. Frontiers in Public Health, 13, article number 1481328. doi: 10.3389/fpubh.2025.1481328.

Bulletin of the National Transport University. 2025. Vol. 29, No. 2


https://zakon.rada.gov.ua/laws/show/2697-20?lang=en#Text
https://zakon.rada.gov.ua/laws/show/2697-20?lang=en#Text
https://doi.org/10.15587/2706-5448.2021.225627
https://doi.org/10.15587/2706-5448.2021.225627
http://www.irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe?I21DBN=LINK&P21DBN=UJRN&Z21ID=&S21REF=10&S21CNR=20&S21STN=1&S21FMT=ASP_meta&C21COM=S&2_S21P03=FILA=&2_S21STR=Pgip_2020_11_22
http://www.irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe?I21DBN=LINK&P21DBN=UJRN&Z21ID=&S21REF=10&S21CNR=20&S21STN=1&S21FMT=ASP_meta&C21COM=S&2_S21P03=FILA=&2_S21STR=Pgip_2020_11_22
https://doi.org/10.47852/bonviewJDSIS32021078
https://doi.org/10.31673/2412-4338.2020.011451
https://doi.org/10.1007/s11116-023-10407-y
https://doi.org/10.1088/1755-1315/1376/1/012038
https://doi.org/10.1088/1755-1315/1376/1/012038
https://ema.ztu.edu.ua/article/view/308965
https://doi.org/10.1016/j.trpro.2024.01.015
https://doi.org/10.32782/2524-0072/2022-37-35
https://doi.org/10.55596/001c.131745
https://www.wcoomd.org/en/topics/nomenclature/overview.aspx
https://www.wcoomd.org/en/topics/nomenclature/overview.aspx
https://www.frontiersin.org/journals/public-health/articles/10.3389/fpubh.2025.1520705/full

104  Digitisation of the processes of customs clearance...

Uudposisauia npoueciB MUTHOro opopMJIEHHA TOBAPIB
3 PO3PAXYHKOM MATEMATUYHOI MoAe i HEeUiTKOI NIoriku

Feoprin MpokyaiH
JloKTOp TEXHIYHUX HAYK, Tpodecop
HarioHaIbHUM TPaHCIOPTHUH YHIBEpCUTET
01010, Bys1. M. OMesnaHoBUYa-I1aBieHka, 1, M. Kuis, Ykpaina
https://orcid.org/0000-0001-9701-8511
Onekcin YynanneHko
KaHpupaT TexHiYHUX HayK, JOLEHT
HanioHapHUHM TPAaHCIIOPTHUM YHIBEPCUTET
01010, Bys1. M. OMessHOBHYa-IlaBseHka, 1, M. KuiB, Ykpaina
https://orcid.org/0000-0002-4837-0727
IOpin KonecHuk
Acoipant
HanioHanbHUH TpaHCIOPTHUM YHiBEpCUTET
01010, Bys1. M. OMesnsHOBHYa-IlaBsaeHka, 1, M. Kuis, Ykpaina
https://orcid.org/0000-0002-8079-9961
Apkapgin Ko3nos
JloueHT
HanioHaspHUH TpaHCIIOPTHUM YHiBEpCUTET
01010, Bys1. M. OMesnaHOoBHYa-IlaBaeHka, 1, M. Kuis, Ykpaina
https://orcid.org/0000-0002-0170-7222
AmuTtpo CBipiH
JomeHT
HanioHanpHUH TPaHCIIOPTHUM YHiBEpCUTET
01010, Bys1. M. OMenaHoBr4a-IlaBaenka, 1, M. Kuis, Ykpaina
https://orcid.org/0000-0001-5860-4446
Muxanno fronosaTiok
AcucreHT
HarioHaTbHUM TPaHCIOPTHUH YHIBEpCUTET
01010, Bys1. M. OMesnaHoBUYa-IlaBiaenka, 1, M. Kuis, Ykpaina
https://orcid.org/0009-0005-0331-0105

AHOTALIf. AKTyaJIbHICTh NOCTiAKEHHS 3yMOBJIEHA 3pOCTAIOYMM BUKOPHUCTAHHSAM aBTOMAaTH30BAHUX CHCTEM
MUTHOTO 0(OpMJIeHHS, AKi GOPMYIOTh peKOMEeH aIlil, ollepe/sKeHHs Ta OOI'PYHTYBaHHS 3 METOI0 CKOPOYEeHHS
yacy 00po0OKu BaHTaXXiB. BogHOUac e(peKTUBHICTh TAKUX CHCTEM 3aJIeSKUTH Bil HAYKOBO 0OI'PyHTOBAHOT METOL0JIOTIT
BU3HAYEeHHs ONTHMAaJbHOI MepioANYHOCTI MepemisAny npodiniB pu3uKy Ta BIOCKOHAJEHHS KiJBbKICHOI OI[iHKU
pU3UKiB. MeToI0 MOCJiIKeHHSA OyJI0 PO3pPOOJIEHHS MaTeMATHYHOI MOJeJi MepeBipKu MPaBUIBLHOCTI MHUTHOTO
oopMmyieHHsI i3 3acCTOCYyBaHHSIM amapary HEYiTKOi JIOTiKM B yMOBaxX Mi’KHApOJHUX BAHTA)KHUX IlepeBe3€eHb.
MeToau JOCTiIKeHHsT BKIIOYAIN PO3pO0JeHHsI MaTeMaTHYHUX MOJleJiell Ta aJITOPUTMIB iX peasisarii. 30kpema,
MaTeMaTUYHUH amapaT HediTKoi JIoTiku 6yJ10 3aCTOCOBAHO [JIsT BU3HAYEHHs KOPEKTHOCTI MUTHOTO 0(OpMIIEHHS
ToBapiB. [TokasaHo, mo igeHTHdiKaisg 00’€KTIB MUTHOTO KOHTPOJIIO i3 BUKOPUCTAHHSIM HEYITKOI JIOTiKU JO3BOJISIE
aBTOMAaTU3yBaTu 0OpOOKY iH(opmarii, momaHol B MHUTHIM Aekjaparii, CylpoOBiZHUX MOKYMEHTAaX i TeXHiYHil
JOKyMeHTalii, sika HaAXOAWUTh A0 MHUTHUX OpraHiB [ KOHTPOJIO IpaBoMipHOCTi KJjacudikariiil ToBapis.
Po3po06JieH0 pekoMeHJallii 010 BUKOPUCTAHHS allapaTy HeYiTKO1 JIOTiKM B aBTOMAaTU30BaHil eKCIIepTHIN cucTemi
JUIs1 BU3HAYEHHsI IPaBUIBHOCTI MUTHOTO O0(OPMJIEHHsI. 3allPpONIOHOBAHA CHCTEMa CIPsIMOBaHa Ha MOCUJIEHHS
KOHTPOJIIO 3a KOpEeKTHicTI0O Kjacudikanii ToBapiB mim dac MUTHOTO ogopMIiIeHHs, 3alobiraHHA YXUJIEHHIO
Y4aCHHUKIB 30BHIIIHbOEKOHOMIYHOI TislJIBHOCTI BiJl TOBHOI CIIJIaTH MOAATKIB Ta JOTPUMAaHHS 3aXO0/IiB HETAPU(PHOTO
peryIIoBaHHsA MIJISIXOM MOPYLIEHHsI MIPAaBUJI JIeKJapyBaHHS TOBApiB, M0 MEePEMIIIYIOTHCSA Yepe3 MUTHUN KOPAOH
VYkpainu. BoHa Tako)k Opi€eHTOBaHa Ha CKOPOYEHHS Yacy MHUTHOTO Oo¢opMmJjeHHsI, 0e3mocepelHE BUPIIIEHHS
CKJIQJHUX i cynepeu/MBUX KiacupikallilHIX MUTaHb Ta YHUKHEHHS IOMUJIOK Yy KiIacugikatii ToBapiB

Knioyosi cnosa: asromarusanis iHdopMmamii; ynpaBaiHHA pu3uKaMy; HeTapudHe peryJioBaHHS; JIOTiCTUYHI
omepaTopy; TPAaHCIOPTHUH MOHITOPUHT
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Abstract. Modern cities are overloaded with cars, so progressive administrators are shifting their focus towards
optimising traffic flow, reducing delays, improving road safety and creating comfortable conditions for pedestrians and
public transport users, including by restricting traffic in city centres. The aim of this study was to analyse the measures
implemented in European cities to reduce traffic congestion in city centres, as well as the results they have achieved. The
article analysed modern traffic management methods used in European cities (Barcelona, Madrid, Paris, Stockholm)
and New York, and identifies their advantages, problematic aspects of implementation, and potential impact on the
further development of urban mobility. Based on the results of the work, it was determined that a considerable number
of European cities have adopted a shift from a car-centric urban planning model to one that prioritises population
mobility. This transition has been accompanied by a notable increase in the infrastructure dedicated to pedestrian and
bicycle traffic. The systematic increase in dependence on cars has led to the expected consequences — exceeding the
capacity of the built road network, resulted in a high number of concentrated traffic jams, and increased emissions
of hazardous substances. To combat the consequences of congestion in cities, especially in central areas, a number
of countries have implemented restrictions related to both a complete traffic ban and financial payments for travel in
selected areas. The long-standing and recently introduced restrictions have had a clear impact on reducing traffic in
selected areas, thereby decreasing travel time and CO, emissions. The practical value of this work lies in the fact that it
provides an opportunity to develop and implement effective solutions to reduce traffic congestion in central Kyiv, based
on the successful experience of European cities

Keywords: traffic management; road traffic safety; congestion; urban mobility; ecology

Introduction

The evolution of urban landscapes and the establishment
of their street and road networks occurred in tandem with
the increasing adoption of motorised vehicles. However,
the pace of this process exceeded expectations, and at the
beginning of the 21st century, cities faced new challenges
such as congested roads, traffic jams, parking shortages,

and a deteriorating urban environment. Traditional ap-
proaches to transportation planning that focus on private
cars no longer ensure the efficient functioning of urban
infrastructure. On the contrary, they only exacerbate ex-
isting problems. Therefore, modern cities are focusing on
optimising traffic flows, reducing delays, improving traffic
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safety, and creating comfortable conditions for pedestri-
ans and public transport. Rational management of the
street and road network is a key factor for the balanced
development of urban transport. Its goal is to ensure un-
interrupted transport links between functional areas of
the city and to create a comfortable and safe urban space.
The high level of transportation delays, congestion that
causes increased travel time, deterioration in the level of
transportation services, and an increase in the number
of traffic accidents indicate that the city’s street and road
network does not correspond to the number of cars on
it. K. Cao et al. (2024) showed that the main causes of de-
lays in central areas are the uneven distribution of traffic
flows and suboptimal traffic management, while network
optimisation and signal control adjustments can signifi-
cantly reduce congestion. In order to create a comforta-
ble and environmentally friendly environment for city
residents, European countries have been implementing
measures to restrict car traffic for decades. The main goal
was to reduce street congestion, emissions of harmful
substances, improve safety for pedestrians and drivers,
and encourage the use of public transport and bicycles.
Y. Matseliukh et al. (2025) proved that the development
of public transport and the integration of digital solu-
tions in a “smart city” substantially decrease emissions
and reduce the share of private car use. Because a large
number of jobs and major activity centres are located in
city centres, and street networks are limited in capacity,
many countries impose restrictions on car use in central
areas while enhancing mobility through the creation of
pedestrian zones and bicycle lanes. This article examined
the methods of car traffic restriction applied in European
cities, identified the challenges arising during their imple-
mentation, and analysed how such measures may influ-
ence the future of urban mobility. E Tassinari (2024), using
the example of the Madrid Central zone, confirmed that
low-emission zones (LEZs) have a strong deterrent effect
on private vehicle usage and help reduce air pollution.
The systematic review by Y. Ma & E Mészaros (2024) in-
dicated that access-restriction measures — such as traffic
bans, LEZs, and pedestrian zones — consistently demon-
strate high effectiveness in improving the sustainability of
urban logistics. H. Billhardt et al. (2022) proposed a model
of dynamic access regulation to the city centre based on
congestion levels, which enhances infrastructure efficien-
cy and reduces traffic volumes. S. Li et al. (2020) showed
that congestion charging combined with spatial pricing
in ride-sourcing services can significantly reduce private
car trips. Urban vehicle access regulations (n.d.) identified
the most effective tools for decreasing city-centre car use,
including congestion charging, reducing parking supply,
and developing cycling and pedestrian infrastructure. Ac-
cording to the Smart cities mobility index (n.d.) report, the
most promising direction for Central and Eastern Europe-
an cities (including Kyiv) is the integration of multimodal
mobility with a strong prioritisation of public transport.
Finally, J. Palaguachi et al. (2024) demonstrated that in-
centivising the use of peripheral park-and-ride facilities
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within a managed system can substantially reduce traffic
pressure in central urban zones. Collectively, these studies
highlight the effectiveness of a comprehensive policy ap-
proach - combining restrictive measures, public transport
development, and rethinking urban space — as the key
strategy for relieving congestion in major city centres. This
study sought to examine the strategies adopted by Euro-
pean cities to alleviate congestion in central urban areas
and to assess the outcomes of their implementation.

Materials and Methods

The methodological foundation of the study was a sys-
tematic review of the academic literature aimed at synthe-
sising theoretical and applied approaches to restricting
vehicular traffic in city centres and assessing their impact
on urban mobility. The development of the theoretical
framework involved the purposeful selection and system-
atisation of contemporary and relevant sources reflect-
ing the current state of academic debate and governance
practice. The analysis drew upon publications indexed
in international scholarly databases (ResearchGate, Web
of Science, Academia.edu), as well as official materials
produced by municipal authorities and international or-
ganisations. Sources were selected according to the fol-
lowing criteria: thematic relevance to traffic restriction
policies in city centres; the presence of empirical or an-
alytical findings; and a focus on large and medium-sized
cities as representative settings for the implementation
of transport innovations. This ensured the relevance and
comparability of the findings obtained. In particular, pub-
lications by N. Mueller et al. (2020), E. Natterer et al. (2024)
and K. Pérez et al. (2025), devoted to examining the im-
pact of urban design and traffic organisation on the en-
vironment and public health, were analysed. In addition,
materials from the information resources Superblocks of
Barcelona (2024), Urban vehicle access regulations (n.d.),
and Which cars can drive... (n.d.) were utilised as sourc-
es of up-to-date data on the practical implementation of
traffic restrictions and the functioning of the respective
initiatives. The analytical stage of the research was based
on a combination of the comparative approach and con-
tent analysis, which made it possible to identify key in-
struments of urban traffic regulation (pedestrianisation,
LEZs, congestion charging, and parking regulation) and to
assess their effectiveness in terms of reducing traffic con-
gestion, improving air quality, and enhancing the sustain-
ability of the urban environment.

The empirical component was formed using the case
study method, which involved an in-depth examination of
traffic management practices in leading cities in Europe
and the United States (US). Specifically, the experiences
of implementing vehicular traffic restrictions and LEZs in
Barcelona, Madrid, Paris, Stockholm, and New York were
analysed. The inclusion of New York as a non-European
metropolis that has recently introduced a congestion pric-
ing system enabled an interregional comparison between
European regulatory models and contemporary practices
in the US. Additionally, cartographic analysis was applied,



encompassing the examination of traffic restriction zone
schemes, superblocks, and congestion charging areas.
This made it possible to assess the spatial configuration
of transport solutions and their integration into the over-
all structure of urban planning. The combination of the
methods employed ensured the comprehensiveness of
the study and the validity of the conclusions drawn.

Results and Discussion
More and more cities, especially in Europe, are finan-
cially restricting or banning vehicle traffic in the city
centre. Measures to regulate the price of car use in cit-
ies exist in all EU countries. London has been charging
for entry into the city centre for more than 15 years. In
addition, the city has several other taxation zones for
toxic emissions. In Stockholm, such a system has been
in place since 2007. However, the earliest to collect fees
for entering the city centre was Singapore in 1975 (Why
is paid entry to central..., 2018; FHWA primers and one-
page, n.d.). The two main reasons for the restrictions are
street congestion and air pollution from car emissions.
Safe and, above all, efficient transport operation directly
depends on improving the state regulation of its activi-
ties, and to gain the experience, Ukraine can look up to
the world’s leading countries, where this issue has been
resolved most effectively. An analysis of selected Europe-
an cities that have introduced comparable restrictions
is undertaken to evaluate the effectiveness of the policy
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decisions implemented. One of the best decisions in ur-
ban planning is the Barcelona’s superblocks, which aim
to reduce noise and air pollution in urban areas. The
concept is consolidation of nine standard districts into
one superblock, where traffic is allowed only on periph-
eral roads and access to the centre is restricted except
for superblock residents and service vehicles (Mueller et
al., 2020). Layout like this leaves much more space for
pedestrians, cyclists, parks, playgrounds and recreation
areas. Since the 19t century, the city has been built ac-
cording to a concept of superblocks created by I. Serda
(Pérez et al., 2025). Modern superblocks even give a sec-
ond life to this concept by limiting car traffic and en-
couraging the expansion of green areas and pedestrian
mobility. The first modern superblock was introduced in
2016. The introduction of superblocks has brought social
and economic changes. As parts of the streets became
pedestrianised, real estate prices increased, and a large
number of cafes, restaurants, and hotels replaced local
shops. Because of the superblock, pedestrian and cycling
activity increased by 10% and 30% respectively, pollution
was significantly reduced, and the urban environment
became more attractive to residents and visitors alike.
Therefore, the Barcelona city authorities considered
these factors when planning the city’s future Superblocks
of Barcelona (2024). Figure 1 illustrates the differences
between the superblock concept under unrestricted con-
ditions and when access to the city centre is limited.
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Figure 1. Comparison of the concept of superblocks without restrictions and with restrictions on access to the centre

Source: Superblocks of Barcelona (2024)

Figure 1 shows comparison of current model of street
planning. At the current model, cars, vans, trucks and
buses can use every street with no restrictions. At the su-
perblock model 3 blocks are combined in one, and inside
the block streets can be used only by local residents. The
Madrid Central programme was introduced in November
2018 to reduce air pollution and improve the quality of life
of residents by restricting car traffic in the central part of
Madrid. Madrid is one of the first cities to restrict traffic
and create pedestrian zones. In 2005, the city of Madrid
established a priority pedestrian zone in the densely pop-
ulated historic district of Las Letras, and subsequently im-

plemented similar initiatives in several other areas of the
city. Since 2018, the 472-hectare zone has been closed to
most vehicles, with the exception of hybrid and electric
vehicles, as well as vehicles of local residents and guests
with special permits (Which cars can drive..., n.d.). Even
in a country where many cities restrict the movement of
private vehicles, this is a radical restriction. While most
of Madrid’s streets are very narrow and not very suitable
for motorised vehicles, the designated central zone has
wide roads that are filled with a large flow of cars every
day. Thus, the plan is not only to make the busy central
streets more comfortable for pedestrians and tourists, but
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also to demotivate residents of the capital from driving to
the central part of the city. According to the Federation of
European Transport and Environment, Madrid Central
has become the most effective LEZ programme among
European cities, achieving a 32% reduction in nitrogen
dioxide pollution) (Madrid’s low emission zone..., 2019).
In 2021, the city government adopted a new environmen-
tal strategy called Madrid 360 (n.d.), which are similar to
Madrid Central but have some differences. In particular,
more rights were granted to local entrepreneurs, equat-
ing them to residents in terms of access to the zone, and
restrictions on certain trucks were postponed. Beginning
in 2025, the restrictions for vehicles with the “B”-Eco la-
bel will be strengthened (Madrid Central: How to... n.d.).
These vehicles will only be able to drive in LEZs under cer-
tain conditions, such as parking in regulated car parks or
being a resident. These measures aim to further improve
air quality and provide a healthier urban environment for
Madrid’s residents (Madrid 360, n.d.). Figure 2 demon-
strates the spatial coverage of the restricted traffic zone
in central Madrid, indicating the boundaries and the area
where traffic restrictions apply.

Figure 2. Madrid Central programme area
in the city of Madrid
Source: Residents of central Madrid... (2018)

Figure 2 illustrates Madrid Central — a large Resi-
dential Priority Area covering 470 ha, aimed at reducing
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through traffic and lowering NO, emissions by up to 40%.
Residents can freely use their vehicles and issue a limited
number of guest passes, while non-residents are allowed
access only with an environmental badge or a guest pass.
Taxis and ride-hailing services (e.g., Cabify, Uber) have
special access rules until 2025, after which free circu-
lation will be permitted only for vehicles with a CERO
(zero-emission) or ECO (hybrid/low-emission) environ-
mental label.

Paris is actively implementing measures to restrict
traffic in central areas, creating safe zones for pedestri-
ans and cyclists to improve air quality and reduce noise
pollution. On 5 November 2024, the city of Paris intro-
duced the first ZTL in the city’s central districts, covering
the 1stto 4t arrondissements (Le Monde, 2024; Natterer et
al., 2024). This zone strictly limits the entry of motorised
vehicles, giving priority to pedestrians and cyclists. The
aim of this initiative is to improve air quality, reduce
noise and traffic, and return public space to residents.
The area is home to about 100,000 people and 11,000
companies. Only emergency services, buses, taxis, peo-
ple with reduced mobility, locals, employees, and visitors
with specific purposes such as medical visits or shopping
are allowed to access the ZTL. According to data from
City Hall, the number of vehicles entering the ZTL daily
ranges from 350,000 to 500,000, with up to 50% of these
vehicles belonging to through traffic. Through traffic is
defined as drivers who are merely passing through but
have a final destination outside the ZTL. Authorities an-
ticipate that the implementation of the restricted ZTL
will result in a substantial reduction in vehicular traffic,
potentially up to 30% on the busiest thoroughfares, in-
cluding Boulevard de Sébastopol and Avenue de I'Opéra,
accompanied by decreased noise levels and improved air
quality (Poulhes et al., 2025). These measures underline
Paris’s commitment to creating a more pedestrian and
cycling-friendly urban environment, reducing reliance
on private transport and improving the overall quality
of life for residents. Traffic restrictions in areas of Paris
are shown in Figure 3. Figure 3 illustrates the area des-
ignated as a restricted traffic zone in Paris, located along
the banks of the Seine, with the lower image providing
a comparison between this zone and the rest of the city.
The introduction of the restricted traffic zone has pro-
duced measurable outcomes. Traffic volumes along the
boundaries of the zone decreased substantially, with an
18% reduction observed in 2008 compared to 2005, prior
to the implementation of the entry fee. The adoption of
environmentally friendly vehicles increased during the
trial period, rising from 3% of trips using alternative fuel
vehicles to 13% by 2008. In addition, CO, emissions from
vehicles in the city centre were reduced by an estimat-
ed 14-18% following the introduction of the congestion
charge (What are city road taxes?, n.d.). These results in-
dicate that the implementation of a restricted traffic zone
can effectively reduce traffic congestion, promote the
adoption of environmentally friendly vehicles, and con-
tribute to a measurable decrease in urban CO, emissions.
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Figure 3. Boundaries of the Paris restricted traffic zone

Source: Limited traffic zone in Paris (2025)

In 2007, Stockholm introduced a system of fees for
entering the central part of the city, known as congestion
tax, in order to reduce congestion and improve air quali-
ty. The city’s residents voted to approve this initiative. In-
itially, this tax applied only to vehicles registered in Swe-
den. As of January 1, 2015, the tax applies to vehicles with
both Swedish and foreign registration plates, as noted by
A. Vadeby & A. Forsman (2018). The congestion tax is lev-
ied on cars, trucks, and buses with a total weight of less
than 14 tons. Motorcycles and mopeds are exempt from
this tax. The amount of the charge depends on the day of
the week and the time of day. The tax is applied to vehi-
cles between 6:00 a.m. and 6:29 p.m., Monday through
Friday. No charge is applied on Saturdays, Sundays, public
holidays, or the eve of public holidays. The tax is also not
applied in July. The maximum daily charge per vehicle is
SEK 135 during the high season and SEK 105 during the
low season. High season runs from 1 March to early July
(including the first five working days of July) and from
15 August to 30 November, while low season covers the
remaining period (Sweden, n.d.). Figure 4 presents the
layout of traffic restrictions and the locations of control
points in Stockholm.

Figure 4 depicts the extent of the limited traffic zone
in Stockholm. Compared to the restricted traffic zone in
Paris, the Stockholm zone differs in size and regulatory
approach: while Paris strictly limits the entry of motorised
vehicles, entry in Stockholm is permitted subject to a con-
gestion charge. The implementation of these measures
has contributed to improved air quality and reduced traf-
fic congestion, positively affecting the urban environment
and residents’ quality of life. The congestion tax in Stock-
holm remains in force as of 2025, applying to vehicles en-
tering both the city centre and the Essingeleden highway
during specified hours.
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Figure 4. Stockholm’s limited traffic zone
Source: Sweden (n.d.)

New York (US) was included for interregional com-
parison, as previously studied examples only concerned
European cities. In 2025, a congestion charging system
was introduced in central areas to reduce traffic conges-
tion, improve air quality and provide additional funding
for public transport, integrated into a sustainable urban
transport infrastructure strategy. Tolls, or a system of
charging for entry into the city’s central areas, were intro-
duced in New York City to reduce congestion, improve air
quality, and provide additional funding for public trans-
portation. The initiative was part of the city’s broader
strategy for sustainable development and modernisation
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of its transportation infrastructure, as noted by R. Khalifeh
& S. Nessen (2025). The fare was introduced by the MTA on
January 5. Under the tolling scheme south of 60t Street in
Manhattan, passenger and small commercial vehicles are
charged $15 during peak hours and $3.75 overnight, while
motorcycles incur fees of $7.50 and $1.75, respectively.
Trucks and buses are charged either $24 or $36 during
peak hours and $6 or $9 overnight, depending on vehicle
type. Discounts are applied for drivers using an E-ZPass
at the four tolled entry points in the zone — the Lincoln
Tunnel, Holland Tunnel, Queens-Midtown Tunnel, and
Hugh L. Carey Tunnel — with credits of $5 for passenger
vehicles, $2.50 for motorcycles, up to $12 for small trucks
and charter buses, and up to $20 for large trucks and tour
buses. No credits are offered during the discounted over-
night period (Khalifeh & Nessen, 2025). Following the
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introduction of the congestion fees on January 5, initial
data from the Metropolitan Transportation Authority in-
dicated a 7% reduction in the number of vehicles enter-
ing the tolling zone south of 60 Street compared with
the same period in the previous year. This decrease con-
tributed to faster traffic flow in surrounding areas, with
average trip times falling by 10-30% during the first days
of implementation, even accounting for days with atypical
disruptions. In particular, average weekday travel times
through the Holland Tunnel declined by 48% during the
first three weeks of congestion pricing relative to the same
period in January of the preceding year. Travel times on
the Williamsburg Bridge fell 30% and 27% on notoriously
jammed Canal Street, according to J. Zanger et al. (2024).
Figure 5 shows the central part of New York City and the
boundaries of the congestion charging zone.

(5 Yoo
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Figure 5. Congestion tax zone in New York City

Source: J. Zanger et al. (2024)

Figure 5 illustrates the congestion charging zone in
Manhattan, New York, which is bounded by 60t Street to
the north and major transport arteries and bridges around
its perimeter. It visualises the geographical limits of the
zone where the congestion charge applies, highlighting
the locations of key entry points and tunnels through
which vehicles enter the city centre. Consequently, a
considerable number of European cities have adopted a
shift from a car-centric urban planning model to one that
prioritises population mobility. This transition has been
accompanied by a notable increase in the infrastructure
dedicated to pedestrian and bicycle traffic. The systemat-
ic increase in dependence on cars has led to the expected
consequences — exceeding the capacity of the built road
network, resulted in a high number of concentrated traffic
jams, and increased emissions of hazardous substances.
To combat the consequences of congestion in cities, es-
pecially in central areas, a number of countries have im-
plemented restrictions related to both a complete traffic
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ban and financial payments for travel in selected areas.
Analysed restrictions have had a clear impact on reduc-
ing traffic in selected areas, thereby decreasing travel time
and CO, emissions.

Based on the case study and literature review, it can
be argued that similar initiatives could be implemented
in Ukraine, particularly in Kyiv. According to O. Panchen-
ko (2021), Kyiv ranks seventh in the ranking of the world’s
cities with the most traffic jams, and a large number of
transit trips pass through the main Khreshchatyk Street.
Despite the fact that the time spent in traffic jams is in-
creasing year after year, drivers in Ukraine are not ready
to give up their cars. Such measures need to take into ac-
count the alternatives that the city can offer to residents
in exchange for giving up driving, such as high-quality
public transportation, pedestrian and bicycle infrastruc-
ture. D. Bespalov, the director of ProMobility, says that it
is possible to calculate the effect of these restrictions on
transportation using a transport model. It can be selected



a section of the transportation network and calculate the
effect on the toll road if 10%, 20%, or 50% of drivers pay. In
other words, if the city authorities want to introduce such
toll zones, it will be quite possible to develop a feasibili-
ty study for them, which is necessary to allocate funding
(Panchenko, 2021). Thus, the introduction of restrictions
on car traffic in Kyiv is advisable provided that a compre-
hensive approach is taken, involving the development of
alternative modes of transport and a detailed technical
and economic assessment of the impact of such measures
on the city’s transport system. Other studies emphasised
that urban traffic management strategies, including con-
gestion charging and LEZs, play a critical role in reducing
car dependency, mitigating congestion, and enhancing
environmental quality and public health outcomes. At
the same time, they highlight potential economic impli-
cations and displacement effects that must be carefully
taken into account when designing and implementing ef-
fective urban mobility policies. A. Baghestani ef al. (2020)
argued that the introduction of congestion charging in
central areas of New York City effectively reduces the num-
ber of car trips into the city centre, alleviates congestion
and delays, lowers harmful emissions, and encourages
greater use of public transport. The authors noted that im-
plementing cordon pricing in New York City could reduce
single-occupancy vehicle trips, improve traffic conditions
in the Central Business District, decrease congestion and
emissions, thereby mitigating negative public health im-
pacts, although the accuracy of results is limited by the
model and available data, and further research could in-
clude economic and social analyses. The authors also em-
phasised that such strategies can enhance the overall effi-
ciency of urban transport networks and serve as a reliable
decision-making tool for large US cities. According to Y. Li
& D. Vignon (2024), the policy of imposing an additional
surcharge on ride-hailing trips in New York City led to a
decline in trip volumes and service revenues, particularly
for short journeys and in areas with alternative transport
options. However, it did not reduce congestion, poten-
tially generating short-term economic losses for the city.
The study by J. Moral-Carcedo (2024) confirmed that the
implementation of the low-emission zone Madrid Central
successfully reduced traffic levels in the city centre, yet it
also resulted in increased traffic in surrounding districts.
This highlights the importance of accounting for displace-
ment effects when designing urban mobility policies. A
systematic review by P. Manglano-Redondo et al. (2025)
demonstrated that dynamic LEZs, which adaptinreal time
to changing traffic conditions, are effective in reducing air
pollution in urban centres. These measures combine en-
vironmental objectives with the need to maintain traffic
flow, supported by advanced monitoring technologies
and traffic-modelling approaches. According to the results
of the study, the introduction of such restrictions in Euro-
pean cities demonstrates the effectiveness of the transi-
tion from car-centric planning to prioritising population
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mobility, accompanied by the development of pedestri-
an and bicycle infrastructure, reduced traffic congestion,
shorter travel times and lower CO, emissions. Thus, the
discussion demonstrated that successful transport policies
require a balance between environmental benefits, popu-
lation mobility and possible side effects, such as econom-
iclosses or the transfer of traffic congestion to other areas.

Conclusions
The article reviewed five cities that have introduced traffic
restrictions in their city centres through the implementa-
tion of LEZs. Although each city differs in terms of the type
of restriction applied and the spatial extent of the zone,
the overall outcome is consistent: a reduction in harmful
emissions and congestion. The findings of the analysis
demonstrated that the introduction of such measures has
a clear positive effect in reducing transport intensity, alle-
viating traffic congestion, shortening travel times, and de-
creasing CO, emissions as well as other air pollutants. Par-
ticularly effective were integrated strategies that combine
financial disincentives with the spatial reorganisation of
the urban environment in favour of pedestrians and cy-
clists. Special emphasis was placed on the importance of
cartographic analysis, which enabled an assessment of
the spatial configuration of restriction zones, their scale
of coverage, and the extent to which transport measures
are integrated into broader urban planning frameworks.
The experience of New York City was included as an in-
terregional example of the recent implementation of
congestion pricing, thereby expanding the comparative
perspective of the study. The results suggest that similar
transport initiatives may hold significant potential for
adoption in Ukraine, particularly in Kyiv. However, their
successful implementation would require a comprehen-
sive approach, including the development of high-quality
public transport, the expansion of cycling and pedestrian
infrastructure, and detailed technical and economic mod-
elling of potential impacts on the urban transport system.
Overall, the study confirmed that reorienting urban space
away from private car use towards sustainable mobility
represents a key direction of contemporary transport poli-
cy, with the capacity to enhance environmental safety and
improve the quality of life in large cities. Further research
could focus on additional cities where such restrictions
have already been introduced or are planned. Another im-
portant area for more detailed investigation is the feasi-
bility of implementing traffic restriction measures in Kyiv.
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AHoTauif. CydacHi MicTa HagMipHO IepeBaHTa)KeHi aBTOMOOITBHMM TPAHCIOPTOM, TOMY IPOrpPeCHBHi
Michki agMminicTpanii nemasni Oiiblie 30cepePKYIOTHCS Ha ONTHMIi3alii TPaHCIMOPTHUX IOTOKIB, 3MEHIIEHHI
3aTPUMOK, MiIBUINEHHI 0e3MeKH [TOPOKHBOTO pPYyXy Ta CTBOPEHHI KOMQOPTHHUX YMOB [JIs IHiITOXOmiB i
KOPHCTYBadiB rPOMaJCbKOro TPAHCIOPTY, 30KpeMa IIIAX0M 00MeKeHHs Pyxy B IleHTpaJIbHUX patioHax. MeToio
IBOr0 JOCTIMKeHHs OyJ0 IpoaHasi3yBaTH 3axOAM, BIPOBAIKeHI B €BPOMEMCHKUX MicTax AJsi 3MEHIIEHHS
TPAHCIOPTHUX 3aTOPiB y IEHTpax, a TaKO)X Pe3yJbTaTH, IKUX BAAJIOCA NOCALTU. Y CTAITi PO3WIAHYTO CydacHi
MEeTOAH YIPAaBJIiHHA JOPOKHIM PyXoM, 110 3aCTOCOBYIOTHCA B €BpoIelchKUX MicTax (bapcesiona, Magpug, ITapmx,
CrokrosbM) Ta 'y Helo-Mopky, BusHaueHo ix mepesaru, Ipo6/IeMHi acCeKTH peasisallil Ta MOTeHI[HII BILTHB
Ha MOAAJbIINI PO3BUTOK MichbKol MoOinbHOCTI. Ha OCHOBI OoTpuMMaHUX pe3y/brariB BCTAHOBJIEHO, II[0 3HAYHA
KUTBKICTh €BPOMENCHKHUX MIiCT 3/IiliICHIIIA TIepexif Bif aBToMOOi/IeopieHTOBaHOT MOfesIi MiCHbKOTO MJIaHYBaHHS A0
miaxoxy, AKUM Hajae npiopureT MooOiNbHOCTI HaceseHHs. L{ei mpoliec CyIpoBOMYKYBABCA CYTTEBUM PO3MINPEHHIM
iHMpaCTPYKTypH A1 MilIOXiTHOTO Ta BeJIoCUIleHOTro pyxXy. CUCTeMaTHYHe 3pOCTAaHHA 3a/IeXKHOCTI BiJf aBTOMOOiJIiB
NIPU3BEJIO0 00 O4YiKyBAHUX HACJ/IJKIB: I€PEBUILEHHA IIPOIYCKHOI CIIPOMOSKHOCTI iCHYI04O0I JOPOKHBOI MepeKi,
KOHIIEHTpaii 3Ha4HO01 KiJTbKOCTi 3aTOPiB Ta 30i/TbIIIEHHS BUKU/IIB IITKiJJINBUX PeYOBUH. 715 TO0TaHHS HACTiIKIB
nepeBaHTa’KeHHs MiCBKOTO TPAHCIIOPTY, 0COOJIUBO B IEHTPAJbHUX palfoHax, y HU3Ili KpaiH Oy/I0 3alpoBaiKeHo
oOMesKkeHHsI, [0 BKJIIOYAIOTH SIK ITOBHY 3a00pPOHY PyXYy, Tak i (piHaHCOBI m1aTeski 3a mpoi3a y BUSHAYEHUX 30HAX.
fIx moBroTpUBaJIi, Tak i HEM[OJaBHO BIPOBaAKeHi 0OMesKeHHs IPOJeMOHCTPYBa/IN YiTKUN BIIUB Ha 3HUKEHHSA
TPAHCIOPTHOIO HaBaHTA’KEHHS B OKpeMHX paloHaX, L0 CHOPUAJIO CKOPOUEHHIO 4acy IOI3J0OK i 3MeHIIeHHIO
BukujiiB CO,. [TpakTUyHa IiHHICTD Liel poOOTH HOJIATae B TOMY, 110 BOHA CTBOPIOE MOXKJIMBICTH PO3POOKHU Ta
BIIPOBa/I’KeHHsA e(eKTUBHUX pillleHb JJIs 3MEeHIIIeHHA TPAHCIOPTHUX 3aTOpiB y eHTpaJbHil yacTuHi Kuesa Ha
OCHOBI YCHIIITHOTO JOCBily €BPOIENHChKUX MiCT
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