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Executive Summary

This report explores the architecture, functionality, and innovation driving modern rail
vehicle software systems. It highlights global advancements in train control, signaling,
diagnostics, and passenger systems while emphasizing the strategic importance of software
in achieving operational excellence and safety compliance. The document draws on
international standards such as EN 50126, EN 50128, EN 50129, and IEC 62443 to illustrate
how safety and cybersecurity are integral to modern rail operations. It also contextualizes
these developments within the Middle East and GCC, where nations such as Saudi Arabia,
the United Arab Emirates (UAE), and Qatar are expanding their railway infrastructure
under Vision 2030 and Vision 2050 frameworks.

The report concludes that software systems form the digital backbone of the future railway
ecosystem, enabling automation, sustainability, and interoperability across regional and
international networks. Strategic investment in digital infrastructure, workforce training,
and cybersecurity readiness will be essential for the GCC to establish itself as a leader in rail
technology.



1. Introduction

The global railway industry is undergoing a digital revolution, transforming from
mechanical and analog systems to intelligent, software-driven ecosystems. Rail vehicle
software systems now underpin critical operations such as traction control, braking,
signaling, communication, and passenger information. According to the EU Agency for
Railways (ERA, 2022), software integration has improved train reliability by over 20%
while reducing maintenance costs through predictive analytics.

In the GCC region, this transformation is particularly relevant as countries pursue
diversification and infrastructure modernization strategies. Saudi Arabia’s Vision 2030, the
UAE’s Etihad Rail, and Oman’s National Rail project all emphasize digital innovation in
mobility. Rail software integration supports these goals by ensuring safety, interoperability,
and sustainability across urban and intercity networks.

2. Overview of Rail Vehicle Software Systems

Rail vehicle software systems integrate multiple technological domains — control systems,
communication networks, and data analytics — into a single operational architecture. The
software stack typically consists of onboard embedded systems, vehicle control modules,
communication layers, and cloud-based analytics platforms.

Modern software architectures use modular, service-oriented designs that allow scalability
and fault tolerance.

For instance, the Train Control and
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Figure 1 - Example TCMS Software Configuration

Function Example Systems Relevant

Standards

Hardware Controls the physical Propulsion units, EN 50155
components such as braking systems, (Electronic
actuators, sensors, and door actuators Equipment on
embedded processors. It Rolling Stock)
ensures mechanical systems




respond accurately to
software commands.

WG GLIETZIEES Provides the communication  Ethernet Train IEC 61375 (Train
interface between Backbone (ETB), Communication
subsystems. Manages real- Multifunction Networks)
time data exchange and Vehicle Bus (MVB),
system synchronization. CAN Bus

V() 8 Executes operational TCMS, Passenger EN 50128

Layer software for train control, Information (Software for
diagnostics, and passenger Systems (PIS), Railway Control
services. Interfaces with Signaling Modules  and Protection
signaling and safety systems. Systems)

Cloud & Manages big data, Al Cloud-based TCMS ISO/IEC 27001

Analytics analytics, and fleet-wide dashboards, digital (Information

Layer monitoring. Supports twin environments Security
predictive maintenance and Management)

performance optimization.

Table 1 - Key Layers in Rail Software Architecture

In the GCC, the implementation of these architectures supports interoperability across
emerging transnational rail networks. The planned GCC Rail Network aims to connect six
member states, requiring harmonized software and communication protocols to ensure
cross-border operational continuity.

3. Key Components of Rail Vehicle Software

The functionality of modern rail vehicle software can be categorized into four primary
domains: control and management, safety and signaling, passenger systems, and
maintenance diagnostics.

1. Train Control and Management System (TCMS):

Acts as the central nervous system, coordinating traction, braking, and auxiliary systems.
TCMS platforms like Siemens Trainguard and Alstom’s TrainTracer exemplify modular
integration with redundancy for SIL-4 compliance under EN 50155.

2. Safety and Signaling Systems:

European Train Control System (ETCS) and Communication-Based Train Control (CBTC)
provide automatic train protection and real-time communication between trains and
control centers. The GCC rail strategy aligns with ETCS Level 2 and Level 3 standards to
ensure safety and compatibility with European networks.



Feature

Primary Application

Communication
Technology

Automation Level

Train Detection
Method

Control Philosophy

Speed & Capacity

Implementation

Regions

Relevant Standards

ETCS (European Train
Control System)

Mainline and regional
intercity networks

GSM-R and LTE-R

GoA2-GoA3 (semi-
automated or driver-
supervised)

Track-based (balises, axle
counters)

Movement Authority
transmitted from wayside
equipment

Suitable for high-speed and
long-distance operations

Europe, Middle East (GCC
mainlines), Asia

EN 50126 / EN 50128 / EN
50129

CBTC (Communication-Based
Train Control)

Urban metro and automated
rapid transit systems

Wi-Fi, LTE, and proprietary radio
links

GoA3-GoA4 (driverless or fully
autonomous)

Continuous communication
between train and control center

Continuous bidirectional data link
for precise train control

Optimized for short headways
and dense metro traffic

Global urban metros (Riyadh,
Dubai, Singapore, London)

IEEE 1474 (Performance
Standards for CBTC)

Table 2 - Comparison of Signalling Technologies (ETCS vs CBTC)

3. Passenger Comfort and Information Systems:

Passenger Information Systems (PIS) manage announcements, displays, and connectivity.
Integrating with cloud services allows real-time updates and data analytics for improved

passenger experience.

4. Diagnostic and Maintenance Software:

Al-based maintenance tools enable predictive fault detection and condition-based
monitoring. Systems like Bombardier’s Orbita and Hitachi’s Lumada exemplify this global

trend.

4. Communication and Data Management

Effective communication between trains, stations, and control centers underpins safety and
efficiency. Technologies such as GSM-R, LTE-R, and 5G-R enable secure, high-speed data



transfer. LTE-R networks are being deployed in the UAE and Saudi Arabia, providing
enhanced connectivity for future autonomous train operations.

Data management frameworks now incorporate edge computing, enabling local real-time
data analysis. Cloud integration allows centralized monitoring and decision-making,
essential for regional network management. For example, the Riyadh Metro’s
communication backbone integrates LTE-R and fiber networks for continuous monitoring
of rolling stock performance.

Standard /
Technology

GSM-R (Global
System for Mobile
Communications -
Railway)

LTE-R (Long-Term
Evolution for
Railway)

5G-R (Fifth-
Generation
Railway Network)

Wi-Fi 6
(Supplementary)

Satellite / LEO
Connectivity
(Emerging)

Bandwidth Latency

Up to 9.6
kbps

>100 Mbps

>1 Gbps

1-9 Gbps

Variable
(10-100
Mbps)

<50 ms

<10 ms

<20 ms

50-200

Primary Use Cases

Voice and low-speed
data for ETCS Level
1/2 signalling; legacy
radio communication
between trains and
control centers

High-speed data for
ETCS Level 3, video
surveillance,
diagnostics, and real-
time monitoring

Next-generation
broadband
supporting
autonomous
operations, [oT
devices, predictive
analytics, and AR/VR
maintenance

On-board passenger
connectivity and
short-range control
systems

Coverage for remote
areas and cross-
border freight
corridors

Adoption
Regions

Widely used in
Europe;
deployed in
early GCC
mainline
systems

South Korea,
China, GCC
(Etihad Rail
Stage 2, Saudi
Railways)

Europe
(Shift2Rail
program),
China, pilot
deployments in
Saudi Arabia
and UAE

Metro networks,
stations, depots
worldwide

Remote regions
in Africa, GCC
desert
operations

Table 3 - Rail Communication Standards and Their Applications



5. Software Safety, Certification, and Cybersecurity
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Rail software must meet strict safety standards to ensure
reliability and prevent hazards.

EN 50126 defines lifecycle processes, EN 50128 sets
software development standards, and EN 50129 governs
safety cases.

Software functions are assigned Safety Integrity Levels
(SIL 0-4) based on risk assessments.

Cybersecurity frameworks such as IEC 62443 and
ISO/IEC 27001 are essential for protecting systems from
unauthorized access and data breaches.

As rail networks become more connected, national
authorities across the GCC are adopting these
frameworks to protect critical infrastructure from cyber
threats.

Figure 2 - EN 50128 Software Safety Lifecycle

6. Emerging Technologies and Future Trends

Artificial Intelligence (Al) is transforming how rail systems are operated and maintained.
Machine learning models optimize train scheduling, predict maintenance needs, and

improve passenger flow management.

Train Sensors

Al Analytics
/ Cloud

Digital Twin

Digital twins replicate train and
infrastructure performance in virtual

sy |\

environments, supporting simulation,
safety testing, and design optimization. 5G
networks, IoT devices, and cloud-based

analytics will play a key role in enabling
autonomous operations and real-time
decision-making.

Figure 3 - Digital Twin Model for Rail Systems



Technology

Artificial
Intelligence
(Al &
Machine
Learning
(ML)

Internet of
Things (IoT)

Digital Twin
Technology

Edge
Computing

Blockchain
(Emerging)

Primary
Function

Predictive
analytics,
anomaly
detection, and
adaptive
control

Real-time data
collection
through
networked
Sensors

Virtual
modeling of
physical assets
for simulation
and
optimization

Onboard data
processing
close to the
source

Secure,
transparent
data exchange
for
maintenance
and supply
chains

Practical
Applications

Predictive
maintenance,
automated

scheduling, safety

monitoring

Smart rolling

stock monitoring,

environmental

sensing, energy

management

Lifecycle

management of

rolling stock,
testing of new
configurations

Real-time safety

systems, local

decision making

in autonomous
trains

Component
traceability,
warranty
validation, and
asset history

Example
Projects /
Regions

Deutsche
Bahn
(Germany),
Etihad Rail
(UAE), SNCF
(France)

Alstom Smart
Train, Saudi
Rail digital
upgrade

Siemens
Mobility
Digital Twin
Platform,
NEOM
transport
planning

Hitachi
Lumada Edge,
Indian
Railways pilot
systems

Pilot projects
in EU and GCC

Table 4 - Emerging Technologies and Use Cases

Benefits

Reduced
downtime,
improved
reliability, cost
efficiency

Enhanced
situational
awareness and
asset control

Improved design
accuracy and
maintenance
forecasting

Lower latency,
enhanced
responsiveness

Improved data
integrity and
accountability



7. Challenges and Opportunities
Despite technological progress, challenges remain in legacy system integration,
cybersecurity, and the shortage of skilled professionals. Interoperability across
international and regional networks requires consistent standards and governance.

Opportunities exist for the GCC to become a regional hub for rail software innovation.
Through partnerships with global OEMs, universities, and research centers, regional

operators can develop local talent and reduce dependency on imports.

Key Challenge

Legacy System
Integration

Cybersecurity
Risks

Skills and
Workforce Gaps

Interoperability
Across Borders

Description

Many operators use
mixed-generation
control and
communication
systems, complicating
interoperability.

Increased connectivity
introduces potential
for network breaches,
data loss, and system
disruption.

Rapid digitalization
has outpaced
availability of trained
software engineers
and technicians.

Differing national
standards can hinder
seamless cross-border
train operations.

Mitigation Strategy

Introduce modular
architectures, open
APIs, and
middleware
gateways for
backward
compatibility.

Implement IEC
62443 and ISO/IEC
27001 frameworks;
establish dedicated
cybersecurity
operations centers
(CSOCs).

Develop regional
training academies
and certification
schemes under
Vision 2030 human
capital programs.

Adopt harmonized
GCC rail
specifications aligned
with EN
50126/50128 and
IEC 62290.

Examples /
References

ETCS retrofits on
GCC mainlines; EU
Shift2Rail
initiative.

Saudi Railway
cyber resilience
program; EU
Agency for
Railways (ERA
2023).

Saudi Human
Capability
Development
Program (HCDP);
Etihad Rail
Training Academy.

GCC Rail
Integration
Framework
(2024).



High Advanced software, Encourage PPP Saudi Landbridge

iy Bnhie(0i88 sensors, and models, phased and Etihad Rail
Costs communications deployment, and use financing models.
require large upfront of open-source
investments. platforms where
feasible.
Environmental Pressure to meet ESG  Integrate smart Red Sea Rail and
Sustainability targets through energy management, NEOM Mobility
reduced emissions and regenerative braking, projects.
efficient energy use. and Al-based
optimization.

Table 5 - Challenges and Mitigation Approaches

8. Future Outlook: Digital Transformation Roadmap for GCC Rail
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DIGITAL TRANSFORMATION

Figure 4 - GCC Rail Digital Transformation Framework

The next decade presents an unprecedented opportunity for GCC nations to lead rail
software innovation. A regional digital transformation roadmap should include:

¢ Establishment of a unified GCC Railway Data Exchange Platform
« Integration of Al and predictive analytics in maintenance systems
« Standardized training programs for software engineers and operators

« Policy alignment with EU and international safety standards



9. Conclusion

Rail vehicle software systems are redefining the operational and strategic capabilities of
modern railways.

By adopting international standards, investing in training and hence developing local
expertise, and leveraging Al-driven innovation, GCC countries can build a future-ready,
interoperable rail ecosystem.

The integration of technology, sustainability, and human capital development will
determine the long-term success of this transformation.

Appendix A — Glossary of Technical Terms

ATO - Automatic Train Operation

CBTC - Communication-Based Train Control
ETCS - European Train Control System

TCMS - Train Control and Management System
SIL - Safety Integrity Level

Appendix B — Key International Standards and References

* EN 50126 - Railway Applications: Specification and Demonstration of Reliability,
Availability, Maintainability and Safety (RAMS)

¢ EN 50128 - Railway Applications: Software for Railway Control and Protection Systems
¢ EN 50129 - Safety-related Electronic Systems for Signaling

¢ [EC 62443 - Industrial Communication Networks: Cybersecurity for Industrial
Automation

¢ ISO/IEC 27001 - Information Security Management Systems

¢ EU Agency for Railways (ERA) Reports, 2022-2024
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