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Abstract. In the context of m @h’ds, innovation is enhancing the rail sector
to ensure affordable, saﬁeﬂj&@ﬁent interoperable, and digitalized rail transport of
the future. Seve; lgﬁl‘ﬁdtlves have emerged at the European level, notably the
FP2-R2D rﬁ)]ect in Europe’s Rail JU developing new solutions aimed at
facilj nd delivering Digital and Automated up to Autonomous Train Op-
gﬂﬁ}ms (DATO). This project addresses many "unknown" future technologies
that must be integrated with one another. Consequently, several system interfaces
need to be managed. In addition, the project delivers DATO solutions that will
need to be integrated in existing rail systems. The literature refers to this as "tech-
nology infusion" which emphasizes technical and organizational complexities
threatening the project achievement. This article proposes a generic analytical
framework based on the concept of "systemic exploration”. It identifies the main
levers to overcome the complexity of future systems when designing DATO’s
architecture. The findings are twofold. First, the research highlights the need for
a simple, innovative, and easily integrable architecture for a resilient digital sys-
tem of systems. Second, it underlines the importance of integrating the "human-
machine-process” in such complex projects to effectively rationalize the data ex-

changed between rail "service-organization-system".

Keywords: Technology infusion, Architecture framework, Automatic train
control

1 Introduction

The rail transport mode faces several mega-trend challenges, includin,
changes [18, 21], increased mobility demand [9], energy- supply C
structure-resilience needs [3], and climate-change 1mpaets
Consequently, significant technological advancement le@‘é emerged leading to func-
tional breakthroughs that require a holistic re- eval@&éh of system architectures within
the diverse legacy. This phenomenon is knm{a}ﬂ the literature as "technological infu-
sion" [1, 2]. Additionally, there is a "c@i@é‘f'atwe challenge" [1] related to the various
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stakeholders and:the need for compatibility between the innovative systems being de-
veloped,-along with the uncertainties present in their implementation context.
In'this context, Europe’s Rail Joint Undertaking (EU-Rail) has emerged-as a catalyst
for innovative projects in the rail sector, aiming to improve rail-systems’ interoperabil-
ity and performances [14]. While the EU-Rail System Pillar acts as a generic system
integrator by collecting and revising the necessary documents feeding the Technical
Specifications for Interoperability (TSI) and the 'European standardization process, the
project FP2-R2DATO explores and showcases new technologies that will shape Digital
and Automated up to Autonomous Train Operations (DATO). This includes advance-
ments in the Future Railway :Mobile Communication System (FRMCS) and the design
of new features for the European Rail Traffic Management System (ERTMS).
DATO relies.on various digital solutions that are currently being explored, developccsw‘ig'
and deployed. FP2-R2ZDATO project's success depends on its ability to under:ﬁ@f
these technologies, derive value from their implementation, and creat (Synergies
through their integration. A significant challenge is to converge arc 'ﬁ; es that sup-
port DATO while considering both existing and future syst CTHiS requires identify-
ing the functions of the overall products or systems, deSigning interfaces between each
technology according to their roles within é_[;ﬁ&er system, standardizing data ex-
changes among the different techno Qg'i@i and anticipating the overall life cycle
through a systemic approach. qO\
FP2-R2DATO must answe;&ﬁﬁhat is the simplest architecture for facilitating system
integration among he neous technologies? To address this, the study organizes
retrospectively chal tools relevant to complex systems of systems. It introduces
the conce ystemic exploration” and illustrates how this approach can assist the
pr%@({m refining and simplifying its architecture. The paper also discusses the key
_\ef\\‘()’ﬁl%vers and success factors that contribute to an effective system integration.
)
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2.1  Complexity, system, and architecture

The concept of complexity cotnes from Latin "cum" and "plectere” (tied together) char-
acterizing elements that are connected and interacting together [5]. The concept of Sys-
tem is defined by INCOSE [7] as "an arrangement of elements that together exhibit
behavior or meaning that the individual constituents do not". System.and’ complexity
are thus related. Ladyman et al. [11] provides "sufficient and necessary" conditions for
defining a complex system: "A complex system is a set of multiple elements that inter-
act in a disordered manner, resulting in a robust organization and memory." Architec-
ture plays a vital role in a system’s ability to meet stakeholder’s business and mission
goals [10]. System architecture defines the organization of a system, its components,
and their relationships as well as to the environment and the principles guiding its de-
sign and evolution [8]. The literature also focuses on the structure, modelling and ex-

pression through a defined language, of architecture descriptions [16, 19]. Q’(\‘\
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, d\(}g_\ﬁei' Boardman and Sauser [1] have defined five criteria to %iﬂi\_%qmﬁﬁg}e between systems

OQ\:“ and SoS (Table 1). 0

\'\‘0‘ ’ tion of bad behaviors

Table 1. SoS criteria (inspired by man and Sauser [1])
Criterion System ,\\;\‘1‘\‘ System of Systems (SoS)
Autonomy Granted by thexsyhé\r’i‘l Exercised by the sub-systems to

~0 achieve the system objectives

Belonging Sys}a@&%rﬁponcms do Each sub-system belongs to a cost-
.6t choose themselves benefit analysis
Cong&ﬁi‘({@“‘ Minimal connectivity be- Myriads of connections between
Ay tween components sub-systems
' Diversity Minimal diversity Achieved with autonomy, belong-
ing, and ‘connectivity
G Emergence Foreseen and tested Need for the detection and elimina-

2.3 Systemic exploration

This paper focuses on Le Moigne's systemic exploration [13], which has been used
since the 1990s due toits effectiveness in organizing knowledge for system engineering
[6]. Le Moigne initiates this approach regarding his critics of Descartes’s "Discourse
on the Method". Descartes analyzes a system by breaking it down into several sub-
elements, starting with the simplest element and working up to the most difficult. Le
Moigne argues that this method omits the interactions between the various sub-ele-
ments and increases system complexity. He thus proposes the "Theory of the General
System, Theory of Modelling", introducing:

— Four precepts of the new discourse;

o Relevance: Every system is.defined in relation to the modeler's intentions, which
may evolve.

e Globality: Every system should be viewed as part of a larger whole, recognizing
its functional relationship with its context without necessarily having an accurate
representation.

e Teleology: Every system should be interpreted regarding its behavior and inter-
actions.

e Aggregability: The illusion of objectivity in conducting an exhaustive enumera-
tion of aggregates should be avoided.

— Systemic modelling: Complementary to analytical modelling, which focuses on
problem-solving, systemic modelling prioritizes understanding the system.

— Four axes of the systemic exploration: Ontological axis defining the - struc-
ture; Teleological axis defining the system's purpose; Functional axis defining the
main functions of the system; Genetic axis defining how IQ&}@S&tem evolves.
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&@6‘ ‘i!Q Other methods for innovative design in the c{lw‘“ﬁ?complex SoS

Other methods for designing complex systems ex ﬁ?{%hc Design Structure Matrix iden-
tifies the flows between system compone 1?] This approach can also go a step
further by representing multiple archl@ﬁlres in the same matrix and studying the dif-
ference between the archltectu flows. Another method is the DKCP framework,
based on the CK lheorygm E‘I roposes to partition concepts and knowledge to clanfy ((\
breakthroughs an pg inties. These methods suggest that architecture serves a
structu {g&n‘i&vorks and repositories of conceptual and knowledge-based é ces

aths.

continuous exploration while securing deployment and m:%(&w
\N(&

e o\
3 Application to FP2-R2DATO \S

oo
(.;:tivities that began in 2024 by applying

n using different points of view provided in FP2-
ustrated in Figure 1.

This section synthesizes the 1mt1al re
retrospectively the systemic e §|
R2DATO architecture ﬁlm&l
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3O \éf\m Why is DATO a complex SoS?

of'the views developed in FP2-R2DATO architecture file:"

Considering the five criteria of Boardman and Sauser [1] DATO is a System of Sys-

tems. Indeed, its technologies are developed in‘separate work packages and remain in-
dependently deployable. As each work package produces specifications autonomously,
definitions of adjacent systems, interface descriptions, and overall SoS understanding
become heterogeneous, increasing'short and long-term risks for technology infusi ,\I\,{\\G
Each technology has its cost-benefit analysis and there are various optlons to li}:l}?
DATO’s systems. Many results are used by rail institutions to standa ﬁﬁ%ﬁﬁirmo-
nize technologies. The project looks at designing solutions that W{@&t\ sfy new expec-

% ‘tations and eliminate bad behavior.

In addition, DATO is complex since it is a new techno (éagﬁ@.g} SoS (system integration);
evolving in an existing legacy (technology mﬁlsmﬁ nd involving stakeholders with
potentially divergent interests (cooperat:vm\iﬁénge) Infrastructure managers (IM);
Railway undertakings (RU); and S Epﬁ&c-’\tSP)
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Ontological axis: What is FP2-R2DATO project’s 'Q%J\of interest?

FP2-R2DATO project designs systems that arcéﬁ\@grated on both trackside and on-

board, alongside other systems. Figure 2 ts not only a conceptual architectural

view but also one of the possible techni@ptonﬁgurations of DATO, identified through

peer reviews with the work-pack@gé\ engineering teams. The view suggests an imple-
mentation of DATO systc\@ﬁﬂ their operating modes, to satisfy DATO capabilities. o <
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Fig. 2. DATO technlcatl c?\{@@rghons view
o®
\0,362 Teleological axis: What should FP%ld!Q‘DATO accomplish? N
i Expectations towards FP2-R2D ES nnovations can be articulated across three levels: \JQ\“a
— Level 1, Strategic issu ding passengers and freight forwarder: Reduce costs; O
Increase transpoﬁ ; and Secure punctuality ade
— Level 2, Business' issues regarding direct stakeholders: All stakeholdewms\%-
. ¢C Wah%cusage intensity of their assets. Infrastructure ma aif to sup-
\40\%51‘3' more resilient network capacity; Rail undertakings-@im" to offer attractive
ot transport services; and Suppliers aim to deliver new s} é’ns and technologies _
o — Level 3, Technical issues: Authorize fast and safg'movement [A]; Optimize rail pro- ; _f_.,'f‘;‘-:
@(\\0 duction process [B]; Deliver reliable a ’e‘fﬁcient transport [C]; Integrate digi-
8] tal technologies [D]; and Manage 111\%%@?5 [E].

‘mmmu Systems. Gei(\

3(0 The systemic exploration consgli gheter(}genenus work-package outputs into aco- o
herent, and traceable highslevel catalogue consolidating DATO engineering items. L
. \\b‘e > P o) A
o

N e
S:qﬁﬁg\ml axis: What are the system capabilities delivered by Eﬂh\uDATO‘?
255@ e consolidated catalogue of engineering items is siructm_’g:_c\l_:{ﬁ‘ei‘hi-chically and trace-
{\\Q able to the originating work packages. It allows to id%g_tij’i)\chpabilities and link them e

OO"&} to the technical issues as addressed in Table 2. \OF
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Table 2. Correlation bct;:(een DATO capabilities and FP2-R2DATO technical issues

FP2-R2DATO Technical issues
|ldent|f ed Dé@é@ipablllty (Al] (B] | [C] (E].
gli:é?a\% Train Automatically X X s
Authorize train movement dynamically X[ X = X
IAdapt speed to wheel rail adhesion condition K| eue [‘\%w
[ocalize continuously train on railway infrastructure | X T x
Detect train integrity and length “,\\\}w
Provide safe secured and seamless communiqﬂ‘;ﬁﬁ' P | x X
Provide safe and secure digital modulafﬁﬁtfo‘r"m
Distribute and activate 1nfrastrumu% data X1 X X

-

-

X
X
X

[ [ | [ [ | < [B

X

. a
Genetic axi '{!ﬂ)%&uuld FP2-R2DATO evolve? BQ(}\
Sy'-}te Q@ﬂ‘aoratlon supported the identification of multiple DATO technical config- \Q(}‘

(F igure 2), showing how different system combinations satisfy distinct cagse\e

\\\ bilities and highlighting dependencies to be managed during mtegratmn an
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de'd axis

FP2-R2DATO also develops DATO systems forming a digital Ioolbo matlon
requiring a progressive migration strategy to address depe%:ﬂg‘m compatlblllty
Beyond technology, DATO affects organizational st d processes. Data offers
a dual transformation opportunity - better s W rall workers and improved cus-
tomer service - while enabling ann(:lpatl g loyment maturity as innovative solu-

tions become ready.
«0{“
8
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Linking F PZ-MDAT%Q‘}[etamndel and Le Moigne’s systemic exploration:
Since the syﬁe@qﬁ&oration framework presented in this paper is retrospective, it is

ﬁ\
mterestmé\tgll it to the FP2-R2DATO architecture’s metamodel (Figure 3). {}@i\ x©
)
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Fig. 3. Systemic exploration of FP2-R2DATO’s metamodel
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4 Discussion a@%}mclusion
LA
FP -_%W@q&as worked on defining a coherent architecture for its SoS, using.gg&
a@g&l"b exploration to support the integration of independently developed S)g{{qﬁsbeci-
@‘(\\Q fications. The approach enabled the convergence of heterogeneous \ﬁ@;‘\lﬁﬁ ckage out-
i puts into a unified high-level catalogue with full trace;&il%ky;,\'me identification of
OO’(\ DATO capabilities, and the clarification of possible teqh&’ eal configurations of DATO.
; \\O(?:‘ These results strengthened the architectural appro@@% reducing complexity, reveal-
-\g‘\ ing functional dependencies, and improving‘/tﬁi\é\l project’s ability to anticipate emer-
| gence during integration and testing. IW}/ question of this paper has thus been: what
is the simplest architecture tg@giﬁe&’system integration between heterogeneous tech-
nologies? It can be argued {hiat the simplest architecture is one that satisfies five criteria: "
need fulfilment ‘{a_:ﬁa?'hématica] completeness, complexity reduction, emergence i\’-{_x\\\
acknowle 1¢ X (resilience), and effective system integration. ,\,\gﬁ‘.‘r 3
The shitecture must explore the teleological and functional axes of DATO, i.e., alloﬂx\'(qr\\ '
) @9 ‘coupling of all the constituents of the SoSto meet concrete and measurable
C o needs. With a relevant logical partitioning of concepts and information ﬂ]@\ﬁu\é%mode]
‘\\{)"\‘?-" must demonstrate a mathematical completeness of the SoS Qesgr' 'Qﬁ«é‘g{:é we argued
14{3\‘?3-) that systemic modelling is not analytical problem splviﬁg‘*fﬁfjf is complementary to
it. Yet, we define completeness as what is "necessdry' but sufficient”. This leads us
to an architecture that enables designers, tgﬁﬁé{g'e the complexity of the SoS by sim-
plifying the Connectivity and Diversity‘aspects of complexity (e.g. rationalise func-
tional flows, adopt common voeabulary on solutions and targeted new knowledge).
With its architecture file, ER2-R2DATO now explicitly accounts for emergence-related
risks, supported byﬁEl\j&gﬂéred System-of-Systems understanding produced through the

systemic explg@j@m.
Finally, since ATO evolves in the rail legacy, the architecture must particularly inte-
L te the external functions, and constraints from its surroundings, e.g., railway assets.
N x@Q\e’ DATO should avoid exporting hard constraints on system integration. Indeed, new
d’\\l‘) technologies create value only when they bring early benefit.once they are successfully
q\“}@ infused into their environment [2]. Therefore, designing the architecture presents an
opportunity to address these challenges in a versatile manner by rationalising levels of
00‘ performance aligned with implementation contexts. A migration strategy must be de- W
veloped to address DATO’s infusion of new functionalities and constituents since there ; Jd\e"
is significant variation between legacy systems and operations, particularly concerning ﬁ\_(}\'\"\
different performance regimes'and organisations. ) (}‘36
However, DATO architecture does not only shape the data exchange between its com- Qx}(\\ﬂd
ponents_but-stands in a larger European context that must address issues of da ex”
change, convergence, and processing. That leads us to question how to_%rgﬂige the
transport and rail data governance in the future, raising the instituti@_ nd organiza-

tional questions for stakeholders. JOV
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