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The article examines the prerequisites for the formation of the “Railway 4.0 concept and
determines that its emergence is caused by increased competition in the transportation market,
increased requirements for their quality and safety, and the aggravation of geopolitical and
environmental crises. It is determined that the European model of the “Railway 4.0 concept is
based on technological integration, automation (robotization) of processes and predictive
management and is focused on increasing the interoperability of the railway network, the
development of customer-oriented services and the formation of a single digital space of the
transport system. International initiatives in the field of digital transformation of railways, in
particular FRMCS and Horizon Europe, are analyzed, and it is argued that these projects of
digitalization of railway transport ensure the creation of a digital railway ecosystem, thereby
creating conditions for the safety, efficiency and environmental sustainability of the industry.
Global projects of digital transformation of railways and the results of the integration of digital
solutions into the activities of railway transport in the world are characterized.

Keywords: digitalization, rail transport, world experience, the concept of “Railway 4.0,
digital transformation projects.

I JTOBAJIBHI THIIATUBY 3 IU®POBOI TPAHC®OPMAIIII
3AJIIBHAL: JOCBIJ BITIPOBA TKEHHS KOHIIEIIIIT
GAJIBHUALISA 4.0»

byszeyvkuit I, x.e.n. (OOII Byszeuvkuii 1. I'.)

Y cmammi Oocniosxceno nepedymosu cmanosnenus konyenyii «3aniznuys 4.0» i
BUBHAYEHO, WO ii NOSBA BUKTUKAHA NOCUNEHHAM KOHKYPEHYIl Ha PUHKY Nepee3eHsb, NiOSUUeHHAM
guMo2 00 ix saKkocmi ma 0e3neKu, 3a20CMPeHHAM 2eONONIMUYHUX MA eKONOSIUHUX KPU3.
Apeymenmosaro, wo xouwyenyis «3anisnuys 4.0» nepedbauae nosmy yugdposy mparcgopmayiro
3QNI3HUYHOI cUCMeMU WIIAXOM IHmezpayii nepedosux mexHono2li ma @OYHOAMEeHMANbHOT
nepeby008u onepayiiHux npoyecis, wjo 3abesneyye nepexio 8i0 mpaouyitiHoi aHanoeo8oi mooeini
0o Smart-zaniznuyi. Busnaueno, wo egponeticoka mooens konyenyii « 3aniznuys 4.0» pynmyemobcs
Ha MexHONO2IYHIll iHmezpayii, asmomamusayii (pobomusayii) npoyecie ma npeoUKMUEHOMY
VAPAGIIHHI [ 30PIEHMOBAHA HA NIOBULYEHHS IHMEPONEPADELHOCI 3AII3HUYHOI MEPECT, PO36UNOK
KILIEHMOOPIEHMOBAHUX CEPBICi6 Ma POPMYBAHHA EOUHO20 YUPPOBO2O NPOCMOPY MPAHCHOPIMHOL
cucmemu. Ilpoananizoeano misxcHapooHi iniyiamueu y cepi yugposoi mpancghopmayii
saniznuys, 30kpema FRMCS ma «lopusonm €eponay, i apeymenmosano, wjo yi npoekmu
yugposizayii 3anisHUuHO20 Mpancnopmy 3abe3neyyioms GOpMysaHHs YUPPosoi exocucmemu
3ani3HUYb, CMBOPIOIOYU YUM CAMUM YMOBU 015 Oe3neKu, egekmueHocmi ma eKoNoSiuHOL
cmivikocmi eany3i. OxXapakmepuzo8ano c8imosi npoekmu yu@dposoi mparchopmayii 3anizHuyb ma
pesyromamu inmezpayii yu@posux piuiens 6 OILIbHICMb 3ANI3HUYHO20 MPAHCNOPMY Y CEImi.
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Busnaueno, wo npeduxmuene ob6cayeosysantns, ERTMS-cmanoapmusayis, exonocizayia 3a
npunyunavu «Green Raily ma enposadscenns cucmem aemomamuzayii na 6asi wmyuHo2o
iHmenekmy opmyloms CUCMEMH) OCHO8Y MPAHCHOPMAYIUHUX 3MIH Y 3ALIBHUYHIL 2ay3i,
CMBOpIIoYU  nepeoymMosu Ol  CMAHOGIEeHHA  iHmeeposanoi  Smart-inghpacmpykmypu i
3abe3neuyouu nepexio 00 AKICHO HOB0I MoOei (DYHKYIOHYBAHHS 3ANI3HUYHO20 MPAHCHOPMY,
3aCHO8AHOI Ha NPUHYUNAX OAHOOPIEHMOBAHO20 YNPABIIHHA, BUCOKO20 DIBHA agmomamusayii ma

Oe3uo08Hol iHmezpayii' y 2100a1bHi MpancnopmHo-102iCMUYHI CUCIEeMU.
Knrouoei cnoea: yugpposizauia, 3a1i3Huunuil mpancnopm, c6imoeuii 00ceio, KOHyenyis
«3aniznuys 4.0», npockmu yugpoeoi mpancghopmauii.

Problem statement. The current stage
of the world economy is characterized by the
rapid spread of digital technologies that radically
change traditional industries, forming new
models of management and organization of
business processes. The transport sector is no
exception, in particular the railways, which were
among the first to embark on the course of
digitalization, implementing strategies for the
implementation of digital solutions to increase
efficiency, environmental friendliness, energy
efficiency and the creation of qualitatively new
services for passengers and businesses. Global
trends in the implementation of a digital strategy
for the innovative development of railway
transport revolve around the concept of
“Railway 4.0”, which consists in the complete
digital and technological transformation of
railway transport in order to increase its safety,
efficiency, reliability and integration into the
global digital economy. This is not just
modernization, but a transition from a
traditional, mainly analog system, to a Smart
system, where all processes are data-driven and
automated [1-3].

Despite the national guidelines for the
digitalization of key sectors of the economy, the
railway industry of Ukraine is currently
implementing digital solutions in a fragmented
manner, limited to the automation of individual
functions and processes in the field of transport
and logistics services. The local nature of
initiatives for the digitalization of Ukrainian
railways does not provide a systemic
transformation effect and is caused by the action
of institutional, financial and technological
barriers to ensuring a comprehensive digital
transformation of the industry. Chronic lack of
investment resources, high level of depreciation

of fixed assets, fragmentation of information
systems, lack of a single digital architecture for
railway transportation management, together
with the low level of digital competencies of
personnel and institutional inertia of the
management system limit the ability of the
industry to develop on a digital basis and
determine the objective need to study the world
experience of implementing digital
transformations in railway transport.

Analysis of recent research and
publications. The issue of railway transport
development based on the application of
digitalization technologies is quite actively
discussed in scientific circles. Among Ukrainian
researchers, the following scientists have
devoted their research to the study and
development of models and tools for railway
digitalization: Dykan V. L., Zalesky O. V.
Korin M. V., Mnykh O. B., Obruch H. V.,
Ovchinnikova V. O., Tokmakova 1. V.,
Toropova V. |., Yanovska V. P. and others [4-
10].

It is worth noting that despite the
considerable attention of scientists to the
problem of digital development of railway
transport in Ukraine, currently the pace of
digitalization of the industry lags significantly
behind global initiatives to implement the
concept of “Railway 4.0, which necessitates the
need to study the features of the formation of a
digital model of railway growth in developed
countries of the world.

The purpose of the article is to study
the world experience of implementing digital
transformations in railway transport and to
establish the features of the global concept of
“Railway 4.0”.

Presentation of the main material. In
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the modern developed world, the emergence of
the concept of “Railway 4.0” is caused by the
pressure of external and internal factors that
require an immediate structural restructuring of

the global system of organizing railway
transportation.
Firstly, the need for digital

transformation of the global railway system is
due to the need to increase economic
competitiveness. Today, railway transport faces
fierce competition, especially from road
transport. Digitalization is the only way to
achieve the same flexibility and reliability that
customers expect. Predictive maintenance
reduces maintenance costs, and route
optimization using Al (Eco-driving) reduces
energy consumption, providing a sustainable
economic advantage [11].

Secondly, safety requirements have
increased significantly. Aging infrastructure and
increasing freight traffic create an increased risk
of accidents. It is the concept of “Railway 4.0”
that offers solutions that minimize the human
factor and provide round-the-clock monitoring
of critical facilities, which makes rail
transportation the most reliable and safe.

Thirdly, the implementation of digital
railway technologies is also a geopolitical and
environmental necessity. After all, for Ukraine,
integration into the European transport network
(TEN-T) is possible only if it complies with
ERTMS standards and  full  digital
interoperability [12]. In addition, today rail
transport is positioned as a key player in the fight
against climate change. Al traffic management
systems allow us to significantly reduce the
carbon footprint by optimizing energy
consumption, meeting the global requirements
of the Green Deal. Therefore, the concept of
“Railway 4.0” should be recognized as a
strategic response to the challenges of
modernity, because its tools make it possible to
transform the railway from an infrastructure
facility into an intelligent, self-regulating
system. For Ukraine, in the conditions of post-
war  reconstruction, this is not just
modernization, but a fundamental condition for
ensuring economic stability, security and full
integration into the European space.

Thus, the concept of “Railway 4.0” is a
strategic paradigm for the development of global
railway transport, reflecting its transition to the
Smart-system model. Its content consists in a
complete digital transformation, integration of
advanced technologies and fundamental
restructuring of operational processes, and its
relevance is due to the need to respond to the key
economic, security and  environmental
challenges of the 21st century [12].

Itis also worth noting that “Railway 4.0”
is not just the purchase of new equipment, but,
above all, it is a systemic integration of
information and operational technologies. On
Europe's railways, the network is based on three
key pillars.

1 Technological integration (loT and
Big Data). The core of the transformation is the
constant collection and analysis of data. The
railway network is equipped with millions of
IoT sensors on rolling stock, infrastructure and
management objects. These sensors feed Big
Data platforms, ensuring the creation of a
“digital twin” of the railway. The use of cloud
technologies provides resilience and scalability,
which is critical for such a complex and
geographically distributed system as railways
[13].

2  Automation and  predictive
management, which are key tools for increasing
efficiency. Thanks to artificial intelligence and
machine learning, railways are moving to
predictive maintenance. Al algorithms analyze
loT data to predict breakdowns of rolling stock
and infrastructure before they actually occur,
which allows replacing rigid repair schedules
with repairs on demand, and accordingly,
minimizing downtime, operating costs and,
most importantly, increasing traffic safety [13].

3 Interoperability and  customer
orientation. The concept also includes external
integration. The implementation of a single
European traffic management system ERTMS is
key to ensuring the interoperability of national
networks. At the same time, digital platforms
provide transparency for freight owners (online
tracking, electronic document management) and
multimodality for passengers (integration of
tickets and schedules with other modes of
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transport) [13].

It should be noted that today, global
projects for the digital transformation of
railways are aimed at the implementation of 5G
communications, automation of traffic
management and the use of innovative
technologies to improve safety and efficiency.
Key international initiatives include the
following projects and programs.

FRMCS (Future Railway Mobile
Communication System) is a European project
for the transition from GSM-R to a new
communication system based on 5G, ensuring
the digital transformation of the transport
system, increasing the safety, efficiency and
environmental friendliness of railway transport.
FRMCS is a key European innovation project
aimed at replacing the current GSM-R railway
communication standard with a new unified
system based on 5G technology. This transition
IS a necessary condition for the complete digital
transformation of railway transport, increasing
its safety, efficiency and competitiveness. The
GSM-R system, introduced in the 1990s, has
now reached the limits of its capabilities, as [14]:

- has limited bandwidth: GSM-R
operates on 2G technology, which has a low data
rate, which is sufficient for voice
communication and basic ETCS (European
Train Control System) functions, but not
sufficient for modern digital applications (video,
loT, Big Data);

- is based on outdated technologies:
equipment suppliers are gradually phasing out
support for GSM-R, which makes its
maintenance expensive and complex;

- insufficient for ERTMS Level 3: for
the implementation of highly automated traffic
control systems (ERTMS Level 3 and above),
which require constant exchange of large
amounts of data, the bandwidth of GSM-R is
insufficient.

FRMCS, based on 5G, solves these
problems by offering ultra-high speed (up to 10
Gbps), low latency (up to 1 ms) and significantly
higher connection density. FRMCS provides
integration of three key classes of services that
were separated in GSM-R [14]:

1) Mission-critical services, namely:

— train traffic control (ETCS/ATO):
FRMCS is the basic platform for data
transmission for ETCS and ATO (Automatic
Train Operation). Due to its low latency, the
system allows for safe reduction of train
intervals;

— voice communication: providing high-
quality and priority voice communication
between the driver, the dispatcher and the
maintenance staff, with the possibility of group
calls;

—  cybersecurity:  using  modern
encryption and authentication protocols, which
is critical for protecting traffic control systems
from cyber threats.

2) Business-Critical services:

— Predictive Maintenance (PdM): real-
time collection and transmission of large
amounts of data from 10T sensors on the track,
bridges and rolling stock, which allows for the
implementation of repairs based on the actual
condition, which reduces operating costs by 10-
20%,

— Video surveillance and diagnostics:
transmission of high-resolution video streams
from driver cabins, platforms and marshalling
yards to increase safety and operational control;

— Accessory management: remote
control of doors, heating, ventilation and air
conditioning (HVAC) systems on rolling stock;

3) Commercial and passenger services:

— Passenger Wi-Fi: provision of high-
speed Internet to passengers (thanks to excess
5G bandwidth);

— Information systems: transmission of
schedule data, delays and interactive services to
on-board screens and mobile devices;

— digital logistics: transmission of cargo
data (temperature, humidity, location) for
integration with customer logistics platforms.

Therefore, FRMCS is not a separate
network, but uses the 3GPP architecture and
protocols  standardized for 5G. The
implementation of FRMCS provides a
multiplier effect for innovation: the possibility
of implementing ERTMS Level 3, where there
are no track devices, and information about the
train's location is transmitted directly, and
accordingly, helps reduce infrastructure costs,
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contributes to the creation of a single digital
backbone, allows for the full integration of all IT
systems, from personnel management to
logistics, thanks to precise monitoring and
traffic management through FRMCS, ATO
systems can optimize the train speed profile,
minimizing energy consumption. FRMCS is not
just a replacement for the radio system, but a
digital highway that opens the door to all next-
generation Smart Railway technologies [14].

Horizon Europe Programme. Horizon
Europe has become a key instrument supporting
the digital transformation of rail transport in the
European Union. Its grant mechanisms allow
consortia of operators, equipment manufacturers
and research institutions to receive funding of up
to €700,000 for the implementation of
innovative projects. The programme focuses on
several strategic areas. Firstly, it is the
modernization of infrastructure — from the
renewal of tracks and signaling systems to the
introduction of new mobile communication
standards, such as FRMCS, which replaces the
outdated GSM-R. Secondly, the digitalization of
transport processes: the creation of platforms for
passenger and freight traffic management, the
use of artificial intelligence and sensor
technologies to monitor the technical condition
of trains [15]. No less important is the
environmental aspect. Horizon Europe supports
projects that contribute to the reduction of
energy consumption and emissions, making
railways more sustainable and competitive
compared to other modes of transport. The
duration of such projects is usually from two to
four years, and their implementation should
ensure the creation of new business models and
technologies that can change the future of
European mobility. Thus, Horizon Europe acts
not only as a source of funding, but also as a
strategic platform for the formation of a single
digital railway ecosystem that meets the
challenges of the 21st century.

Unlike Europe, Japan focuses on
robotics and artificial intelligence. JR East uses
automated track maintenance and fault
prediction systems, which reduces the risk of
accidents and optimizes maintenance costs.

China  demonstrates a  different

approach: large-scale investments in high-speed
lines are accompanied by the creation of “smart
stations” with digital monitoring of passenger
traffic and the integration of mobile services.
Here, digitalization is combined with an
infrastructure boom, making railways a key
element of the national transport strategy [16].

The United States focuses on safety and
freight logistics. The use of big data and loT
sensors helps to optimize routes, reduce delays
and increase the efficiency of freight
transportation, which is critical for the country's
economy [16].

Thus, although all countries are moving
towards the digital transformation of railways,
their priorities differ. Europe is betting on
environmental friendliness and standardization,
Japan on robotics and Al, China on scalability
and "smart" infrastructure solutions, and the
United States on logistical efficiency. This
indicates the multifaceted nature of the global
digitalization process, which adapts to national
needs and development strategies.

So, summing up, it is worth highlighting
the following main areas of strategies for
managing the digitalization of railway transport
in the world:

— digital integration of processes, which
is reduced to the use of unified platforms for
managing passenger and freight transportation,
which ensures transparency and speed of
decision-making;

— transition to intelligent monitoring
systems, namely the use of loT sensors and big
data to predict the technical condition of
infrastructure and rolling stock;

— automation of traffic management
through the implementation of artificial
intelligence systems for dispatching, route
optimization and prevention of emergency
situations;

— environmental strategy: digital
solutions are being implemented that allow
reducing energy consumption, optimizing
resource use and forming a "green™ transport
policy [16].

Table 1 presents global projects for the
digital transformation of railways.
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Table 1
Global projects for the digital transformation of railways [16]
Country / . . .
Operator Key project Main trend Description and purpose
A large-scale initiative to transition to a
Germany . . . fully digital signalling and control system
(Deutsche D'g(égrs:r:l for Am%g?;:&g and (DSD). The aim is to increase network
Bahn) y capacity and improve safety through the
implementation of ETCS (Level 2/3).
German A comprehensive cloud platform that uses
v Siemens Predictive loT sensors and Al to monitor the technical
(Deutsche Raili . dition of trai dicti
Bahn) ailigent maintenance condition of trains, predicting component
failures (e.g., wheelsets) before they occur.
Switzerland is one of the leaders in Europe
Switzerland ETCS N in terms of E'_I'CS net_work_cover_age. T_hls is
. . Interoperability critical for integration with neighboring
(SBB) implementation . .
countries and ensuring safe cross-border
traffic.
A system that uses Al algorithms to analyze
the route profile and train weight, providing
USA Trio Optimizer Green Rail and Al the driver with recommendations on the
(Wabtec) pop optimal driving mode (so-called Eco-
driving). Goal: significant fuel/energy
savings and reduced wear.
Creating a virtual model of the entire
. . railway infrastructure. Used to simulate the
France Digital twin of . . .
Automation and Al impact of repairs, schedule changes and
(SNCF) the network " X D
weather conditions, allowing for optimized
operational decisions.
. A digital asset management system
. REAMS (Rail _ equipped with analytical capabilities for
Singapore | Enterprise Asset Predictive . o o\
. automatic monitoring of the condition of
(SMRT) Management maintenance . . .
rolling stock and metro infrastructure in real
System) time
Implementing Al to optimize the interaction
Northern Automation in . between rail, sea and road transport in large
Logistics 4.0 L .
Europe ports logistics hubs, ensuring full transparency
and speed of cargo transshipment.

The implementation of these projects is
driven by the following interrelated factors.

Firstly, the growth of technological
maturity of companies. The mass availability of
inexpensive and reliable sensors has made it
cost-effective to place them on every wagon and
critical infrastructure node. The power of
computing resources allows you to instantly
process gigabytes of data, revealing hidden
patterns (for example, small changes in
vibration), which makes predictive maintenance
economically viable.

Secondly, increasing regulatory pressure
and integration processes. In the EU countries
(and for Ukraine, which is striving for
integration), there is a direct regulatory
requirement to implement ERTMS to ensure
interoperability. This forces operators to invest
in digital modernization regardless of current
financial indicators. Stricter safety requirements
force them to abandon outdated analog control
systems that depend on the human factor.

Thirdly, changing customer
expectations and behavior patterns. Freight
owners demand transparency and reliability.
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Systems like Trip Optimizer, which reduce
delays and ensure accurate delivery times, are a
key competitive advantage over road transport.
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In addition, the implementation of the
«Railway 4.0» concept is also due to the need to
solve a number of global challenges and use new

Passengers expect real-time information, opportunities that are emerging in the
convenient e-ticketing and personalized environment of large-scale digital
services, which forces them to invest in digital transformations, namely (table 2):
interfaces.
Table 2
Key results of the integration of digital solutions into the activities of railway transport in the
world [16]
Trend The main factor Security tools
. - The availability of cheap sensors (10T) capable
Predictive Economic feasibility (cost of collecting huge amounts of data, and the

reduction) and

maintenance .
technological progress.

development of powerful Al/Machine Learning
algorithms for their analysis.

Regulatory requirement
and Geopolitical
integration (EU).

ERTMS
(Standardization)

International standards establishing uniform
communication protocols (GSM-R/FRMCS) and
traffic control are mandatory for cross-border
transport.

Green Rail
(Environmental
friendliness)

Environmental regulations
and public demand for
decarbonization.

Digital Eco-driving systems to optimize energy
consumption and investments in renewable
power sources for traction.

The need for speed, Development of computing power, Digital Twins
Automation and Al | security, and compensation for modeling and testing, as well as the
for staff shortages. development of autonomous control systems.

— to successfully counteract competitive
pressure from road transport in the freight
segment, the railway must carry out a digital
transformation.  The  implementation  of
innovative digital solutions, in particular,
predictive maintenance, is a key lever for
minimizing operating costs. At the same time,
digitalization ensures increased speed and
reliability of transportation, which is a decisive
factor for attracting and retaining business
customers;

— increasing load on the network and
wear of fixed assets lead to an increase in the
accident rate. Therefore, modernization aimed at
safety is an absolute priority. Key innovative
solutions, such as the unified European ERTMS
system and intelligent monitoring systems based
on artificial intelligence, allow technologically
securing the transportation process, increasing
reliability and reducing dependence on the
human factor;

— responding to the global trend to
reduce the harmful impact on the environment,
railways, as an ecological mode of transport,

must strengthen their «green» advantages. This
requires strategic innovations aimed at energy
efficiency. The use of artificial intelligence to
optimize energy consumption (Eco-driving) is a
key tool for further reducing the environmental
load and meeting the highest standards of
sustainable development;

International integration of railways and
the formation of key transport corridors (for
example, TEN-T) are impossible without the
unification of management systems. Therefore,
ERTMS is a technological response to the need
for standardization, as it removes technical
barriers and ensures seamless interoperability
between different national railway networks.

Thus, the innovative development of the
railway is a response to the challenges of the
21st century, where technology is used to
achieve higher standards of safety, efficiency
and environmental friendliness.

Global trends in the implementation of a
digital strategy for the innovative development
of rail transport revolve around the concept of
“Railway 4.0” and focus on automation, safety
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and environmental friendliness using artificial
intelligence and 1oT.

Conclusion. Thus, the concept of
“Railway 4.0” appears as a strategic response to
the modern challenges of the global economy,
caused by increased competition, increasing
requirements for the quality and safety of
transportation, as well as geopolitical and
environmental crises. Its implementation
involves a comprehensive digital transformation
of the railway system by integrating advanced
technologies, automation and predictive
management, which ensures the transition from
an analog model to a Smart Railway.
International initiatives in the field of digital
transformation of railways, in particular
FRMCS and Horizon Europe, are analyzed, and
it is argued that these projects of digitalization of
railway transport ensure the creation of a digital
railway ecosystem, thereby creating conditions
for the safety, efficiency and environmental
sustainability of the industry. Global projects of
digital transformation of railways and the results
of the integration of digital solutions into the
activities of railway transport in the world are
characterized. It has been determined that
predictive maintenance, ERTMS
standardization, greening according to the
principles of Green Rail, and the
implementation of automation systems based on
artificial intelligence form the systemic basis of
transformational changes in the railway
industry, creating the prerequisites for the
formation of an integrated Smart infrastructure
and ensuring the transition to a qualitatively new
model of railway transport operation, based on
the principles of data-oriented management, a
high level of automation, and seamless
integration into global transport and logistics
systems.
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