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organizational inefficiencies, high costs, limited train avail-
ability, delays, and concerns related to boarding, luggage 
handling, and safety [2]. In the domain of rail freight trans-
port, a clear distinction exists between full train services and 
single wagonload operations. While full train services effi-
ciently handle large volumes of cargo with uniform origins 
and destinations, single wagonload transport, which must 
compete with road transport, faces challenges like reduced 
last-mile flexibility, poor predictability, and high opera-
tional costs, particularly due to the shunting processes [3].

These challenges highlight the need for optimization, 
where automation and digitalization can serve as transfor-
mative factors [4, 5]. Several successful automation projects 
have already been implemented, illustrating the potential for 
further advancements. The grade of automation (GoA) is 
defined within the GoA system. This, in turn, is determined 
by the tasks performed by the driver or automated system 
and ranges from GoA 0 on-sight operation to GoA 4 unat-
tended operation [6].

Introduction

The climate policy framework for the upcoming decades 
demands a significant transition from road transport to more 
sustainable alternatives, with rail transport emerging as a 
key solution [1]. To make rail a competitive alternative to 
road transport, it is crucial to address the existing challenges 
faced by both passenger and freight rail services. Passenger 
rail systems often grapple with issues such as overcrowding, 
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Abstract
This paper explores the fundamental aspects of on-sight Automatic Train Operation (ATO) in environments without exter-
nal protection. Development and testing face significant challenges due to the lack of available test vehicles and tracks, 
caused by high costs and logistical or operational constraints. A scaled model approach is proposed to address these chal-
lenges. The primary objective is to demonstrate how scaled models can overcome these barriers, focusing on object detec-
tion, localization and digital twins. The research employs a scaled model to address the key challenges associated with 
on-sight ATO in unprotected environments. The implementation of object detection was achieved through the utilisation 
of LiDAR sensors, enabling real-time obstacle identification similar to full-scale systems. Localization was achieved using 
ultrasonic sensors as a scaled GPS substitute, and a camera-based approach. A digital twin of the laboratory was created 
in Unreal Engine, using an in-house virtual railways environment to simulate vehicle sensors and compare with real-world 
data in further work. The scaled model demonstrated real-time object detection using LiDAR and precise localization 
with ultrasonic and camera-based methods. The digital twin accurately simulated the environment, enabling comparisons 
between simulated and real-world sensor data, providing insights that are difficult to obtain from real-world testing alone. 
The study confirms that scaled model development, offers a practical solution for advancing on-sight ATO. Moreover, the 
results suggest that further exploration of these capabilities within scaled models is essential for optimizing the product 
development process of ATO functions, potentially leading to more efficient and cost-effective innovations in the field.
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The first GoA4 system went into operation in Kobe, 
Japan in 1981 as part of a closed system [7]. Automation in 
European metros followed, with a major milestone in 2008 
when the U2 and U3 lines in Nuremberg, Germany, opened, 
allowing mixed operation of automated and non-automated 
trains [8]. These systems are largely closed, minimizing 
external interfaces and facilitating automation through 
infrastructure monitoring at critical points. In Hamburg, the 
S-Bahn advanced rail vehicle automation with ATO over 
ETCS. Passenger services run under GoA2 (automated with 
driver supervision), while depot operations are fully auto-
mated (GoA4) [9]. In Australia, Rio Tinto’s auto haul proj-
ect employs fully automated rail vehicles with radio remote 
control. Safety measures such as the monitoring of level 
crossings and inhabited areas mitigate risks such as colli-
sions with animals. The system detects impacts and allows 
remote decisions on whether to continue the journey [10].

These systems, which operate in safe, low-risk envi-
ronments, highlight the need for new solutions to enable 
automated rail operations in more complex and high-risk 
scenarios. In general, the implementation of automation in 
railroad systems is divided into two principal categories: 
operations on mainline railways, where control systems 
such as train protection and interlocking technologies are 
used, and operations on secondary lines, where trains often 
use on-sight operation. To advance these areas further, it is 
essential to address their distinctive characteristics.

In main line operations, train control systems with signals 
are employed to regulate the movement of vehicles. This is 
due to the impracticality of direct monitoring to determine 
braking distances, given the considerable distances that 
must be traversed in the event of an emergency stop. Signals 
are employed to partition the tracks into discrete blocks, 
thereby regulating both occupancy and speed [11]. For auto-
mated mainline operation, the European Train Control Sys-
tem (ETCS) is already in use and offers different grade of 
automation within its levels from 0 to 2 [12]. Nevertheless, 
the extensive implementation of these systems will neces-
sitate a significant investment in infrastructure [13].

On-sight operation requires the performance of more 
intricate operations, such as depot movements and shunt-
ing at reduced speeds. In such instances, the vehicle driver 
is responsible for monitoring stopping distances directly. In 
automated systems, the driver’s sensory inputs are replaced 
by integrated sensors, including cameras, LiDAR, and 
radar. It is of high importance that accurate localization on 
the track plan be achieved [14].

The development of these complex systems requires a 
high level of development and testing to ensure the required 
level of railway safety. In general, the on-sight mode of 
operation is very similar to the problems encountered in the 
automotive sector. Studies carried out within the Pegasus 

project [15] have identified a scenario-based approach as a 
common practice for such scenarios.

Subsequently, a method adapted for railway technology 
is developed in [16]. This approach is based on a knowl-
edge base that includes operational regulations, field obser-
vations and self-generated data. Similar to the automotive 
industry, this method emphasises simulation testing fol-
lowed by thorough validation and verification in real-world 
environments. This approach is further developed in [17], 
which moves further away from the auto-motive approach 
and now includes a seventh layer of scenario design that 
considers additional rail-related issues such as the shunting 
order, which is mandatory for any movements on e.g. shunt-
ing yards and holds additional information for routing, and 
mission targets.

In [18] the use of virtual environments for the develop-
ment of highly automated rail vehicles is demonstrated, sug-
gesting that virtual pre-development is feasible. However, 
these simulations have not been sufficiently verified and val-
idated, and there is no commercially available platform for 
on-sight ATO functions. Field tests using this methodology 
are still under development and lack sufficient validation.

Based on the research group’s experience with automated 
on-sight rail systems, several challenges remain for simu-
lation and field testing. In simulation, the rapid evolution 
of sensor technologies is a challenge, as adequate sensor 
models need to be developed first. The low demand for rail 
vehicle simulation environments has resulted in a limited 
number of commercial providers, making it difficult to keep 
pace with sensor advances. As a result, development often 
relies on unvalidated sensor models that, although based on 
prior knowledge, may not provide a fully reliable founda-
tion [19]. 

Field testing has its own challenges. Rail test sites operate 
under strict regulations, requiring an operational and techni-
cal test manager in addition to test and development person-
nel. High rail infrastructure utilisation limits the availability 
of test tracks, and maintenance backlogs further complicate 
field operations. The cost of testing, including infrastructure 
use, shunting services and any locomotive upgrades, can 
reach several thousand euros per day [19]. 

To maximise the efficiency of field trials, simulation 
results must be highly transferable to the real environment. 
However, this is often hampered by non-validated simula-
tion data and unforeseen hardware issues. Reducing the 
gap in technology maturity between simulation and real-
ity is critical. The use of scaled models is proposed in [19] 
as a cost-effective solution to deal with this problem. This 
paper summarises the general state of the art in the devel-
opment and testing of railway vehicle technologies in a 
scaled model and deals specifically with the results of the 
research group to date. In addition, a novel methodology is 
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presented, based on the previous scaled model findings, for 
the development of digital twins for the validation of virtual 
environments (especially their sensor simulation) and their 
preparation for the formation of digital twins for real-time 
verification of virtual environments in the field application.

Approaches in Railway Research and 
Engineering

The advancement of ATO necessitates the establishment of 
trustworthy methodologies for development and validation 
that balance realism, cost efficiency, and scalability. Two 
methodological pillars have emerged in railway research to 
address these challenges: scaled physical models and digital 
twins.

Scaled models facilitate the cost-effective replication of 
complex railway environments and enable iterative hard-
ware and software testing under realistic yet controlled con-
ditions. Digital twins, in contrast, provide a dynamic link 
between physical assets and their virtual representations, 
offering powerful tools for simulation, monitoring, and 
predictive analysis. The combination of these approaches 
constitutes a complementary foundation for the advance-
ment of automation in railway systems, forming the basis 
for the methodology that will be presented in the following 
sections.

Scaled Models in Railways

Scaled models are widely utilized in railway vehicle 
research and education. For instance [20], demonstrates the 
use of a scaled model with a 5-inch track gauge to validate 
dynamic simulations. At TU Dresden, an H0 gauge (16.5 
mm) model system is used for teaching and research, focus-
ing on safety and interlocking technology, with capabilities 
to connect to real systems like the Dresden S-Bahn [21]. 
Similarly, RWTH Aachen operates an H0 gauge environ-
ment featuring realistic interlocking technologies, real 
interlocking simulations, various safety systems including 
ETCS, and a comprehensive route network for optimizing 
driving services [22].

These examples have demonstrated the usefulness of 
using scaled models for railway applications, which was the 
starting point for the research group’s activities on the use 
of scaled models for ATO. In the state of the art there are 
research approaches focusing on the realization of a scaled 
ATO system to improve test and development methods for 
hardware and software dedicated to ATO functions [19].

Furthermore [23] deals with the improvement of local-
ization methods in order to provide a basis for further opti-
mization of the functions in the field and to develop the 

precision and sampling rate of localization for direct use 
of the results in the scaled model. The methods and results 
developed in this research are presented below, for further 
clarification of their usage and importance in the digital twin 
development.

To investigate ATO functions within a scaled model, it 
is crucial to establish a test field and demonstrator vehicle 
tailored to the specific requirements of automated shunt-
ing operations. The test field replicates a marshalling yard 
environment, incorporating elements such as arrival tracks, 
a hump, and directional tracks. Key shunting use cases [24], 
such as “move,” “approach,” “attach,” and “check” are per-
formed within this setup to evaluate the functionality of the 
ATO system.

The demonstrator vehicles, central to these investiga-
tions, are equipped with a range of sensors and computing 
devices necessary for automated driving. The core process-
ing unit is a Raspberry Pi 4B 8GB, interfaced with various 
sensors, including ultrasonic beacons, LiDAR, and cameras, 
to facilitate environment detection and localization. These 
components are housed within a G gauge model (scale 
1:32), which provides sufficient space to accommodate the 
necessary hardware while keeping infrastructure costs man-
ageable [19]. 

The ATO system on the demonstrator vehicle is designed 
to process high-precision localization data, crucial for dis-
tinguishing between obstacles and ensuring safe operations. 
The system integrates sensor data from various sources to 
make driving decisions, with the localization primarily man-
aged by the Marvelmind Indoor Positioning System (IPS), 
which uses ultrasonic signals for precise positioning. The 
IPS is supplemented by additional sensors such as LiDAR 
and cameras, which are used for environmental detection 
and provide redundancy in the event of localization prob-
lems in further projects, such as by SLAM methods [19, 23]. 

The test environment is designed to simulate a variety of 
operational scenarios relevant to ATO systems, especially 
those encountered during shunting operations. The approxi-
mately 34 m of track in the test environment, along with 
17 switches and two three-way switches, create a versatile 
setup for testing. This number of switches is comparable to 
the entry group of a freight marshalling yard. In practical 
applications, three-way switches are not as widely utilized 
due to their increased system complexity. In [25], the real-
ism of scaled model environments for ATO is examined in 
greater detail, highlighting both limitations and potential 
applications. Based on this configuration, it is possible to 
implement a range of shunting activities, such as “move,” 
where the locomotive switches tracks via a dead-end track, 
and “approach,” where the locomotive safely approaches an 
obstacle or another wagon [19]. 
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high number of reliable features relative to processing time, 
making it well-suited for this application [23]. 

The fused image data is then used to calculate the posi-
tion of the vehicle within the test environment. This process 
involves transforming the pixel coordinates of the detected 
features into world coordinates, which are then compared 
with the data from the ultrasonic system. By integrating the 
data from both systems, the overall accuracy of the local-
ization process can be significantly improved, allowing for 
more precise control of the vehicle during shunting opera-
tions [23]. 

The camera-based localization system has demonstrated 
superior accuracy compared to the ultrasonic system, par-
ticularly in dynamic scenarios where the vehicle is in 
motion. Its ability to capture and process high-resolution 
images allows it to maintain precise positioning even as the 
vehicle navigates through a complex track layout. However, 
the current hardware configuration limits the system’s real-
time processing capability, leading to delays in positioning 
updates. This limitation will be addressed in further devel-
opment. Despite these challenges, the camera-based system 
offers significant advantages, especially in environments 
where signal reflections or obstructions could hinder the 
accuracy of ultrasonic positioning. With future hardware 
upgrades, the system’s potential for providing high-resolu-
tion, real-time data on the vehicle’s position and surround-
ings makes it a valuable tool for the development of ATO 
systems in complex or dynamic environments [23]. 

The experiments on the scaled model underscore the 
camera-based localization system’s improved accuracy 
and reliability over the ultrasonic system. However, further 
optimization is necessary to enhance its real-time capability, 
ensuring its viability for real-world applications. Despite its 
current limitations, the camera-based system shows great 
promise for integration with ATO systems, offering a robust 
solution for precise localization in automated railway opera-
tions [23]. 

These findings highlight the importance of using 
advanced localization methods, such as camera-based sys-
tems as back-up or redundancy option, in developing highly 
automated ATO functions. The successful implementation 
of these technologies in a scaled model environment sets 
the stage for further advancements in the field, including the 
integration of these systems into full-scale railway opera-
tions. The ongoing development of a digital twin in Unreal 
Engine 5 (UE5) will further bridge the gap between the 
physical and digital realms, enhancing the overall capability 
and robustness of the ATO systems under investigation.

This comprehensive approach to developing and test-
ing ATO functions within a scaled environment not only 
provides valuable insights into the performance of differ-
ent localization methods but also lays the groundwork for 

The use of the Marvelmind Indoor Positioning System 
(IPS) in the scaled environment is particularly noteworthy. 
This system employs ultrasonic beacons to determine the 
position of the demonstrator vehicles with high accuracy. 
The beacons, strategically placed around the test environ-
ment, communicate with mobile units attached to the vehi-
cles. The system operates by measuring the time-of-flight 
of ultrasonic signals, which is then used to calculate the 
position of the vehicle in the test environment. This method, 
while effective, has certain limitations, particularly in areas 
where ultrasonic signals may be reflected or obstructed, 
leading to potential inaccuracies in positioning [23]. 

To mitigate these challenges, the system is augmented 
with additional sensors like odometry and routing data. The 
integration of odometry data using a Kalman filter enhances 
the accuracy of the localization process. By combining the 
data from the various sensors, the system can compensate 
for potential errors in the ultrasonic positioning, such as 
signal reflections or obstructions. The Kalman filter helps 
to smooth out these errors by estimating the vehicle’s posi-
tion based on both current sensor readings and previous data 
points, resulting in a more accurate and reliable positioning 
system. In addition, the orthogonal projection of measured 
points on the routing data eliminates the lateral deviation, 
leading to a more reliable and precise localization [23]. 

Furthermore, a camera-based localization method has 
been developed to address the limitations of the IPS. This 
approach involves using high-resolution (4 K) cameras 
mounted on the roof of the test environment to monitor the 
position and movement of the demonstrator vehicles. The 
cameras are capable of capturing wide-angle images, which 
are then processed to extract features that can be used to 
determine the vehicle’s position [23]. 

The camera-based system operates by capturing images 
at a high frame rate and processing these images using fea-
ture-based algorithms such as SURF (Speeded-Up Robust 
Features). These algorithms identify key features within 
the images, such as edges or corners, which can then be 
matched across successive frames to track the movement of 
the vehicle. This method provides a high level of accuracy, 
particularly in dynamic environments where the vehicle is 
in motion [23]. 

To ensure the accuracy of the camera-based system, 
the images captured by the cameras are processed using 
advanced image stitching techniques. This involves combin-
ing images from multiple cameras to create a single, cohe-
sive view of the environment. Feature-based algorithms are 
particularly effective for this purpose, as they are able to 
identify and match features across different images, even 
in the presence of distortions or varying perspectives. The 
SURF algorithm, in particular, has been shown to provide a 
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employed with increasing frequency for predictive main-
tenance purposes. This involves the analysis of real-time 
data from trains and infrastructure components in order to 
predict potential failures and schedule maintenance before 
issues arise. This approach not only extends the lifespan of 
assets but also minimizes disruptions to service, thereby 
enhancing the overall reliability of rail networks [27]. 

Furthermore, digital twins are being investigated for 
their potential to enhance railway operations, including the 
management of traffic flow and the improvement of energy 
efficiency. By creating a virtual representation of the entire 
rail network, operators are able to simulate a variety of sce-
narios, including changes in traffic patterns or the impact 
of infrastructure upgrades. This allows them to identify the 
most efficient and effective strategies for managing the net-
work [27]. 

In addition to the applications of predictive maintenance 
and network optimization, digital twins are also being uti-
lized in more specialized contexts within the railway sector. 
A digital twin-based approach for automatic train regulation 
has been proposed, addressing the challenge of integrating 
dispatching and real-time control and thereby improving 
punctuality and operational robustness in complex traffic 
scenarios [28]. A cloud-based framework for railway vehi-
cle dynamics simulation has been introduced to address the 
challenges of scalability and computational efficiency by 
leveraging cloud resources to outsource complex simula-
tions, thereby facilitating flexible and rapid evaluation of 
vehicle behavior under varied conditions [29]. Additionally, 
a simulation-based digital twin for railway stations has been 
developed to address the critical challenge of predicting and 
managing passenger flows during both normal and emer-
gency situations, providing support for proactive decision-
making and risk mitigation [30]. These studies underscore 
the expanding versatility of digital twin technologies across 
various railway domains. Concurrently, they illustrate how 
current research is driven by the need to overcome integra-
tion, scalability, and safety challenges.

Digital Twin Development Via Scaled Models

In the specific context of ATO systems, digital twins offer a 
unique opportunity to advance the development and testing 
of highly automated rail vehicles. The capacity to construct 
an exact digital replica of the physical environment and the 
vehicles that operate within it permits comprehensive test-
ing and validation of ATO functions in a regulated, virtual 
setting. This approach is particularly valuable for on-sight 
ATO, where the complexities of real-world environments 
cannot be adequately replicated or tested in physical trials 
alone.

future advancements in railway automation. The presented 
methods illustrate the substitution of typical ATO sensors by 
scaled or representative technologies. For localization, it has 
already been shown that the system behavior and deviations 
follow realistic patterns when considering geometric scal-
ing factors. Further research will investigate whether simi-
lar relationships can be established for additional sensors, 
or whether data from the scaled system needs to be artifi-
cially adapted, for example by adding noise. In this way, 
the applicability of the sensor setup to full-scale systems 
can be assessed and justified. By leveraging the strengths 
of both ultrasonic and camera-based systems, this research 
aims to create a more robust and reliable ATO system that 
can be effectively scaled up for use in real-world applica-
tions. The integration of these systems with a digital twin 
further enhances the potential for real-time monitoring, con-
trol, and optimization of automated railway operations. The 
primary advantage of the initial phase is the creation of a 
digital twin within the scaled model, which serves to verify 
and validate corresponding simulation models or environ-
ments. The implementation of scalable interfaces between 
the digital replication, scaled model, and real-world applica-
tion ensures the efficient transfer of technology to the field 
when the technology within the scaled model has reached a 
sufficient level of maturity.

Digital Twins in Railways

The concept of a digital twin has emerged as a transfor-
mative tool in a number of different industries, offering 
a dynamic virtual representation of a physical system. In 
essence, a digital twin entails the generation of a compre-
hensive, real-time digital replica of a tangible asset, system, 
or process. This replica is continuously updated with data 
from the physical counterpart, thereby facilitating real-time 
monitoring, simulation, and analysis. The digital twin func-
tions as a conduit between the physical and digital realms, 
facilitating a more profound comprehension of system 
behavior, predictive analysis, and optimal decision-making 
[26]. 

In recent years, digital twins have gained significant trac-
tion across a number of industries, particularly in manu-
facturing, aerospace, and healthcare, where they are used 
for predictive maintenance, performance optimization, and 
anomaly detection. By simulating potential scenarios and 
predicting outcomes, digital twins permit organizations 
to address issues in advance of their manifestation in the 
physical world, thereby reducing downtime and improving 
efficiency. The railway industry has also commenced the 
adoption of digital twin technology, recognizing its potential 
to enhance operational efficiency, safety and maintenance 
practices. In the context of railways, digital twins are being 
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The ultrasonic beacons cover as large a triangle as pos-
sible to ensure optimum coverage. The cameras are posi-
tioned in the center of the ceiling and provide sufficient FoV 
to completely cover the test field. Further information on the 
design of the test field can be found in [19] and [23].

The test vehicles are constructed as shown in Fig. 2 and 
have a specially designed body based on G-gauge bogies in 
order to carry the large number of sensors and processors for 
the further development of ATO functions.

Specifically, the vehicles have the following equipment: 
The central unit is a Raspberry Pi 4B 8GB (a). Two Arduino 
Nano (b) are used to read out sensor data. The localization is 
implemented with an ultrasound-based Marvelmind Indoor 
Positioning System with mobile hedges on the vehicle (c) 
and fixed beacons at the labs walls. To record odometry 
data, an incremental encoder (d) is attached to the engine 
shaft. A strain gauge is installed in (e), which can be used 
to measure the trailer load. An RGB camera RPI WWCAM 
(f), an ultrasonic sensor HC-SR04 (g) and a LiDAR sensor 
RPLIDAR M2A8 (h) are used as sensors for environment 
detection [19]. 

  
Due to its 1-layer point cloud, the LiDAR is relatively 

under performing in LiDAR-based object classification and 
has since been replaced by a Unitree 4D-LiDAR L1 PM for 
further research in this area.

The system is equipped with UDP interfaces to exchange 
the position, speed and other data not relevant to this work 

The comparison of real-time data from the physical 
model with the digital twin also allows for the verification 
of the virtual models, thereby facilitating improvements 
reducing the time-consuming data acquisition in the field.

The following sections will examine the methodology 
for the creation of a digital twin for on-sight ATO develop-
ment, based on an inhouse ATO simulator. The process will 
commence with the construction of a scaled test setup and 
will subsequently address the interconnection between the 
physical, scaled, and digital models.

Scaled Model Test Area

The test field is built on a U-shaped plate, as shown in Fig. 1 
(left). The track plan is shown in Fig. 1 (right). The positions 
of the ultrasonic beacons (yellow) and the cameras are also 
labelled.

  

Fig. 2  Scaled demonstrator with (a) Raspberry Pi, (b) Arduino Nano, 
(c) Marvelmind Beacon, (d) Rotary Encoder, (e) Strain gauge, (f) RGB 
camera, (g) Ultrasonic sensor, (h) LiDAR [19]

 

Fig. 1  Overview scaled test environment, cameras (red), ultrasonic beacons (yellow) [23]
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maps. It is recommended that the maps be provided on a 1 m 
x 1 m grid in order to ensure the most accurate representa-
tion possible. Such high-quality elevation maps are avail-
able, for instance, in the BayernAtlas [32].

Subsequently, the infrastructure components are 
installed, commencing with the tracks. The UE5 pro soft-
ware provides an appropriate framework (for further infor-
mation see the UE5 documentation [33]) for this purpose, 
offering a spline function that is well-suited to the task. An 
integrated mesh, for example a rail element, is drawn along 
a defined path and represents a complete rail. The UE5 
spline format is compatible with the following data types: 
X position, Y position, Z position, X-in tangent, Y-in tan-
gent, Z-in tangent, X-out tangent, Y-out tangent and Z-out 
tangent. This format is not analogous to conventional route 
information derived from map data, such as UTM coordi-
nates or longitude and latitude. Nevertheless, contemporary 
tools or tutorials for mainstream programming languages 
(Python, Matlab, C++) are available for the conversion of 
traditional map data into the UE5 spline structure. It is thus 
imperative to obtain highly accurate route data in order to 
lay the tracks. This data can be obtained from BRouter [34] 
or OpenRailwayMap [35].

However, the elevation data is typically less precise than 
that found in pure elevation maps, and thus is not utilized 
further.

In contrast, the track splines are positioned within the vir-
tual environment according to the X and Y coordinates above 
the landscape, with the elevation map serving as the refer-
ence point. The ray-tracing/casting function is employed 
to project a ray vertically down onto the landscape. This 
results in the generation of a hit event that encompasses the 
position and, consequently, the precise Z value of the spline 
point within the track. Subsequently, the track spline is pro-
jected onto the landscape for all points it contains, thereby 
creating a homogeneous course between the landscape and 
the track. This process also yields a higher accuracy of ele-
vation values compared to the data provided by BRouter or 
OpenRailwayMaps.

In addition, other infrastructure components, such as cat-
enary poles, the catenary itself, or lighting masts, can be 
generated automatically with the aid of the track spline, uti-
lizing a predefined offset in the transverse direction at freely 
definable distances along the spline. The local coordinate 
system of the spline provides a straightforward solution 
based on the line length X from the start of the track, allow-
ing objects to be placed at the desired position. An alterna-
tive approach is the placement of elements such as signals, 
buildings or masts based on map data from OpenRailway-
Map. In order to achieve this, the conventional coordinates 
derived from the map data are transformed back into the 
UE5 world coordinate system (in cm), and the objects are 

with the central laboratory computer. This data is to be used 
to mirror the physical laboratory in the digital environment.

Unreal Engine Based ATO Simulation

In order to create a real-time digital twin for ATO systems, 
it is essential to establish a simulation environment that 
accurately reflects the characteristics of the vehicles and 
the environments in question. The research group has been 
engaged in the development of such systems for a number 
of years. The fundamental functionalities necessary for the 
construction of the digital twin are elucidated below. Fur-
ther information about the simulation environment and the 
research done within it can be found in [16, 18] and [31].

In the initial stages of developing a simulation environ-
ment, there are a number of potential avenues for explora-
tion. Given the conceptual synergies that exist, it is possible 
to utilize virtual environments from the automotive sector 
as a basis for the ‘driving on sight’ concept. However, pre-
liminary tests have demonstrated that these systems were 
unable to be designed with sufficient flexibility to respond 
adequately to railway-specific features, because they are 
closed systems from suppliers already available on the 
market, limiting their adaptability for customization. The 
available simulation environments typically only include 
a limited set of virtual elements, such as highways, cities, 
or suburbs, and lack essential railway-specific assets like 
trains or railway signals. As a result, these environments do 
not provide a cost- or time-efficient way to extend them for 
railway research applications. Nevertheless, sensor systems 
with similar or identical functionality, such as LiDAR, can 
offer synergies that can be exploited in a specially devel-
oped environment.

In light of the availability of suitable virtual environ-
ments on the market, the decision was taken to develop a 
bespoke simulation environment for highly automated rail 
vehicles (with a particular focus at on-sight operation), one 
that would afford the requisite flexibility for scenario-based 
testing and development. At the outset of the development 
process in early 2022, a number of simulation frameworks 
were available for consideration, including Unreal Engine 4, 
Unreal Engine 5 and Unity. In the preliminary analysis, UE5 
was identified as the optimal choice due to its superior per-
formance in terms of virtual sensors, high-resolution envi-
ronments, and a comprehensive range of add-on modules.

The initial stage of the process is to create a realistic 
environment that accurately reflects the sensor data. This 
is achieved through the utilization of the UE5’s intrinsic 
landscape functionality. This enables the mapping of actual 
topographical features within the engine by importing eleva-
tion maps in PNG format. The most time-consuming aspect 
of this process is the acquisition of high-resolution elevation 
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trajectory. However, as clarified in [19], the G-gauge scale 
used in the physical setup is not suitable for investigating 
detailed wheel–rail mechanics. For such analyses, larger 
scaled vehicle models are more appropriate, as described 
in the literature. The present approach therefore focuses on 
ensuring realistic longitudinal behavior, while mechanical 
effects beyond this scope are left for future developments. 
For the transfer of the methodology from the scaled twin to 
digital twins of full-scale railway applications, the required 
level of simulation fidelity has to be re-evaluated, ensuring 
that the depth of modeling is appropriate to represent the 
relevant physical effects.

In the case of bogie locomotives, the vehicle is moved 
over the spline by means of the bogies, thereby creating a 
realistic lateral movement of the vehicle. The initial bogie 
is positioned over the spline, with the subsequent bogie fol-
lowing at the distance corresponding to the bogie pivot. 
The locomotive body and all attached elements, including 
sensors, are moved in relation to one another based on the 
center point and the rotation of the bogies (see Fig. 3). This 
results in a realistic pivoting movement of the center of the 
vehicle in tight bends, which constitutes the initial element 
of the transverse network (see image). Furthermore, it is 
possible to simulate effects such as sinusoidal motion in the 
kinematics model and apply them to the bogies or the digi-
tal image of the locomotive as additional lateral motion by 
extending the network interface. The same principle applies 
to pitch, roll, and yaw movements.

It is now necessary to conclude the simulation loop and 
provide the simulated data to the system under test or devel-
opment. In the present simulation state, the data pertaining 
to localization, odometry, the camera and LiDAR are trans-
ferred from the virtual environment to the ATO system.

The simulated location data can be linked via the posi-
tion of the origin in the world coordinate system of the 
virtual environment, via the position of the characteristic 
point shown at the origin (e.g. shunting yard dead-end, or 
switching points, etc.), as viewed in Fig. 4. Consequently, 
the simulated coordinates (in cm) are transformed by ele-
mentary mathematical operations into UTM or longitudinal 
and latitudinal coordinates, which are then processed by the 
ATO system.

The odometry data is already available in a simulated 
format from the kinematic model. Such data are either fed 
back to the ATO system unaltered or subjected to the addi-
tion of Gaussian noise, which serves to emulate the charac-
teristics of the actual sensor.

The UE5, which originated as a game and film frame-
work, incorporates a native camera simulation. A variety of 
parameters can be employed in the modelling of the cam-
era types to be simulated. Furthermore, a variety of post-
processing options are available for the visualization of lens 

then placed using the world coordinates. This procedure is 
equally effective as the aforementioned approach, though it 
may necessitate greater manual input for rectification in the 
event of discrepancies between the track and object coordi-
nate databases.

Subsequently, it is essential to direct the ego vehicle, 
which is operated with the system under examination, 
through the environment. The UE5 simulation framework 
offers a number of possibilities for this. In general, the UE5 
has a physics engine that is capable of calculating a range of 
physical effects, including forces, friction, damping, shocks 
and more, depending on the level of accuracy of the selected 
meshes. The contact between wheels and rails represents a 
highly complex scenario that necessitates the utilization 
of a mesh resolution at the finite element (FEM) level to 
ensure the generation of reliable outcomes. This results in 
a considerable burden on the physics engine, preventing the 
creation of a real-time simulation environment. Moreover, it 
is essential to configure the collision option to “complex as 
simple” for all objects that are to be identified by environ-
mental sensing systems, such as the LiDAR simulation. It is 
only through the usage of this option that the ‘real’ collision 
of the object is employed, as opposed to a more simplistic 
box or polygon model. The “complex as simple” collision 
option automatically disables the option to utilize physics, 
thus avoiding an overload of the FEM-like calculations.

The possibility of moving objects using splines is 
employed to implement the vehicle movement. The splines 
are already available as a consequence of the track genera-
tion process. In the UE5 syntax, an object is moved via a 
spline based on an alpha value between 0 (the beginning of 
the track or spline) and 1 (the end of the track or spline). By 
using the getSpline length function, the alpha value can be 
modified via a continuously advancing timeline component, 
thereby enabling the vehicle to move at the desired speed.

In order to guarantee the correct behavior of the vehicle 
in the longitudinal direction, an external kinematics model 
has been constructed in MATLAB/Simulink. This model is 
capable of deriving realistic vehicle behavior from the target 
speed specified by the ATO system and feeding this back to 
UE5 as the actual speed via a UDP interface. The kinematics 
model receives the curve radius from the UE5 simulation, 
which is calculated from the torsional angle of the bogies. 
Additionally, other variables, such as vehicle masses, dead 
times, and other vehicle-specific properties, are stored 
directly in the vehicle model.

In principle, the spline-based motion can be coupled with 
an extended longitudinal dynamics model, which allows for 
the integration of parameters such as damping, friction, and 
external forces. Such a model can also account for higher-
order effects, including sinusoidal running, pitch, roll, and 
yaw, which can be superimposed on the idealized spline 
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there exists a multitude of well-established, state-of-the-art 
methodologies, each of which is tailored to address specific 
aspects of the intrinsic characteristics of LiDAR data [36, 
37]. In general, ray tracing or ray casting is employed to 
generate a beam of rays that correspond to the scan pattern 
of the LiDAR sensor. This beam of rays then traverses the 
simulated environment, which is coupled to the origin of the 
virtual LiDAR. At each discrete time step of the sensor, the 

effects and other distortions. To utilize the data, the camera 
module is linked to a network interface in order to process 
the image data within the ATO system.

The emulation of LiDAR data presents a more complex 
issue. The most crucial step in establishing a framework 
for point cloud emulation is to guarantee that the assets 
to be identified utilize their ‘true cloud box’ for collision 
calculations. In the context of LiDAR sensor simulation, 

Fig. 4  Offset of real-world location (left, googlemaps) and simulated location (right, inhouse simulation environment) demonstrated at the shunt-
ing yard Munich North

 

Fig. 3  Positioned Bogies on the tracks, bogie spacing (d) and spline data (orange)
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and [37]. Furthermore, the influence of weather effects, such 
as rain, fog or snow, is converted in line with [38].

The simulation environment thus provides the basis for 
the subsequent development of a digital twin for real-time 
ATO applications.

Connecting Physical and Digital ATO Systems Via 
Localization Data

The initial stage of the process is to define the physical 
assets that are to be incorporated into the digital twin and 
to transform them into a format that can be read by UE5. In 
the aforementioned example, this is the scaled test field, as 
previously described. It is essential that the digital twin is 
oriented within the boundaries of the room. The mapping of 
elements detected by the sensor should be carried out with 
an appropriate level of accuracy, while cosmetic accuracy is 
sufficient for room elements that have no direct impact on 
the ATO functions.

The core elements of the infrastructure environment are 
the walls of the test site, the floor slab of the track infrastruc-
ture and the workstation including monitors (see Fig.  5). 
Mobile assets such as locomotives and wagons must also 
be represented.

rays are evaluated for potential collisions with other objects. 
From a mathematical perspective, a straight line intersects 
a triangle that spans the mesh of the object that has been 
struck. The UE function Hit-Event provides the capability 
to calculate the world coordinates of the impact. The hit 
points are transformed into the local coordinate system by 
the translation and rotation of the LiDAR coordinate sys-
tem, thereby forming an idealized point cloud that would be 
expected from a sensor with the set parameters (FoV, scan 
pattern and range).

These idealized point clouds provide a foundation upon 
which preliminary verification of the system response of the 
ATO system can be conducted. By disregarding material 
(re-reflection), sensor (detection thresholds, wavelength) 
and external (weather) characteristics, which manifest 
themselves as noise or a complete absence of points, a point 
cloud is produced that can be more reliably detected by 
object recognition algorithms.

In order to generate a more realistic virtual point cloud, it 
is necessary to take the aforementioned effects into account. 
For each of these effects, there are established state-of-the-
art methods that are employed in the virtual sensor model 
utilized by the Institute in its own simulations. In order to 
account for material-induced noise, the detection probabil-
ity of a reflected point is determined in accordance with [36] 

Fig. 5  Digital twin of the scaled test environment (compare to Fig. 1)
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textures and lighting effects, ensuring that the simulation 
closely mirrors the physical test site. However, the preci-
sion needed in building an accurate environment depends 
strongly on the sensors that are used. For example, if only 
LiDAR data is of interest, there is no need to provide a clean 
visual look of the materials. The resolution of the asset 
meshes only needs to be as good as what the sensors’ scan 
patterns and noise can detect in various positions during the 
test runs. Conversely, if camera data is also used, the mesh 
precision must be increased due to the (usually) higher reso-
lution of the cameras. Additionally, there is a much higher 
requirement for the quality of the optical properties of the 
materials, such as reflectivity, roughness, material “colors,” 
and similar attributes. This step is crucial for enhancing 
the visual fidelity of the digital twin, particularly in sce-
narios where interactions between the environment and 
the automated rail vehicles are being simulated. Addition-
ally, thorough testing is conducted to validate the accuracy 
and performance of the digital twin, ensuring it meets the 
required standards for reliable simulation.

The locomotives are already designed in a CAD-Tool to 
3D print, laser cut and bend the different custom parts. This 
means the loco is transferred into the UE5 project via the 
mentioned import paths, separated in the two bogies and 
the loco’s main body featuring all the additional elements 
as sensors, processing units and so on, visualized in Fig. 6.

Once the required assets have been integrated into the 
UE5 project, the next step is to establish functionality that 
enables interaction between the physical and digital labora-
tories. The position data used for synchronization is already 
available via a UDP socket on the simulation PC. Addition-
ally, the UE5 project is equipped with multiple UDP inter-
faces for communication with other modules. To process 
the position data, an existing interface, originally designed 
to read simulated real-time speed, will be repurposed. This 
interface is no longer needed in the “Digital Twin” opera-
tional mode of the simulation environment. The position 
data of the demonstrator vehicles, derived from the ultra-
sonic system, is thus available within UE5 at a sampling rate 
of approximately 80 Hz.

A variety of interfaces are available for integrating 
assets into the engine, as provided by UE5. Some elements, 
including flora, fauna, assorted materials, and vehicles, can 
be imported directly via the UE5 Marketplace or the Quixel 
Bridge plugin. The level of detail of the available assets var-
ies considerably and is frequently unsuitable for a reliable 
virtual simulation environment for highly automated rail 
vehicles. It is necessary to add unavailable elements to the 
engine via additional interfaces.

The UE5 platform offers a variety of import formats, 
which are typically different types of mesh data, such as 
*.obj (wavefront) or *.fbx. Wavefront can frequently be 
exported from traditional CAD tools, including Creo, Inven-
tor, Catia, and others. However, errors may occur when 
importing assemblies directly via *.obj. This issue can be 
addressed by a subsequent conversion to *.fbx, which can 
be performed in Blender, for instance.

Once the integration paths of the various elements have 
been established, the requisite assets are made available 
within the project in order to map the scaled test field in the 
subsequent step.

As with the construction of a virtual simulation environ-
ment for real railway vehicles, the initial step is the creation 
of the landscape, or in this case, the floor slab. The afore-
mentioned elements are enclosed by the walls, ceiling, and 
floor of the test field. Furthermore, the desk and screen are 
positioned manually within the designated level. The sub-
sequent phase of the process is the laying of the tracks. As 
previously indicated, it is necessary to provide an external 
database for the track plan. In this instance, the coordinates 
of the track were previously extracted from a high-precision 
three-dimensional scan of the room. The data is already 
available in the correct X, Y, Z format, and the incoming and 
outgoing tangents required for the UE5 spline structure can 
be calculated in the same way using tools that are currently 
considered to be state-of-the-art. The subsequent track lay-
ing process can be directly transferred from Chap. 3.1. The 
resulting UE5 Level is visualized in Fig. 5, already includ-
ing the two scaled demonstrator locomotives.

Once the basic structure is in place, further refinement of 
the virtual environment can be achieved by adding detailed 

Fig. 6  CAD-data (left, creo parametric) and unreal asset (right, unreal engine)
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spline relative to the measured position. In the next step, 
this information is converted into a “distance along spline” 
value, which is then used to calculate the alpha value. This 
alpha value is subsequently employed with the Timeline 
component to correctly position the vehicle within the simu-
lation environment. For this purpose, the spline component 
and the previously determined point on the spline are used 
in the Get Distance Along Spline at Spline Point function. 
The process is illustrated graphically in Fig. 7.

With this, the connection between the physical labora-
tory and the digital representation is successfully estab-
lished, enabling the commencement of initial verification 
approaches, which will be discussed in more detail in the 
next chapter.

Results

Before discussing the results of the described test setup, 
it is important to first recap the original goals and rea-
sons behind the approach. The development and testing of 
increasingly complex on-sight ATO systems require exten-
sive testing, which, due to the sheer volume and variety, is 
ideally conducted through simulation. The development of 
simulation environments has now also reached the railway 

The next step involves adapting the vehicle maneuver 
execution to these new data inputs. There are several pos-
sible approaches for implementation. One approach could 
involve directly placing the vehicle within the level based 
on the captured positions of the two beacons. However, this 
would require modifications to the existing spline-based 
movement system, making it difficult to switch between the 
traditional simulation and the digital twin modes. Moreover, 
this method would directly incorporate any potential mea-
surement errors from the beacons into the object placement, 
which could significantly compromise the digital twin’s 
validity in comparing real and simulated sensor data.

Instead, the vehicle’s movement will continue to follow 
the predefined spline, ensuring the vehicle remains track-
bound and maintaining the precision required for accurate 
alignment between the physical and digital environments. 
In this process, only the position of the front bogie (in the 
direction of travel) is read, and the simulation is provided 
with information on which route has been set in the real 
laboratory, delivered in spline format, corresponding to the 
demonstrator’s route during the test.

The measured position, received via UDP, is then used 
in conjunction with the spline component and the Find 
Location Closest to World Location function to perform an 
orthogonal projection to identify the nearest point on the 

Fig. 7  Measurement of the distances between the beacons within the digital twin
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As previously described, these coordinates originate from 
a high-precision 3D scan. The consistency data indicates 
the extent to which the dynamic data deviates from its own 
mean value over multiple journeys. A discrepancy is typi-
cally observed between the dynamic and consistency data, 
which reflects inconsistencies between the measurement 
methods and the recorded data from the 3D scan. However, 
these are evaluated with the utmost precision for the pur-
pose of measurement and are therefore employed as a refer-
ence value.

In order to ensure an adequately precise projection, it is 
essential that the projection distance is below the dynamic 
measurement threshold. This is because the actual system 
must also be capable of functioning with deviations up to 
this distance. Accordingly, a reference value of ± 60 mm is 
employed for the tests conducted with the ultrasonic sys-
tem. Should the camera system, which has already been 
presented as the superior system in [23], achieve real-time 
capability, the tools listed in 3 will be employed in conjunc-
tion with the camera system.

To conduct the experiment, the vehicle is positioned at 
various points within the test field and replicated in the digi-
tal twin. Figure 7 provides a visual representation of the test 
setup. The measurement at position (1830 mm | 460 mm) 
yields the values presented in Table 2. The results obtained 
are supported by tests conducted at other positions in the 
laboratory.

The data presented in Table 2 illustrates that the initial 
requirement is largely satisfied. In the case of the beacon 
pair 9–15, however, there is a value that is 5  mm above 
the target value, which could be considered an outlier. It is 
evident that the discrepancy between the physical and digi-
tal image intensifies with increasing distance. The results 
obtained are deemed to be sufficiently accurate for the sub-
sequent procedure.

Moreover, preliminary visualizations of the simulated 
sensor data can be conducted. The use of an ultrasonic sen-
sor as the fallback level for the ATO system serves to avoid 
serious collisions. However, due to the functional principle 
and the cone-shaped detection volume, it is not always evi-
dent which obstacle is currently being detected. The visual-
ization of the cone volume for different emergency braking 
distances facilitates comprehension of the situation (Fig. 8). 
Furthermore, it facilitates the advancement of the emergency 

sector, although with some delay compared to the automo-
tive sector. The development of such environments always 
requires a sufficient data base of real-world measurements 
to ensure reliable models. However, acquiring this data in 
the railway industry is challenging due to complex orga-
nizational processes, scarce availability of test infrastruc-
ture, and vehicles. The previous developments around ATO 
functions in the scaled model have proven that it can serve 
as a simple and cost-effective alternative to real test sites. 
The validation of simulation environments within a digital 
twin creates unique opportunities through the synchronous 
linking of real and virtual datasets. Consequently, the pre-
ceding discussion outlined how such a digital twin can be 
constructed to provide a foundation for further analysis of 
the simulation modules.

The initial evaluation assesses the precision with which 
the position of the ultrasonic system is conveyed to the digi-
tal twin. The ultrasonic measurement system provides the 
unprocessed distances between the beacons. These consti-
tute the basis for the evaluation. In order to obtain these dis-
tances from the digital twin, the ultrasonic beacons, which 
were previously only displayed as a mesh, are converted 
to reflect their actual function. In order to achieve this, the 
beacons affixed to the wall are designated as fixed beacons, 
while those mounted on the demonstrators are classified 
as hedges. The hedges are programmed to calculate dis-
tances on a continuous basis, utilizing the get world loca-
tion function for the respective components and the ‘get 
distance between (input world location beacon, world loca-
tion hedge)’ function. It is essential to ensure that the origin 
of the simulated beacons is aligned with the source of the 
loudspeaker/receiver, in order to achieve conceptual results 
that are consistent with those observed in the physical twin. 
Table 1 lists the deviations determined in [23].

  
The static deviations are associated with the mean value 

of the measurements at standstill, whereas the dynamic data 
obtained during travel is related to the track coordinates. 

Table 1  Deviations of ultrasonic- and camera-based localization [23]
Test Case Ultrasonic Camera
Static ± 3 mm -
Dynamic ± 60 mm ± 37 mm
Consistency ± 15 mm ± 12 mm

Table 2  Measurements comparison between physical and digital twin
Beacon Pairs 2–15 2–19 3–15 3–19 9–15 9–19
Digital twin simulation UE5
Mean distance [mm] 2261,3 2053,7 3816,7 3698,7 5164,0 5353,7
Physical measurement marvelmind dashboard
Mean distance [mm] 2296,0 2090,7 3862,7 3745,0 5229,0 5408,7
Difference between digital and physical measurement
Deviation [mm] 34,7 37,0 46,0 46,3 65,0 55,0
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The selection of the LiDAR module with the digital twin 
has the potential to significantly enhance the capabilities of 
the test setup with regard to object detection using LiDAR, 
as well as the detection of smaller objects in the track bed. 
This paves the way for a multitude of further research ave-
nues in the scaled model, with the aim of further optimising 
ATO functions.

Beyond the evaluation of positioning accuracy, temporal 
synchronization between real and virtual sensor data plays a 
decisive role. An essential aspect for the meaningful use of 
the digital twin is the synchronization between real-world 
data and the virtual environment. For fundamental inves-
tigations of sensor simulation, static tests are preferred, as 
temporal deviations play only a minor role. However, this 
limits the applicability of the results. In dynamic tests, 
more extensive investigations are required. The digital twin 
in UE5 operates at approximately 60  Hz, while the Mar-
velmind system provides data at 80  Hz with a latency of 
around 200 ms, LiDAR and camera sensors operate at lower 
effective rates. As a consequence, the demonstrator vehicle 
is moved within the environment at a higher temporal reso-
lution than the sensors deliver data, which results in only a 
local offset caused by latencies. In the current experiments 
this effect has proven sufficiently small, but at higher veloci-
ties or accelerations negative impacts can be expected. One 
potential mitigation strategy is to employ prediction models 

brake assistant functionality. As illustrated, the utilisation of 
the ultrasonic sensor does not yield reliable outcomes in the 
context of tight curve radii. Furthermore, although the sys-
tem responds to the braking event depicted on the right, it 
is unclear whether emergency braking is initiated due to the 
screen or the detected obstacle (locomotive 2).

In the final stage of the process, the analysis of the emu-
lated LiDAR data is prepared. In order to achieve this, the 
extant LiDAR simulation model is executed with the param-
eters of the RPLIDAR M2A8, specifically in regard to field 
of view (FoV) and angular resolution. The results are pre-
sented in the qualitative analysis, as illustrated in Fig. 9.

The quantitative analysis yields encouraging outcomes 
with respect to a real-time, one-to-one comparison of the 
data. As the one-layer LiDAR is already obsolete at this 
juncture, as previously outlined in Chap. 3, this phase will 
be deferred to a subsequent research project. In lieu of this, 
the search for a new sensor is conducted on the foundation 
of the digital twin. The straightforward parameterisation of 
the LiDAR simulation allows for the assessment of the suit-
ability of various LiDAR models with regard to their com-
patibility with the installation space, thus saving time. As 
previously stated, the Unitree 4D- LiDAR L1 PM will be 
employed in the future. A comparative analysis between the 
RPLIDAR M2A8 and the Unitree 4d- LiDAR l1 PM, con-
ducted through simulation, is presented in Fig. 10.

Fig. 9  Qualitative comparison of LiDAR Data (left side real/blue, right side simulated/red)

 

Fig. 8  Analysis of the ultrasonic sensors FoV in different scenarios
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to validate virtual models against physical counterparts rep-
resents a crucial step forward in the iterative development 
process, offering insights that are often difficult or impos-
sible to obtain from physical testing alone. The qualita-
tive and quantitative analyses, particularly concerning the 
LiDAR data, demonstrated the utility of the digital twin in 
evaluating and selecting appropriate sensor systems, such 
as the transition from the RPLIDAR M2A8 to the Unitree 
4D-LiDAR L1 PM.

However, the study also highlights several areas requir-
ing further exploration and improvement. The precision of 
localization, while generally acceptable, exhibited devia-
tions that warrant closer investigation, particularly as the 
distance between beacons increased. Additionally, the real-
time processing limitations of the camera-based localization 
system must be addressed to enhance its viability for real-
world applications.

Future work should focus on refining the digital twin’s 
accuracy, particularly in terms of integrating more sophis-
ticated sensor models that better account for environmental 
variables such as weather conditions and material proper-
ties. Moreover, the development of more robust algorithms 
for real-time data processing within the digital twin could 
bridge the gap between simulation and physical testing even 
further.

Beyond the comparison of real and virtual datasets, the 
synchronization between the physical environment and the 
digital twin also enables the replacement or augmentation of 
individual sensor data streams. This opens up the possibil-
ity of embedding critical situations into real-world datasets 
based on virtual events generated within the digital twin. In 
this way, sensor manipulations and sudden, otherwise unre-
alistic changes can be systematically introduced and evalu-
ated. Such an approach allows safety-critical or hazardous 
test scenarios to be shifted from the physical domain into 
the simulation, thereby supporting robustness assessment 
while reducing risks and resource requirements in real-
world testing.

that place the vehicle “virtually ahead” of its measured posi-
tion, thus compensating for latency effects.

Furthermore, illumination has proven to be a critical 
boundary condition for optical sensor systems, particularly 
cameras. In [39], the influence of ambient lighting on cam-
era-based rail detection in a scaled model environment was 
systematically investigated using a Design-of-Experiments 
approach. The results demonstrate that even under labora-
tory conditions, moderate variations in illumination have 
significant effects on detection performance, affecting both 
edge-based rail recognition and camera pose estimation. 
While static tests primarily allow for qualitative assessment, 
the findings underline that reproducing realistic lighting 
conditions for optical sensors within a digital twin remains 
a major challenge.

Conclusion

The research presented in this paper underscores the sig-
nificant potential of using scaled models for the develop-
ment and testing of on-sight ATO systems, particularly in 
environments without external protection. By addressing 
the challenges of high costs and limited availability of full-
scale test environments, the scaled model approach offers a 
practical and cost-effective alternative for advancing ATO 
technologies.

The implementation of object detection using LiDAR 
sensors within the scaled model successfully demonstrated 
real-time obstacle detection, closely replicating the capa-
bilities of full-scale systems. The combination of ultrasonic 
sensors, a camera-based approach, and the use of a digital 
twin constructed in UE5, provided a comprehensive and 
accurate platform for testing localization and other critical 
ATO functions.

The development of a digital twin not only enabled pre-
cise simulations but also allowed for real-time comparisons 
between simulated and real-world sensor data. This ability 

Fig. 10  Virtual Comparison (idealized pointcloud), RPLIDAR M2A8(left), Unitree 4d- LiDAR l1 PM (right, stacked pointcloud)
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In conclusion, while the scaled model approach has 
proven to be a valuable tool for ATO development, its full 
potential has yet to be realized. Continued refinement of 
both the physical and digital components, along with the 
integration of more advanced sensor technologies, will be 
essential for optimizing ATO systems. This research lays a 
solid foundation for future innovations in railway automa-
tion, offering a pathway to more efficient, cost-effective, and 
safe rail operations.
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