ﬁ_ Contract No. HE - 101102001 e‘

=urope's

Rail to Digital automated up to autonomous train
operation

D33.2 — Practical Migration Methods Report

Due date of deliverable: 31/03/2026
Actual submission date: 06/03/2026

Leader/Responsible of this Deliverable: Martijn Lanenga (NSR)

Reviewed: Yes

Document status

Revision Date Description
V1 05/12/2025 Structure [10-25%]
. qst H
V2 16/01/2026 Updated structure, Ch. 3 added, Ch. 4 started; 1% internal review
[50%]
V3 27/02/2026 Ch.1, 2, 5 added; Ch.4 finalised; final internal review [90-100%]
. . 0, —
V4 06/03/2026 Flgurgs 'and Tables updated; comments processed [100%]
submission to TMT
V5 10/09/2026 Formatting issues resolved

Project funded from the European Union’s Horizon Europe research and innovation
programme

Dissemination Level
PU Public \

SEN | Sensitiv — limited under the conditions of the Grant Agreement

Start date: 01/11/2024 Duration: 18 months

FP2-WP33-D-NSR-022-05 Page 1 of 80 10/09/2026



ﬁ_ Contract No. HE - 101102001 e‘

=urope's

Acknowledgements
This project has received funding from the Europe’s Rail Joint Undertaking
x X % (ERJU) under the Grant Agreement no. 101102001. The JU receives support
: ’: from the European Union’s Horizon Europe research and innovation programme

* N WX and the Europe’s Rail JU members other than the Union.

REPORT CONTRIBUTORS
Name Company Details of Contribution
Martijn Lanenga NS WP Lead; analysis; review
Deputy WP Lead; contributor: author of Ch.2,
Rian Hartman NS co-author Ch.4 and Ch.5; analysis; over all

editor

Contributor: Main structure of deliverable,
Joelle Aoun ProRail methodology, author of Ch.1, Ch.3.5; results;
co-author Ch.4, 5; analysis; review

Monique de Wit ProRail Cor_1tr|butor: Ch.3.1; analysis; co-author Ch. 5;
review
Simon Funke DB Cargo Contrlbutor: Ch.3.3; analysis; co-author Ch. 5;
review
Ramiro Valdés ADIF Contributor: Ch.3.2; analysis
Jesus _Sanchez Renfe Contributor: analysis; review
ominguez
Julia Wijnmaalen NS Contributor: Ch.3.4
Jonny Gustafsson TRV Review
Joachim Tiedemann SMO Review
Disclaimer

The information in this document is provided “as is”, and no guarantee or warranty is given that the
information is fit for any particular purpose. The content of this document reflects only the author’s
view — the Joint Undertaking is not responsible for any use that may be made of the information it
contains. The users use the information at their sole risk and liability.

FP2-WP33-D-NSR-022-05 Page 2 of 80 10/09/2026



@—2. Contract No. HE - 101102001 e‘

=urope's

1 EXECUTIVE SUMMARY

Digital and Automated Train Operation (DATO) is central to Europe’s ambition to increase rail
capacity, improve safety and accelerate the shift toward sustainable mobility. Yet migrating from
today’s rail systems to higher Grades of Automation (GoA) and digital technologies remains complex,
slow and risky. Deliverable D33.2 addresses this challenge by analysing how five various
approaches - DevOps, Architecture4evolution, Formal Methods, Theoretical models for People-
Oriented Change Management Models and Deployment Strategies and Roadmapping - can support
practical migration pathways.

The European rail migration programmes face long asset lifecycles, cross-border interoperability
constraints and the need for sustained collaboration among infrastructure managers, operators,
suppliers, regulators and end-users. Earlier work of WP33, presented in D33.1, identified extensive
gaps in technical integration, organisational alignment, data quality, certification, human readiness
and governance. These gaps were derived from interviews with various stakeholders participating
in FP2-R2DATO and similar programmes. This deliverable, D33.2, builds on these findings by
examining how the five selected methods can help bridge these gaps, address recommendations
and strengthen the foundations for fast and effective deployment within FP2-R2DATO.

The objectives of this deliverable are to analyse the applicability of each method to (DATO) migration
challenges and to map each approach to specific gaps and recommendations. In addition, this
deliverable aims at providing a structured guidance on where methodological support exists and
where human-driven action remains essential. Moreover, this deliverable offers insights relevant not
only to FP2-R2DATO but also to the System Pillar, future ERJU waves and other projects even
outside EU-RAIL.

We first evaluate how each method and its principles can support practical migration. In particular:

o DevOps contributes to continuous integration, shared ownership, version control and rapid
feedback loops.

e Architecturedevolution promotes modular, evolvable software architectures that can
accommodate change and support long-term interoperability.

o Formal Methods provide precision, traceability, early error detection and a foundation for
modular certification and harmonised interface definitions.

o Theoretical models for People-Oriented Change Management explains how acceptance,
readiness, leadership behaviour and communication play a role in the success of
technological transitions.

o Deployment Strategies and Roadmapping integrates all layers (e.g., technical, human,
operational, tactical, regulatory, strategic) and offers a structured, scenario-based migration
that integrate SWOT, multi-disciplinary impact assessment, stakeholder engagement and
long-term coordination including uncertainties.

The analysis systematically maps these methods to 136 gap-recommendation combinations, which
have been initially reported in D33.1 and further organised in this deliverable. We then identify where
each method can meaningfully support effective migration.

The results show that most migration challenges are socio-technical, not purely technical. In
particular, 36 recommendations require human initiative where many gaps relate to alignment, trust,
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communication, role clarity and human readiness. Another set of 47 recommendations depend on
human initiative as well, with support by one or more of the investigated methods.

Formal Methods are especially valuable for clarity of requirements, interface definition, certification,
and interoperability. The Deployment Strategies and Roadmapping Framework encompass all
models as they can be integrated as supportive tools within the framework. This supports
multi-stakeholder alignment, scenario planning, and long-term migration coherence. DevOps and
Architecturedevolution help modernise development and integration practices. They support
continuous integration, modularity, and evolvability, critical for future DATO systems that must
update far more frequently than traditional rail assets. Theoretical models for People-Oriented
Change Management addresses gaps related to organisational and individual readiness.

Eighteen recommendations are identified to be specific to FP2-R2DATO, such as developing a long-
term, system-of-systems DATO integration plan that covers signalling, onboard systems, operational
rules, traffic management and safety-case requirements across their full lifecycle. Fifteen
recommendations are identified to be directly relevant to the System Pillar. Among them, conducting
structured alignment sessions between EU, national and regional authorities to harmonise
certification expectations and reduce conflicting interpretations, as well as co-developing
synchronised homologation roadmaps to harmonise evidence requirements and reduce divergent
interpretations, supported by the Deployment Strategies and Roadmapping Framework.

Overall, D33.2 concludes that no single method can address the full complexity of DATO migration.
Instead, a combined approach, integrating technical methodologies with strong human-centred
governance, is essential for achieving scalable and cross-border deployment of future train
operations. The strategic layer is an overarching framework that can support the determination of
where and when the other models and methods can be applied. The integration with other methods
directly supports policy, regulation, and stakeholder alignment.
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DEFINITIONS

Architecture 4evolution

Architecture4evolution refers to methods intended to identify software development tools, methods
and patterns and unify them into a single software architecture or harmonised architectural patterns
that better suit on-train software systems.

Complexity
A condition arising from multiple interdependent and evolving technical, organisational, human,
and regulatory elements, generating uncertainty and risk, particularly in early project phases.

Deployment Strategies and Roadmapping Framework

A methodological framework that provides a structured, sequenced approach to long-term
implementation that integrates technical, organisational, regulatory, and human factors to guide the
staged introduction of new systems or capabilities. It provides a coordinated way to assess migration
options, compare alternative pathways, sequence activities over time, and align stakeholders around
shared priorities and assumptions. By combining scenario analysis, dependency mapping, risk
evaluation, and multi-stakeholder governance, the framework creates a coherent method that adapts
as conditions evolve, ensuring that complex transformations, such as DATO migration, progress in
a controlled, transparent, and future-proof manner.

DevOps
Term used to signify the merge of software development (Dev) and IT operations (Ops).

Digital and Automated Train Operation (DATO)

Technologies and operational concepts enabling higher Grades of Automation (GoA) in railway
systems, including onboard automation, traffic management, communications, and associated
organisational and regulatory arrangements.

Digital Map

A Digital Map in the railway domain is a secure, standardised digital representation of the railway
infrastructure that includes the exact geometry of the track, the location of physical and virtual
balises, and other key reference points required by ETCS on-board systems to validate and interpret
train position data.

Digital Transformation (DT)
The process by which railway systems undergo significant technical, organisational, and
operational change through the integration of digital technologies.

Formal Methods
Term referring to techniques and tools which are used for the development and analysis of new
products.

Grade of Automation (GoA)

Standardised classification of train operation levels from manual operation (GoA1) to fully
autonomous operation (GoA4).
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Lessons Learned
Structured knowledge derived from experience, used to improve future project performance and
prevent recurrence of known problems.
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2 INTRODUCTION

The present document constitutes Deliverable 33.2 (D33.2) “Practical Migration Methods Report” in
the framework of the TE20/WP33 of FP2-R2DATO; providing input to TE1 Automating Functions,
T9.1 “Analysis of migration and deployment strategies”, from FP2/WP9 “Prototype development of
automating functions” and to TE7 Remote Driving, T12.1 “Analysis of migration and deployment
strategies” of FP2/WP12 “Prototype development of remote control”. WP33 is part of Cluster 4 ‘Fast
and Effective Deployment’ of FP2-R2DATO.

Technology migration in the railway sector on an inter-European scale is a long and risky road. For
it to be smooth and successful, sustaining cross-border and cross-company collaboration for a longer
period is required. Participants of WP33 recognised that apart from the many technical challenges
that you will find along the way, success also depends on long term willingness and a certain level
of risk appetite of involved stakeholders, based on the trust that the benefits lie not too far in the
future. How to keep all kinds of stakeholders on board in a complex environment while the road
ahead is full of uncertainty?

WP33 provides guidelines for migration and deployment strategies for applying DATO technologies
from a technical, operational and human-centred perspective. It does so by collecting lessons
learned from FP2-R2DATO Demonstrators, State of the Art projects and other technical migration
programmes for rail, like ATO and ETCS. Deliverable 33.1 “Migration Strategy Research Report”
contains the analysed data that resulted from the research executed by WP33, resulting in an
overview of lessons learned, a gap-analysis and recommendations — the guidelines.

These results from D33.1 provide input to a more organised and detailed gap-analysis presented in
this Deliverable, in which is shown how models, methods and roadmaps for migration could support
bridging the mentioned gaps. This analysis lays the foundation of this Deliverable, D33.2 “Practical
Migration Methods Report”. A systematic analysis is presented to show to what extent the models
and methods within Cluster 4 ‘Fast and Effective Deployment’ of FP2-R2DATO, bridge the gaps
presented in D33.1.

A clarification regarding one particular deviation is warranted. While the Grant Agreement specifies
“models for transition to decouple migration from ETCS deployment,” the gap-analysis employs
“deployment strategies and roadmapping framework” as a fifth model instead. The models intended
to facilitate the transition to decouple migration from ETCS deployment were not developed within
the R2DATO project, as the architecture under development for DATO deployment remains
fundamentally integrated with ETCS. Furthermore, within Work Package 37, deployment strategies
for ETCS HTD (Hybrid Train Detection), formerly HL3, are being formulated. The defined
methodological framework and strategies are of significant relevance and therefore merit inclusion
and examination in the present study.

The specific objectives of this deliverable (D33.2) are:
e Exploring technologies and methodologies applied already in other domains.

e Exploring Models and methods for transition and migration: DevOps, Formal
Methods, Architecture4evolution, People-oriented change management, and Deployment
Strategies and Roadmapping Framework.
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o Developing a gap-analysis and bridging gaps through the defined methodologies and
organising the related recommendations in various combinations.

Chapter 3 provides descriptions of the five theoretical models, which are referenced in the Grant
Agreement as foundational elements for the gap-analysis: DevOps, Architecture 4evolution, Formal
Methods Deployment Strategies and Roadmapping Framework and models for People Oriented
Change Management.

Chapter 4 shows to which recommendations any of the models can be applied and to what extent.
Tables are presented to show to which recommendations more than one models can be applied and
to which none of the models apply. Subsequently, tables are presented to show which
recommendations are specific to FP2-R2DATO, which are especially relevant to the System Pillar
and which recommendations require ‘human initiative’.

In Chapter 5 the conclusions drawn from the analysis are presented.
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3 DESCRIPTIONS OF METHODS AND MODELS

One of the main goals of the FP2-R2DATO is to investigate how we can speed up and optimise the
migration and deployment of DATO. The methods described in this chapter are frameworks that
can support faster deployment and improve quality.

3.1 DEevOPs

DevOps is a combination of cultural philosophies, practices, and tools that aim to break down the
traditional silos between software development (Dev) and IT operations (Ops) teams. Its goal is
to shorten the software development lifecycle and provide continuous delivery with high software
quality by emphasising collaboration, automation, and rapid feedback loops. This allows
organisations to deliver applications and services faster and more reliably.

Figure 1 Dev Ops Cycle

Key components and practices

o Collaboration: encourages communication, cooperation and shared ownership between
development, operations, quality assurance and security teams.

o Automation: uses tools to automate repetitive, manual tasks, such as building, testing, and
deploying software, which accelerates the process and reduces errors.

e Continuous Integration/Continuous Delivery (CI/CD): a key practice where code is
continuously integrated and tested and then automatically delivered to a production or
staging environment. This allows for more frequent and reliable releases.

¢ Monitoring and Feedback: continuously monitors application performance and collects
feedback to identify issues early and inform future development cycles.

¢ Infrastructure as Code (lIaC): manages and provisions infrastructure through code and

automation, making it repeatable, consistent and version controlled.

Benefits of DevOps

o Faster delivery: enables faster and more frequent releases of new features and updates.
o Improved reliability: reduces service interruptions and improves stability through

continuous testing and monitoring.
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¢ Increased efficiency: automates manual tasks and streamlines the development-to-
deployment pipeline.

o Better collaboration: breaks down team silos, leading to more effective teamwork and
shared goals.

e Enhanced security: can be integrated into every phase of the lifecycle.

Software development in the Rail Domain

Rail industry and rail operators face serious challenges that result in conflicting time scales for
operations (long, with the need for adaptations and changes over decades) on the one hand, and
realisation of new features and fixes (short, shall be brought into the field much faster than today)
on the other hand. Therefore, WP29 is investigating what the rail industry can learn from the DevOps
methodology for a quicker realisation of new features and fixes.

Software engineering in the rail domain is uniquely challenging because it is tightly integrated into
a broader systems engineering environment and governed by strict V-model processes and legal
homologation. Rail software must operate reliably for decades, requiring ongoing updates while
dealing with hardware obsolescence and rail-specific hardware constraints. The industry is seeing
a rise in the number and complexity of IT systems, but development remains a low-volume,
multi-project solution business rather than a scalable product business.

Despite the differences between the rail world and the non-rail world, there are many of the same
drivers for DevOps to be implemented.

e Improve engineering efficiency.
¢ Reduce time-to-market for new features and changes.
e Overall increase the evolvability of on-train software systems.
This motivates to investigate IT-DevOps principle and methodologies and how these could be

adapted to the rail domain.

3.2 ARCHITECTURE4EVOLUTION

Architecture4evolution intends to identify software development tools, methods and patterns and
unify them into a single software architecture or harmonised architectural patterns that better suit on-
train software systems. The core interest in performing this exploratory work is to circumvent the
inflexibility of long-living legacy systems employed by the railway sector by allowing software
architectures to evolve within tightly constrained environments, which are usually governed by safety
and security standards and mission-critical software and hardware components.

The design goals for Architecting4Evolution include:

e Design software modules and services as autonomous units.
o Encapsulate uncertainty, risk and change.
¢ Minimise the need for explicit adaptation.

FP2-WP33-D-NSR-022-05 Page 14 of 80 10/09/2026



@—2. Contract No. HE - 101102001 e‘

=urope's

The resulting software architecture must tolerate change in the long run with features that are
characterised by their:

e Ease in integrating new features while discarding old ones.

o Ease of migration among versions, version updates, and during the incorporation of new
technologies.

o Ease of supporting new deployment strategies that account for multivariable scenarios.

Change is considered the most harmful agent during software and systems development in the
railway industry. To make change more manageable, the initiative intends change to become the
cornerstone of the resulting software architecture with the following design goals for it:

¢ Single Responsibility Principle — a single reason for changing a software component, module,
service or interface must remain univocal. The scope or granularity of this ‘single reason’
should be able to scale with the scope of the unit under consideration for changes.

¢ Open-closed principle — Software assets and interfaces can be extended but their core must
remain unchanged.

¢ Interface design will follow the Liskov Substitution Principle, such that an entity may be
replaced by a functionally extended version of itself.

o Be aware of implicit and explicit coupling and reduce the grade of coupling where possible.

¢ Encapsulate uncertainty, risk and change. Choosing between A and B loses relevance
against the fact that choosing between A and B is possible. In other words, guaranteeing
alternatives and options for each decision becomes a dogma.

To conclude, the expected result of Architecture4evolution is software architecture comprised of
multiple software development practices, methods, tools and principles that guarantee that change
is manageable. The benefits of its implementation include more flexibility, affordability (due to a
reduced software development overhead), efficiency, and security that are provided by compatibility
layers that modernise legacy software with the most modern execution environments.

3.3 FoRMAL METHODS

Formal methods are rigorous techniques and tools which are used for the development and analysis
of new products, starting from the specification phase until the implementation. In the railway sector,
the application of formal methods is not yet very widespread, but it is becoming more important due
to the increasing complexity and safety requirements of modern railway systems.

The core value of formal methods in the railway sector lies in their ability to deliver consistent,
repeatable and traceable processes. These tools facilitate the management and tracking of
requirements from the earliest stages through to validation and final system verification. In ATO
projects, where multiple systems and interfaces must interact reliably across different countries and
technical contexts, such precise modelling and traceability are essential for technical harmonisation
and interoperability.

Another clear benefit is the ability to catch errors and ambiguities early in the development process,
which can save time and resources during later testing and certification phases. Formal methods
support the modelling of business rules, data architectures and interfaces, thereby enabling
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automated checking, simulation and validation of design choices. This not only streamlines the
development of new systems but also aids in the migration and retrofitting of legacy rolling stock and
trackside equipment, facilitating the transition to modern, digitalised railway operations.

Formal methods help to make requirements more precise and reduce the risk of misinterpretation,
which is important for harmonisation and for ensuring that the developed systems meet the
necessary specifications.

A key application in railway is the automated authorisation of systems. Here, formal models are
automatically generated from system specifications (e.g., SysML models). These models are then
used for automatic verification and validation. This process not only increases confidence in the
correctness of the system, but it also supports the development of standardised safety assessments,
potentially reducing time, cost and effort in system approval processes.

It is important to highlight that formal methods can be applied at different stages of the system life
cycle, from the early specification to the verification and validation phases. Although the use of formal
methods requires some investment in training and tools, this cost is often justified by the reduction
of errors and the improvement of safety, especially in safety-critical railway applications. The
migration from traditional text-based specifications to model-based and formal methods is a key step
for the railway sector to improve reusability and safety and reduce time to market.

Demonstrators and practical examples have shown that formal methods can be successfully
integrated into railway projects, supporting the development of reliable and safe railway systems.
However, it is also necessary to address the mindset and acceptance of formal methods among
engineers and stakeholders, as there are still misconceptions that formal methods are only for
experts or mathematicians. Therefore, a clear introduction and guidance on how to start with formal
methods is essential for a successful migration in the railway domain.

In ATO projects, where multiple systems and interfaces must interact reliably across different
countries and technical contexts, such precise modelling and traceability are essential for technical
harmonisation and interoperability.

3.4 THEORETICAL MODELS FOR PEOPLE ORIENTED CHANGE MANAGEMENT

This section explores how to successfully implement ATO and other digital tools in skilled
professions such as train driving. It integrates theories from organisational change and technology
acceptance to explore the factors that help employees effectively embrace and use new automation
technologies.

Organisational change involves making lasting adjustments to a company’s operations to remain
competitive and effective amid evolving circumstances. Research indicates that most organisations
undergo substantial change every four to five years (Rafferty et al., 2012). Yet, many change efforts
fail: between 40 and 70 percent do not meet their objectives (Freisinger & McCarthy, 2024).
Although there is no single best approach to managing change, understanding employees’ attitudes
and readiness is crucial to improving the chances of success (Holt & Vardaman, 2013).

Digital transformation poses an even greater challenge, as it requires fundamental changes to
business processes and models (“van Dun & Kumar, 2023). Employees play a central role in this
transition, since their acceptance and adaptation to new digital tools are essential (VSz6ts-Kovats &
Kiss, 2023). Failures often arise when organisations fail to influence employees’ perceptions of
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change. Leading consultancy reports highlight the importance of combining technology with human
skills to drive growth and efficiency during digital transformations (“PwC, 2017; BCG, 2021).

Technology Acceptance: TAM Model and UTAUT Model

Two key models are commonly used to explain how employees adopt new technology:

The Technology Acceptance Model (TAM)"i suggests that employees’ decisions to use a
technology depend on their perceptions of its usefulness (Perceived Usefulness) and its ease
of use (Perceived Ease of Use) (“iiDavis, 1989). The more beneficial and user-friendly the
technology appears, the more inclined employees are to accept and use it.
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Figure 2 Technology Acceptance Model (TAM)

The Unified Theory of Acceptance and Use of Technology (UTAUT) developed by

Venkatesh et al.* (2003) integrated eight prior models, including the Technology

Acceptance Model (TAM), to identify four key determinants of technology acceptance:

1. Performance Expectancy refers to the degree to which an individual believes that
using the technology will improve their job performance or yield valuable outcomes.
It reflects the perceived usefulness of the system.

2. Effort Expectancy captures how easy or difficult the user perceives the technology
to be, including the simplicity of use and the mental effort required.

3. Social Influence encompasses the degree to which users perceive that important
others (e.g., colleagues, supervisors) think they should use the technology,
emphasising social pressure and normative beliefs.

4. Facilitating Conditions describe users’ perceptions of the organisational and
technical infrastructure available to support the use of the technology, such as
resources, knowledge, and compatibility.
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UTAUT also incorporates moderating variables such as age, gender, experience, and voluntariness
of use. These moderating variables influence how these determinants affect behavioural intention
and usage, thus providing a nuanced understanding of technology acceptance across diverse user
groups and contexts (Venkatesh et al., 2003;* 2012).
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Figure 3 Model of Unified Theory of Acceptance and Use of Technology (UTAUT)

These models show that for effective ATO integration, technology must be both user-friendly and
perceived as improving job performance and supported by the organisation and colleagues.

Individual Readiness to Change (IRTC)

Readiness for change refers to employees’ mental and emotional preparedness to embrace a
change (Armenakis et al., 1993). This readiness is influenced by how the change is communicated,
the specific nature of the change, and individual differences among employees (XHolt et al., 2007).
Through close working relationships, employees often develop shared attitudes that shape their
collective readiness (“'Rafferty et al., 2012). A positive level of readiness helps reduce resistance
and enables smoother adaptation to new tools, such as ATO systems (**Vakola, 2013).

The Role of Leadership

Leaders have a vital role in guiding employees through change by clarifying the process and
helping them understand what to expect, thereby reducing uncertainty and frustration (**Kraft et al.,
2018). The attitudes and behaviours of leaders significantly influence employees’ feelings about
change. When leaders demonstrate trust, support, and enthusiasm, employees tend to be more
open and ready to accept new technologies (*Hartge et al., 2015).

Two leadership styles are particularly effective in boosting readiness for change:

o Ethical Leadership, which builds trust and positive relationships between leaders and
employees (*Metwally et al., 2019).
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o Transformational Leadership, which inspires and motivates employees, enhancing their
confidence and willingness to embrace change (*Peng et al., 2020).

Leaders who actively promote change and remove barriers facilitate employees’ adoption of
automation and digital tools (*Adil, 2014).

3.5 DEPLOYMENT STRATEGIES AND ROADMAPPING FRAMEWORK

A deployment strategy ensures that what works becomes operationally adopted, business models
are viable, risks are mitigated, and organizational change is managed. A roadmap is used as a
strategically flexible tool to visualize timelines and priorities of market trends, actions and steps
towards the deployment of HTD. The most general and flexible approach to develop roadmaps is a
visual time-based, multi-layered chart that enables several functions and perspectives to be aligned.
Three key questions must be answered for any coherent strategy: where do we want to go, where
are we now, and how to get there.

The first step to design a roadmap is to define objectives and a common vision (i.e. where we want
to go). This can correspond to the EU vision in addressing demand and consequently increasing
railway capacity, reducing CO2 emissions and decreasing lifecycle costs. The second step consists
of understanding the current situation (i.e. where we are now). The third step in-between is the gap-
analysis that fits into the strategic management process, when reviewing how well a current strategy
is working with the necessary steps and actions (i.e. how to get there). Proceeding on with the current
strategy gives rise to a gap that needs to be covered to reach the desired goal. As a result, a
knowledge gap arises between what we know from the current state (i.e. the state-of-the-art,
definition, scope, etc.) and what we must know to cope with the future changes and decide which
direction/scenario to follow.

Figure 4 displays the deployment strategies and roadmapping framework. Outcomes from a SWOT
analysis, a multi-criteria analysis (MCA) and expert judgement are used as input to define the step-
changes for the deployment strategies. The SWOT is used as input for strategic planning as it
provides a clear overview on what we can do in a current situation by taking the knowledge in the
current state into account. The SWOT results are therefore used to develop the strategies and
generate ideas on how to close the gaps by identifying step-changes in the operational, technological
and business domains to ultimately serve a roadmap. To develop a good strategy, we need to build
on the strengths, address or remedy the weaknesses, grasp the opportunities, and avoid or minimise
the threats. The MCA provides a structured way to compare options such as different deployment
sequences (e.g., freight first vs. passenger first), different technical pathways (e.g., HTD vs. ETCS
L2 readiness), different organisational approaches (e.g., centralised vs. decentralised testing), etc.
The combination of the identified criteria weights from the MCA and the SWOT results, both based
on expert judgement, help to determine which actions unlock the most value early, which
dependencies must be resolved before others, which steps carry the highest risk if delayed and
where readiness gaps are the largest.

The relations between the four elements in the ‘Step-changes’ box of Figure 4 are based on three
components: the core (middle text in each box), the aim (the upper text in the oval) and an identifier
(the bottom text in each box). The connections between those elements are explained as follows:

1) We define the 'Do know' because we aim at understanding the definition and scope of the
strategy that we want to build. To do that, we need to investigate what we know in the current
state to be able to build what we can do (knowledge strategy link).
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2) We define the 'Must know' because we aim at a certain direction by looking at what must be
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Figure 4 Deployment Strategies and Roadmapping Framework

known. To do that, we need to understand why there is a need for new knowledge. This is an
identifier to determine the 'Must know' based on what we do know.

We define the 'Can do' because we aim at having an overview of the current strategy to be able
to build a futuristic one. To do that, we need to understand what can be done in the current
state. The “Can do” element can be affected by threats encountering a certain technology as
they can engender business risks that hamper the effective development of an application
roadmap.

We define the 'Must do' because we aim at building an action plan that leads to the desired
direction (strategy knowledge link). To do that, we need to look at how we can do what we can
do.

A strategy gap is the gap between what we must do in the future state and what we can do in the
current state. It arises between the current performance and the desired performance towards a
common vision and well-defined objectives. The strategy for achieving them stems from what must
be done and what we could actually do, given the facts and limitations of the current circumstances.
The action plan provides a strategic link to the future knowledge that interacts with the current
knowledge state. The scenarios are a collection of plausible future events to assess their impacts
over a long-term strategy. The optimistic and pessimistic scenarios in the developed scenario-based
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roadmaps vary for each market segment (case) in terms of (i) durations for each step-change (action)
based on expert judgement, and (ii) prediction uncertainties represented by factors related to the
market pulls.

The size of the gaps (i.e. how big/important the problem is) is assessed by means of priorities and
time order for a set of steps and actions in the operational, technological and business domains. The
Swimlane is used as a domain/theme-oriented visualization of roadmap items on dynamic grids
where fields can be moved, ordered and prioritized based on stakeholders’ feedback. The
identification of gaps that stem from the SWOT are addressed by means of the Swimlane through a
list of step-changes that are categorized based on defined domains and themes.

Scenarios must be used to design a robust roadmap. Using scenarios in an early stage of
roadmapping ensures that risks and uncertainties are considered, and that the roadmap is more
robust. A roadmapping process should accommodate those uncertainties associated with forecasts
by means of scenario planning or other methods such as a sensitivity analysis.

This framework is flexible and can be applicable to any technology as the proposed approach helps
in effectively visualizing a future action plan according to plausible future scenarios. This is
particularly important when companies attempt to manage market and technology activities for both
strategic planning and technology management. Scenario-based roadmaps can be used as an
efficient tool for stakeholders to identify and solve potential criticalities/risks to the deployment of a
system, product or technology, as well as to setup investment and development plans. In practice,
companies can use the developed deployment strategies or roadmapping methodology at a
corporate level for the management of toolkits to foster business growth and organizational changes.
The integration of SWOT, MCA, expert judgement, gap-analysis and scenarios in the framework
also provides a means for addressing corporate challenges and exploring new opportunities.
Moreover, the developed roadmap framework provides a coherent and holistic architecture within
the development and evolution of other dynamic businesses or systems where step-changes can be
explored, mapped and interpreted based on distinct scenarios. Various methodologies can be
integrated within this framework and integrated in modules. For instance, the DevOps method can
be used to emphasize collaboration, automation, and rapid feedback loops among various
stakeholders. Moreover, embedding theoretical models for people-oriented change-management
would make scenario-based roadmaps more robust from a technical/strategic point-of-view and
more actionable. Formal methods are beneficial in the assessment of the multi-criteria analysis,
allowing for more reliable and reproducible results. Therefore, the methodology developed in this
section is generic and can be adapted to different systems and business processes and integrated
to other management frameworks and disruptive technological game changers.

An example of the application of the Deployment Strategies and Roadmapping Framework within
ERJU can be found in WP37 “ETCS HTD Deployment strategies” *[D37.1].

ETCS HL3 or HTD (Hybrid Train Detection) is a railway signalling concept aimed at increasing
railway capacity and efficiency while maintaining safety. HTD combines the ETCS L2 functionalities
to enable gradual migration and compatibility with different train types. HTD uses virtual sub-sections
(VSSs) to divide track segments into smaller blocks, allowing for the release of the VSSs more
precise train tracking for trains with TIMS (Train Integrity Monitoring System) and supporting
movement authorities (MAs) for all trains (i.e., with or with various equipment types, e.g., TIMS,
ERTMS without TIMS), and non-ERTMS trains. Train location is determined through a combination
of onboard systems and trackside detection. Train integrity is verified either onboard (via TIMS) for
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trains equipped with TIMS or by the trackside systems for all trains. The main challenge of this
approach is ensuring safe and reliable detection for all types of trains.

Within R2DATO, Work Package 37 aims to develop strategies that accelerate the
deployment of HTD, helping to avoid costly infrastructure upgrade investments. Using ETCS and
existing trackside detection systems, the objective is to define optimal implementation strategies,
with a focus on the 2025-2030 period. These strategies will serve as tools to help infrastructure
managers increase line capacity while reducing development time and operational costs.

WP37 focuses on standardisation and deployment of HTD, in close alignment with the System
Pillar. It also involves the optimal line signalling engineering modelling through simulations in
collaboration with FP1 WP8/9 and on evaluating the HTD application from both the product and
project development lifecycle perspectives, including the generic and specific
applications, and the cost analysis.

The deployment strategies methodology developed in FP2 WP37 is built on various components
and methods. Figure 4 illustrates the framework developed to design deployment strategies based
on a SWOT, a multi-criteria analysis (using the hybrid Delphi-AHP (Analytic Hierarchy Process)
method) and expert judgement. The gap-analysis consists of determining the step-changes to be
taken to migrate from a current state to a desired future state.
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4 GUIDELINES FOR PRACTICAL IMPROVEMENT OF MIGRATION
METHODOLOGIES

In this Chapter gaps and recommendations are listed that were taken from D33.1 and which are
based on the lessons learned taken from the research data. The List of Tables (p.10-11) can be
used to jump to any of the tables.

Paragraph 4.1 presents the main take away reflections and insights resulting from the interviews
with Work Package Leads of WPs 29, 30, 31 and 37, the WP’s within FP2-R2DATO that have
(further) developed the studied methods for the rail sector. Reflections on Theoretical models of
People Oriented Change Management have been added to this document specifically.

Paragraph 4.2 summarises all gaps and recommendations, in separate tables: one per
category/topic. Each gap-recommendation combination is numbered. Some numbers are
reoccurring, since one gap can be resolved by more than one recommendation. Therefore, a letter
is added to the number to be able to easily distinguish between them. In paragraph 4.3 the next
steps in the analysis are taken: the methods are plotted on the gap-recommendation combinations,
giving insight into which method could help address which gap by supporting the recommendation,
and to what extent.

4.1 REFLECTIONS ON THE METHODOLOGIES

Reflections on DevOps
Implementing a DevOps-based methodology in a railway environment faces several challenges, like:
e Strict regulations and homologation procedures limit flexibility.

¢ Inter-organisational collaboration is difficult due to credentialing, IP concerns and siloed
processes.

e Legacy systems pose barriers to integration and adaptation.
e Lack of risk assessment and unclear goals regarding legacy infrastructure adaptation.

DevOps as a methodology is flexible, automation-driven and experimentation-friendly. Railways,
however, are characterised by e.g. heavy regulation and long asset lifecycles. These conditions
restrict the input DevOps normally relies on (e.g., rapid changes, modern interfaces, modularity,
cross-team autonomy). Mentioned limitations are therefore contextual, not methodological.

Reflections on Architecture 4evolution

A software architecture should mitigate risks of “losing money”, facing problems towards migration
to updates or new versions that need an intensive effort/cost.

Another big risk is losing balance between excessive modularity and performance, that makes it not
achieve requirements. Over-granularity is a linked risk to performance.
The need to agree on specific technology, or at least on protocols is a challenge because each party

involved has its own wishes.

The use of different protocol versions, even when standardised and open source, can create
incompatibilities. Since there are interfaces and adapters between different communication
protocols, that is one of the main problems.
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The most significant risk identified in WP29 is the challenge of achieving certification for safety-
critical systems. Certification is done in the latest phase of the life cycle.

A practical mitigation strategy: instead of certifying entire architectures (whole projects) that can be
done at the end, it is proposed, in the beginning when a specific technology is selected, to stack and
test it and certified through small, representative examples. This approach helps assess feasibility
and reduce effort.

Reflections on Formal Methods

The most critical lessons learned are that successful migration and deployment of ATO technology
depend on adopting Formal Methods early to reduce ambiguity, manage risks and ensure system
safety. Organisational openness to model-based approaches and proactive change management
are vital for overcoming resistance and achieving consistent implementation. Technically,
standardising tools and specifications, along with bridging diverse modelling environments, is
essential for interoperability. Clear and comprehensive requirements alongside rigorous risk analysis
and early demonstrators support smoother transitions and foster stakeholder acceptance.

For future migration projects, it is recommended to adopt model-based and formal specification
methods from the outset, foster early and close stakeholder collaboration, invest in training and
organisational change management, and prioritise interoperability through standards, executable
models, and common guidelines. Demonstrators and case studies should be used to build practical
confidence in Formal Methods, while harmonised processes should support scalable, future-proof
solutions across borders and domains.

Applying tools based on Formal Methods can help to establish:

e Clear and testable specifications (which are essential to avoid misunderstandings and
ambiguities that can derail technical harmonisation efforts)

o Early detection of errors (which will reduce the risk of costly late-stage fixes)

e Modular and scalable solutions with well-defined and testable interfaces (which will help
managing complexity and costs of migrating ATO systems)

Essential for successful application of Formal Methods based tools:

¢ Complementary organisational roles from the start: involving roles such as safety managers
early in projects is important to ensure that formal method processes align with safety
requirements and regulatory demands.

e Transparency and trust among suppliers: to be able to develop interoperable subsystems,
there is a need for trust and openness between suppliers, which is a political and commercial
challenge.

e Open and formalised - but non-binding - specifications: having an open, formalised
framework on the table gives suppliers and operators a reference point to plan development
and mitigate risks, acting as a fallback option.

Reflections on Theoretical models for People Oriented Change Management

The models explained in Chapter 3.4 focus on acceptance of new technologies, the readiness for
technological change. These models shed light on the various factors (technological, organisational,
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psychological and social) involved in the development of readiness. Even though the described
models and concepts help to better understand what kind of obstacles for readiness could prohibit
smooth migration, they do not offer practical guidelines as such.

What has become clear from the lessons learned gathered by WP33, is that engagement of end-
users — mainly train drivers, in case of ATO migration — is beneficial to migration efforts for many
reasons. Next to providing valuable input for technical development, engagement early in the change
process builds trust and can help to create a sense of ownership among end-users. If ownership
grows, this will help create acceptance of the new technology across the board.

Clear and honest communication about the road ahead, fed by continuous conversation between
stakeholders (especially train drivers), also helps building trust among end-users.

Communicating transparently and engaging end-users fully are not to be seen as tricks to be used
to achieve smooth migration. A culture of trust and pro-transparency mindset within and between
organisations are required. Involving Change Management expertise in migration programmes can
help to outline an acceptance supporting approach and to guide teams and managers to adopt
behaviour that is in line with this culture and mindset. Change management interventions alone will
not suffice to ensure such behaviour if it is not institutionalised in governance and management.

Reflections on Deployment Strategies and Roadmapping Framework

The implementation of HTD implies migrating from current signalling systems and various
baselines/benchmark systems. Therefore, the migration and deployment strategy must adapt to
different baselines (e.g., ATB, Class B, ETCS L1, greenfield) and market segments (high-
speed, mainline, urban, regional, freight, etc.).

Early and continuous engagement of diverse stakeholders, including infrastructure managers,
railway undertakings, suppliers, manufacturers, the ERA and the System Pilar  ensures
relevance, credibility and unbiased results.

The cost-benefit distribution of the HTD technology is uneven between Infrastructure Managers
(IMs) and Railway Undertakings (RUs). When benefits mainly favour the IMs, RUs often bear most
of the costs. A multi-criteria analysis can support a more balanced stakeholder alignment.

Given that the capacity simulations required for WP37 are being developed within FP1 WP8/9,
delays in the delivery of WP8/9 are considered a critical path risk that will
directly impact subsequent work packages and the overall project timeline. Therefore, effective
anticipatory planning and proactive schedule management are essential for mitigating (future)
projects interdependency risks.

The core methodology developed in WP37 is highly versatile and applicable to any other technology
or system. HTD may be an intermediate step, given the rapid evolution of technologies that may shift
priorities away from HTD, e.g., migration to moving block. In such cases, alternative solutions must
be clearly defined and contextualised based on their specific objectives and operational purposes.

Interoperability challenges arising from diverse national regulations and jurisdictional
incompatibilities pose a significant risk to cross-border implementation. To address this problem,
centralised coordination (e.g., the European Commission) and standardised documents are needed
to avoid regulatory cross-border barriers and ensuring systemic harmonisation across different
countries.
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4.2 SUMMARY OF GAPS AND RECOMMENDATIONS

Table 1 Strategic Capability & Alignment

nr Gap Recommendation
Institute a structured annual roadmap review
that integrates regulatory interpretation
1 Strategic plans were not consistently updates, operational feedback from test
updated as conditions shifted. corridors, and assessed system maturity,
ensuring the plan remains aligned with
evolving conditions.
While implementation progressed, Define capability targets in incremental
partners continued to rely on stages rather than fixed end-states to
2 assumptions set earlier, leading to accommodate changes in signalling
divergence between planned dependencies, operational readiness, and
automation levels and actual readiness. | technology development.
When revisions did not occur,
coordination slowed and corrective Use scenario-based migration assessments
3 work increased, revealing that static to evaluate alternative progression paths,
roadmaps are incompatible with the enabling timely adjustment when underlying
continuous evolution characterising assumptions shift.
DATO environments.
Table 2 Data-Informed Decision
nr Gap Recommendation
Validation practices differed across Maintain a single validated reference dataset
4 partners and datasets lacked consistent | for all integration and performance
traceability and version control. assessments.
Test comparisons were occasionally
drawn between fundamentally different : . . .
. " Restrict comparative testing to equivalent
5 operational con.dltlons—forlexample, operational contexts to prevent inaccurately
scheduled services versus inserted test | . :
. . . . inferred performance differences.
trains—leading to misleading
performance interpretations.
The digital map was not always current | Update the digital map and associated
6 and missing or outdated data elements | register on a continuous cycle, ensuring

directly influenced DATO responses,
complicating fault attribution.

alignment between trackside configuration,
TMS logic and ATO data inputs.
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nr Gap Recommendation
Critical interdependencies—especially | Develop a long-term, system-of-systems
those involving signalling transitions, DATO integration plan that covers signalling,
7A braking curves, operational procedures | onboard systems, operational rules, traffic
and supplier-specific behaviours—were | management and safety-case requirements
underestimated. across their full lifecycle.
Critical interdependencies—especially
those involving signalling transitions, Introduce early dependency-mapping and
7B braking curves, operational procedures | interface-control processes, ensuring that all
and supplier-specific behaviours—were | partners identify and review.
underestimated.
Several technical decisions were driven
by immediate constraints rather than Anchor all major technology decisions to a
long-term migration logic, leading to modular migration roadmap to avoid short-
incompatible interfaces, duplicated term optimisations that undermine long-term
effort and delays in achieving stable compatibility.
ATO-ETCS interaction.
Table 4 Organisational Learning & Performance Maturity
nr Gap Recommendation
The absgnce of a_ unified learning Establish mandatory learning reviews after
mechanism contributed to repeated . L . .
9A | deviations, loss of continuity during staff gvery mgjor test, dewgtlon, or mtegra_ntlon
. . - issue, with clearly assigned ownership and
transitions and delays in refining follow-up actions
operational and technical standards. '
The absence of a unified learning
mechanism contributed to repeated Require that lessons directly inform updates
9B deviations, loss of continuity during staff | to procedures, standards, operational logic
transitions and delays in refining and migration planning.
operational and technical standards.
Post-test insights wgre uneyenly , Integrate short, facilitated storytelling
10A dc?cumented, reflection routines v_arled exchanges after major tests to capture tacit
widely, and several lessons remained insights before they dissipate.
siloed within individual teams.
Post-test insights were unevenly Introduce structured knowledge-transfer
10B documented, reflection routines varied | mechanisms—such as cross-team briefings
widely, and several lessons remained and retrospectives—to reduce dependence
siloed within individual teams. on individual memory.
10c | Post-test insights were unevenly Create an interactive shared cross-partner

documented, reflection routines varied

lessons-learned repository with traceability,
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widely, and several lessons remained
siloed within individual teams.

accessibility and consistent documentation
requirements.

Post-test insights were unevenly
documented, reflection routines varied

Implement a learning-maturity metric to
monitor whether lessons are being captured,

10D . . : o .
widely, and several lessons remained interpreted and institutionalised across the
siloed within individual teams. DATO ecosystem.
Table 5 Integrated Change & Risk Governance
nr Gap Recommendation
Risk escalation and ownership did not Define clear escalation paths and decision
11 consistently align with change authorities to ensure accountability when
decisions. risks evolve across subsystems.
Some risks remained embedded in Conduct regular cross-partner governance
12 project layers, delaying visibility for reviews to verify that change and risk remain
operational stakeholders. integrated as the system matures.
While structured mechanisms existed,
engagement was uneven, and several
late adjustments required substantial Conduct regular cross-partner governance
13 rework due to absent early reviews to verify that change and risk remain
synchronisation between change integrated as the system matures.
proposals, safety implications, and
operational constraints.
ifi h —Risk B h
Work-package risk framing functioned Create a unified C ah.ge : N . oard t. ?t
: . evaluates every modification with explicit
14 effectively where applied yet was not L e
. assessment of risk impact and mitigation
universal across teams. .
ownership.
Table 6 Cross-Organisational Alignment
Gap Recommendation
Ali initiall
'|gnment wa's .|n|t|a y treated as a Maintain continuous alignment cycles with
15 milestone activity rather than a
. . \ scheduled cross-partner dependency checks.
persistent operational function.
Internal planning assumptions diverged Reqwrg transparent gxchange of plan§,
. constraints, and architectural assumptions to
16 between cycles, interface ) .
: : . prevent divergence from remaining
dependencies were identified too late .
undisclosed.
Interdependency maps across work Introduce alignment indicators to detect early
17 packages were incomplete or late, drift in timelines, interfaces, and operational

increasing the risk of cascading delays.

interpretations.
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Reliance on a small number of
individuals to translate expectations

Establish a multidisciplinary alignment team
spanning engineering, operations, safety, and

18A across organisations compounded IT to ensure unified interpretation of system
delays and diluted trust. dependencies.
Reliance on a small number of "
o . Incorporate human-centred transition
individuals to translate expectations . . .
18B D discussions early to support role clarity and
across organisations compounded . . ) .
. emotional readiness during system evolution
delays and diluted trust.
Reliance on a small number of D
individuals to translate expectations Implement a cross-organisational governance
18C P protocol with defined roles, escalation

across organisations compounded
delays and diluted trust.

pathways, and synchronisation routines.

Table 7 Collaboration, Trust and Shared Delivery

Trust degradation emerged when

Adopt structured trust-maintenance

19 |information was withheld, delayed, or protocols, such as joint retrospectives after
mediated through too few individuals. milestones.
Collaboration fluctuated with interpersonal | Develop dependency and responsibility
20A | dynamics instead of being supported by maps to clarify interrelations and reduce
structured trust-maintenance practices. resistance.
Collaboration fluctuated with interpersonal | Require early cross-functional engagement,
20B | dynamics instead of being supported by including periodic in-person alignment
structured trust-maintenance practices. sessions.
Partners lacked structured mechanisms to Develop depen_dency aqd responsibility
21A . . maps to clarify interrelations and reduce
rebuild trust after setbacks or failed tests. :
resistance.
21B Partners lacked structured mechanisms to Eiﬂ:ﬁlrr? eaglr);o(;ricgsii-jugrc:s’tgonn::ierr:g;gntiment,
rebuild trust after setbacks or failed tests. ding p P 9
sessions.
Table 8 Delivery Chain, Supplier Coordination & Co-Design
Gap Recommendation
Th - i
e top down requwemgnts were Require joint workshops to interpret
cascaded without sufficient shared . ,
. . requirements and ensure that operators, IM’s,
understanding, leading to several .
22A |, ) . | and suppliers share a common
interpretations of the "intended system". . . ,
. . . understanding of functions, assumptions and
Co-design procedures lacked uniformity .
constraints.
among work packages.
oop | cascaded without sufficient shared (minor, frequent releases) to identify

understanding, leading to several
interpretations of the "intended system".

divergence early, reduce rework and stabilise
interfaces.
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Co-design procedures lacked uniformity
among work packages.

Relationship-building practices were
uneven, leading to variable trust levels
and communication gaps across
supplier teams. The shared

Integrate suppliers into long-term migration
planning so technology choices align with

237 understanding of the long-term future architectural needs rather than short-
migration strategy (e.g., GoA4 term work package constraints.
evolution) was not always aligned
across actors.
Relationship-building practices were
uneven, leading to variable trust levels
and communication gaps across Create a formal supplier engagement
supplier teams. The shared playbook documenting co-design

23B ) . -
understanding of the long-term expectations, communication protocols, and
migration strategy (e.g., GoA4 integration responsibilities for future projects.
evolution) was not always aligned
across actors.

Table 9 Regulation & Policy
nr Gap Recommendation

Regulatory gngageme_znt @d not a!ways Establish regulators as permanent
precede design stabilisation, leading to . :
. . contributors in early workshops on

24 interpretation gaps once system . s .

. . : requirements definition and safety logic

behaviour, safety logic, and interface interoretation
assumptions had already been fixed. P '
Certification pathways remained largely
aligned with long-lifespan rail assets, Co-develop certification pathways that clarify

25A | despite the introduction of digital evidence expectations, acceptable
technologies requiring more frequent interpretations, and evaluation milestones.
updates.
C_ertlflcatl_on pathV\{ays remal_ned largely Conduct structured alignment sessions
aligned with long-lifespan rail assets, . : "

) . ) .. between EU, national and regional authorities
25B | despite the introduction of digital . e .
. . to harmonise certification expectations and
technologies requiring more frequent L .
reduce conflicting interpretations.
updates.
Table 10 Passenger & Public Trust
Nr Gap Recommendation
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Communication about the benefits of

Develop a dedicated communication plan for
passengers and the public, explaining safety

26 automation and safety principles was . : . .
. logic, benefits, and operational changes in
not embedded early in the programme. .
accessible terms.
Technical information was rarely Use demonstrations, visual explainers, and
27A | translated into non-expert language, open events to familiarise the public with
limiting public comprehension. ATO/GOA4 behaviour.
Technical information was rarely Ensure transparency through periodic public
27B | translated into non-expert language, updates, shared performance data, and
limiting public comprehension. visible evidence of safety assurance.
Mechanisms to monitor or respond to Track trust indicators (public sentiment,
28 public sentiment were limited, and feedback, concerns) and integrate them into
opportunities for demonstrations. migration decisions.
Table 11 Inter-governmental Alignment
Nr Gap Recommendation
EU, natpnal and r_eglone_al pphqes were Establish a structured EU-national-regional
not consistently aligned in timing, scope L .
29 . . coordination forum to align strategy,
or regulatory emphasis, creating N L ;
. . timelines, and migration expectations.
uncertainty for long-term planning.
Homologation processes differed Co-develop synchronllsed homologatlon
. . roadmaps to harmonise evidence
30 across borders, with varying . .
. : . requirements and reduce divergent
interpretations of requirements. . .
interpretations.
Cross-border interoperability Begin interoperability alignment early by
31 discussions began too late to holding joint workshops to clarify cross-
harmonise technical and operational border assumptions, safety logic and
assumptions meaningfully. interface expectations.
anqlpg windows anq Strate.glc. Align funding cycles with technical migration
priorities were sometimes misaligned, . .
32 0 phases to enable predictable investment and
contributing to delays and fragmented
: . staged deployment.
rollout trajectories.
Table 12 Community & Local Mobility Actors
Nr | Gap Recommendation
33a | Engagement with local authorities and Initiate structured engagement with local

mobility actors often began after

authorities at project inception, including
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technical planning, limiting flexibility to
adjust test scenarios.

workshops to identify depot, crossing and
test-field constraints.

Engagement with local authorities and
mobility actors often began after

Establish a continuous communication loop
with local actors (biweekly or monthly

338 technical planning, limiting flexibility to touchpoints) to maintain shared awareness
adjust test scenarios. and rapid issue escalation.
Municipal expectations regarding Establish a continuous communication loop
34 safety, disturbance and public with local actors (biweekly or monthly
perception were not consistently touchpoints) to maintain shared awareness
integrated into migration planning. and rapid issue escalation.
Operational constraints (crossings, Develop a Local Operational Constraints Map
35 depot rules, noise limits) were not that must be validated and updated with
consistently mapped early, leading to municipal partners before major design or
rework and rescheduling. test decisions.
Communication cycles with local actors | Co-design test feasibility plans with
35 | Were irregular, reducing shared municipalities to align safety expectations,
situational awareness and slowing public communication needs and operational
approval processes. restrictions.
Table 13 Cross-Sector Collaboration
nr Gap Recommendation
Create a Cross-Sector Innovation Council
Engagement across sectors was not : o
. . (CSIC): a standing body linking operators,
consistently organised through a .
37 ) . ) IMs, OEMs, academia, and technology
dedicated knowledge-integration . . .
networks to coordinate innovation agendas
programme. :
and share frontier developments.
Interfaces remained intermittent,
leaving suppliers, operators, and Formalise boundary-innovation workshops:
research actors to advance innovation conduct structured workshops to translate
38A | separately. This produced parallel work, | advances from adjacent sectors (autonomous
repeated analytical effort, and missed vehicles, aviation safety, telecom networks)
opportunities to align emerging into rail-specific use cases.
methods with operational deployment.
Interfaces remained intermittent,
leaving suppliers, operators,_ and . Adopt joint pilots with external actors: run
research actors to advance innovation small-scale co-development demonstrators
38B | separately. This produced parallel work, P

repeated analytical effort, and missed
opportunities to align emerging
methods with operational deployment.

with research institutes or tech companies to
test frontier solutions before full integration.
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Table 14 Systems Engineering & Integration

nr Gap Recommendation
Systems-integration skills were not
systematically retained in-house.
Englp.eerlng, testing, and integration Establish a formal Systems Integration Team
activities were frequently outsourced . .
: . (SIT): a dedicated cross-domain group
39 during peak phases and associated responsible for architecture coherence,
knowledge departed at contract . . , .
) . . interface definition, configuration control, and
completion. This loss occurred despite release governance.
the long operational horizon of ETCS
and ATO and the need for recurrent
digital updates.
Dependence on a small cadre of Adopt a DevOps-style continuous integration
40 experts created bottlenecks and model: introduce incremental sub-releases,
repeated upskilling cycles became enabling frequent, small-scale integration
necessary as external teams left. rather than medium-size “integration events.”
With Al-supported logic and software
updates occurring far faster than rail Use a unified system configuration baseline:
asset renewal, internal specialist maintain a single, source-controlled
41A : . . .
capacity proved insufficient to support architecture map (hardware, network,
continuous system recalibration and software) accessible to all partners.
integration oversight.
With Al-supported logic and software
updates occurring far faster than rail Institutionalise system-level visibility: require
41B asset renewal, internal specialist weekly cross-domain integration reviews to
capacity proved insufficient to support monitor impacts across signalling, onboard,
continuous system recalibration and network and testing environments.
integration oversight.
Table 15 Operational Readiness (Systems Knowledge)
nr Gap Recommendation
Operational preparation and data Co-design test plans with dispatchers and
42 quality sometimes did not keep pace field coordinators to match live network
with technical deployment. constraints.
Limited ability to reproduce identical
test runs and irregular digital-map Create a unified integration team covering
43 updates reduced reliability of test signalling, onboard systems, traffic
outcomes and complicated management, and testing coordination.
performance assessment.
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Continuous synchronisation of
operational data and traffic-aware test

Use simulation with full operational

44A | planning are required to prevent parameters, including dispatching rules and
degradation of ATO behaviour and to real traffic behaviour.
secure credible validation results.
Continuous synchronisation of
operational data and traffic-aware test Require interface documentation to state
44B | planning are required to prevent operational dependencies and procedural

degradation of ATO behaviour and to
secure credible validation results.

limits.

44C

Continuous synchronisation of
operational data and traffic-aware test
planning are required to prevent
degradation of ATO behaviour and to
secure credible validation results.

Hold regular operational-engineering
alignment reviews to ensure assumptions
remain consistent with day-to-day practice.

Table 16 Interpersonal, Negotiation & Soft Skills

nr

Gap

Recommendation

45

Soft-skill capabilities varied across
partners, creating vulnerabilities in
tasks that require cross-organisational
agreement.

Develop a structured negotiation protocol for
resolving cross-partner conflicts.

46A

Teams struggled to mediate conflicting
priorities, facilitate discussions under
pressure and distinguish relational
tension from technical disagreement.
Over-reliance on technical
argumentation, without corresponding
attention to expectations and trust,
limited collaboration.

Require facilitation methods (e.g., joint issue
framing, agreement mapping) for all
significant disagreements.

46B

Teams struggled to mediate conflicting
priorities, facilitate discussions under
pressure and distinguish relational
tension from technical disagreement.
Over-reliance on technical
argumentation, without corresponding
attention to expectations and trust,
limited collaboration.

Mandate interpersonal-skills training for task
leaders and WP leads.

46C

Teams struggled to mediate conflicting
priorities, facilitate discussions under
pressure and distinguish relational
tension from technical disagreement.

Focus on diplomacy, expectation
management, active listening and multi-
stakeholder facilitation.
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Over-reliance on technical
argumentation, without corresponding
attention to expectations and trust,
limited collaboration.

Progress often depended on a small
number of individuals with strong

Document negotiation outcomes with
traceable decision logs. This reduces

47A | interpersonal abilities, creating .
. repeated disagreements and ensures
bottlenecks and reducing programme o
. continuity even when personnel change.
resilience.
Progress often depended on a small
number of individuals with strong Require issue owners to verify whether the
47B | interpersonal abilities, creating dispute is technical or relational before
bottlenecks and reducing programme triggering formal escalation.
resilience.
Progress often depended on a small Introduce a formal “alignment session”
number of individuals with strong mechanism before critical milestones. These
47C | interpersonal abilities, creating sessions ensure partners articulate
bottlenecks and reducing programme assumptions, constraints and concerns
resilience. openly.
Table 17 Data, Software & Testing Competence
nr Gap Recommendation

Specialised skills in data configuration,
software behaviour analysis and

Establish a dedicated system-integration and
testing team. Similar to a DevOps model, this

48 validation are sometimes limited and group maintains configuration oversight,
concentrated in a small number of supervises test environments and ensures
individuals. continuity across releases.

The programme demonstrated a Adopt a strict small-increment release
structural need for dedicated specialists | strategy. Require that new features or
in GoA 4 configuration integrity across | components be introduced in isolated

49 simulation and field environments. increments to make failures identifiable and
Lacking this proficiency, processes manageable. Implement mandatory pre-
slowed and it was harder to identify the | validation of every component before system
source of problems. integration.

A defined specialist track, supported by
continuous training and clear role
50 allocation, is required to ensure Ensure redundancy for critical simulation and

sufficient capacity for future automated
testing and data-centric verification
task.

testing infrastructure.

FP2-WP33-D-NSR-022-05

Page 35 of 80

10/09/2026




Ra0aro

Contract No. HE - 101102001

=

=urope's

Table 18 Leadership & Training Capability

Gap

Recommendation

Leadership practices and training

51A | provisions were not consistent across Institutionalise psychological safety practices.
teams.
Leadership practices and training Reqwrg leaders to open meetings Wl.th
.. . uncertainty statements, encourage dissent
51B | provisions were not consistent across . . . .
and normalise the reporting of issues without
teams.
penalty.
Communication during plan
52A | adjustments was intermittent, and Embed structured reflective routines.
retrospectives were held irregularly.
Communication during plan Conduct mandatory retrospectives after every
52B | adjustments was intermittent, and major test, demonstration, or release,
retrospectives were held irregularly. documenting lessons and actions.
Communication during plan
52C | adjustments was intermittent, and Adopt transparent decision-making protocols.
retrospectives were held irregularly.
Communication during plan egin operator and entqlr]faer training during
. . . early requirements definition, rather than after
52D | adjustments was intermittent, and ,
. . system development, to reduce resistance
retrospectives were held irregularly. .
and support faster adoption.
Digital role competence development
fell behi ith technical
© t?e ind with technica p.rogress, Develop a forward-looking digital skills
53A | leaving operators and engineers
: - framework.
underprepared for data-driven decision-
making tasks.
Digital role competence development , .
. ) . Define future competencies for ATO/GoA4
fell behind with technical progress, . . . . ,
. . operations, including system integration, data
53B | leaving operators and engineers . . : . .
. - interpretation, testing logic, and automation
underprepared for data-driven decision- -
. supervision.
making tasks.
Begin operator and engineer training during
54A Training remained largely reactive with | early requirements definition, rather than after
no shared competency framework. system development, to reduce resistance
and support faster adoption.
Create a joint cross-organisational training
Training remained largely reactive with academy. IM-RU-OEM partners should co-
54B 9 gely develop simulation-based training to build

no shared competency framework.

common situational awareness and technical
fluency.
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Table 19 Driver & Operator Adaptation Skills

nr Gap Recommendation
Operators were at times engaged only
after major requirements and .
55 procedures had been set, limiting their Engage drivers and operators from the
. . outset.
influence on operational concepts and
reducing readiness.
Training occasionally began after . . _—
. . . , Include them (drivers) in use-case definition,
technical configurations were fixed, . . .
56 : . -, requirement reviews, and early testing to
narrowing preparation for supervision . :
. ensure operational realism.
and fallback functions.
Role definition was not always explicit,
57A | creating uncertainty about authority and | Implement clear role-framing protocols.
task boundaries.
Role definition was not always explicit, | Communicate explicitly how the operator’s
57B | creating uncertainty about authority and | role will evolve (e.g., supervision tasks,
task boundaries. fallback responsibilities).
Communication on unresolved system Create a human-centric adaptation roadmap.
58 questions was sporadic, encouraging Align technical milestones with workforce
informal interpretation. adaptation milestones to prevent bottlenecks.
Feedback channels existed informally Establish a_n ope_rator feedt?ack loop. Use.
. . ) structured interviews, test ride-along sessions
59 but were not consistently integrated into -
. and periodic workshops to surface concerns
design cycles.
early.
When the human implications of
automation were not addressed, Communicate uncertainties transparently.
60 resistance surfaced later in testing, Acknowledge what is not yet known to reduce
slowing acceptance and diminishing speculation and strengthen trust.
confidence in migration processes.
Table 20 Stakeholder involvement
Gap Recommendation
Engage stakeholders and decision-makers
Access restrictions related to early in the process. Implement a structured
61 credentials, intellectual property, and and transparent stakeholder engagement

siloed organisational processes hinder
open coordination.

process from the start of the project, including
mandatory early review checkpoints
synchronised with key lifecycle milestones.
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Some stakeholders are
overrepresented while others are
underrepresented, often based on

Create inclusive forums for continuous

62A . . collaboration where roadmaps, deliverables,
perceived early-stage relevance, which . . ,
. . and risks are jointly defined.
leads to biased or incomplete
requirements.
Some stakeholders are
overrepresented while others are Use structured decision-making methods
underrepresented, often based on . .
62B . . (e.g., MCA) to systematically integrate
perceived early-stage relevance, which L .
. . stakeholder priorities and reduce bias.
leads to biased or incomplete
requirements.
Formal co-design frameworks are - :
o . o Use structured decision-making methods
limited or insufficiently embedded, . .
63A S . (e.g., MCA) to systematically integrate
resulting in misaligned expectations L .
. . stakeholder priorities and reduce bias.
and integration challenges.
Formal co-design frameworks are
63B limited or insufficiently embedded, Promote open communication while
resulting in misaligned expectations managing confidentiality constraints.
and integration challenges.
I.:or.mal co.-desgr.] frameworks are Ensure documentation of stakeholder inputs
limited or insufficiently embedded, . . .
63C S . and decisions is accessible to strengthen
resulting in misaligned expectations o
. : trust and shared accountability.
and integration challenges.
The uneven or late engagement causes | Early and sustained alignment significantly
64 redesign, resistance in later phases, improves migration success by limiting
and inefficient migration planning. redesign and organisational resistance.
Table 21 Adoption of formal methods
Gap Recommendation
Despite clear advantages, formal
methods such as model-based systems
engineering adoption continues to face | Position formal methods adoption as a
65 cultural and organisational resistance, strategic priority starting at tendering and
partly due to the perception that formal | early design phases.
methods are overly complex or suitable
only for specialists.
The railway sector lacks harmonised
56 standards and interoperable tooling Develop harmonised, interoperable

across suppliers and operators,
complicating model exchange and
integration. Although other industries

toolchains supported by clear guidelines.
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widely apply formal methods, the
railway domain has not yet
institutionalised comparable practices.

Formal acceptance processes remain
underdeveloped, and change

Invest in change management programs that

67A . include role based training and internal FM
management, training, and safety champions to shift organisational culture
integration efforts are often insufficient. P 9 '
Formal acceptance processes remain Use demonstrators and pilot projects to
underdeveloped, and change . . . .
67B . provide tangible evidence of benefits and
management, training, and safety . .
. . , - build stakeholder confidence.
integration efforts are often insufficient.
Formal acceptance processes remain Collaborate with regulatory and safety bodies
underdeveloped, and change ) o
67C . to establish formal acceptance criteria and
management, training, and safety . . -
. . . - integrate FM into certification processes.
integration efforts are often insufficient.
. Emphasise modular design and interface
Formal acceptance processes remain e . : .
specifications aligned with FM principles to
underdeveloped, and change . . .
67D . support scalable, flexible migration
management, training, and safety . L
. . . - underpinned by trusted validation throughout
integration efforts are often insufficient. )
the lifecycle.
Table 22 Incremental Certification in Modular Development
Gap Recommendation
There 's no widely accepted Establish a structured modular certification
68 incremental or component level route that enables component level approvals
certification framework tailored to ATO . . P - PP
. . and staged integration validation.
systems developed iteratively.
Select and implement a technology stack
Without a consistent modular standardised across projects early in the
69A | certification pathway, integration risks initiative and pilot certification on smaller
build up toward the end of the project. representative subsystems to uncover issues
early.
Without a consistent modular Ease the certification of software and tools
69B | certification pathway, integration risks later in the process since they use the same
build up toward the end of the project. technology stack.
Select and implement a technology stack
The variety of tools and technologies standardised across projects early in the
70 complicates efficient certification even initiative and pilot certification on smaller

further.

representative subsystems to uncover issues
early.
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Late-stage monolithic certification,
unclear communication of certification

Collaborate closely with certification
authorities to evolve regulatory processes
that acknowledge iterative and modular

71 - . . o
limits, and uncoordinated approaches development practices, reducing time to
amplify these challenges. market and cost while ensuring safety and

compliance.
i e Clear documentation and shared
Late-stage monolithic certification, , — .
o e understanding of certification boundaries help
unclear communication of certification . .
72 L . stakeholders plan and execute migration
limits, and uncoordinated approaches . . L
. steps more effectively while minimising
amplify these challenges.
rework and delays.
Table 23 Change management
nr Gap Recommendation
. Invest in dedicated change management
In practice, change management efforts . : .

73 . . strategies that secure leadership buy-in and

are often insufficient or fragmented. . . .
provide tailored training across roles.
Leadership engagement is limited, role- | Enhance the change readiness in companies

74 specific training is lacking and by encouraging a culture of openness and
communication is unclear. collaboration.

75 Demonstrators to showcase the Leverage pilot projects and demonstrators to
benefits of new methods are scarce. demonstrate value and build confidence.
Additional barriers include stakeholder . —

. " . . Establish clear communication channels and
silos, political considerations, L.
76A | . cross-organisational forums to break down
intellectual property concerns and silos
regulatory complexity. ’
Additional barriers include stakeholder . .
. . : . Implement gradual integration phases that
silos, political considerations, . o
76B | . bridge legacy and new systems to mitigate
intellectual property concerns and .
. resistance.
regulatory complexity.
WIthO.Ut a.ddressmg these hu'man and Addressing both culture and technology is
organisational factors, technical , ) . .
77 . . . . essential for sustainable migration and
innovations risk poor adoption or
- deployment success.
underutilisation.
Table 24 Deliverable Dependencies
nr Gap Recommendation
78A | R2DATO needs to keep working Continue to enhance collaboration and

towards a harmonised methodology to

communication across work packages.
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model, track and sequence
dependencies between deliverables
across work packages.

R2DATO needs to keep working
towards a harmonised methodology to

Develop and implement a standardised,
project-wide methodology for mapping and

78B | model, track and sequence . .
. . sequencing inter-work package deliverables,
dependencies between deliverables .
right from the start.
across work packages.
Communication s somet|mes Establish centralised tools and
fragmented; ownership of - .
79A . : communication channels for real-time
dependencies is unclear, and potential .
. tracking of dependency status and changes.
delays can propagate unnoticed.
Communication is sometimes . .
. Assign clear responsibility owners for key
fragmented; ownership of ) .
79B . . dependencies to manage and coordinate
dependencies is unclear, and potential . .
. delivery proactively.
delays can propagate unnoticed.
Risks of duplicated work, overlooked
interdependencies, and misalignment Support iterative, parallel execution of
80.A : . .
between planned and actual delivery, independent or loosely coupled deliverables.
undermining deployment success.
Risks of duplicated work, overlooked Implement systematic monitoring to enable
80B interdependencies, and misalignment early risk detection and collaboratively define
' between planned and actual delivery, mitigation plans to prevent cascading
undermining deployment success. schedule impacts.
Risks of duplicated work, overlooked . L .
. . . By fostering disciplined coordination
interdependencies, and misalignment . . .
80.C . practices, R2DATO can reduce integration
between planned and actual delivery, . . .
. risks and ensure smooth migration execution.
undermining deployment success.
Table 25 Interfaces
nr Gap Recommendation
FP2-R2DATO and the broader
European railway domain currently lack | Develop and institutionalise a European
a harmonised, open interface reference that defines standardised, testable
81 . . : . . .
framework with clear ownership, interface contracts with explicit ownership,
version control, and change versioning and change management.
governance.
. _ . . Embed these interfaces as contractual
g2 | Disparate interface implementations requirements and certify compliance to build

and multiple protocol versions from

stakeholder trust.
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different suppliers create compatibility
issues

The absence of contractual clarity over
interface responsibilities and evolving

Promote open communication protocols and

83A - ) provide tools and guidelines for interface
specifications hampers coordinated s
. . . validation.
integration and delays delivery.
. Close collaboration among system
The absence of contractual clarity over | . . .
. N . integrators, suppliers, infrastructure
interface responsibilities and evolving . . .
83B s . managers and regulators is essential to align
specifications hampers coordinated .
. . . interface standards and enable seamless
integration and delays delivery. . ) .
multi-vendor migration and deployment.
Table 26 Standards and procedures
nr Gap Recommendation
Currently, no formal guidance or best
practices exist for managing
multilingual technical communication or | Engage early with cross-border stakeholders
for aligning disparate national and participate in EU-level regulatory
84A | regulations in safety-critical railway harmonisation efforts to promote consistent
projects. This absence leads to requirements interpretation and regulatory
inconsistent interpretations, integration | alignment.
obstacles, and extended project
timelines.
Currently, no formal guidance or best
practices exist for managing
multilingual technical communication or
for aligning disparate national Deploy domain-expert translators as needed
84B | regulations in safety-critical railway and establish bilingual documentation
projects. This absence leads to standards to ensure clarity.
inconsistent interpretations, integration
obstacles, and extended project
timelines.
Currently, no formal guidance or best
practices exist for managing
multilingual technical communication or
for allgplng _dlsparate n_a_tlonal_ Prioritise model-based, executable
84C | regulations in safety-critical railway

projects. This absence leads to
inconsistent interpretations, integration
obstacles, and extended project
timelines.

specifications to minimise ambiguity.
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Table 27 Testing Environments

Gap

Recommendation

The railway domain currently lacks

Develop interoperable, accessible shared
(ATO) test environments that incorporate

85 harmonised, cross-organisational digital e . . .
. realistic digital twins and simulation
test environments. .
interfaces.
This fragmentation leads to isolated
testing, inconsistent toolchains, and late | Promote cross-stakeholder collaboration on
86A . . . . .
discovery of incompatibilities, tool standardisation and testing procedures.
increasing project risk and costs.
Th|§ fragmentgtlon leads to .|solated Institutionalise shared testbeds as integral
testing, inconsistent toolchains, and late - L
86B . . N components of safe, efficient migration and
discovery of incompatibilities,
. . . . deployment.
increasing project risk and costs.
This fragmentation leads to isolated
testing, inconsistent toolchains, and late | Leverage demonstrators and pilot projects to
86C : . o . .
discovery of incompatibilities, validate approaches and build trust.
increasing project risk and costs.
Legacy constraints and intellectual Establish governance and data-sharing
87 property concerns further complicate agreements to ensure effective use of test
the establishment of shared platforms. environments.
Table 28 Interoperability
nr Gap Recommendation
No agreed baseline exists for modelling
languages or minimum interoperability
standards for tools within the railway Develop a baseline for modelling languages
88A | domain. This results in substantial and interoperability standards for tools used
differences in tools, software, and by all ATO stakeholders.
modelling approaches, complicating
collaboration and integration.
No agreed baseline exists for modelling
languages or minimum interoperability
standards for tools within the railway Establish an authoritative semantic data
88B | domain. This results in substantial model with standardised APIs and rigorous

differences in tools, software, and
modelling approaches, complicating
collaboration and integration.

version control.
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88C

No agreed baseline exists for modelling
languages or minimum interoperability
standards for tools within the railway
domain. This results in substantial
differences in tools, software, and
modelling approaches, complicating
collaboration and integration.

Promote early and continuous cross-
stakeholder collaboration to evolve and
maintain these standards, enabling robust
integration across organisations and ensuring
future-proof migration paths.
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4.3 BRIDGING GAPS

Which methods described in Chapter 3 can help mitigate the gaps identified in D33.1, and—where
possible—to what extent or in what way? Tables 29 and 30 show the gap-recommendation
combinations that can be addressed by multiple or just one of the studied methods: these gaps can
be bridged by the mentioned method(s).

In Table 31 to 34, the gap-recommendation combinations are shown from a different point of view.
Table 31 shows the recommendations that are specific to FP2-R2DATO, while Table 32 shows the
recommendations that are relevant to the System Pillar. The remainder of the recommendations are
to be addressed by human initiative. In Table 33 these are listed in combination with a suggested
method. Table 34 shows the recommendations to be addressed by human initiative where the gaps
cannot be bridged by any of the mentioned methods.

Table 29 Bridging gaps with multiple methods

nr | Gap Recommendation Use of method How/To what extent
Institute a structured
annual roadmap review 1) DevOps encourages &
f[hat mtegrgtes regulatory 1) DevOps “mindset” uses continuous planning
. interpretation updates, rather than quarterly or
Strategic plans were not ) 2) Deployment )
) operational feedback ) annual planning
1 |consistently updated as . Strategies and .
o . from test corridors, and ; 2) The roadmapping
conditions shifted. Roadmapping : 2,
assessed system framework is dynamic in
: . Framework
maturity, ensuring the terms of content and
plan remains aligned planning.
with evolving conditions.
While imolementation Define capability targets 1) Specification of
o ressz d. partners in incremental stages requirements to avoid
Eon?inued t(’) F;el on rather than fixed end- 1) Formal Methods diverging assumptions
assuMotions se¥ earlier states to accommodate | 2) Deployment 2) The method is based on
2 leadin pto divergence '’ | changes in signalling Strategies and stakeholders’ engagement at
betwegn Iannegd dependencies, Roadmapping all stages, which supports in
automaticfn levels and operational readiness, Framework convergence between
actual readiness and technology planning and actual
) development. readiness.
The digital map was not | Update the digital map
always current and and associated register 1) Supporting continuous
missing or outdated data |on a continuous cycle, 1) DevOps cycle
6 | elements directly ensuring alignment P 2) Interface specification

influenced DATO

between trackside

2) Formal Methods

(Architecture) and version

responses, complicating | configuration, TMS logic management
fault attribution. and ATO data inputs.
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Critical
interdependencies—
especially those involving
signalling transitions,

Develop a long-term,
system-of-systems
DATO integration plan
that covers signalling,

1) DevOps “mindset”
2) Architecture
4evolution

1) DevOps de-risks
integration by doing it
continuously instead of late in
the lifecycle

2) Architecture 4evolution
allows to select a SW
Architecture oriented for a
continuous cycle of software
updates, recycling, issues
management and continuous

; braking curves, onboard systems, 2; ll;c;rrroalnlllleer::]ods :)n%eiirj;[;osn among cooperative
operational procedures operational rules, traffic Stratep ieys and 3) Formél methods for
and supplier-specific management and safety- Roadrgapping system architecture
behaviou_rs—were case requi_remen_ts Framework specification and early testing
underestimated. across their full lifecycle. 4) The method integrates
multi-disciplinary systems
and topics into one coherent
framework and explores long-
88term integration in case of
new technological
developments.
Critical 1) System Architecture
interdependencies— definition
es eci:II those involvin Introduce early 1) Formal methods 2) Most of the sub-methods
i F;\allin ytransitions 9 dependency-mapping 2) Deployment within the main method
7 gnafiing ’ and interface-control ploy involve the Delphi approach
braking curves Strategies and phi app
B o erat?onal ro’cedures processes, ensuring that Roadng1a in at an early stage, which
aEd su Iierrjs ocific all partners identify and Framewngl)( 9 supports in strengthening
behaviSSrs—V\E)ere review. dependencies and in building
underestimated consensus and agreement
) among all partners.
1) Architecture 4evoution
deals with modular migration
with swift module
Several technical replacement, deployment,
decisions were driven by Anchor all maior and risk management, and
immediate constraints o 1) Architecture allows for planned software
technology decisions to .
rather than long-term . . 4evolution deployments that guarantee
. : : . a modular migration ; o
migration logic, leading to . 2) Deployment interoperability across
8 |. Lo roadmap to avoid short- ) X
incompatible interfaces, L Strategies and modules in the long-term.
. term optimisations that ; ;
duplicated effort and ; Roadmapping 2) The method helps in
. . undermine long-term : .
delays in achieving compatibilit Framework understanding what is
stable ATO-ETCS P Y already achieved to avoid
interaction. duplicated efforts and to steer
technological decisions
towards a term-defined
modular migration roadmap.
1) Architecture design with
. - clear interfaces.
ﬁgg?erge:; \;Var':"g]s'?ggg Maintain continuous ;; EZ;T:JX:;?OC!S 2) A roadmap is not a static
15 | activity rather than a alignment cycles with Strategies and output; it needs continuous

persistent operational
function.

scheduled cross-partner
dependency checks.

Roadmapping
Framework

alignment with various
stakeholders, especially as
the project or topic of interest
progresses.
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Internal planning
assumptions diverged
between cycles, interface
dependencies were
identified too late

Require transparent
exchange of plans,
constraints, and
architectural
assumptions to prevent
divergence from
remaining undisclosed.

1) DevOps
2) Formal Methods

1) The planning stage of
DevOps allows for a backlog
of clear plans, constraints,
and architectural
assumptions whose changes
are safely stored in a
repository. The repository is
also capable of tracking
changes as the project is
developed further, allowing
for the participants to look up
to a centralised source of
truth.

2) Architecture design with
clear interfaces and
requirements specification

22

The top-down
requirements were
cascaded without
sufficient shared
understanding, leading to
several interpretations of
the "intended system".
Co-design procedures
lacked uniformity among
work packages.

Require joint workshops
to interpret requirements
and ensure that
operators, IMs, and
suppliers share a
common understanding
of functions,
assumptions and
constraints.

1) DevOps
2) Formal Methods

1) DevOps allows for a
common source of truth with
a repository of documents
and code. The repository is
not constrained to a
document size or number
limit and every actor can
generate a discussion
surrounding their
interpretation of a document
before they act upon it. The
changes tracking built into
the repository might also
ensure that every actor
(operator, IM’s, suppliers) is
capable of coping with the
changes in the interpretation
of a requirement

2) Requirements
Engineering, Architecture
design

Leadership practices and

Institutionalise

1) DevOps “mindset”

1) DevOps culture is to
remove silos and makes
alignment a continuous
operational process.

51| training provisions were psychological safety 2) People Oriented 2) The Role of Leadership -
A | not consistent across . . ; .
teams practices. Change Management | Ethical Leadership, which
' builds trust and positive
relationships between
leaders and employees
1) DevOps culture is to
Require leaders to open ;?imr?r\r/;r?tllzsc?)rr:(tjinmugﬁis
Leadership practices and | meetings with s » ghm
- - . 1) DevOps “mindset operational process.
51 | training provisions were | uncertainty statements, . .
: : 2) People Oriented 2) The Role of Leadership -
B | not consistent across encourage dissent and

teams.

normalise the reporting

of issues without penalty.

Change Management

Ethical Leadership, which
builds trust and positive
relationships between
leaders and employees

FP2-WP33-D-NSR-022-05

Page 47 of 80

10/09/2026




Ra0aro

Contract No. HE - 101102001

=

=urope's

58

Communication on
unresolved system
questions was sporadic,
encouraging informal
interpretation.

Create a human-centric
adaptation roadmap.
Align technical
milestones with
workforce adaptation
milestones to prevent
bottlenecks.

1) Deployment
Strategies and
Roadmapping
Framework

2) People oriented
Change Management

1) The roadmapping
framework supports the
involvement of humans and
adaptation with technical
milestones.

2) Transparent
communication and early
engagement are promoted to
support smooth migration to
enhance acceptance and
readiness.

Access restrictions
related to credentials,

Engage stakeholders
and decision-makers
early in the process.
Implement a structured
and transparent

1) Deployment
Strategies and

1) The framework aims at
engaging stakeholders from
the beginning of the project,
and the resulting roadmap
highlights key milestones and

61 |r?tellectual p.roplerty, and | stakeholder engagement | Roadmapping review checkpoints, with a
siloed organisational process from the start of | Framework s
: ; : ) . highlight on what relates to
processes hinder open the project, including 2) People oriented the critical path
coordination. mandatory early review | Change Management path.
: 2) Early engagement of end-
checkpoints : )
. . users to improve quality as
synchronised with key )
! : well as trust and ownership.
lifecycle milestones.
Formal acceptance .
processes remain Invest in change
underdeveloped, and manggement programs | 1) Formal methods 1) Showcase benefits
67 that include role based (partly)
change management, . . . 2) Model for acceptance of
A - training and internal FM | 2) People Oriented X
training, and safety 4 . (technological) change
. ! champions to shift Change Management
integration efforts are .
) o organisational culture.
often insufficient.
1) Showcase benefits
Formal acceptance 2) The developed roadmap
. 1) Formal methods / -
processes remain Use demonstrators and (partly) aims at defining the gaps and
underdeveloped, and pilot projects to provide partly step-changes to reach
67 . . 2) Deployment .
change management, tangible evidence of ) demonstrators and pilot
B - ! . Strategies and .
training, and safety benefits and build ; projects that consequently
. ! ) Roadmapping .
integration efforts are stakeholder confidence. lead to the final deployment
. . Framework . .
often insufficient. of the investigated system or
technology.
Formal acceptance Collaborate with 1) Provide official models for
processes remain regulatory and safety 1) Formal Methods reference testing
67 underdeveloped, and bodies to establish 2) Deployment 2) Regulatory and safety
C change management, formal acceptance Strategies and bodies are defined as
training, and safety criteria and integrate FM | Roadmapping stakeholders in the definition
integration efforts are into certification Framework (Partly) of acceptance criteria and
often insufficient. processes. decision-making.
. 1) Provide official models for
. . Develop interoperable, .
The railway domain ; reference testing.
accessible shared (ATO) . .
currently lacks : 2) It requires consistent test
! test environments that 1) Formal Methods .
87 | harmonised, cross- environments, uses

organisational digital test
environments.

incorporate realistic
digital twins and
simulation interfaces.

2) DevOps

simulations and supports
formal methods inside
pipelines
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nr | Gap Recommendation Use of method How/To what extent
When revisions did not
occur, coordination Use scenario-based
slowed and corrective ; ; The method aims at
. migration assessments to - .
work increased, . Deployment providing scenario-based
. . evaluate alternative . X . .
revealing that static . Strategies and roadmapping and migration
3 progression paths, ; . : .
roadmaps are S ! Roadmapping strategies with dynamic
: . . enabling timely adjustment
incompatible with the . Framework modules related to content,
. . when underlying .
continuous evolution assumptions shift gaps, paths and time.
characterising DATO P ’
environments.
Validation practices DevOps pipelines support
differed across Maintain a single validated “single source of truth,”
partners and datasets | reference dataset for all automated checks, and
4 ; : X DevOps : )
lacked consistent integration and controlled configuration
traceability and performance assessments. updates — exactly what your
version control. data issues require.
Test comparisons
were occasionally
drawn between
fundamentally different | Restrict comparative
operational testing to equivalent
5 | conditions—for operational contexts to Formal Methods Requirement specification
example, scheduled prevent inaccurately
services versus inferred performance
inserted test trains— differences.
leading to misleading
performance
interpretations.
The absence of a
unified learning .
mechanism Establish mandatory The met'hod aims at
. X ) developing future/follow-up
contributed to learning reviews after every | Deployment .
- . - . actions that need to be
repeated deviations, major test, deviation, or Strategies and . .
9 L : o . : completed and to investigate
loss of continuity integration issue, with Roadmapping . o
. - . ; the various uncertainties that
during staff transitions | clearly assigned ownership | Framework ; : . .
. - ; might arise at each identified
and delays in refining and follow-up actions. .
. step-change or action.
operational and
technical standards.
Only partially solved because
documentation remains a
o personal contribution that
Post-test insights were
. must be done to ensure that
unevenly documented, | Integrate short, facilitated ;
. ; ) Deployment knowledge is transferred,
reflection routines storytelling exchanges after .
. : . : Strategies and regardless of the used tool.
10 | varied widely, and major tests to capture tacit ; )
o Roadmapping The method incorporates
several lessons insights before they ;
: . I S Framework best practices and lessons
remained siloed within | dissipate. :
L learned from previous
individual teams :
studies, to expand the
analysis on the basis of
existing insights.
While structured .
: . Conduct regular cross- Deployment The involved stakeholders
mechanisms existed, . .
partner governance Strategies and include governance
13 | engagement was ; . ; :
reviews to verify that Roadmapping reviewers and the roadmap
uneven, and several . . . . .
change and risk remain Framework is built dynamically to

late adjustments
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required substantial
rework due to absent
early synchronisation
between change
proposals, safety
implications, and
operational
constraints.

integrated as the system
matures.

accommodate changes as
the system evolves.

Reliance on a small
number of individuals

Establish a multidisciplinary

to translate a"g’.’me”.t team spanning Deployment Supports multi-disciplinary

18 expectations across engineering, operations, Strategies and decision-making and

A pectatic safety, and IT to ensure Roadmapping ) . 9
organisations O . interpretation

unified interpretation of Framework
compounded delays system dependencies
and diluted trust. y P )
Reliance on a small
number of individuals Incorporate human-centred

18 to translate transition discussions early | People oriented Early engagement of end-

B expectations across to support role clarity and Change users supports development
organisations emotional readiness during | Management of readiness to change.
compounded delays system evolution
and diluted trust.

The top-down

requirements were

caquded without . . The roadmap results from
sufficient shared Implement iterative the framework provide
understanding, leading | integration checkpoints Deployment iterative inte raFt)ion

22 | to several (minor, frequent releases) Strategies and milestones tg identif

B | interpretations of the to identify divergence early, | Roadmapping chanaes and reworkythe
"intended system". Co- | reduce rework and stabilise | Framework defingd step-chanaes and
design procedures interfaces. interfaces P 9
lacked uniformity '
among work
packages.

Relationship-building

practices were

uneven, leading to The framework involves all
variable trust levels Integrate suppliers into stakeholders, including

and communication long-term migration Deplovment suppliers, at all stages and at
gaps across supplier planning so technology ployr different time horizons (e.g.

23 ; . . Strategies and \

A teams. The shared choices align with future Roadmanpin short-term, medium-term and
understanding of the architectural needs rather Framewgrrl)( 9 long-term). This ensures that
long-term migration than short-term work choices remain aligned with
strategy (e.g., GoA4 package constraints. future needs as the project
evolution) was not evolves.
always aligned across
actors.

Regulatory

engagement did not

always precede

design stabilisation, Establish regulators as .

leading to permanent contributors in Deployment Involvement of various types
: . Strategies and of stakeholders at all stages

24 | interpretation gaps early workshops on ; ) )

. g Roadmapping including workshops and
once system requirements definition and Framework interpretation of results

behaviour, safety
logic, and interface
assumptions had
already been fixed.

safety logic interpretation.
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25

Certification pathways
remained largely
aligned with long-
lifespan rail assets,
despite the
introduction of digital
technologies requiring
more frequent
updates.

Co-develop certification
pathways that clarify
evidence expectations,
acceptable interpretations,
and evaluation milestones.

Formal methods

Use formal methods in
certification processes.

EU, national and
regional policies were

Establish a structured EU-

The framework is structured

not consistently . . Deployment = .
X N national—-regional . to join various stakeholders
aligned in timing, S . Strategies and . ,
29 coordination forum to align ; at different levels to align on
scope or regulatory o Roadmapping S
. . strategy, timelines, and strategy, timelines and
emphasis, creating . ) . Framework .
. migration expectations. expectations.
uncertainty for long-
term planning.
. . The framework can be
Homologation Co-develop synchronised .
! ) Deployment applied to any type of
processes differed homologation roadmaps to . .
. > : Strategies and roadmap with clear
30 | across borders, with harmonise evidence ; o o
oo . ; Roadmapping objectives and criteria to
varying interpretations | requirements and reduce . .
. X , . Framework converge interpretations and
of requirements. divergent interpretations.
consensus.
Funding windows and
strategic pr|_or|t|es Align _fundln_g cy_cles with Deployment Funding cycles can be
were sometimes technical migration phases . . )
M ! Strategies and adjusted to various step-
32 | misaligned, to enable predictable ;
e ; Roadmapping changes and stages of the
contributing to delays investment and staged
Framework deployment strategy.
and fragmented rollout | deployment.
trajectories.
Engagement with local | Initiate structured
authorities and engagement with local .
o o . Deployment The framework aims at
mobility actors often authorities at project . ; "
) X C : Strategies and engaging local authorities
33 | began after technical inception, including ;
lanning, limitin workshops to identif Roadmapping and stakeholders at all
b 9 9 P y Framework stages from the start to end.

flexibility to adjust test
scenarios.

depot, crossing and test-
field constraints.

35

Operational
constraints (crossings,
depot rules, noise
limits) were not
consistently mapped
early, leading to
rework and
rescheduling.

Develop a Local
Operational Constraints
Map that must be validated
and updated with municipal
partners before major
design or test decisions.

Formal Methods

Define operational
requirements

36

Communication cycles
with local actors were
irregular, reducing
shared situational
awareness and
slowing approval
processes.

Co-design test feasibility
plans with municipalities to
align safety expectations,
public communication
needs and operational
restrictions.

Deployment
Strategies and
Roadmapping
Framework

The framework includes
stakeholders at all levels and
aims at addressing multiple
criteria related to any field
such as safety, public needs
and operational concerns.
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Interfaces remained
intermittent, leaving
suppliers, operators,
and research actors to
advance innovation
separately. This
produced parallel
work, repeated
analytical effort, and
missed opportunities
to align emerging
methods with
operational
deployment.

38

Formalise boundary-
innovation workshops:
conduct structured
workshops to translate
advances from adjacent
sectors (autonomous
vehicles, aviation safety,
telecom networks) into rail-
specific use cases.

Formal methods

Architecture design

Dependence on a
small cadre of experts
created bottlenecks

Adopt a DevOps-style
continuous integration
model: introduce
incremental sub-releases,

DevOps culture emphasises
“continuous learning” via

40 | and repeated . DevOps retrospectives, blameless
. enabling frequent, small-
upskilling cycles . : culture and shared
scale integration rather
became necessary as b . knowledge
than medium-size
external teams left. . »
integration events.
Operatlo_nal Co-design test plans with DevOps methqdology
preparation and data : . support operations involved
: . . dispatchers and field ! :
42 | quality sometimes did : . DevOps early in test design, shared
. coordinators to match live . )
not keep pace with . responsibility and continuous
; network constraints.
technical deployment. feedback loops.
Limited ability to
reproduce identical . .
test runs and irregular | Create a unified integration The gap al!gns with DevOps
e . : : principles like cross-
digital-map updates team covering signalling, :
e , functional teams,
43 | reduced reliability of onboard systems, traffic DevOps ; K
. environment parity and
test outcomes and management, and testing - .
: o versioning of digital maps &
complicated coordination.
datasets.
performance
assessment.
Continuous
synchr.omsatlon of DevOps principles like cross-
operational data and . . . . .
! Use simulation with full functional teams, continuous
traffic-aware test . : :
. . operational parameters, integration, automated
44 | planning are required ; . . . DevOps T o
: including dispatching rules pipelines, monitoring, and
to prevent degradation . . .
. and real traffic behaviour. feedback loops will help
of ATO behaviour and . ; ;
. increasing the maturity.
to secure credible
validation results.
Specialised skills in Establish a dedicated
data configuration, system-integration and
software behaviour testing team. Similar to a
48 analysis and validation | DevOps model, this group DevOps The proposed action is a

are sometimes limited
and concentrated in a
small number of
individuals.

maintains configuration
oversight, supervises test
environments and ensures
continuity across releases.

DevOps practice in itself.

FP2-WP33-D-NSR-022-05

Page 52 of 80

10/09/2026




Ra0aro

Contract No. HE - 101102001

=

=urope's

49

The programme
demonstrated a
structural need for
dedicated specialists
in GoA 4 configuration
integrity across
simulation and field
environments. Lacking
this proficiency,
processes slowed and
it was harder to
identify the source of
problems.

Adopt a strict small-
increment release strategy.
Require that new features
or components be
introduced in isolated
increments to make failures
identifiable and
manageable. Implement
mandatory pre-validation of
every component before
system integration.

DevOps

How DevOps helps:

CI/CD pipelines ensure every
change is validated before
integration; Incremental
releases make root-cause
analysis far easier;
Environment parity (field—
sim—test) is a core DevOps
objective; Automated tests
catch conflicts before they
reach simulation or track.

50

A defined specialist
track, supported by
continuous training
and clear role
allocation, is required
to ensure sufficient
capacity for future
automated testing and
data-centric
verification task.

Ensure redundancy for
critical simulation and
testing infrastructure.

DevOps (partly)

DevOps defines clear roles
and works with infrastructure
redundancy as well.

52

Communication during
plan adjustments was
intermittent, and
retrospectives were
held irregularly.

Adopt transparent decision-
making protocols.

Deployment
Strategies and
Roadmapping
Framework

The framework provides a
structured approach for non-
biased decision-making.

Digital role
competence
development fell
behind with technical
progress, leaving
operators and
engineers
underprepared for
data-driven decision-
making tasks.

Develop a forward-looking
digital skills framework.

People oriented
Change
Management

One of four key determinants
of technology acceptance is
Facilitating Conditions: how
users perceive the
organisational and technical
infrastructure available to
support the use of the
technology (like resources,
knowledge and
compatibility).

Digital role
competence
development fell
behind with technical

Define future competencies
for ATO/GoA4 operations,
including system

People oriented

One of four key determinants
of technology acceptance is
‘Facilitating Conditions: how
users perceive the

53 | progress, leaving . h organisational and technical
B | operators and integration, data Change infrastructure available to
eg ineers interpretation, testing logic, | Management support the use of the

9 and automation bP .
underprepared for Iy technology (like resources,
data-driven decision- supervision. knowledge and

ai k t?lt )
making tasks. compatibility).
Operators were at
times engaged only
after major
requirements and Deployment The framework integrates
55 procedures had been Engage drivers and Strategies and any type of stakeholders
set, limiting their operators from the outset. Roadmapping including drivers and
influence on Framework operators at all stages.

operational concepts
and reducing
readiness.
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Training occasionally
began after technical
configurations were
fixed, narrowing
preparation for
supervision and
fallback functions.

Include them (drivers) in
use-case definition,
requirement reviews, and
early testing to ensure
operational realism.

People oriented
Change
Management

Early engagement of end-
users can support
acceptance of new
technology.

Role definition was not
always explicit,

Communicate explicitly
how the operator’s role will

People oriented

Readiness for change is
(among other factors)

57 4 . o influenced by how the
creating uncertainty evolve (e.g., supervision Change - .
B ; change is communicated,
about authority and tasks, fallback Management LT
) o timeliness and transparency
task boundaries. responsibilities).
are key.
Feedback channels Establish an operator DevOps uses shared
: ) feedback loop. Use
existed informally but ; : dashboards (e.g. Kanban,
. structured interviews, test
59 | were not consistently . : DevOps dependency maps) and
, ) . ride-along sessions and
integrated into design L promotes open
periodic workshops to .
cycles. communication cycles.
surface concerns early.
When the human
implications of
automation were not Communicate uncertainties Readiness for change is
addressed, resistance | transparently. People oriented (among other factors)
60 surfaced later in Acknowledge what is not ChaFr)1 o influenced by how the
testing, slowing yet known to reduce 9 change is communicated.

. Management o
acceptance and speculation and strengthen Transparent communication
diminishing confidence | trust. is vital for creating trust.
in migration
processes.

Some stakeholders
are overrepresented
while others are . . The framework aims at
Create inclusive forums for o s
underrepresented, . . Deployment building continuous
continuous collaboration . ;
62 | often based on Strategies and collaboration based on
) where roadmaps, ; . .
A | perceived early-stage . . Roadmapping roadmapping where risks
: deliverables, and risks are ; e
relevance, which leads | . . Framework and deliverables are jointly
. jointly defined. .
to biased or integrated.
incomplete
requirements.
Some stakeholders
are overrepresented
while others are Use structured decision- The framework is structurally
underrepresented, . Deployment based where the MCA is
making methods (e.g., . .
62 | often based on . Strategies and used as one of the main
. MCA) to systematically ; g .
B | perceived early-stage | . Roadmapping decision-making methods for
; integrate stakeholder : ;
relevance, which leads S . Framework addressing stakeholders
; priorities and reduce bias. S~ . L .
to biased or priorities with minimised bias.
incomplete
requirements.
Formal Co'des'g'? . - The framework is structurally
frameworks are limited | Use structured decision- .
. L . Deployment based where the MCA is
or insufficiently making methods (e.g., . :
63 Lo . Strategies and used as one of the main
embedded, resulting in | MCA) to systematically ; g )
A . . Roadmapping decision-making methods for
misaligned integrate stakeholder . )
Framework addressing stakeholders

expectations and
integration challenges.

priorities and reduce bias.

priorities with minimised bias.
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Formal co-design
frameworks are limited
or insufficiently
embedded, resulting in
misaligned
expectations and
integration challenges.

Ensure documentation of
stakeholder inputs and
decisions is accessible to
strengthen trust and shared
accountability.

Formal Methods

Architecture designs as
same basis

64

The uneven or late
engagement causes
redesign, resistance in
later phases, and
inefficient migration
planning.

Early and sustained
alignment significantly
improves migration
success by limiting
redesign and
organisational resistance.

DevOps

DevOps supports: Early
supplier involvement,
Iterative design and release
cycles, Co-development &
shared interface testing

65

Despite clear
advantages, formal
methods such as
model-based systems
engineering adoption
continues to face
cultural and
organisational
resistance, partly due
to the perception that
formal methods are
overly complex or
suitable only for
specialists.

Position formal methods
adoption as a strategic
priority starting at tendering
and early design phases.

Formal Methods

Clear requirements
management for deliveries

66

The railway sector
lacks harmonised
standards and
interoperable tooling
across suppliers and
operators,
complicating model
exchange and
integration. Although
other industries widely
apply formal methods,
the railway domain
has not yet
institutionalised
comparable practices.

Develop harmonised,
interoperable toolchains
supported by clear
guidelines.

Formal methods

Define clear standards.
Develop algorithms to
“translate” from one tool to
the other. Long-term:
compromise on common
tooling, provide official
reference models along with
standards that allow to test
conformity

Formal acceptance
processes remain
underdeveloped, and
change management,

Emphasise modular design
and interface specifications
aligned with FM principles

to support scalable, flexible

Formal methods

Showcasing benefits is part

D - ST : of Formal Methods.

training, and safety migration underpinned by

integration efforts are | trusted validation

often insufficient. throughout the lifecycle.

There is no widely

accepted incremental Establish a structured

or component level modular certification route Provide official models for
68 | certification framework | that enables component Formal Methods

tailored to ATO
systems developed
iteratively.

level approvals and staged
integration validation.

reference testing
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Late-stage monolithic
certification, unclear
communication of

Collaborate closely with
certification authorities to
evolve regulatory
processes that
acknowledge iterative and

Provide official models for

71 | certification limits, and Formal Methods reference testing; different
. modular development .
uncoordinated i ducing time t models for different stages
approaches amplify practices, reducing time to
these challenges market and cost while
ges. ensuring safety and
compliance.
Late-stage monolithic Clear documentation and
>-sStag shared understanding of
certification, unclear PO . Formal methods can be used
o certification boundaries '
communication of helo stakeholders plan and to define subsystems that
72 | certification limits, and P nolders p Formal Methods can also be tested and
: execute migration steps o : .
uncoordinated > ! certified with the defined
. more effectively while )
approaches amplify R interfaces.
these challenges minimising rework and
' delays.
The Role of Leadership:
Leaders who actively
promote change and remove
In practice. change Invest in dedicated change barriers facilitate employees’
mapna emént effgrts management strategies People oriented adoption of automation and
73 are of?en insufficient or that secure leadership buy- | Change digital tools. Leadership
fragmented in and provide tailored Management styles that have proven to be
9 ’ training across roles. effective in boosting
readiness for change: Ethical
Leadership and
Transformational Leadership.
The Role of Leadership:
Leaders who actively
Leadershi promote change and remove
enga emepnt is limited Enhance the change barriers facilitate employees’
rolg—sg acific trainin is’ readiness in companies by | People oriented adoption of automation and
74 Iackinp and 9 encouraging a culture of Change digital tools. Leadership
comm%nication is openness and Management styles that have proven to be
unclear collaboration. effective in boosting
' readiness for change: Ethical
Leadership and
Transformational Leadership.
Additional barriers The framework can support
include stakeholder Implement gradual . oo PP
. o . ) Deployment in building a roadmap with
silos, political integration phases that . )
76 . . . Strategies and gradual phases to bridge any
considerations, bridge legacy and new ; ; )
B Roadmapping gaps, including the ones

intellectual property
concerns and
regulatory complexity.

systems to mitigate
resistance.

Framework (Partly)

related to legacy and new
systems.
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77

Without addressing
human and
organisational factors,
technical innovations
risk poor adoption or
underutilisation.

Addressing both culture
and technology is essential
for sustainable migration
and deployment success.

People oriented
Change
Management

From UTAUT follows that
technology must be both
user-friendly and perceived
as improving job
performance as well as being
supported by other
colleagues (social influence)
Also a positive perception of
the availability of
organisational and technical
infrastructure to support the
use of the technology, plays
a part.

The concept of IRTC sheds
light on how readiness for
technological change is
shaped through close
working relationships,
employees often develop
shared attitudes that shape
their collective readiness.

Communication is
sometimes
fragmented;
ownership of
dependencies is
unclear, and potential
delays can propagate
unnoticed.

Establish centralised tools
and communication
channels for real-time
tracking of dependency
status and changes.

Formal Methods

Architecture design to make
dependencies and their
ownership explicit

Communication is
sometimes
fragmented;
ownership of
dependencies is
unclear, and potential
delays can propagate
unnoticed.

Assign clear responsibility
owners for key
dependencies to manage
and coordinate delivery
proactively.

Architecture
4evolution

Prescribes clear
responsibilities

FP2-R2DATO and the
broader European
railway domain
currently lack a

Develop and institutionalise
a European reference that
defines standardised,

Provide official models for

81 | harmonised, open testable interface contracts | Formal Methods :

: . L . reference testing

interface framework with explicit ownership,

with clear ownership, versioning and change

version control, and management.

change governance.

Disparate interface

implementations and Embed these interfaces as

multiple protocol contractual requirements Provide official models for
82 . . ) : Formal Methods .

versions from different | and certify compliance to reference testing

suppliers create build stakeholder trust.

compatibility issues

The absence of

. Promote open

contractual clarity over S . . .

; communication protocols Requirements Engineering
83 | interface : X I

o and provide tools and Formal Methods and interface definitions

A | responsibilities and

evolving specifications
hampers coordinated

guidelines for interface
validation.

(architecture design)
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integration and delays
delivery.

The absence of
contractual clarity over
interface

83 | responsibilities and

B | evolving specifications
hampers coordinated
integration and delays
delivery.

Close collaboration among
system integrators,
suppliers, infrastructure
managers and regulators is
essential to align interface
standards and enable
seamless multi-vendor
migration and deployment.

Formal Methods

Requirements Engineering
and interface definitions
(architecture design) and
multidisciplinary teams.

Currently, no formal
guidance or best
practices exist for
managing multilingual
technical
communication or for
aligning disparate
national regulations in
safety-critical railway
projects. This absence
leads to inconsistent
interpretations,
integration obstacles,
and extended project
timelines.

Engage early with cross-
border stakeholders and
participate in EU-level
regulatory harmonisation
efforts to promote
consistent requirements
interpretation and
regulatory alignment.

Formal Methods

Provide official models for
reference testing

Currently, no formal
guidance or best
practices exist for
managing multilingual
technical
communication or for
aligning disparate
national regulations in
safety-critical railway
projects. This absence
leads to inconsistent
interpretations,
integration obstacles,
and extended project
timelines.

Deploy domain-expert
translators as needed and
establish bilingual
documentation standards
to ensure clarity.

Formal Methods

Provide official models for
reference testing

Currently, no formal
guidance or best
practices exist for
managing multilingual
technical
communication or for
aligning disparate
national regulations in
safety-critical railway
projects. This absence
leads to inconsistent
interpretations,
integration obstacles,
and extended project
timelines.

Prioritise model-based,
executable specifications to
minimise ambiguity.

Formal Methods

Provide official models for
reference testing
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This fragmentation
leads to isolated
testing, inconsistent Promote cross-stakeholder Like, implementation of

86 | toolchains, and late collaboration on tool DevOps princioles Continuous Integration,

A | discovery of standardisation and testing PSP P shared pipelines, automated
incompatibilities, procedures. regression testing
increasing project risk
and costs.

No agreed baseline

exists for modelling

languages or minimum

interoperability

standards for tools Develop a baseline for

within the railway modelling languages and .

8: domain. This results in | interoperability standards Formal Methods ES;?? tl:)/lgthods can provide
substantial differences | for tools used by all ATO '
in tools, software, and | stakeholders.
modelling approaches,
complicating
collaboration and
integration.

No agreed baseline

exists for modelling

languages or minimum

interoperability

\?Jsr?iﬁf: :gi:vt/c;ms Establish an authoritative

88 ; . y o semantic data model with Provide official models for
domain. This results in : Formal Methods .

B o standardised APIs and reference testing
substantial differences | . .

X rigorous version control.

in tools, software, and

modelling approaches,

complicating

collaboration and

integration.

No agreed baseline

exists for modelling

languages or minimum | Promote early and

interoperability continuous cross- The method aims at

standards for tools stakeholder collaboration to enhancing collaboration
o . Lo Deployment .

within the railway evolve and maintain these . among various types of

88 ; . : . Strategies and
domain. This results in | standards, enabling robust ; stakeholders to enable

C o ; ) Roadmapping L oo
substantial differences | integration across E robust and efficient migration
; o . ramework . )
in tools, software, and | organisations and ensuring strategies across multiple
modelling approaches, | future-proof migration organisations.
complicating paths.
collaboration and
integration.

Table 31 R2DATO/Project-specific

nr | Gap Recommendation Use of method How/To what extent
_Crltlcal _ Develop a long-term, 1) DevOps “mindset” 1) DeyOp_s de—r_lsks lntegratlon
interdependencies— system-of-systems 2) Architecture by doing it continuously instead

7 | especially those DATO integration plan ectu of late in the lifecycle
) . . . : ; 4evolution ; :

A | involving signalling that covers signalling, 2) Architecture4evolution

" . 3) Formal Methods ;
transitions, braking onboard systems, 4) Deployment Strategies allows for a continuous cycle of
curves, operational operational rules, traffic ploy 9 software updates, recycling,
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procedures and
supplier-specific
behaviours—were
underestimated.

management and
safety-case
requirements across
their full lifecycle.

and Roadmapping
Framework

issues management and
continuous operation among
cooperative modules.

3) Formal methods for system
architecture specification and
early testing

4) The method integrates multi-
disciplinary systems and topics
into one coherent framework
and explores long-88term
integration in case of new
technological developments.

Post-test insights were
unevenly documented,
reflection routines
varied widely, and
several lessons
remained siloed within
individual teams

Implement a learning-
maturity metric to
monitor whether
lessons are being
captured, interpreted
and institutionalised
across the DATO
ecosystem.

Technical information
was rarely translated
into non-expert
language, limiting public
comprehension.

Use demonstrations,
visual explainers, and
open events to
familiarise the public
with ATO/GOA4
behaviour.

Interfaces remained
intermittent, leaving
suppliers, operators,
and research actors to
advance innovation

38 | separately. This

B | produced parallel work,
repeated analytical
effort, and missed
opportunities to align
emerging methods with
operational deployment.

Adopt joint pilots with
external actors: run
small-scale co-
development
demonstrators with
research institutes or
tech companies to test
frontier solutions before
full integration.

Teams struggled to
mediate conflicting
priorities, facilitate
discussions under
pressure and
distinguish relational
46 |tension from technical
B | disagreement. Over-
reliance on technical
argumentation, without
corresponding attention
to expectations and
trust, limited
collaboration.

Mandate interpersonal-
skills training for task
leaders and WP leads.

Communication during
plan adjustments was
intermittent, and
retrospectives were

held irregularly.

Conduct mandatory
retrospectives after
every major test,
demonstration, or
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release, documenting
lessons and actions.

Digital role competence
development fell behind
with technical progress,
leaving operators and
engineers
underprepared for data-
driven decision-making
tasks.

Define future
competencies for
ATO/GoA4 operations,
including system
integration, data
interpretation, testing
logic, and automation
supervision.

People oriented Change
Management

Unified Theory of Acceptance
and Use of Technology
(UTAUT):

One of four key determinants of
technology acceptance is
Facilitating Conditions: how
users perceive the
organisational and technical
infrastructure available to
support the use of the
technology (like resources,
knowledge and compatibility).

Formal acceptance
processes remain
underdeveloped, and
change management,

Use demonstrators and
pilot projects to provide
tangible evidence of

1) Formal methods

(partly)
2) Deployment Strategies

1) showcase benefits

2) The developed roadmap
aims at defining the gaps and
step-changes to reach
demonstrators and pilot

A . benefits and build ) .
training, and safety and Roadmapping projects that consequently lead
. ! stakeholder )
integration efforts are ) Framework to the final deployment of the
. L confidence. . .
often insufficient. investigated system or
technology.
Without a consistent Ease the certification of
69 modular certification software and tools later
B pathway, integration in the process since
risks build up toward they use the same
the end of the project. technology stack.
Demonstrators to Leverage pilot projects
showcase the benefits | and demonstrators to
75
of new methods are demonstrate value and
scarce. build confidence.
Additional barriers
include stakeholder Implement gradual The framework can support in
76 silos, political integration phases that | Deployment Strategies building a roadmap with
B considerations, bridge legacy and new | and Roadmapping gradual phases to bridge any
intellectual property systems to mitigate Framework gaps, including the ones related
concerns and regulatory | resistance. to legacy and new systems.
complexity.
R2DATO needs to keep | Keep developing and
working towards a implementing a
harmonised standardised, project-
78 | methodology to model, |wide methodology for
B |track and sequence mapping and
dependencies between | sequencing inter-work
deliverables across package deliverables,
work packages. right from the start.
Risks of duplicated Implement systematic
work, overlooked monitoring to enable
interdependencies, and | early risk detection and
80| .7 . ) )
B misalignment between | collaboratively define

planned and actual
delivery, undermining
deployment success.

mitigation plans to
prevent cascading
schedule impacts.
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Risks of duplicated
work, overlooked
interdependencies, and
misalignment between
planned and actual
delivery, undermining
deployment success.

By fostering disciplined
coordination practices,
R2DATO can reduce
integration risks and
ensure smooth
migration execution.

85

The railway domain
currently lacks
harmonised, cross-
organisational digital
test environments.

Develop interoperable,
accessible shared
(ATO) test
environments that
incorporate realistic
digital twins and
simulation interfaces.

1) Formal Methods
2) DevOps

1) Provide official models for
reference testing.

2) It requires consistent test
environments, uses simulations
and supports formal methods
inside pipelines

This fragmentation
leads to isolated testing,
inconsistent toolchains,
and late discovery of

Leverage
demonstrators and pilot
projects to validate

C incompatibilities, approaches and build
increasing project risk | trust.
and costs.
No agreed baseline
exists for modelling
languages or minimum
interoperability Develop a baseline for
standards for tools delling |
within the railway modetiing languages .
88 . : ; and interoperability Formal methods can provide
domain. This results in Formal Methods
A o standards for tools such a tool.
substantial differences
) used by all ATO
in tools, software, and
. stakeholders.
modelling approaches,
complicating
collaboration and
integration.
Table 32 System Pillar Relevant
nr | Gap Recommendation Use of method How/To what extent
Certification pathways
remained largely Co-develop certification
aligned with long- pathways that clarify
25 | lifespan rail assets, evidence expectations, Use formal methods in
: : . Formal methods P
A | despite the introduction |acceptable certification processes.
of digital technologies interpretations, and
requiring more frequent | evaluation milestones.
updates.
Certification pathways C_onduct structgred
: alignment sessions
remained largely .
. . between EU, national
aligned with long- ; o
. . and regional authorities
25 | lifespan rail assets, to harmonise
B | despite the introduction

of digital technologies
requiring more frequent
updates.

certification
expectations and
reduce conflicting

interpretations.
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30

Homologation
processes differed
across borders, with
varying interpretations
of requirements.

Co-develop
synchronised
homologation
roadmaps to harmonise
evidence requirements
and reduce divergent
interpretations.

Deployment Strategies
and Roadmapping
Framework

The framework can be
applied to any type of
roadmap with clear
objectives and criteria
to converge
interpretations and
consensus.

Cross-border
interoperability
discussions began too
late to harmonise

Begin interoperability
alignment early by
holding joint workshops

31 ; to clarify cross-border
technical and .
- assumptions, safety
operational . .
. logic and interface
assumptions .
. expectations.
meaningfully.
Systems-integration
skills were not
systematically retained
in-house. Engineering, |Establish a formal
testing, and integration | Systems Integration
activities were Team (SIT): a
frequently outsourced dedicated cross-domain
during peak phases and | group responsible for
39 g ;
associated knowledge | architecture coherence,
departed at contract interface definition,
completion. This loss configuration control,
occurred despite the and release
long operational horizon | governance.
of ETCS and ATO and
the need for recurrent
digital updates.
With Al-supported logic
and software updates Use a unified system
occurring far faster than | configuration baseline:
rail asset renewal, maintain a single,
41 |internal specialist source-controlled
A | capacity proved architecture map
insufficient to support (hardware, network,
continuous system software) accessible to
recalibration and all partners.
integration oversight.
The railway sector lacks
harmonised standards ,
. Define clear standards.
and interoperable X
. . Develop algorithms to
tooling across suppliers « late” f I
and operators _ translate” from one too
T ’ Develop harmonised, to the other. Long-term:
complicating model interoperable toolchains compromise on
66 | exchange and P Formal methods P

integration. Although
other industries widely
apply formal methods,
the railway domain has
not yet institutionalised
comparable practices.

supported by clear
guidelines.

common tooling,
provide official
reference models along
with standards that
allow to test conformity
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Formal acceptance
processes remain
underdeveloped, and
change management,
training, and safety
integration efforts are
often insufficient.

Emphasise modular
design and interface
specifications aligned
with FM principles to
support scalable,
flexible migration
underpinned by trusted
validation throughout
the lifecycle.

Formal methods

Showcase benefits

68

There is no widely
accepted incremental or
component level
certification framework
tailored to ATO systems
developed iteratively.

Establish a structured
modular certification
route that enables
component level
approvals and staged
integration validation.

Formal Methods

Provide official models
for reference testing

69

Without a consistent
modular certification
pathway, integration
risks build up toward
the end of the project.

Select and implement a
technology stack
standardised across
projects early in the
initiative and pilot
certification on smaller
representative
subsystems to uncover
issues early.

70

The variety of tools and
technologies
complicates efficient
certification even
further.

Select and implement a
technology stack
standardised across
projects early in the
initiative and pilot
certification on smaller
representative
subsystems to uncover
issues early.

Late-stage monolithic
certification, unclear
communication of

Collaborate closely with
certification authorities
to evolve regulatory
processes that
acknowledge iterative

Provide official models
for reference testing;

71 | certification limits, and Formal Methods .
. and modular different models for
uncoordinated . .
. development practices, different stages
approaches amplify L
reducing time to market
these challenges. : .
and cost while ensuring
safety and compliance.
Clear documentation
Latg—_stage monolithic and shared_ Formal Methods can be
certification, unclear understanding of !
o s , used to define
communication of certification boundaries subsvstems that can
72 | certification limits, and | help stakeholders plan | Formal Methods y
. ; . also be tested and
uncoordinated and execute migration e .

. . certified with the
approaches amplify steps more effectively defined interfaces
these challenges. while minimising rework ’

and delays.
FP2-R2DATO and the |Develop and
broader European institutionalise a
81 railway domain European reference Formal Methods Provide official models

currently lack a
harmonised, open
interface framework

that defines
standardised, testable
interface contracts with

for reference testing
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with clear ownership,
version control, and
change governance.

explicit ownership,
versioning and change
management.

82

Disparate interface
implementations and
multiple protocol
versions from different
suppliers create
compatibility issues

Embed these interfaces
as contractual
requirements and
certify compliance to
build stakeholder trust.

Formal Methods

Provide official models
for reference testing

Table 33 Human initiatives supported by methods

nr

Gap

Recommendation

Use of method

How/To what extent

When revisions did not
occur, coordination
slowed and corrective

Use scenario-based
migration assessments

The method aims at

work increased, to evaluate alternative Deployment providing scenario-based
3 revealing that static progression paths, Strategies and roadmapping and migration
roadmaps are enabling timely Roadmapping strategies with dynamic
incompatible with the adjustment when Framework modules related to content,
continuous evolution underlying assumptions gaps, paths and time.
characterising DATO shift.
environments.
Validation practices Ma.mtam a single P_evOps pipelines supeort
. validated reference single source of truth,
differed across partners
dataset for all automated checks, and
4 | and datasets lacked ) . DevOps : .
X o integration and controlled configuration
consistent traceability
. performance updates — exactly what
and version control. . .
assessments. your data issues require.

Test comparisons were
occasionally drawn
between fundamentally
different operational
conditions—for
example, scheduled
services versus inserted
test trains—leading to
misleading performance
interpretations.

Restrict comparative
testing to equivalent
operational contexts to
prevent inaccurately
inferred performance
differences.

Formal Methods

Requirement specification

Critical
interdependencies—
especially those
involving signalling
transitions, braking
curves, operational
procedures and
supplier-specific
behaviours—were
underestimated.

Introduce early
dependency-mapping
and interface-control
processes, ensuring
that all partners identify
and review.

1) Formal methods
2) Deployment
Strategies and
Roadmapping
Framework

1) System Architecture
definition

2) Most of the sub-methods
within the main method
involve the Delphi approach
at an early stage, which
supports in strengthening
dependencies and in
building consensus and
agreement among all
partners.
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The absence of a
unified learning
mechanism contributed

Establish mandatory
learning reviews after

The method aims at
developing future/follow-up

” . Deployment actions that need to be
to repeated deviations, | every major test, : . .
9 T . o : ; Strategies and completed and to investigate
loss of continuity during | deviation, or integration ; . o
A o ) . Roadmapping the various uncertainties
staff transitions and issue, with clearly . .
. .. . . Framework that might arise at each
delays in refining assigned ownership and . e
: . identified step-change or
operational and follow-up actions. .
. action.
technical standards.
Only partially solved
because documentation
remains a personal
Post-test insights were | Integrate short, contribution that must be
i . done to ensure that
unevenly documented, | facilitated storytelling Deployment )
. X . ; . knowledge is transferred,
10 | reflection routines varied | exchanges after major | Strategies and
. . ; regardless of the used tool.
A | widely, and several tests to capture tacit Roadmapping )
. . e The method incorporates
lessons remained siloed | insights before they Framework ;
e S best practices and lessons
within individual teams | dissipate. .
learned from previous
studies, to expand the
analysis on the basis of
existing insights.
While structured
mechanisms existed,
engagement was
uneven, and several late | Conduct regular cross- The involved stakeholders
adjustments required partner governance Deployment include governance
substantial rework due | reviews to verify that Strategies and reviewers and the roadmap
13 . . ; . : :
to absent early change and risk remain | Roadmapping is built dynamically to
synchronisation integrated as the Framework accommodate changes as

between change
proposals, safety
implications, and
operational constraints.

system matures.

the system evolves.

Alignment was initially
treated as a milestone
15 | activity rather than a
persistent operational
function.

Maintain continuous
alignment cycles with
scheduled cross-partner
dependency checks.

1) Formal Methods
2) Deployment
Strategies and
Roadmapping
Framework

1) Architecture design with
clear interfaces

2) A roadmap is not a static
output; it needs continuous
alignment with various
stakeholders, especially as
the project or topic of
interest progresses.

Internal planning
assumptions diverged
16 | between cycles,
interface dependencies
were identified too late

Require transparent
exchange of plans,
constraints, and
architectural
assumptions to prevent
divergence from
remaining undisclosed.

1) DevOps
2) Formal Methods

1) The planning stage of
DevOps allows for a backlog
of clear plans, constraints,
and architectural
assumptions whose
changes are safely stored in
a repository. The repository
is also capable of tracking
changes as the project is
developed further, allowing
for the participants to look
up to a centralised source of
truth.

2) Architecture design with
clear interfaces and
requirements specification
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Reliance on a small
number of individuals to
translate expectations
across organisations
compounded delays and
diluted trust.

Establish a
multidisciplinary
alignment team
spanning engineering,
operations, safety, and
IT to ensure unified
interpretation of system
dependencies.

Deployment
Strategies and
Roadmapping
Framework

Partially due to the need of
human initiative first
Supports multi-disciplinary
decision-making and
interpretation

Reliance on a small
number of individuals to
translate expectations
across organisations
compounded delays and
diluted trust.

Incorporate human-
centred transition
discussions early to
support role clarity and
emotional readiness
during system evolution

People oriented
Change Management

Early engagement of end-
users supports development
of 'readiness to change'.

22

The top-down
requirements were
cascaded without
sufficient shared
understanding, leading
to several
interpretations of the
"intended system". Co-
design procedures
lacked uniformity among
work packages.

Require joint workshops
to interpret
requirements and
ensure that operators,
IMs, and suppliers
share a common
understanding of
functions, assumptions
and constraints.

1) DevOps
2) Formal Methods

1) DevOps allows for a
common source of truth with
a repository of documents
and code. The repository is
not constrained to a
document size or number
limit and every actor can
generate a discussion
surrounding their
interpretation of a document
before they act upon it. The
changes tracking built into
the repository might also
ensure that every actor
(operator, IM’s, suppliers) is
capable of coping with the
changes in the interpretation
of a requirement

2) Requirements
Engineering, Architecture
design

The top-down
requirements were
cascaded without
sufficient shared

Implement iterative
integration checkpoints

The roadmap results from
the framework provide

understanding, leading | (minor, frequent Deployr_nent iterative integration
; . Strategies and : . .

22 |to several releases) to identify Roadmanpin milestones to identify
interpretations of the divergence early, Framewgr?( 9 changes and rework the
"intended system". Co- |reduce rework and defined step-changes and
design procedures stabilise interfaces. interfaces.
lacked uniformity among
work packages.

Relationship-building

practices were uneven,

leading to variable trust | liers i The framework involves all

levels and ntegrate suppliers into stakeholders, including

o long-term migration . ’

communication gaps : suppliers, at all stages and

across supplier teams planning so technology | Deployment at different time horizons
23| The shared " | choices align with future | Strategies and (e.g. short-term, medium-

. architectural needs Roadmapping -9- ’ .
understanding of the term and long-term). This
rather than short-term Framework

long-term migration
strategy (e.g., GoA4
evolution) was not
always aligned across
actors.

work package
constraints.

ensures that choices remain
aligned with future needs as
the project evolves.
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Regulatory engagement
did not always precede
design stabilisation,

Establish regulators as

leading to interoretation permanent contributors | Deployment Involvement of various types
24 | gaps c?nce s st?am in early workshops on Strategies and of stakeholders at all stages
geﬁaviour s)z:\fet logic requirements definition | Roadmapping including workshops and
and interfa;ce ¥109iC. 1 and safety logic Framework interpretation of results
: interpretation.
assumptions had
already been fixed.
Funding windows and Alian funding cvcles
strategic priorities were "9 Ing cy . Deployment Funding cycles can be
? . with technical migration : . )
32 sometimes misaligned, phases to enable Strategies and adjusted to various step-
contributing to delays . . Roadmapping changes and stages of the
predictable investment
and fragmented rollout d d debl Framework deployment strategy.
trajectories. and staged deployment.
. Initiate structured
Engagement with local engagement with local
authorities and mobility au?hogrities at proiect Deployment The framework aims at
33 actors often began after incention incIEdiJn Strategies and engaging local authorities
technical planning, workpsho ’s o iden?if Roadmapping and stakeholders at all
limiting flexibility to P y Framework stages from the start to end.

adjust test scenarios.

depot, crossing and
test-field constraints.

35

Operational constraints
(crossings, depot rules,
noise limits) were not
consistently mapped
early, leading to rework
and rescheduling.

Develop a Local
Operational Constraints
Map that must be
validated and updated
with municipal partners
before major design or
test decisions.

Formal Methods

Define operational
requirements

36

Communication cycles
with local actors were
irregular, reducing
shared situational
awareness and slowing
approval processes.

Co-design test
feasibility plans with
municipalities to align
safety expectations,
public communication
needs and operational
restrictions.

Deployment
Strategies and
Roadmapping
Framework

The framework includes
stakeholders at all levels
and aims at addressing
multiple criteria related to
any field such as safety,
public needs and
operational concerns.

Interfaces remained
intermittent, leaving
suppliers, operators,
and research actors to
advance innovation
separately. This
produced parallel work,
repeated analytical
effort, and missed
opportunities to align
emerging methods with
operational deployment.

Formalise boundary-
innovation workshops:
conduct structured
workshops to translate
advances from adjacent
sectors (autonomous
vehicles, aviation
safety, telecom
networks) into rail-
specific use cases.

Formal methods

Architecture design

40

Dependence on a small
cadre of experts created
bottlenecks and
repeated upskilling
cycles became

Adopt a DevOps-style
continuous integration
model: introduce
incremental sub-
releases, enabling
frequent, small-scale

DevOps

DevOps culture emphasises
“continuous learning” via
retrospectives, blameless
culture and shared

necessary as external integration rather than knowledge
teams left. medium-size
“integration events.”
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Operational preparation
and data quality

Co-design test plans
with dispatchers and

DevOps methodology
support operations involved

42 | sometimes did not keep | field coordinators to DevOps early in test design, shared
pace with technical match live network responsibility and
deployment. constraints. continuous feedback loops.

Establish a dedicated
Specialised skills in data system-integration and
; i testing team. Similar to
configuration, software a DevOps model. this
behaviour analysis and pS Mode, .
A group maintains The proposed action already

48 | validation are fi . . DevOps . o .

sometimes limited and con |ggrat|on oversight, is a DevOps practice
. supervises test
concentrated in a small environments and
number of individuals. L
ensures continuity
across releases.
Communication during Deplovment

52 plan adjustments was Adopt transparent Sttheyies and The framework provides a

C intermittent, and decision-making Roadrﬁa in structured approach for non-
retrospectives were held | protocols. Framewgr[ID( 9 biased decision-making.
irregularly.

Operators were at times
engaged only after
major requirements and Enaage drivers and Deployment The framework integrates
55 procedures had been 9ag Strategies and any type of stakeholders
A : operators from the ; . ! ;
set, limiting their outset Roadmapping including drivers and
influence on operational ' Framework operators at all stages.

concepts and reducing
readiness.

56

Training occasionally
began after technical
configurations were
fixed, narrowing
preparation for
supervision and fallback
functions.

Include them (drivers) in
use-case definition,
requirement reviews,
and early testing to
ensure operational
realism.

People oriented
Change Management

Early engagement of end-
users improves quality and
help develop acceptance
trust and ownership.

Role definition was not
always explicit, creating
uncertainty about
authority and task
boundaries.

Communicate explicitly
how the operator’s role
will evolve (e.g.,
supervision tasks,
fallback
responsibilities).

People oriented
Change Management

Readiness for change is
(among other factors)
influenced by how the
change is communicated.

58

Communication on
unresolved system
questions was sporadic,
encouraging informal
interpretation.

Create a human-centric
adaptation roadmap.
Align technical
milestones with
workforce adaptation
milestones to prevent
bottlenecks.

1) Deployment
Strategies and
Roadmapping
Framework

2) People oriented
Change Management

1) The roadmapping
framework supports the
involvement of humans and
adaptation with technical
milestones.

2) Transparent
communication and early
engagement

59

Feedback channels
existed informally but
were not consistently
integrated into design
cycles.

Establish an operator
feedback loop. Use
structured interviews,
test ride-along sessions
and periodic workshops
to surface concerns
early.

DevOps

DevOps uses shared
dashboards (e.g. Kanban,
dependency maps) and
promotes open
communication cycles.
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When the human c :

Lo ommunicate . ;
implications of uncertainties Readiness for change is
automation were not transparentl (among other factors)

60 addressed, resistance Ackngwle d ></a.what is People oriented influenced by how the
surfaced later in testing, not vet knogvn to reduce Change Management | change is communicated.
slowing acceptance and S eZuIation and Transparent communication
diminishing confidence sfren then trust is vital for creating trust.
in migration processes. 9 '

Engage stakeholders .
. 1) The framework aims at
and decision-makers g
) engaging stakeholders from
early in the process. 2 .
the beginning of the project,
- Implement a structured .
Access restrictions and transparent 1) Deployment and the resulting roadmap
related to credentials, stakehold?ar Strategies and highlights key milestones

61 intellectual property, and enaagement process Roadmapping and review checkpoints, with
siloed organisational fro?n ?he startpof the Framework a highlight on what relates to
processes hinder open . : . 2) People oriented the critical path.

oo project, including )
coordination. . Change Management | 2) Early engagement of end
mandatory early review . . .
. users improving quality as
checkpoints ;
. . well as trust, ownership and
synchronised with key
. : acceptance.
lifecycle milestones.
Some stakeholders are
overrepresented while . The framework is
Use structured decision-
others are . structurally based where the
making methods (e.g., | Deployment .
underrepresented, often . ) MCA is used as one of the

62 ; MCA) to systematically | Strategies and ! g .
based on perceived : ; main decision-making

B integrate stakeholder Roadmapping ;
early-stage relevance, 2 methods for addressing

. . priorities and reduce Framework o .
which leads to biased or bias stakeholders’ priorities with
incomplete ' minimised bias.
requirements.

Formal co-design - The framework is
. Use structured decision-
frameworks are limited . structurally based where the

. - making methods (e.g., | Deployment )
or insufficiently . . MCA is used as one of the

63 Lo MCA) to systematically | Strategies and ! g .
embedded, resulting in | . ; main decision-making

Al . integrate stakeholder Roadmapping .
misaligned expectations Y methods for addressing

. ; priorities and reduce Framework . .
and integration bias stakeholders’ priorities with
challenges. ' minimised bias.

Formal co-design Ensure documentation
frameworks are limited )
or insufficiently of stakehqlder.mputs . .

63 . and decisions is Architecture designs as
embedded, resulting in . Formal Methods :

C misaligned expectations accessible to strengthen same basis

. ; trust and shared
and integration "
challenges. accountability.

The uneven or late Early and sustained
engagement causes alignment significantly DevOps supports: Early
rec?es% n. resistance in improves migration supplier involvement,

64 later %aises and success by limiting DevOps Iterative design and release
ineffisient mi’ ration redesign and cycles, Co-development &

lannin 9 organisational shared interface testing
P 9 resistance.
Formal acceptance Invest in change
Ern%c;izse?/selgane]zmand management programs | 1) Formal methods 1) Showcase benefits

67 chanae mang e,ment that include role based | (partly) 2) Models for acceptance of

A trainig and sgafet ' training and internal FM | 2) People Oriented change show that social
inte ragt’ion efforts gre champions to shift Change Management | factors play a large part.
ofte% insufficient organisational culture.
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Formal acceptance
processes remain
underdeveloped, and
change management,
training, and safety
integration efforts are
often insufficient.

Collaborate with
regulatory and safety
bodies to establish
formal acceptance
criteria and integrate
FM into certification
processes.

1) Formal Methods
2) Deployment
Strategies and
Roadmapping
Framework (Partly)

1) Provide official models for
reference testing

2) Regulatory and safety
bodies are defined as
stakeholders in the definition
of acceptance criteria and
decision-making.

73

In practice, change
management efforts are
often insufficient or
fragmented.

Invest in dedicated
change management
strategies that secure
leadership buy-in and
provide tailored training
across roles.

People oriented
Change Management

Leadership plays a part in
trust and acceptance.

74

Leadership engagement
is limited, role-specific
training is lacking and
communication is

Enhance the change
readiness in companies
by encouraging a
culture of openness and

People oriented
Change Management

Leadership plays a part in
trust and acceptance.

77

unclear. collaboration.
Social influence and
perception of organisational
and technical infrastructure
available to support the use
Without addressing of the technology play a part

these human and
organisational factors,
technical innovations
risk poor adoption or
underutilisation.

Addressing both culture
and technology is
essential for sustainable
migration and
deployment success.

People oriented
Change Management

in successful deployment.
The concept of IRTC sheds
light on how readiness for
technological change is
shaped through close
working relationships,
employees often develop
shared attitudes that shape
their collective readiness

Communication is
sometimes fragmented,;
ownership of
dependencies is
unclear, and potential
delays can propagate
unnoticed.

Assign clear
responsibility owners for
key dependencies to
manage and coordinate
delivery proactively.

Architecture
4evolution

Prescribes clear
responsibilities

The absence of
contractual clarity over
interface responsibilities
and evolving
specifications hampers
coordinated integration
and delays delivery.

Close collaboration
among system
integrators, suppliers,
infrastructure managers
and regulators is
essential to align
interface standards and
enable seamless multi-
vendor migration and
deployment.

Formal Methods

Requirements Engineering
and interface definitions
(architecture design) and
multidisciplinary teams.
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Currently, no formal
guidance or best
practices exist for
managing multilingual
technical
communication or for
aligning disparate
national regulations in
safety-critical railway
projects. This absence
leads to inconsistent
interpretations,
integration obstacles,
and extended project
timelines.

Engage early with
cross-border
stakeholders and
participate in EU-level
regulatory
harmonisation efforts to
promote consistent
requirements
interpretation and
regulatory alignment.

Formal Methods

Provide official models for
reference testing

Currently, no formal
guidance or best
practices exist for
managing multilingual
technical
communication or for
aligning disparate
national regulations in
safety-critical railway
projects. This absence
leads to inconsistent
interpretations,
integration obstacles,
and extended project
timelines.

Deploy domain-expert
translators as needed
and establish bilingual
documentation
standards to ensure
clarity.

Formal Methods

Provide official models for
reference testing

Currently, no formal
guidance or best
practices exist for
managing multilingual
technical
communication or for
aligning disparate
national regulations in
safety-critical railway
projects. This absence
leads to inconsistent
interpretations,
integration obstacles,
and extended project
timelines.

Prioritise model-based,
executable
specifications to
minimise ambiguity.

Formal Methods

Provide official models for
reference testing

This fragmentation
leads to isolated testing,
inconsistent toolchains,
and late discovery of
incompatibilities,
increasing project risk
and costs.

Promote cross-
stakeholder
collaboration on tool
standardisation and
testing procedures.

DevOps principles

Like, implementation of
Continuous Integration,
shared pipelines, automated
regression testing
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within the railwa collaboration to evolve | Deployment among various types of
88 . : y o and maintain these Strategies and 9 yp
domain. This results in ) . stakeholders to enable
C L standards, enabling Roadmapping -
substantial differences . . robust and efficient
robust integration Framework

No agreed baseline
exists for modelling
languages or minimum
interoperability
standards for tools

Promote early and
continuous cross-
stakeholder

in tools, software, and

. across organisations
modelling approaches,

and ensuring future-

The method aims at
enhancing collaboration

migration strategies across
multiple organisations.

complicatin . -
coIIa%oratio?\ and proof migration paths.
integration.
Table 34 Pure human initiative
nr | Gap Recommendation

9B

The absence of a unified learning mechanism
contributed to repeated deviations, loss of continuity
during staff transitions and delays in refining
operational and technical standards.

Require that lessons directly inform updates to
procedures, standards, operational logic and
migration planning.

Post-test insights were unevenly documented,
reflection routines varied widely, and several lessons
remained siloed within individual teams

Introduce structured knowledge-transfer
mechanisms—such as cross-team briefings and
retrospectives—to reduce dependence on

108 individual memory.
. Create an interactive shared cross-partner
Post-test insights were unevenly documented, . . .
; d . : lessons-learned repository with traceability,
10C | reflection routines varied widely, and several lessons e . .
! . e accessibility and consistent documentation
remained siloed within individual teams ;
requirements.
Risk escalation and ownership did not consistently Deflne' c;lear escalation paths aqq de0|3|on_
11 . . L authorities to ensure accountability when risks
align with change decisions.
evolve across subsystems.
Some risks remained embedded in project layers, Copduct regu[ar cross-partner governance.
12 . L : reviews to verify that change and risk remain
delaying visibility for operational stakeholders. .
integrated as the system matures.
Create a unified Change—Risk Board that
14 Work-package risk framing functioned effectively evaluates every modification with explicit
where applied yet was not universal across teams. assessment of risk impact and mitigation
ownership.
Interdependency maps across work packages were Introduce alignment indicators to detect early
17 |incomplete or late, increasing the risk of cascading drift in timelines, interfaces, and operational

delays.

interpretations.
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19

Trust degradation emerged when information was
withheld, delayed, or mediated through too few
individuals.

Adopt structured trust-maintenance protocols,
such as joint retrospectives after milestones.

Reliance on a small number of individuals to translate
expectations across organisations compounded
delays and diluted trust.

Implement a cross-organisational governance
protocol with defined roles, escalation
pathways, and synchronisation routines.

Collaboration fluctuated with interpersonal dynamics
instead of being supported by structured trust-

Develop dependency and responsibility maps to

A maintenance practices clarify interrelations and reduce resistance.
20 Collaboration fluctuated with interpersonal dynamics Require earlv cross-functional engagement
B instead of being supported by structured trust- . Iq . y cros i 9ag :
maintenance practices. including periodic in-person alignment sessions.
21 | Partners lacked structured mechanisms to rebuild Develop dependency and responsibility maps to
A | trust after setbacks or failed tests. clarify interrelations and reduce resistance.
21 | Partners lacked structured mechanisms to rebuild Require early cross-functional engagement,
B |trust after setbacks or failed tests. including periodic in-person alignment sessions.
Relatl_onsh|p-bU|Id|ng practices were uneven, leading Create a formal supplier engagement playbook
to variable trust levels and communication gaps ) X .
23 : ) documenting co-design expectations,
across supplier teams. The shared understanding of I : .
B the long-term migration strategy (.g., GoA4 communication protocols, and integration
'9 9 €gy (€., responsibilities for future projects.
evolution) was not always aligned across actors.
Communication about the benefits of automation and Daegfé?,p :rszi'g?;id cuobrlr;cr:nlér;lclztiﬁg pI:lar};?r
26 | safety principles was not embedded early in the F ; bg fi d P .’ Ip h g salely
rogramme ogic, bene its, and operational changes in
P ' accessible terms.
27 | Technical information was rarely translated into non- Enj:trsstrzEZE:dren:%otPr:g:]%Z %zrtlgd;cnguvti)lsli%le
B |expert language, limiting public comprehension. P ' P ’
evidence of safety assurance.
. . . . Track trust indicators (public sentiment,
Mechanisms to monitor or respond to public sentiment : .
28 - I ; feedback, concerns) and integrate them into
were limited, and opportunities for demonstrations. ) . g
migration decisions.
Engagement with local authorities and mobility actors Establish a cqntmuous communication qup with
) , L o local actors (biweekly or monthly touchpoints) to
33 | often began after technical planning, limiting flexibility o L
to adjust test scenarios malntalp shared awareness and rapid issue
' escalation.
Municipal expectations regarding safety, disturbance Establish a cqntmuous communication qup with
; . . . local actors (biweekly or monthly touchpoints) to
34 | and public perception were not consistently integrated intain shared d idi
into migration planning mamtam shared awareness and rapid issue
' escalation.
With Al-supported logic and software updates Institutionalise system-level visibility: require
occurring far faster than rail asset renewal, internal ystem . y-Teq
41 o . X . weekly cross-domain integration reviews to
specialist capacity proved insufficient to support L7 ! X
B monitor impacts across signalling, onboard,

continuous system recalibration and integration
oversight.

network and testing environments.
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Continuous synchronisation of operational data and
traffic-aware test planning are required to prevent
degradation of ATO behaviour and to secure credible
validation results.

Require interface documentation to state
operational dependencies and procedural limits.

Continuous synchronisation of operational data and
traffic-aware test planning are required to prevent

Hold regular operational-engineering alignment
reviews to ensure assumptions remain

C | degradation of ATO behaviour and to secure credible ; . .
S consistent with day-to-day practice.
validation results.
Soﬂ-sk|lllge_1pat_)|llt|es varied across partners, creating Develop a structured negotiation protocol for
45 | vulnerabilities in tasks that require cross- ; .
o resolving cross-partner conflicts.
organisational agreement.
Teams struggled to mediate conflicting priorities,
facilitate discussions under pressure and distinguish . I o
) ; ! : Require facilitation methods (e.g., joint issue
46 |relational tension from technical disagreement. Over- : : N
. . ; . framing, agreement mapping) for all significant
A |reliance on technical argumentation, without .
. . . disagreements.
corresponding attention to expectations and trust,
limited collaboration.
Teams struggled to mediate conflicting priorities,
facilitate discussions under pressure and distinguish
46 |relational tension from technical disagreement. Over- | Focus on diplomacy, expectation management,
C |reliance on technical argumentation, without active listening and multi-stakeholder facilitation.
corresponding attention to expectations and trust,
limited collaboration.
Document negotiation outcomes with traceable
Progress often depended on a small number of L )
47 |. o= ; ; - . decision logs. This reduces repeated
individuals with strong interpersonal abilities, creating . .
A . > disagreements and ensures continuity even
bottlenecks and reducing programme resilience.
when personnel change.
Progress often depended on a small number of Require issue owners to verify whether the
B individuals with strong interpersonal abilities, creating | dispute is technical or relational before
bottlenecks and reducing programme resilience. triggering formal escalation.
Introduce a formal “alignment session”
Progress often depended on a small number of . S .
47 |. .= ; : - . mechanism before critical milestones. These
individuals with strong interpersonal abilities, creating : .
C . - sessions ensure partners articulate
bottlenecks and reducing programme resilience. : .
assumptions, constraints and concerns openly.
52 _Comm-unlcatlon during pIar) adjustments was Embed structured reflective routines.
A | intermittent, and retrospectives were held irregularly.
Begin operator and engineer training during
52 | Communication during plan adjustments was early requirements definition, rather than after
B |intermittent, and retrospectives were held irregularly. | system development, to reduce resistance and

support faster adoption.
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54

Training remained largely reactive with no shared
competency framework.

Begin operator and engineer training during
early requirements definition, rather than after
system development, to reduce resistance and
support faster adoption.

Role definition was not always explicit, creating
uncertainty about authority and task boundaries.

Implement clear role-framing protocols.

Formal co-design frameworks are limited or
insufficiently embedded, resulting in misaligned

Promote open communication while managing

B expectations and integration challenges. confidentiality constraints.
76 Addlt_lonal _barrlgrs include stakeholder silos, political Establish clear communication channels and
considerations, intellectual property concerns and g .
A . cross-organisational forums to break down silos.
regulatory complexity.
R2DATO needs to keep working towards a
78 | harmonised methodology to model, track and Continue to enhance collaboration and
A | sequence dependencies between deliverables across | communication across work packages.
work packages.
Risks of duplicated work, overlooked
80 |interdependencies, and misalignment between Support iterative, parallel execution of
A | planned and actual delivery, undermining deployment |independent or loosely coupled deliverables.

SuUcCCess.
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Based on the results from the analysis in this chapter, the outcomes show that there is no single
method that can address the full complexity of DATO migration. Instead, a combined approach,
integrating technical methodologies with strong human-centred governance, is essential for
achieving scalable and cross-border deployment of future train operations. As illustrated in Figure 5,
the Deployment Strategies and Roadmapping Framework is an overarching layer that can address
the DATO migration challenges. It supports the determination of where and when the other models
and methods can be applied. The integration with other methods directly supports policy, regulation,
and behavioural adaptation. The framework supports conducting structured alignment sessions
between EU, national and regional authorities to harmonise certification expectations and reduce
conflicting interpretations, as well as co-developing synchronised homologation roadmaps to
harmonise evidence requirements and reduce divergent interpretations. While each method in
Figure 5 addresses a specific domain, the Deployment Strategies and Roadmapping Framework
coordinates their application, aligns stakeholders, manages uncertainty and structures long-term
migration pathways for DATO.

grategies and Roadmap,.

al, Tactical, Opefatio,, ra,
af

e .
Q\O\’\“ exs a1egiC
9@

DevOps
«» Continuous delivery
+ Automation
« Rapid iteration

DATO Migration

People-Oriented Challenges
Change Management + Interoperability Architecturedevolution
+ Acceptance « Certification » Modularity
+ Readiness « Human readiness « Evolvability
+ Behavioural + Legacyintegration + Long-term flexibility

adaptation + Cross-border

alignment !
4
Formal Methods /

+ Precision

« Verification
+ Harmenisation
+ Modular certification

Figure 5 Overarching Deployment Strategies and Roadmapping Framework that integrates
DevOps, Architecturedevolution, Formal Methods and People-Oriented Change Management
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5 CONCLUSIONS

In this deliverable, an aggregation and further consolidation of the gaps and recommendations from
D33.1 has been made. The main objective is to find supporting methods in bridging these gaps and
endorsing the recommendations.

Several recommendations (17 in total) are supported by more than one method, for example
“‘Develop a long-term, system-of-systems DATO integration plan that covers signalling, onboard
systems, operational rules, traffic management and safety-case requirements across their full
lifecycle” that is supported by four of the discussed methods.

Other recommendations (62 in total) were supported by only one method. For example, using
scenario-based migration assessments to evaluate alternative progression paths is supported by the
Deployment Strategies and Roadmapping Framework. Other (20) recommendations supported
solely by this method collectively call for an adaptive and collaborative migration approach that
continuously tests assumptions, captures learning early, aligns diverse stakeholders, harmonises
regulatory and funding timelines, and integrates local, operational, and technical perspectives from
the outset, to ensure that decisions are transparent, evidence-based, and coordinated across
organisations and governance levels. Another example is “Develop a Local Operational Constraints
Map that must be validated and updated with municipal partners before major design or test
decisions” that is only supported by Formal methods.

A total of 79 recommendations is supported by one or more of the studied methods and 57
recommendations are not supported by any of the methods in the scope of WP33.

From a different point of view, the same recommendations are clustered in three categories. First, a
set of 18 recommendations are specifically directed to FP2-R2DATO, for example “Define future
competencies for ATO/GoA4 operations, including system integration, data interpretation, testing
logic, and automation supervision.” Many of these recommendations can be seen as encouragement
or affirmation of the current way of working, others may be needing extra attention in the 2" and 3™
Waves of ERJU.

The second category is a set of 15 recommendations that are relevant to the work of the System
Pillar, for example “Develop harmonised, interoperable toolchains supported by clear guidelines”.
These recommendations could serve to support the work of the System Pillar and enhance
collaboration between the Innovation Pillar and the System Pillar in the 2" and 3" Waves of ERJU.

Finally, the largest set of recommendations (83 in total) are those depending on human initiative, 47
of which are supported by one or more of the studied methods, while 36 of those are supported by
none of the methods. For example, “Maintain a single validated reference dataset for all integration
and performance assessments.” is supported by DevOps. Recommendation “Promote open
communication while managing confidentiality constraints.” is a clear example of human initiative
that is not supported by any of the methods.

The results show that DATO migration requires a combined technical and governance approach, as
no single method can address its full complexity. The Deployment Strategies and Roadmapping
Framework provides the overarching structure that aligns the individual methods, harmonises
regulatory expectations, and guides long-term migration pathways.
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