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Executive Summary 

The objective of this deliverable is to provide a comprehensive analysis of the current state-of-the-art of the 

European Railway Traffic Management System (ERTMS), its implementations, and the progress of research in this 

domain, highlighting open issues and challenges while describing possible directions for improvement and the 

technologies that promise the most significant enhancements. The task was carried out as a systematic literature 

review, following PRISMA guidelines, with queries performed on Web of Science, Scopus, and Google Scholar using 

the search string "Railway Traffic Management System AND (AI OR Digital Technologies)". After applying exclusion 

criteria based on publication year, number of citations, language, and a full-text review, 106 papers were selected 

for in-depth analysis and classification into five macro-areas: Safety, Optimization, Quality of Service, Automation, 

and Networks. 

The analysis reveals that Safety is the most discussed research topic, with 33 papers (31.13% of the total), focusing 

on anomaly detection, predictive maintenance, digital twins, and risk assessment using artificial intelligence. 

Optimization follows closely with 40 papers (37.73%), addressing train rescheduling, traffic control, trajectory 

optimization, and digitalization of core ERTMS components. Quality of Service accounts for 14 papers (13.20%), 

primarily investigating passenger flow prediction, delay forecasting, and passenger Internet connectivity. Networks 

also represent 14 papers (13.20%), covering train-to-ground communication performance, intrusion detection 

systems, blockchain-based security, and train-to-train communication. Automation is the least represented area 

with only 5 papers (4.71%), focusing on Automatic Train Operation enhancement through AI and cloud-based 

architectures. 

The most cited papers in the corpus demonstrate that Quality of Service topics receive the highest average citations, 

followed by Safety and Optimization. Notably, only two papers exceed 100 citations, both employing artificial 

intelligence for defect detection and delay prediction. The analysis identifies several critical gaps in current 

research, including limited work on train positioning systems, insufficient exploration of virtualization and cloud-

edge computing architectures for hosting AI applications, scarce research on passenger connectivity enhancement, 

and underdeveloped train-to-train communication solutions. These gaps represent opportunities for future 

research, particularly for enabling higher Grades of Automation and improving the attractiveness of railway 

transportation. The findings of this deliverable directly inform the continuation of PhD10 activities, which will focus 

on real-time anomaly detection for train positioning systems, machine learning-based energy consumption 

estimation, and hybrid virtualized architectures for next-generation ERTMS. 
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1 Objective/Aim 

The objective of this deliverable is to provide an analysis of the current state-of-the-art of ERTMS, its 

implementation and the progress of research in this topic, highlighting their open issues and challenges, and 

describing possible directions of improvement of the system and the technologies that candidate to introduce the 

most promising enhancements. The task has been carried out as a systematic literature review. Proposals, 

implementations, and direction in research for railway traffic management systems have been gathered, analysed 

and classified, identifying the main trends in research and the open issues that need to be addressed, leaving space 

for advanced applications and functions. 
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2 Background 

The PhDs EU-Rail project aims to foster collaboration and innovation in the European railway sector by 

consolidating a scientific community and conducting research through 10 PhD positions. The project is closely 

aligned with the goals of the EU-RAIL Joint Undertaking (EU-Rail) and the involved industry partners. 

The research topics cover a range of areas, such as supporting the implementation of rail technical innovations for 

decarbonization, promoting gender equality in the rail industry, exploring new education and training methods, 

enabling rail-based urban logistics, improving fast night train operations, studying the dynamic stability of trains 

over bridges, enhancing safety-relevant communication in the railway system, calculating societal KPIs of rail 

research programs, the railway inclusion and accessibility for individuals with intellectual disability and ICT 

platforms for interoperable and reliable ERTMS systems. 

The present deliverable D2.10 Data gathering and analysis of current ERTMS systems provides information about 

the current state of the research in ERTMS. Main trends in research and open issues have been highlighted. The 

different technologies proposed in research have been analyzed, deepening how they can help in overcoming the 

current limitations of ERTMS. 

Three of the most wide databases have been interrogated to retrieve articles, papers and other document regarding 

Artificial Intelligence and Digital technologies applied to Railway Traffic Management systems. The works so 

obtained have been filtered first for relevance and age. Then, a full text review has been performed to select the 

works more relevant in the area. 

The rest of the document is organized as follows: 

• Section 3 presents an introduction of the ERTMS and the impact that digitalisation can have on it. 

• Section 4 describes the methodology that has been followed to extract and select relevan works, and an 

overview of research trends. Articles and Journals have been organized and splitted into macro areas. 

• Section 5 shows the results of the analysis, highlithing the most relevant contribution for each of the 

identified macro area 

• Section 6 discuss the research trends and current gaps  
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3 Introduction 

The purpose of PhD10 is to study the current evolutions of the ICT platforms for the next generation ERTMS. In this 

phase of the project, a study on the current state of the art of research in railway traffic management systems has 

been carried out to identify the main trends and the most interesting technologies explored so far to promote 

innovation in this field. 

The possibility of passengers traveling and the necessity of industries to exchange goods have become a push for 

more efficient railway connectivity. Furthermore, the sustainability policies supported by developed countries are 

reviving interest in railway, being this the best transportation mode if emissions of polluting gas and quantity of 

passengers and goods it can carry are considered. 

The reply of the European Union to this situation is the introduction of the European Railway Traffic Management 

System (ERTMS) as a uniform, standard railway traffic management system suitable to promote interoperability among 

railways of different countries. However, ERTMS is still evolving and the objective of its different levels of 

implementation is to introduce new features and functionalities to support the evolution of railway transportation. 

Many projects have arisen in Europe to further push innovation in this domain, and many proposals have been put 

forward to support the development of the railway industry. The purpose of this deliverable is to deepen and 

summarize the state-of-the-art of research on ICT platforms for ERTMS and Railway Traffic Management Systems in 

general, with the aim of highlighting the most discussed challenges and issues and the research solutions proposed 

to solve them. 

To address this topic, a systematic literature review has been carried out. Some of the most widely used databases 

have been queried to find publications about the described topic and the collected documents have been deeply 

analized based on the problem they try to solve and the used technologies. 

 

3.1 Overview of ERTMS 

The European Railway Traffic Management System is nowadays used in many European countries. It has been 

designed to promote interoperability among different heterogeneous R-TMSs, and to improve the efficiency of 

international railway travels for both passengers and freight. Since ERTMS is widely adopted, currently the main 

objective is to enhance it, creating a R-TMS that, beside promoting interoperability, is able to make travels faster, more 

comfortable, and less expensive for the end user. This can allow to satisfy the growing requests of international 

exchange of passengers and freight while avoiding increasing emissions as for air and road traffic. Indeed,  nowadays 

ERTMS is still evolving, proposing, for instance, new methods to support continuous communication between train and 

ground station, ways to better allocate the railway capacity based on the concept of moving blocks, and exploring new 

technologies able to support the digital transformation and close the gap with other sectors such as automotive and 

aviation. Furthermore, the digital technologies that are possible to deploy can involve several aspects affecting the 

same system. 

In the last few years, many research topics have been explored through several Joint Undertakings (Shift2Rail [1], EU-Rail 

[2]) and some flagship projects such as MOTIONAL [3], R2DATO [4], RAIL4EARTH [5]. These initiatives fed the 

research on innovative solutions in railway to improve efficiency, safety, and security, with the purpose of delivering a 

better service for passengers and freight. Indeed, innovation in transportation means applying cutting-edge digital 

technologies to deploy Intelligent Transportation Systems (ITSs) able to make autonomous decisions and automate 

processes for improving system efficiency and safety. According to this paradigm, the TMS must become increasingly 

complex, able to deal autonomously with a wide set of problems while keeping, at the same time, safety standards on high 
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level. Thus, it is important to gather all the relevant works in this domain to navigate the complexity of the topic and 

eventually find gaps in research in order to provide a vision of the possible activities for the next few years in the field. 

Furthermore, a special consideration is applied to Artificial Intelligence (AI), which is pervasive in any field, particularly 

when it comes to process optimization and automation.  

The methodology used to retrieve and classify the most relevant works in the section is described in the next section. 
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4 Methods 

The search strategy to gather the research papers is based on the Preferred Reporting Items for Systematic Reviews 

and Meta-Analyses (PRISMA) guidelines, and  involved queries to some of the most important and wide databases. 

Particularly, for this case study, Web Of Science, Scopus, and Google Scholar were considered. The query runs on 

these databases is: Railway Traffic Management System AND (AI OR Digital Technologies). The results were filtered 

based on language and document type, year, number of citations, age, and, finally, a full-text review. The study 

selection is further explained in Chapter 4.1. 

 

4.1 Study Selection 

Overall, 447 papers have been selected from the queries on the mentioned databases. A first filter to neglect duplicates 

and non-English papers has been applied. Afterward, a relevance analysis has been conducted, excluding old papers 

(publication prior year 2015), nowadays out of date given the rapid progress in ICT and being the survey focused on the 

latest research trends, and papers with less than three citations. An exception has been made for the papers with 

a publication year > 2022, which might not yet have had enough time to be cited. Summarizing, these were the 

exclusion criteria: 

• Publication year < 2015 

• Number of citations < 3 AND publication year < 2022 

After the screening phases, 314 papers were selected that are either recent (published in 2022 or later) or are older 

(published between 2015 and 2021) but have at least three citations. 

After that, a full text review has been carried out and, finally, 106 papers have been selected. These papers will be 

the basis to extract data and statistics useful to understand the current research direction and to feed the analysis of 

the main promising and deepened trends, how the focus is changing throughout the years, and whether there are areas not 

covered yet. The papers have been classified by areas such as: safety, optimization, Quality of Service, Automation and 

Networking, and the analysed based on the proposed approach. 

 

4.2 Data Extraction 

The first analysis is focused on the distribution of the publications over the years, to highlight the trend of the research 

interest in the evolution of ERTMS systems. The results are illustrated in Figure 1. 
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In the year 2020, there was a sharp increase in published papers. Notice that the 31st of December 2021 (originally 

2020, then extended), the Shift2Rail Joint Undertaking (S2R JU) [1], part of the Horizon 2020 program, ended, 

contributing thus to the increase of works published in the last phase of the projects founded during this framework. 

A significant decrease in publications appears in 2021 compared with the previous year, possibly due to the 

slowdown of both industry and the academia during the COVID pandemic. On the other hand, in the years between 

2016 and 2019, the publications included in the analysis are less than half compared them with the period after 2022, 

showing how only a few articles on this topic manage to gain recognition. 

The distribution of publications among journals, conferences, and theses is shown in Figure 2. 

 
Figure 2 Publication type: Conference papers, Journal articles, Theses 

Most of the documents are published in journals, although there is a consistent fraction of conference papers. Two 

works are instead theses, both published in 2016. 

After the review and analysis of the articles’ content, some major areas of study within the railway domain have 

been identified, which are classified as follows: 

• Automation: the works focused on the automation of rail operations, particularly on Automatic Train 

Operation (ATO) related to ERTMS, or on enhancing the capabilities of R-TMS to run several automated 

tasks. 

Figure 1 Number of selected papers per year 
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• Network: the works focused on the improvement of the connectivity Train - Ground Station. Particularly, 

up to now, in ERTMS GSM-R is used, which is based on 2G technologies, but currently the objective of 

railway industry for the next generaio ERTMS is to switch to Future Rail Mobile Communication System 

(FRMCS), based on 5G technologies. 

• Optimization: the works focused on reducing operational costs, enhancing the capacity of the railway lines, 

or optimizing the train schedules also in real-time. 

• Quality of Service: the works focused on solutions aiming at improving the experience of the users. 

• Safety: the works with the goal to improve the passenger safety or increase the railway systems 

dependability . 

However, it is important to notice that those areas are not mutually exclusive. In some cases, the difference between 

one area and the other can be subtle, and a work can cover more than one domain. Anyway, for the ease of reading, 

whenever an article can fit two or more areas, the best fit according to the performed analysis has been chosen.  

The papers organized for each topic are summarized in Table 1, where are reported the number of papers for each 

topic, their bibliographic information, and the related share with respect to the total amount of selected papers. 

This allows to highlight the sectors with a greater interest of the academic and industrial communities, such as 

Safety and Optimization, which occupy the greater shares of works 

 

 
Table 1 Classification on the papers by topic 

Main Topic Num References Total shares 

Automation 5 [21], [18], [11], [82], [30] 4.71% 

 

Optimization 

 

40 

[45], [23], [51], [91], [34], [13], [14], [67], [80], 

[77], [110], [94], [58], [16], [55], [68], [52], 

[83], [104], [59], [99], [89], [65], [86], [109], 

[96], [28], [54], [15], [17], [26], [60], [35], [61], 

[42],[72],[31], [98], [85], [84] 

 

37.73% 

Network 14 [103], [25], [12], [37], [49], [100], [29], [73], [95], 

[74], [111], [50], [20], [106] 

13.20% 

Safety 33 [97],[79], [87], [78], [24], [7], [70], [9], [92], [53], 

[108], [40], [6], [105], [63], [102], [69], [47], [48], 

[93], [8], [62], [101], [90], [88], [43], [81], [32], 

[27], [76],[71], [19], [56] 

31.13% 

Quality of 
Service 

14 [107], [10], [66], [75], [57], [44], [39], [22], [64], 

[46], [33], [41], [38], [36] 

13.20% 

 
From Table 1, it emerges that one of the most discussed research topics related to   digitalization and AI in R-TMS is safety. 
Railways, indeed, being a critical system, must guarantee the highest safety standards. Thus, it is not surprising that a 
high portion of research documents focus on how to deploy new digital technologies to improve the dependability of the 
system, deploying for instance mechanisms of monitoring and predictive maintenance. Optimization is the other relevant 
topic for the railway industry: to reduce the costs and allow greater railway capacity, it is necessary to optimize the line 
allocation and the trains schedule. Also, trajectory optimization to reduce braking and accelerations are  crucial process to 
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reduce cost and energy consumption. 

 
Figure 3 Average number of citations per Main Topic 

To deepen this analysis, in Figure 3 the average number of citations per topic is illustrated: the publications related 

to the Quality of Service are the most relevant in research, having a higher number of citations, demonstrating the 

interest of the academic community.  

To further extend this analysis, the top ten most cited papers are listed in Table 2. : only two papers have more than 

100 citations. Both use AI, although in different ways.  

No paper regarding automation and network is present in Table 2, while two of the first three papers regard Quality 

of Service, proposing methods for predict train delays and predict passengers’ flow. This is not surprising since it has been 

assessed that this topic is the most cited on average, whereas automation and network were the less cited 

arguments. The other papers in the list deal with Safety (three out of ten) and Optimization (four out of ten), 

assessing the high interest if academy and industries in those topic too. 

 

Table 2 Most cited articles. 

Title Citations Area 

Real-time detection system for rail sur Face defects based 
on machine vision [69] 

138 Safety 

Stochastic prediction of train delays in Real-time using 
bayesian networks [46] 

129 QoS 

Multi-graph convolutional-recurrent Neural network (mgc-
rnn) for short- term forecasting of transit passenger flow [39] 

 

86 

 

QoS 

Digital twins for anomaly detection in the industrial internet of 
things: conceptual architecture and proof-of- concept [27] 

84 Safety 

Train trajectory optimization for  improved on-time arrival 
under parametric uncertainty [99] 70 Optimization 
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Communication-based train control system performance 
optimization using deep reinforcement learning [110] 66 Optimization 

Blockchain-enabled virtual coupling of automatic train 
operation fitted main- line trains for railway traffic conflict 
control [72] 

 

57 

 

Optimization 

Deep learning for short-term origin-destination passenger flow 
prediction under partial observability in urban railway systems 
[44] 

57 QoS 

A deep learning approach towards railway safety risk 
assessment [7] 

48 Safety 

Deep deterministic policy gradient for high-speed train 
trajectory optimization [77] 

45 Optimization 
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5 Results: analysis of the main areas of research interest 

5.1 Safety 

Safety is one of the most important topics in the context of railway systems. Indeed, as explained above, many of 

the recent applications of digital technologies concern improving passenger safety. In Table 3, the different works on 

Safety applications are showed, grouped by their aim, and the proposed methodology to reach their objective. 

Table 3 Classification of works on Safety 

Aim Methods Articles Oldest Newest 

Anomaly detection and 

predictive maintenance AI 

[47], [97], 

[6], [69], 

[43], [63] 

2023 2026 

Anomaly detection and 

predictive maintenance 
AI/ Cloudification [105] 2021 

Anomaly detection and 

predictive maintenance 

AI/ Data Analysis 

[24], [40], 

[8], [9], 

[102], [70], 

[62], [87], 

[53], [93], 

[101], [71] 

2020 2025 

Passenger Evacuation AI [90] 2022 

Railway systems 

modeling 
AI [79] 2025 

Railway systems 

modeling 
Optimization /Modeling [78] 2025 

Risk assessment AI [7], [92], 2020 2024 

  [48]   

System Monitoring 

AI/ Digital Twin 

[27], [88], 

[76], [32], 

[108], [81] 

2023 2024 

Improvement of Train 

Positioning 
AI [19], [56] 2017 2022 

 

One of the most faced challenges in railway systems by researches, is how to deploy anomaly detection and 

predictive maintenance. These methods leverage AI to improve safety and reduce maintenance costs. In particular, 

anomaly detection aims to spot possible misbehaviour of the system before a failure happens, allowing for taking 

countermeasures. On the other hand, predictive maintenance estimates the wear of components, allowing timing 

maintenance, repairing, or substituting components before they have a negative effect on the whole system, but 

not too early which would increase maintenance costs. Many research study propose AI algorithms to face these 

problems ([47], [97], [6],[69], [43],[63]). For instance, in [6], the authors propose a text analysis algorithm trough 

unsupervised learning to gain valuable information of previous accident, such as root couse, and helping in 

anticipating future ones. [69] and [47] proposed both algorithms to detect defects based on image recognition. 

Particularly, in [47] images are captured and features extracted. Those features are then used to feed an AI 
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model to recognize rail defects more quickly. Instead, [69] uses computer vision to gather and analyse images of 

the rail surface. Both methods show promising results, although while the first is specifically designed for rail 

fastner, the second one shows a grater capability for generalize rail surface defects. 

Some other articles propose to couple different AI algorithms with different Data Analysis techniques such as data 

fusion to improve the performance of the models of different systems ([24], [40], [8], [9], [102], [70], [62], [87], 

[53], [93], [101], [71]). 

The monitoring of the system through the usage of Digital Twin (DT) is another problem that is currently under 

investigation by researches. A DT is a digital copy of a physical system, in this case, a Train. The difficulty of deploying 

a DT is considering all the interactions the physical system has with the external environment and properly modeling 

the response on a digital copy. Capturing all these interactions might be unfeasible; therefore, Digital Twin solutions 

are often coupled with AI. One of the most relevant works is shown in [27]. Here, the authors argue that the 

Industrial Internet of Things (IIoT) is an approach that is bringing an enormous number of benefits to different 

industries. At the same time, , as the complexity grows, the probability of failures is growing as well . To cope with 

that problem, an anomaly detection architecture for IIoT is proposed and discussed within the scenario of ERTMS. 

A Digital Twin is proposed, representing the real-environment in a virtualized way, and it is coupled with K-Nearest-

Neighbour (KNN) algorithm to assist in anomaly detection. This solution allows easy monitoring on the virtual 

reprensentation of trains, enhanced by artificial intelligence to anticipate possible faults. 

5.2 Optimization 

This chapter contains all the papers aiming at improving railway efficiency. The selected papers on this topic are 

summarized in Table 4. One of the most explored problems is train rescheduling. The main reasons why a train might 

be rescheduled is due to a disruptive event that can cause propagation of delays: a fault of a train can lead to a cascade 

of delays. To avoid this propagation a reschedule of the train on the flight is necessary. Many articles propose AI to 

solve this problem ([28], [109], [54], [35], [26], [96]), but statistical methods are used as well, such as in [17], [61], 

[42], [86], [89]. One of the most relevant article dealing with the rescheduling problem is [47], where the authors propose a 

Machine Learning (ML) approach to perform root cause analysis of train delay. The authors argue that their model predicts the 

reason of delays with 83% accuracy, helping in resolving and adjusting the timetable rescheduling. 

Traffic control and conflict management are other relevant topics. The focus here is to manage the brake and 

acceleration of trains to avoid conflicts and optimize punctuality, efficiency, and safety. This is solved in ERTMS 

through the usage of the Radio Block Center (RBC), which provides Movement Authority (MA). Anyway, this solution is 

not very efficient: the current RBC implementation is indeed based on the concept of blocks, which is a section of the 

line that can be either free or occupied. According to this paradigm, a section is occupied until the whole train leaves 

the block, forcing the following train to slow down or stop, even if it has space ahead to move. The articles analyzed 

in this work propose to deploy AI approaches, such as Neural Netwokrs [65], Reinforncemente Learning [67] or 

unsupervised learning [91], to optimize this process. 

The topic of optimization is closely related also to trajectory and speed optimization. An algorithm able to compute 

the best acceleration and braking profile for the train, providing not only a speed limit but also a suggested speed has 

the potential to strongly reduce the cost of a single ride by reducing the energy required. In [110] for instance, an AI-

based method to reduce energy consumption is proposed. The AI method is based on reinforcement learning, and 

safety rules are applied to ensure that no dangerous operation is proposed by the AI model. Some other article 

uses other formalisms, such as in [99]. Here the author proposes to formulate the optimization problem as a Markov 

decision process to determine energy-efficient driving strategies. AI can be used for the energy consumption 

estimations, as deepened in [114], where a method based on linear regression is proposed. 

While all the aforementioned works propose solutions and algorithms to improve the optimization of trains run and 

schedule, some other works focus on creating a computing architecture able to host complex AI algorithms. The 
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authors that focuses on this topic propose a Multi-Agent System and Cloud Computing ([58], [16], [13], [14], [60], 

[15]) to face this challenge, suggesting distributed architectures, dividing the responsibility of certain tasks among 

several Intelligent Agents, a software able to intercat with irs environment and taking action accordingly. To support this 

paradigm switch, also digitalization of railway components has been explored as solution ([83], [80], [98], [85], [84], [112], 

[113]). In [80] for instance, the authors suggest a digital interlocking, arguing that, accordingly with their findings, it can 

help in speed up the processes it manages. In the same direction, in [84] and [85], the authors proposed to use Network 

Function Virtualization and Cloud computing for deploying the future ERTMS. Those architectural choices can provide 

the next generation railway traffic management system with greater flexibility, scalability and interoperability thanks to 

the property of virtualization and cloud computing, that allows for a fast deployment and enhanced reliability thanks to 

the possibility of quickly allocate new resources when needed, or moving virtual component across different physical 

machines. 

 
Table 4 Classification of works on Optimization 

Aim Methods Articles Oldest 
Last 

Year 

Real-Time monitoring 

of the stations for 

security and crowd 

management 

AI [23] 2025 

Real-Time rescheduling 
after a disruptive event  AI 

[28], [109], 
[54], [35], 
[26], [96] 

2016 2025 

Real-Time rescheduling 

after a disruptive event or 

based on passenger flow Statistical Methods 

[17], [61], 

[42], [86], 
[89] 

2017 2024 

Traffic control and 

conflict management AI 
[68], [67], 
[91], [34], 
[104], [65] 

2020 2025 

Conflict Management Blockchain [72] 2022 

Optimize train 
trajectories and reduce 
time and energy 
consumption 

AI 

[110], [77], 

[55], [45], 

[51], [94], 

[114] 

2017 2025 

Planning Maintenance Optimization Algorithms 

 
[59] 2016 

Optimize train 
trajectories and reduce 
time and energy 
consumption 

Optimization Algorithms 
[52],[99], 

[31] 
2020 2024 

Manage large-scale AI 
AI/ MAS/ Cloudification 

[58], [16], 
[13], [14], 

2018 2025 
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model for a scalable 

train schedule 

optimization 

[60], [15] 

  

Improve the 
performance of core 
components 

Digitalization 

[83], [80], 
[98], [85], 
[84], [112], 

[113] 

2020 2025 

 

5.3 Quality of Service 

The research papers that fall in this area, shown in Table, 5, propose improvements for user experience. Similar to 

train rescheduling, also in this case, passenger flow prediction is one of the most investigated topics. The purpose of 

passenger flow prediction, in this case, is to perform crowd regulation, operation management, and support decision-

making processes to offer a better service to the passengers. A very interesting work about this topic is [39], where 

the author proposes a Multi-Graph Convolution Recurrent Neural Network to forecast the passenger flow. 

Multigraph particularly, means that the Neural Network (NN) is fed with different graphs, each one capturing a 

different type of relationships among the stations. 

Other works focus on predicting the delays ([46], [57]) or improve the punctuality ([36], [66]). All the solution proposed 

in these works,  are based on a strong use of AI to estimate delays based on patterns already seen. Finally, recently, 

some research has been carried out to improve passenger connectivity to the Internet. Keeping a solid Internet 

connection is particularly hard in high-speed trains, even if they offer Wi-Fi on board, since the fast movement forces 

devices to connect to different cells too often. In this case, the used technologies include, but are not limited to, AI to 

predict and anticipate the moment of the handover (switching the cell the train is connected to provide Internet 

connectivity). Indeed, the research in [107] and [75] propose to couple AI with Software Defined Networks/Network 

Function Virtualization (SDN/NFV) over 5G. SDN/NFV provides greater flexibility compared with traditional 

networks, leveraging the ease of virtual components to be quickly reconfigured. Using this approach, together with 

AI, allows for a fast handover in high-speed trains. In this way, it would be possible for passengers to experience 

better connectivity while traveling. 

Table 5 Classification of works on Quality of Service 

Aim Methods Articles Oldest Last Year 

Enhance the 

precision of 

arrival 

AI [36] 2024 

Predict train 

delay and delay 

propagation 

AI [46], [57] 2018 2023 

 Providing 

advises to 

minimize effect 

of disruptive 

event 

AI [66] 2016 

Predict 

passenger flow AI 

[39], [44], 

[10], [33], 

[41], [64]. 

2020 2024 
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[22], [38] 

Improve 

passenger 

connectivity 

AI/ SDN/NFV / 

Protocols 
[107], [75] 2024 2024 

 

5.4 Automation 

Automation in railways is a crucial topic that has the potential to affect all the aspects seen so far. The research in 

this area aims to improve the Automatic Train Operation (ATO) component of ERTMS to obtain possibilities of self-

driven trains. In this case, most of the research, see Table 6, focuses on building architectures or investigating 

technologies that have the potential to increase the computational capacity of ERTMS. Among all these, only one work 

focuses on using AI to improve the capabilities of the ATO component. In [21] the authors propose a deep 

reinforcement learning algorithm to deploy an intelligent control method for ATO. A Deep Q-Network (DQN) is 

proposed as learning model to adjust in real-time the train automatic driving strategy based on the train operating 

state and the environment, showing that the DQN manage to reduce the energy consumption of the train and 

parking accuracy. 

Other works focus on the architectural design of digital platforms to enable automation. In both the works in [11] 

and [82], the authors argue that digitalization, virtualization and programmability are the key point to design an ICT 

platform able to support Intelligent Transportation Systems. Those features also enable the possibility of 

embedding Machine Learning in the virtualized components creating an intelligent railway controller. The 

possibility of embedding real-time analytics and intelligence in railway components is, indeed, the enabler for 

higher degree of automation. 

Table 6 Classification of works on automatic train operation 

Aim Methods Articles Oldest Last Year 

Implementing 

ATO and 

improving the 

punctuality, 

parking accuracy, 

and energy saving 

AI [21] 2023 

 Enhance the 

capabilities of R-

TMS 

Digitalization 
[30], [11], 

[82], [18] 
2019 2024 

 

5.5 Networks 

The ability of trains to share information with the ground station is a crucial feature to enable a higher degree of 

automation, improve safety and performance, and reduce costs. A solid and reliable Train-to-Ground connection is vital 

to provide the Traffic Management System with all the data it needs to make decisions. 

As in many other areas and illustrated in Table 7, AI is the most investigated technology to improve network 

connectivity; however, the problems that researchers are trying to solve are numerous and are referred to both 

performance and security. 
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How to improve network performance is one of the most deepened topics. Here, the proposed solutions involve the 

use of AI to perform the handover of the access point ([37], [12]), spectrum allocation on the radio communication ([103], 

[49]), and congestion control ([25]). 

On the other hand, security in the network is also a crucial aspect to keep in mind to prevent malicious attacks that 

might affect the safety of the system. The proposals here include the use of AI to boost Intrusion Detection Systems 

(IDSs) and perform anomaly detection to spot possible attackers or faults on the connections. One of the most 

interesting work is [20], where the authors leverage adaboost, and ensemble learning method which uses an 

ensable of week classifier, to spot pattern of attacks and support the IDS, showing how their model is able to 

recognize more than 96% of attacks. On the other hand, in [29], the authors focus on the attack on the balises, 

using AI models for intrusion detection, particularly, Multi-Layer Perceptron (MLP), Support Vector Machine (SVM) 

and Adaptive Neuro Fuzzy Inference System (ANFIS) are used, showing promising results in terms of accuracy. 

AI is not the only tool used to improve security, but Blockchain is also considered. The Blockchain can be seen as a 

distributed, immutable database, where the insertion of new data requires the consent of more than the majority of 

network resources. This feature is used to ensure confidentiality by managing keys through the immutable blockchain. 

Finally, another relevant topic is Train-to-Train (T2T) communication. Currently, the trains cannot communicate 

directly with each other; however, enabling a connection T2T would allow a more fine-grained control and a better 

allocation of the line, passing from a fixed block paradigm to a moving block paradigm for the segmentation of the 

line. Some proposal for T2T communication exists: in [100] the authors propose to use a wireless technology based 

on LTE and using as metric for the quality of services the Quantized Age of Information (QAoI), meaning the “age” 

of the data, in order to always obtain the most updated data. Moreover, Q-learning is used to improve the 

performances in terms of AoI by supporting decision making and network resources allocation. 

 
Table 7 Classification of works on Network and Connectivity 

Aim Methods Articles Oldest Newest 

Train- to-Train (T2T) 

communication 
AI/ Protocols [100] 2020 

Improve network 
performances AI 

[37], [12], 
[103], [49], 

[25] 

2019 2023 

  

  

Network anomaly 
detection 

AI [50], [111] 2024 2025 

Intrusion Detection 

Systems 
AI [20], [29] 2022 2025 

Network security 
requirements formalization 

AI [95] 2024 

Ensuring data 
confidentiality Blockchain 

[106], [73], 
[74] 

2021 2022 
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6 Discussion on the analysis of the current state-of-the-art of ERTMS, their 

implementations and the related progresses in research, open issues, 

challenges and possible directions of improvements  

After a careful analysis of the most studied technologies for R-TMS, it is clear that most of the research focuses on how 

to improve safety and optimize railway processes. Safety is the most delicate topic when talking about railway 

system: whatever proposed improvement requires a safety assessment to be sure that it does not interfere with crucial 

railway processes, such as, for instance for ERTMS the computation of movement authority. It is therefore not 

surprising that much research focuses on how to improve the safety of the systems by exploiting new technologies. 

Particularly promising is the predictive maintenance that allows anticipation of dangerous situations by estimating 

degradation of components and allowing providers to take countermeasures before a fault happens. Anomaly 

detection is the other complementary approach. In this case, the system is monitored to detect faults before they 

propagate into a failure of the overall system. The two approaches allow not only for enhancing the safety, but 

also for strongly reducing maintenance costs and unavailabile time. 

The other area that attracts most of the researches is "optimization". This is a wide term that includes many aspects 

of the railway industry, such as traffic control, rescheduling of train runs based on some unexpected event (such as 

disruptive events or a station more crowded than expected), optimizing train trajectory, or improving the capabilities of 

core components of ERTMS to allow a faster and more precise train control. In particular, optimizing train trajectory 

has the potential to significantly reduce costs by limiting the number of accelerations followed by braking, which results 

in wasted energy and higher costs for suppliers that are ultimately passed on to the end user. Enhancing ERTMS core 

components is often achieved through digitalization, which is a delicate topic. This process would allow for cheaper 

and more flexible components, with higher capabilities, but at the same time, would introduce extra layers of 

complexity that should be carefully managed to not affect the dependability of the system. 

In order to enhance the a high level of Quality of Service for passengers, one of the most investigated topics is 

passenger flow prediction. Understanding in advance how the passengers are going to move from one station to the other 

is crucial for dimensioning the fleet of trains serving one specific line, for the crowd management, and transit control. 

This would also allow for higher safety for passengers in transit in overcrowded stations. This is particularly relevant 

for urban rail, but it could also be applied to long-haul trains in the future, allowing for the deployment of more rolling 

stocks whenever a consistent number of passengers is predicted to move in a specific station. Another topic often 

underestimated is the connectivity for passengers. Especially in high-speed trains, with frequent hand-overs and 

long distances, the connectivity of passengers to the Internet can be cumbersome. Some work exists on the topic, 

proposing solutions based on Software Defined Networks/Network Function Virtualization, coupled with AI, to ensure a 

smooth handover and guarantee continuous connectivity to passengers. At any rate, not many studies have been 

found on the topic, highlighting a gap in the research that, if filled, could provide a better experience for passengers 

and support the choice of trains over other transportation modes. 

Another topic closely related to optimization and QoS is automation. In this category fell all the articles that discuss 

methods to make automatic decisions and enhance the Grade of Automation (GoA), currently stuck at level 2. In 

this case, only one of the retrieved works focuses on enhancing the Automatic Train Operation systems through AI. 

Other works focus on proposing architectures based on cloud computing and microservices to provide the 

computational capacity for making decisions in real-time with high dependability. 

Train connectivity is a very relevant topic to enhance the railway capability and support automation. This topic 

involves two branches of research: improving the network capability of the trains and enhancing the security of the 

communication. Like in the previous cases, AI is the most used approach for both situations. It can be used both to 

boost Intrusion Detection System and to improve network performance by using it to deal with handover and load 
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balancing. About the security, the use of blockchain to manage cryptography keys and ensure confidentiality is also 

very interesting. An underappreciated topic is Train-to-Train communication, which would represent a huge 

breakthrough, allowing trains to communicate directly with each other, enabling a fast exchange of information that 

will not require a complex logic at the trackside to compute the authorization to the movement. In this case, the real 

challenge is to establish a reliable connection among two or more trains that are moving at high speed (greater than 

300 km/h). Fast movements can indeed impair the quality of the connection between trains. 

Based on the conducted analysis, it is possible to deduce that, despite the increase in research material in the last 

few years focused in reliable and interoperable ERTMS, some gaps still exist, such as the lack of research for improving 

the connectivity for passengers or for deploying a Train-to-Train communication. Both these aspects have the 

potential to increase the attractiveness of railway transportation, the first one by providing a better service to the 

passengers and the second one by enabling a fine-grained communication between trains that will be able to make 

decisions locally rather than rely on a remote ground station, unlocking higher safety thanks to the reduced latency to 

compute the next action, and a higher grade of automation. AI/ML is the game-changer in almost all the identified areas, 

being the most explored and used solution. Despite that, not so many works on the architecture needed to host those 

complex applications exist. Concepts such as cloud-edge computing and virtualization are not properly explored. 

Those topics are crucial to enhance the power of R-TMS and push towards a greater Grade of Automation. 

After a careful analysis of the state of the art of the research for Railway Traffic Management Systems, some 

interesting trends has been highlighted. Litterature about train position is poor, despite it being a crucial topic for 

implementing self driving train. Also, topic such as virtualization and architectural design to deploy applications to 

enhance the GoA have not yet been explored properly. 
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7 Current and future activities of PhD10 

Since the aim of PhD10 is to study reliable and interoperable ICT platforms for ERTMS, in line with the illustrated 

analysis, the current open issues on this matter have been explored and further discussed with Rete Ferroviaria 

Italiana (RFI), the Italian provider of railway infrastructure, that support this PhD providing tutoring actions and 

feedback on the evolution of the activities. Some interesting use cases have been outlined, particularly it emerged 

the interest of industry in systems able to detect anomalies in the train positioning system at run time. Therefore, 

in the continuation of the work, a model able to spot anomalies and/or errors in the on-board position sensors 

(namely odometers) in real-time, with low and predictable latency, will be studied and proposed. Furthermore, a 

Machine learning-based estimation of train energy consumption has been deepened based on the suggestions 

provided by RFI [114]. Finally, coherently with the deductions about the evolution of research on ICT platform for 

ERTMS, the introduction of hybrid virtualized architectures has been deepened during the first year of the project 

and was and will be presented at international conferences [98], [112], [113]. 

 

 



0 

Page 25 of 32 

Project PhDs EU-Rail (Grant number: 101175856) 

 

8 References 

[1] About  S2R  -  Europe’s  Rail. https://rail-research.europa.eu/ about-
shift2rail/. [Accessed 25-02-2025]. 

[2] Europe’s Rail Joint Undertaking | European Union — european-union.europa.eu. 
https://european-union.europa.eu/institutions-law-budget/ institutions-and-
bodies/search-all-eu-institutions-and-bodies/ europes-rail-joint-undertaking_en. 
[Accessed 25-11-2025]. 

[3] Flagship Project 1: MOTIONAL - Network management planning and control & Mo- bility Management in a 
multimodal environment and Digital Enablers - Europe’s Rail 

— rail-research.europa.eu. https://rail-research.europa.eu/rail-projects/   fp1-motional/?cmplz-
force-reload=1768576084816. [Accessed 16-01-2026]. 

[4] Flagship Project 2: R2DATO - Digital & Automated up to Autonomous Train Oper- ations - Europe’s Rail — 
rail-research.europa.eu. https://rail-research.europa. eu/rail-projects/fp2-r2dato/. 
[Accessed 16-01-2026]. 

[5] Flagship Project 4: RAIL4EARTH - A sustainable and green rail system - Europe’s Rail — rail-
research.europa.eu. https://rail-research.europa.eu/ rail-projects/fp4-rail4earth/. 
[Accessed 16-01-2026]. 

[6] Hamad ALawad and Sakdirat Kaewunruen. Unsupervised machine learning for managing safety accidents in 
railway stations. IEEE Access, 11:83187–83199, 2023. 

[7] Hamad Alawad, Sakdirat Kaewunruen, and Min An. A deep learning approach towards railway safety risk 
assessment. IEEE Access, 8:102811–102832, 2020. 

[8] Haris Alexakis, F Din-Houn Lau, and Matthew J DeJong. Fibre optic sensing of ageing railway infrastructure 
enhanced with statistical shape analysis. Journal of Civil Structural Health Monitoring, 11(1):49–67, 2021. 

[9] Burak Arslan and Hasan Tiryaki. Prediction of railway switch point failures by arti- ficial intelligence methods. 
Turkish Journal of Electrical Engineering and Computer Sciences, 28(2):1044–1058, 2020. 

[10] Syed Muhammad Asad, Jawad Ahmad, Sajjad Hussain, Ahmed Zoha, Qammer Hus- sain Abbasi, and Muhammad 
Ali Imran. Mobility prediction-based optimisation and encryption of passenger traffic-flows using machine 
learning. Sensors (Basel, Switzer- land), 20(9):2629, 2020. 

[11] Ivaylo Atanasov, Vasil Vatakov, and Evelina Pencheva. A microservices-based approach to designing an 
intelligent railway control system architecture. Symmetry, 15(8):1566, 2023. 

[12] June-ho Bang, Sehchan Oh, Kyungran Kang, and Young-Jong Cho. A bayesian regression based lte-r 
handover decision algorithm for high-speed railway systems. IEEE Transactions on Vehicular Technology, 
68(10):10160–10173, 2019. 

[13] A Bretas, A Mendes, S Chalup, M Jackson, R Clement, and C Sanhueza. Modelling railway traffic management 
through multi-agent systems and reinforcement learning. In In Elsawah, S.(ed.) MODSIM2019, 23rd 
International Congress on Modelling and Simulation, pages 291–297. Modelling and Simulation Society of 
Australia and New Zealand, Canberra . . . , 2019. 

[14] Allan MC Bretas, Alexandre Mendes, Martin Jackson, Riley Clement, Claudio San- hueza, and Stephan Chalup. 
A decentralised multi-agent system for rail freight traffic management. Annals of Operations Research, 

https://rail-research.europa.eu/about-shift2rail/
https://rail-research.europa.eu/about-shift2rail/
https://rail-research.europa.eu/about-shift2rail/
https://european-union.europa.eu/institutions-law-budget/institutions-and-bodies/search-all-eu-institutions-and-bodies/europes-rail-joint-undertaking_en
https://european-union.europa.eu/institutions-law-budget/institutions-and-bodies/search-all-eu-institutions-and-bodies/europes-rail-joint-undertaking_en
https://european-union.europa.eu/institutions-law-budget/institutions-and-bodies/search-all-eu-institutions-and-bodies/europes-rail-joint-undertaking_en
https://european-union.europa.eu/institutions-law-budget/institutions-and-bodies/search-all-eu-institutions-and-bodies/europes-rail-joint-undertaking_en
https://rail-research.europa.eu/rail-projects/fp1-motional/?cmplz-force-reload=1768576084816
https://rail-research.europa.eu/rail-projects/fp1-motional/?cmplz-force-reload=1768576084816
https://rail-research.europa.eu/rail-projects/fp1-motional/?cmplz-force-reload=1768576084816
https://rail-research.europa.eu/rail-projects/fp2-r2dato/
https://rail-research.europa.eu/rail-projects/fp2-r2dato/
https://rail-research.europa.eu/rail-projects/fp4-rail4earth/
https://rail-research.europa.eu/rail-projects/fp4-rail4earth/


0 

Page 26 of 32 

Project PhDs EU-Rail (Grant number: 101175856) 

 

320(2):631–661, 2023. 

[15] AMC Bretas, A Mendes, S Chalup, M Jackson, R Clement, and C Sanhueza. Address- ing deadlock in large-scale, 
complex rail networks via multi-agent deep reinforcement learning. Expert Systems, 42(1):e13315, 2025. 

[16] Junjie Cao, Zhiyong Yu, and Jian Yang. A migration strategy based on cluster collaboration predictions for 
mobile edge computing-enabled smart rail system. The Journal of Supercomputing, 80(11):15330–15361, 
2024. 

[17] Graziana Cavone, Mariagrazia Dotoli, Nicola Epicoco, and Carla Seatzu. A decision making procedure for robust 
train rescheduling based on mixed integer linear pro- gramming and data envelopment analysis. Applied 
Mathematical Modelling, 52:255– 273, 2017. 

[18] Gabriele Cecchetti, Anna Lina Ruscelli, Cristian Ulianov, Paul Hyde, Airy Magnien, Luca Oneto, and Jose Bertolin. 
A communication platform demonstrator for new gen- eration railway traffic management systems: Testing and 
validation. Transportation Engineering, 15:100222, 2024. 

[19] Dongjie Chen, Wensheng Zhang, and Yang Yang. High-speed railway real-time lo- calization auxiliary method 
based on deep neural network. In AIP Conference Pro- ceedings, volume 1906, page 200019. AIP Publishing 
LLC, 2017. 

[20] Qilin Chen, Deqiang He, Zhenzhen Jin, Ziyang Ren, Tiexiang Liu, and Sheng Shan. Msrnet-glam: A novel 
intrusion detection method for train communication network. Simulation Modelling Practice and Theory, 
138:103040, 2025. 

[21] Xiaoqiang Chen, Xiao Guo, Jianjun Meng, Ruxun Xu, Shanshan Li, and Decang Li. Research on ato control 
method for urban rail based on deep reinforcement learning. IEEE Access, 11:5919–5928, 2023. 

[22] Jie Cheng, Guangjie Liu, Shen Gao, Ahmed Raza, Jiming Li, and Wu Juan. Short- term passenger flow 
prediction in urban rail transit based on points of interest. IEEE Access, 2024. 

[23] Puja Cholke, Pari Choudhary, Mayur Deshpande, Mansi Barse, Ayush Dhangar, and Tanish Dhangar. Railway 
operations with ai: A comprehensive approach to crowd management, waste monitoring, and security. In 
2025 International Conference on Computing Technologies & Data Communication (ICCTDC), pages 1–6. 
IEEE, 2025. 

[24] Alice Consilvio, José Solís-Hernández, Noemi Jiménez-Redondo, Paolo Sanetti, Fed- erico Papa, and Inigo 
Mingolarra-Garaizar. On applying machine learning and sim- ulative approaches to railway asset management: 
The earthworks and track circuits case studies. Sustainability, 12(6):2544, 2020. 

[25] Laizhong Cui, Zuxian Yuan, Zhongxing Ming, and Shu Yang. Improving the con- gestion control performance 
for mobile networks in high-speed railway via deep re- inforcement learning. IEEE Transactions on Vehicular 
Technology, 69(6):5864–5875, 2020. 

[26] Linsha Dai. Intelligent real-time train rescheduling management for railway system. PhD thesis, University 
of Birmingham, 2016. 

[27] Alessandra De Benedictis, Francesco Flammini, Nicola Mazzocca, Alessandra Somma, and Francesco Vitale. 
Digital twins for anomaly detection in the industrial internet of things: Conceptual architecture and proof-of-
concept. IEEE Transactions on Industrial Informatics, 19(12):11553–11563, 2023. 

[28] Hairong Dong, Lingbin Ning, Min Zhou, Haifeng Song, and Weiqi Bai. Deep re- inforcement learning for 
integration of train trajectory optimization and timetable 

rescheduling under disturbances. IEEE Transactions on Neural Networks and Learn- ing Systems, 2024. 



0 

Page 27 of 32 

Project PhDs EU-Rail (Grant number: 101175856) 

 

[29] Abolfazl Falahati and Ebrahim Shafiee. Improve safety and security of intelligent railway transportation 
system based on balise using machine learning algorithm and fuzzy system. International journal of intelligent 
transportation systems research, 20(1):117–131, 2022. 

[30] Alessandro Fantechi. Connected or autonomous trains? In International Conference on Reliability, Safety, 
and Security of Railway Systems, pages 3–19. Springer, 2019. 

[31] Adrián Fernández-Rodríguez, Asunción P Cucala, and Antonio Fernández-Cardador. An eco-driving algorithm for 
interoperable automatic train operation. Applied Sci- ences, 10(21):7705, 2020. 

[32] Francesco Flammini. Data-driven anomaly detection in smart-railways through self- adaptation, process 
mining, and digital twins. In 2024 IEEE International Conference on Big Data (BigData), pages 8653–8657. 
IEEE, 2024. 

[33] Chao Gao, Hao Liu, Jiajin Huang, Zhen Wang, Xianghua Li, and Xuelong Li. Reg- ularized spatial–temporal 
graph convolutional networks for metro passenger flow prediction. IEEE Transactions on Intelligent 
Transportation Systems, 25(9):11241– 11255, 2024. 

[34] Roman Gorbachev, Andrey Novikov, Andrey Kalinkin, Artem Cheranev, and Ekate- rina Zakharova. Applying 
virtual modelling to verify control systems decision with artificial intelligence in railway transport. In 2020 
International Conference Engi- neering and Telecommunication (En&T), pages 1–6. IEEE, 2020. 

[35] Bhagya Shrithi Grandhi, Emmanouil Chaniotakis, Stephan Thomann, Felix Laube, and Constantinos Antoniou. 
An estimation framework to quantify railway disruption parameters. IET Intelligent Transport Systems, 
15(10):1256–1268, 2021. 

[36] Jingwei Guo, Wei Wang, Jiayi Guo, Andrea D’Ariano, Tommaso Bosi, and Yongx- iang Zhang. An instance-
based transfer learning model with attention mechanism for freight train travel time prediction in the china–
europe railway express. Expert Systems with Applications, 251:123989, 2024. 

[37] Emre Gures, Ibrahim Yazici, Ibraheem Shayea, Muntasir Sheikh, Mustafa Ergen, and Ayman A El-Saleh. A 
comparative study of machine learning-based load balancing in high-speed train system. Alexandria 
Engineering Journal, 72:635–647, 2023. 

[38] Kuo Han, Jinlei Zhang, Xiaopeng Tian, Songsong Li, and Chunqi Zhu. Meta- learning based passenger flow 
prediction for newly-operated stations. GeoInformatica, 28(3):433–457, 2024. 

[39] Yuxin He, Lishuai Li, Xinting Zhu, and Kwok Leung Tsui. Multi-graph convolutional- recurrent neural network (mgc-
rnn) for short-term forecasting of transit passenger flow. IEEE transactions on intelligent transportation 
systems, 23(10):18155–18174, 2022. 

[40] Sunguk Hong, Cheoljeong Park, and Seongjin Cho. A rail-temperature-prediction model based on machine 
learning: warning of train-speed restrictions using weather forecasting. Sensors, 21(13):4606, 2021. 

[41] Songhua Hu, Jianhua Chen, Wei Zhang, Guanhua Liu, and Ximing Chang. Graph transformer embedded deep 
learning for short-term passenger flow prediction in urban rail transit systems: A multi-gate mixture-of-experts 
model. Information Sciences, 679:121095, 2024. 

[42] Hangfei Huang, Keping Li, and Paul Schonfeld. Real-time energy-saving metro train rescheduling with primary 
delay identification. PloS one, 13(2):e0192792, 2018. 

[43] Paul Hyde, Cristian Ulianov, Jin Liu, Milan Banic, Milos Simonovic, and Danijela Ristic-Durrant. Use cases for 
obstacle detection and track intrusion detection systems in the context of new generation of railway traffic 
management systems. Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and 



0 

Page 28 of 32 

Project PhDs EU-Rail (Grant number: 101175856) 

 

Rapid Transit, 236(2):149–158, 2022. 

[44] Wenhua Jiang, Zhenliang Ma, and Haris N Koutsopoulos. Deep learning for short- term origin–destination 
passenger flow prediction under partial observability in urban railway systems. Neural Computing and 
Applications, 34(6):4813–4830, 2022. 

[45] Ynko Kato, Nanae Suzaki, and Masaru Ohno. Al-powered automation technology for traffic management. 
Japanese Railway Engineering, 65(1):17 – 19, 2025. Cited by: 0. 

[46] Pavle Kecman, Francesco Corman, Anders Peterson, and Martin Joborn. Stochastic prediction of train delays 
in real-time using bayesian networks. In Conference on Advanced Systems in Public Transport (CASPT 
2015). CASPT, 2015. 

[47] Beomjun Kim, Younghoon Jeon, Jeong-Won Kang, and Jeonghwan Gwak. Multi-task transfer learning facilitated 
by segmentation and denoising for anomaly detection of rail fasteners. Journal of Electrical Engineering & 
Technology, 18(3):2383–2394, 2023. 

[48] Ji-Myong Kim, Manik Das Adhikari, and Sang-Guk Yum. Development of a deep neural network-based life 
accident evaluation model for weather-related railway acci- dents. KSCE Journal of Civil Engineering, 
28(10):4624–4638, 2024. 

[49] Igor Kolesnikov, Natalya Yaronova, Janibek Kurbanov, and Nozima Khusnidinova. Intelligent railway transport 
radio communication based on neural networks. In E3S Web of Conferences, volume 264, page 05044. EDP 
Sciences, 2021. 

[50] Renjini Rani KS and B Ben Sujit. Sequential-attention based neural architecture integrating bilstm and multi-
head attention for dynamic anomaly detection in iot environments. International Journal of Intelligent 
Engineering & Systems, 18(8), 2025. 

[51] I. Kulbovskyi and M. Tkachuk. Prospects of applying artificial intelligence in micro- processor systems for 
railway traffic control. Transport Means - Proceedings of the International Conference, 2024-October:712 
– 715, 2024. Cited by: 0. 

[52] Nalli Vinaya Kumari, GS Pradeep Ghantasala, Rajesh Sharma, Pellakuri Vidyul- latha, Dileep Kumar Pandiya, 
et al. Optimizing railway traffic management us- ing fuzzy logic-based decision-making systems. In 2024 
Second International Con- ference Computational and Characterization Techniques in Engineering & 
Sciences (IC3TES), pages 1–4. IEEE, 2024. 

[53] Hyung Il Lee and Jong Woo Kim. Hybrid multi-encoder transformer and case-based reasoning for intelligent 
decision support in high-speed railway vehicle maintenance. Knowledge-Based Systems, page 113943, 2025. 

[54] Wei-Hsun Lee, Li-Hsien Yen, and Chien-Ming Chou. A delay root cause discovery and timetable adjustment 
model for enhancing the punctuality of railway services. Transportation Research Part C: Emerging 
Technologies, 73:49–64, 2016. 

[55] Guannan Li, Siu Wing Or, and Ka Wing Chan. Intelligent energy-efficient train tra- jectory optimization approach 
based on supervised reinforcement learning for urban rail transits. IEEE access, 11:31508–31521, 2023. 

[56] Hankan Li, Qing Zhu, Liguo Zhang, Yulin Ding, Yongxin Guo, Haoyu Wu, Qiang Wang, Runfang Zhou, Mingwei 
Liu, and Yan Zhou. Integrated representation of geospatial data, model, and knowledge for digital twin 
railway. International journal of digital earth, 15(1):1657–1675, 2022. 

[57] Zhongcan Li, Ping Huang, Chao Wen, Jie Li, and Filipe Rodrigues. Prediction of departure delays at original 
stations using deep learning approaches: A combination of route conflicts and rolling stock connections. 
Expert Systems with Applications, 229:120500, 2023. 



0 

Page 29 of 32 

Project PhDs EU-Rail (Grant number: 101175856) 

 

[58] Hao Liang, Li Zhu, F Richard Yu, and Chau Yuen. Cloud-edge-end collaboration for intelligent train regulation 
optimization in tacs. IEEE Transactions on Vehicular Technology, 2024. 

[59] Tomas Lidén. Towards concurrent planning of railway maintenance and train services, volume 1746. 

Link "̈oping University Electronic Press, 2016. 

[60] Jin Liu, Lei Chen, Clive Roberts, Zhu Li, and Tao Wen. A multi-agent based ap- proach for railway traffic 
management problems. In 2018 International Conference on Intelligent Rail Transportation (ICIRT), pages 
1–5. IEEE, 2018. 

[61] Jin Liu, Lei Chen, Clive Roberts, Gemma Nicholson, and Bo Ai. Algorithm and peer- to-peer negotiation strategies 
for train dispatching problems in railway bottleneck sections. IET Intelligent Transport Systems, 
13(11):1717–1725, 2019. 

[62] Hassna Louadah, Emmanuel Papadakis, Thomas Leo McCluskey, and Gareth Tucker. Supporting the management 
of rolling stock maintenance with an ontology-based virtual depot. Applied Sciences, 14(3):1220, 2024. 

[63] Jie Luo, Qiyuan Peng, Chao Wen, Wen Wen, and Ping Huang. Data-driven decision support for rail traffic 
control: A predictive approach. Expert Systems with Applications, 207:118050, 2022. 

[64] Yong Luo, Jianying Zheng, Xiang Wang, Yanyun Tao, and Xingxing Jiang. A neu- ral network based on spatial 
decoupling and patterns diverging for urban rail tran- sit ridership prediction. IEEE Transactions on Intelligent 
Transportation Systems, 24(12):15248–15258, 2023. 

[65] Ivan Makarov, Roman Gorbachev, Andrey Novikov, and Ekaterina Zakharova. Research and development of an 
intelligent system for rapid train schedule adjustment based on step-by-step neural control. In 2020 
International Conference Engineering and Telecommunication (En&T), pages 1–5. IEEE, 2020. 

[66] Luke JW Martin. Predictive reasoning and machine learning for the enhancement of reliability in railway 
systems. In International Conference on Reliability, Safety and Security of Railway Systems, pages 178–188. 
Springer, 2016. 

[67] Xutao Mei, Nijiro Fukushima, Bo Yang, Zheng Wang, Tetsuya Takata, Hiroyuki Nagasawa, and Kimihiko 
Nakano. Reinforcement learning-based intelligent traffic signal control considering sensing information of 
railway. IEEE Sensors Journal, 23(24):31125–31136, 2023. 

[68] Matowicki Michała, Młyńczak Jakubb, Gołębiowski Piotrc, and Přikryl Jana. Defining railway traffic conflicts and 
optimising their resolution: A machine learning perspective. Transactions on Transport Sciences, 16, 2025. 

[69] Yongzhi Min, Benyu Xiao, Jianwu Dang, Biao Yue, and Tiandong Cheng. Real time detection system for rail 
surface defects based on machine vision. EURASIP Journal on Image and Video Processing, 2018(1):1–11, 
2018. 

[70] Marius Minea, Cătălin Marian Dumitrescu, and Mihai Dima. Robotic railway multi- sensing and profiling unit 
based on artificial intelligence and data fusion. Sensors, 21(20):6876, 2021. 

[71] Majid Mirbod and Hamidreza Dehghani. Smart trip prediction model for metro traffic control using data 
mining techniques. Procedia Computer Science, 217:72–81, 2023. 

[72] Ganesan Muniandi. Blockchain-enabled virtual coupling of automatic train operation fitted mainline trains for 
railway traffic conflict control. IET Intelligent Transport Systems, 14(6):611–619, 2020. 

[73] Ganesan Muniandi. Blockchain-enabled balise data security for train control system. 

IET Blockchain, 1(2-4):82–94, 2021. 



0 

Page 30 of 32 

Project PhDs EU-Rail (Grant number: 101175856) 

 

[74] Ganesan Muniandi. Blockchain-enabled secure crowdsensing for trackside infrastruc- ture information collection 
and validation in railway signalling data preparation. IET Blockchain, 1(1):16–32, 2021. 

[75] Massamaesso Narouwa, Leo Mendiboure, Hakim Badis, Sassi Maaloul, Dereje Mechal Molla, Marion Berbineau, 
and Rami Langar. Enabling network technologies for flex- ible railway connectivity. IEEE Access, 12:151532–
151553, 2024. 

[76] Duc-Thinh Ngo, Ons Aouedi, Kandaraj Piamrat, Thomas Hassan, and Philippe Raipin-Parvédy. Empowering 
digital twin for future networks with graph neural networks: Overview, enabling technologies, challenges, 
and opportunities. Future internet, 15(12):377, 2023. 

[77] Lingbin Ning, Min Zhou, Zhuopu Hou, Rob MP Goverde, Fei-Yue Wang, and Hairong Dong. Deep deterministic policy 
gradient for high-speed train trajectory optimization. IEEE Transactions on Intelligent Transportation 
Systems, 23(8):11562–11574, 2021. 

[78] Ranko Nisandzic and Goran Martinovic. Improvement of railway signalling system by using cyber-physical 
model. Tehnički vjesnik, 29(4):1193–1201, 2022. 

[79] Arianna Nocente, Gabriele Pannocchia, and Giulio Rossetti. An integrated ai and model-based approach for 
railway cyber-physical systems. In 2025 20th European Dependable Computing Conference Companion 
Proceedings (EDCC-C), pages 113– 

118. IEEE, 2025. 

[80] Sipho Nzama and Arnesh Telukdarie. Digitalization of interlocking system to optimize logistics in railway 
transportation. International Journal of Business Analytics (IJBAN), 7(1):24–36, 2020. 

[81] Shakhnoza B Otakulova and Natalya V Yaronova. Digitalization of maintenance planning and control for 
railway automation and telemechanics devices: Concept and implementation. In 2025 International Russian 
Automation Conference (RusAuto- Con), pages 760–764. IEEE, 2025. 

[82] Evelina Pencheva, Ivaylo Atanasov, and Ventsislav Trifonov. Towards intelligent, programmable, and open 
railway networks. Applied Sciences, 12(8):4062, 2022. 

[83] Evelina Pencheva, Ventsislav Trifonov, and Ivaylo Atanasov. Towards intelligent train control systems. In 2022 31st 
Conference of Open Innovations Association (FRUCT), pages 229–236. IEEE, 2022. 

[84] Anna Lina Ruscelli and Gabriele Cecchetti. Service orchestration and network function virtualization for 
information systems maintenance service in railway systems. In Transport Research Arena Conference, pages 
941–947. Springer, 2024. 

[85] Anna Lina Ruscelli, Gabriele Cecchetti, and Piero Castoldi. Cloud networks for ertms railways systems (short 
paper). In 2016 5th IEEE International Conference on Cloud Networking (CloudNet), pages 238–241. IEEE, 
2016. 

[86] Marcella Samà, Andrea D’Ariano, Dario Pacciarelli, Paola Pellegrini, and Joaquin Rodriguez. Ant colony 
optimization for train routing selection: Operational vs tacti- cal application. In 2017 5th IEEE International 
Conference on Models and Technolo- gies for Intelligent Transportation Systems (MT-ITS), pages 297–
302. IEEE, 2017. 

[87] Juan de Dios Sanz Bobi, Pablo Garrido Martínez-Llop, Pablo Rubio Marcos, Álvaro Solano Jiménez, and Javier 
Gómez Fernández. Prediction of degraded infrastructure conditions for railway operation. Sensors, 
24(8):2456, 2024. 

[88] Salih Sarp, Murat Kuzlu, Vukica Jovanovic, Zekeriya Polat, and Ozgur Guler. Digi- talization of railway 
transportation through ai-powered services: digital twin trains. European Transport Research Review, 



0 

Page 31 of 32 

Project PhDs EU-Rail (Grant number: 101175856) 

 

16(1):58, 2024. 

[89] Bishal Sharma, Bianca Pascariu, Paola Pellegrini, Joaquin Rodriguez, and Neeraj Chaudhary. A real-time 
railway traffic management approach preserving passenger connections. IEEE Access, 12:79066–79081, 2024. 

[90] Yixin Shen, Jian Ma, Hongqiang Fang, SM Lo, and Congling Shi. Deep reinforcement learning based train door 
adaptive control in metro tunnel evacuation optimization. Tunnelling and Underground Space Technology, 
128:104636, 2022. 

[91] Ruben Silva, António Guedes, Diogo Ribeiro, Cecília Vale, Andreia Meixedo, Araliya Mosleh, and P Montenegro. 
Early identification of unbalanced freight traffic loads based on wayside monitoring and artificial 
intelligence. Sensors, 23(3):1544, 2023. 

[92] Vivek Singhal, SS Jain, Divya Anand, Aman Singh, Sahil Verma, Joel JPC Ro- drigues, Noor Zaman Jhanjhi, 
Uttam Ghosh, Ohyun Jo, Celestine Iwendi, et al. Artificial intelligence enabled road vehicle-train collision risk 
assessment framework for unmanned railway level crossings. IEEE Access, 8:113790–113806, 2020. 

[93] Jessada Sresakoolchai, Chayut Ngamkhanong, and Sakdirat Kaewunruen. Hybrid learning strategies: 
integrating supervised and reinforcement techniques for railway wheel wear management with limited 
measurement data. Frontiers in Built Environ- ment, 11:1546957, 2025. 

[94] Qinyu Tan, Deqiang He, Zheng Sun, Zuofang Yao, Jixu Zhou, and Tianxi Chen. A deep reinforcement learning 
based metro train operation control optimization con- sidering energy conservation and passenger comfort. 
Engineering Research Express, 7(1):015252, 2025. 

[95] Maurice H ter Beek, Alessandro Fantechi, Stefania Gnesi, Gabriele Lenzini, and Marinella Petrocchi. Can ai 
help with the formalization of railway cybersecurity requirements? In International symposium on 
leveraging applications of formal methods, pages 186–203. Springer, 2024. 

[96] Yuhi Tsutsumi, Yuuki Hashimoto, Yuko Kato, and Kentaro Maki. Development of rescheduling and operation 
technology to support comfortable railway transportation. IEEJ Journal of Industry Applications, 14(2):221–
231, 2025. 

[97] Ngo Anh Tuan, Nguyen Nhu Hai Linh, Pham Van Hiep, Vu Thu Diep, and Phan Duy Hung. Anomaly detection 
for vietnam railway using unsupervised learning based on iot device data monitoring railway level crossings. In 
International Conference on Computational Science and Its Applications, pages 3–15. Springer, 2025. 

[98] Domenico Uomo, Anna Lina Ruscelli, Gabriele Cecchetti, and Piero Castoldi. Hybrid-virtualized architecture for 
time-critical applications in new generation ertms. In 2025 9th International Conference on Models and 
Technologies for Intelligent Transportation Systems (MT-ITS), pages 1–6, 2025. 

[99] Pengling Wang, Alessio Trivella, Rob MP Goverde, and Francesco Corman. Train trajectory optimization for 
improved on-time arrival under parametric uncertainty. Transportation Research Part C: Emerging 
Technologies, 119:102680, 2020. 

[100] Xiaoxuan Wang, Lingjia Liu, Li Zhu, and Tao Tang. Train-centric cbtc meets age of information in train-to-
train communications. IEEE Transactions on Intelligent Transportation Systems, 21(10):4072–4085, 2019. 

[101] Zishuo Wang, Di Sun, Jin Zhou, Kaige Guo, Jiaxin Zhang, and Xiangyu Kou. Health monitoring analysis of an 
urban rail transit switch machine. Sustainability, 16(9):3527, 2024. 

[102] Watcharapong Wongkaew, Wachira Muanyoksakul, Chayut Ngamkhanong, Jessada Sresakoolchai, and Sakdirat 
Kaewunruen. Data driven machine learning prognos- tics of buckling failure modes in ballasted railway track. 
Discover Applied Sciences, 6(4):212, 2024. 



0 

Page 32 of 32 

Project PhDs EU-Rail (Grant number: 101175856) 

 

[103] Cheng Wu, Cheng Wang, Jie Sheng, and Yiming Wang. Cooperative learning for spectrum management in 
railway cognitive radio network. IEEE Transactions on Vehicular Technology, 68(6):5809–5819, 2019. 

[104] Xiaoming Xu, Keping Li, Lixing Yang, and Ziyou Gao. An efficient train scheduling algorithm on a single-track 
railway system. Journal of Scheduling, 22(1):85–105, 2019. 

[105] Dong Yang, Enfang Cui, Hongchao Wang, and Hongke Zhang. Eh-edge–an energy harvesting-driven edge iot 
platform for online failure prediction of rail transit vehicles: A case study of a cloud, edge, and end device 
collaborative computing paradigm. IEEE Vehicular Technology Magazine, 16(2):95–103, 2021. 

[106] Zikai Zhang, Jingyi Li, Yifei Sun, Yidong Li, Haifeng Song, and Hairong Dong. Blockchain-based secure key 
management model for high-speed railway. In 2022 IEEE 25th International Conference on Intelligent 
Transportation Systems (ITSC), pages 1988–1993. IEEE, 2022. 

[107] Xiaoyin Zhao, Xi Meng, and Michel Kadoch. Enhancing rail network efficiency with advanced 5g connectivity 
solutions. In International Conference on Information Processing and Network Provisioning, pages 189–200. 
Springer, 2024. 

[108] Cheng Zhou, Wenbo Qin, Hanbin Luo, Qunzhou Yu, Bin Fan, and Qi Zheng. Dig- ital twin for smart metro 
service platform: Evaluating long-term tunnel structural performance. Automation in Construction, 
167:105713, 2024. 

[109] Min Zhou, Zhilu Yuan, Xingtang Wu, Hairong Dong, and Fei-Yue Wang. A railway traffic management advisory 
system for high-speed trains in case of emergencies. IEEE Intelligent Transportation Systems Magazine, 
2025. 

[110] Li Zhu, Ying He, F Richard Yu, Bin Ning, Tao Tang, and Nan Zhao. Communication- based train control system 
performance optimization using deep reinforcement learning. IEEE Transactions on Vehicular Technology, 
66(12):10705–10717, 2017. 

[111] Tamara Zhukabayeva, Zulfiqar Ahmad, Nurdaulet Karabayev, and Assel Abdil- dayeva. An integrated edge 
computing framework for enhancing cyber-physical system security through network traffic anomaly detection 
in industrial IoT. In Global Congress on Emerging Technologies (GCET-2024), pages 202–209. IEEE, 2024. 

[112] D. Uomo, A. L. Ruscelli, G. Cecchetti, and P. Castoldi. New generation virtualized ERTMS for interoperable 
railway infrastructure. In 16th International Conference "Transbaltica 2025: Transportation Science and 
Technology", Sept. 2025 

[113] D. Uomo, A. L. Ruscelli, G. Cecchetti, and P. Castoldi. A software framework for virtualized next-generation 
ERTMS applications. In Int. Conf. Transport Research Arena (TRA), May. 2026 

[114] D. Uomo, A. L. Ruscelli, G. Cecchetti, and P. Castoldi, Machine learning-based estimation of train energy 
consumption. In IEEE-VTS, editor, 1st Int. Conf. INNOVARail, May. 2026 

 


