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Abstract: In this position paper, we argue that ontologies, combined with Model-
Driven Engineering (MDE) approach and the object-oriented approach, could be
leveraged to produce model-driven Digital Twins. This paper presents our frame-
work for the production of model-driven Digital Twins using the aforementioned
approach. Despite the interest in existing frameworks, this paper offers a new
perspective that could help pave the way towards a future standardized, generic
framework and shows insights of application at the French Railway Infrastructure

Manager, SNCF RESEAU.
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1 Introduction

The concept of “Digital Twin” first emerged
in the early 2000’s and has seen significant
growth since 2015, as evidence by the in-
creasing number of annual publications on the
topic, particularly from the period between
2015 and 2017 [Barricelli et al., 2019; Se-
meraro et al., |2021]. Indeed, Digital Twins
(DTs) are seen as promising tools for mon-
itoring, simulating, optimizing, and predict-
ing the behaviour of a real-world system or
product, remotely from a virtual counter-
part that mirrors the actual system or prod-
uct. These capabilities are highly valued in
cutting-edge sectors, which is why DTs are
gaining traction in manufacturing (e.g., In-

dustry 4.0, aerospace), healthcare (e.g., hospi-
tals), transportation (shipping, aviation, mar-
itime, railways) [Barricelli et al., 2019; Semer-
aro et al., 2021} De Donato et al., [2023].
However, defining, designing, and devel-
oping a DT is by no means straightforward.
One major challenge is to deal with the nu-
merous definitions stated for the DT concept,
which vary across sectors, applications, and
use-cases. As a result, there is little consen-
sus on a universal definition of this concept
within the community, both in industry and
academia [Tao; Qi, 2019; Adamenko et al.,
2020; Zhang et al., 2021; VanDerHorn et al.,
2021; De Donato et al., 2023} Chartrain et al.,
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2024]. Nevertheless, a clear definition is cru-
cial to determine what needs to be designed
and developed. Furthermore, creating a DT
requires models [Tao; Qi, 2019; Chartrain et
al., 2024]; however despite the existence of a
few frameworks, standards and methods for
designing and producing DTs [Segovia et al.,
2022; Hafle et al., 2022|, even fewer of these
approaches are model-driven [Zhang et al.,
2021].

In computer science, ontologies are con-
sidered as specific, often formalized, concep-
tualizations accounting for a particular view
or vision of the world (e.g., reality, domain of
discourse) which are shared among a group of
people [Gruber, |1995; Guarino, [1998; Maed-
che, 2002; Gruber, 2008]. They are presented
as structured corpus of concepts in relation-
ship (i.e., semantic or taxonomic relations),
modeled in a language allowing further seam-
less exploitation by computers. They are of-
ten represented by knowledge graphs and for-
malized through languages such as the Web
Ontology Language (OWL), the Resource De-
scription Framework (RDF), or the Unified
Modeling Language (UML). A computer on-
tology is always built for a domain, but less
frequently for a set of domains of knowledge.
Ontologies offer high-potential solutions for
analyzing domains, systems, and products by
formalizing their inherent concepts and in-
terrelationships, thereby providing the foun-
dation for related unifying models. DTs of
these systems or products, considered as their
digital representations (i.e., a specific type of
model) conform to their related meta-models,

2 Digital Twin and Ontologies:

In this section, we present a brief state of the
art regarding the two main topics of our pa-
per: on the one hand the concept of DT and,
on the other hand ontologies in computer sci-

following Bézivin’s works on Model-Driven
Engineering [Bézivin; Gerbé, [2001; Bézivin,
2004; Bézivin, 2005].

In this paper, we argue that ontolo-
gies combined with Model-Driven Engineer-
ing (MDE) standards and techniques, and the
object-oriented approach could be leveraged
to produce model-driven DTs. This paper
aims at presenting our proposal of framework
for the production of model-driven DTs with
the previously mentioned approach. Our goal
is not to dismiss existing frameworks, but to
offer a new perspective that could help pave
the way toward a future standardized, generic
framework.

In section we present an overview of
DTs and ontologies as part of the state of the
art. We also precise the questions addressed
in this paper regarding the production of DTs.
Then, in section [3| we introduce our frame-
work which aimed at facilitating the produc-
tion of DTs. This framework includes defini-
tions of the key concepts, basic object-oriented
principles, Model-Driven Engineering (MDE)
standards, ontologies, and the strong links be-
tween these elements. We also discuss the ap-
plication of this framework at SNCF RESEAU,
the French Railway Infrastructure Manager,
within the context of producing a railway sys-
tem DT as part of the company Information
System. We give a very concrete example of
application in railways dealing with turnouts
and associated measurements, especially from
the perspective of monitoring point machines
current consumption with our DT. Finally, we
conclude this paper in section [

an Overview

ence. For both of these topics, we proceed to a
short overview of their historical background
and a review of existing definitions in the lit-
erature including their main characteristics.
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2.1 Where Does the Concept of Digital Twin Comes From?

2.1.1 Historical Background and Definitions

The scientific community acknowledges
Michael Grieves as one of the first — if not
the first — author that introduced the concept
of “Digital Twin” in the literature [Kritzinger
et al., [2018; Barricelli et al., 2019; Madni et
al., 2019; Semeraro et al., 2021} Segovia et
al., 2022]. Roots of this concept were intro-
duced in 2002 by Grieves, in his presentation
slide show for the formation of a Product Life-
cycle Management (PLM) center, and more
precisely in the well known slide “Conceptual
Ideal for PLM” [Grieves; Vickers, 2017; Bar-
ricelli et al., 2019]. Although the concept
was not yet designated as “Digital Twin” at
that time, all the elements of Grieves’ defi-
nition were already stated (i.e., a real space,
a virtual space, and a data flow that con-
nects the two spaces together) [Grieves; Vick-
ers, [2017]. These elements, referred as “Mir-
rored Spaces Model”, were then presented in
Grieves’ courses on PLM at the University of
Michigan in 2003. Grieves himself attributes
to John Vickers the origin of the term “Digi-
tal Twin”. According to the former, the latter
has first proposed it in the framework of their
joint research works. The authors have re-
fined their concepts over the years from “Con-
ceptual Ideal for PLM” to “Digital Twin”, by
the way of “Mirrored Spaces Model” and “In-
formation Mirroring Model”. However, the
essence of these concepts remained mostly the
same with the following three main aspects:
(1) a real space containing physical products,
(2) a virtual space containing virtual products,
and (3) a connection between the two spaces,
tying them together through an information
exchange achieved by a data flow [Grieves,
2015; Grieves; Vickers, [2017].

In 2012, ten years after Grieves’ prelimi-
nary works on the DT concept, NASA pro-
posed their definition in regards of their own
needs: “A Digital Twin is an integrated multi-
physics, multiscale, probabilistic simulation of
an as-built vehicle or system that uses the best
available physical models, sensor updates, fleet
history, etc., to mirror the life of its corre-

sponding flying twin.” [Glaessgen et al.,|2012;
Barricelli et al., [2019).

In 2018, Kritzinger et al. refined the defi-
nition of the DT concept with a proposal for a
categorization of the different integration lev-
els of a physical system with a correspond-
ing virtual system (i.e., the twin). Accord-
ing to the latter, three levels could be dis-
tinguished, respectively named digital model,
digital shadow, and digital twin [Kritzinger et
al., 2018]. We detail each one of them there-
after.

A digital model is a digital representation
of an existing or planned physical sys-
tem without any automated information
flow between the physical system and
its corresponding representation. In this
case, digital data regarding the physical
system could only be set manually in the
virtual system; consequently a change of
state in one of the system has no effect
on the other.

A digital shadow is a virtual system (or
digital model) being automatically up-
dated with a data flow containing infor-
mation about the physical system (e.g.,
gathered with sensors) allowing a possi-
ble control — in the monitoring sense —
of the physical system through the cor-
responding virtual system.

A digital twin is a virtual system being
both capable of commanding (i.e., trans-
mission of instructions) and controlling
(i.e., monitoring of up-to-date statuses
such as in the digital shadow case) a
physical system.

To sum up Kritzinger’s position: a digital
model is a digital representation disconnected
from any physical system; a digital shadow
imply a one-way information flow from a phys-
ical system to a corresponding digital repre-
sentation. Finally only the digital twin runs a
double-way information flow between a phys-
ical system and a corresponding digital repre-
sentation [Kritzinger et al., |2018; Segovia et
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al., 2022|. In addition, [Aheleroff et al., 2021]
based their reasoning on the categorization
proposed in [Kritzinger et al., 2018], but add
one more kind: the digital twin predictive that
uses the digital representation to process data
and perform simulations or machine learning
applications to make predictions.

Following from this position, [Wright et
al., 2020], defended in 2020 a clear distinction
between the two notions of “model” and “Digi-
tal Twin”. They argued that the existence of a
physical system is an indispensable condition

2.1.2 Characteristics and Functionalities

According to our previous analysis stated in
[Chartrain et al., [2024], we propose to ar-
range the most common characteristics and
functionalities of DTs described in the existing
literature within the three following aspects:

1. A digital representation of a precise, des-
ignated, system or product — often as-
sumed as physical — that interest a group
of stakeholders, aiming at digitally rep-
resent this system/product, possibly in
an up-to-date or pseudo real-time man-
ner [Barricelli et al., 2019; Madni et al.,
2019].

2. An information flow between an ac-
tual system/product and a correspond-
ing digital representation aiming at con-
trolling (i.e., monitoring) and eventually
commanding the actual system from its
associated virtual counterpart [Grieves,
2015; Kritzinger et al., 2018; Tao; Qi,
2019; Segovia et al., 2022].

3. Simulations, predictions, and decisions
achieved based on the current available

2.2 Ontology or ontologies?

for a related digital representation to be desig-
nated by the term “Digital Twin”. Otherwise,
without any physical counterpart, the digital
representation is simply designated as a “plain
digital model”. However, this point of view
should be put in perspective with the PLM
vision proposed by [Grieves; Vickers, 2017]
with different types of DTs (e.g., Digital Twin
Prototype, Digital Twin Instance) and the ap-
proach with further propose, both embracing
the whole lifecycle of the system within the
DT.

knowledge of the actual system (e.g.,
digital models, data) aiming at antic-
ipate the behaviour of this actual sys-
tem/product by predicting its future
likely statuses as effectively as possible.
This is performed thanks to statistics,
simulations, optimizations, and even ar-
tificial intelligence tools, based on the
digital representation of the actual sys-
tem/product [Barricelli et al., 2019;
Segovia et al., 2022].

In this paper, we argue that the integra-
tion of the actual system within the corre-
sponding DT and the predictions achieved
thanks to the latter about the former, both
rely on the digital representation contain-
ing all the necessary information to describe,
manage, monitor, control, and predict the
behaviour of this actual system of interest
throughout its whole lifecycle. As a result,
the digital representation is the cornerstone
of the DT and will constitute our main focus
from now on.

2.2.1 Historical Background and Definitions

The term “Ontology” is a combination of
the Ancient Greek words ontos and logos, the
former meaning “being” or “what is”, and the
latter meaning “treatise” or “discourse”. On-
tology is a branch of philosophy that orig-

inates from Aristotle’s metaphysics, a disci-
pline interested in the study of the being con-
sidering its intrinsic nature, characteristics,
and organization; broadly, the study of ex-
istence and reality focusing on “what exists”
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[Maedche, 2002; Gruber, [2008].

We consider that the field of Ontology
allows practitioners of the discipline (e.g.,
philosophers) to produce ontologies. Guarino,
then Maedche highlighted the paramount im-
portance of differentiating the Ontology (i.e.,
the philosophical discipline) from an ontology
— or ontologies in its plural form — that des-
ignate “a particular system of categories ac-
counting for a certain wvision of the world”
[Guarino, 1998; Maedche, 2002]. As for Gru-
ber, he thinks an ontology in philosophy in a
similar manner, that is as “a systematic ac-
count of Existence” [Gruber, 1995].

Furthermore, nowadays ontologies are not
only contained to the field of philosophy any-
more; it has indeed considerably expanded to
the field of computer science over the past
three to four decades. We have recently
seen various applications in Artificial Intelli-
gence (e.g., machine learning, deep learning,
Large Language Models), Computational Lin-
guistics, Knowledge Engineering (e.g., knowl-

edge representation, data/information model-
ing, object-oriented analysis, shared digital li-
braries of reusable concepts/knowledge com-
ponents, Information Systems) and Database
Theory (e.g., heterogeneous data manage-
ment, multi-database systems interoperabil-
ity) [Guarino, 1998; Gruber, [1995; Gruber,
2008]. Like philosophers, computer scientists
are also producing ontologies to organize and
formalize their knowledge, for example to bet-
ter understand a domain. Computer scientists
first and foremost use them to make high-level
languages computable. In addition, Knowl-
edge Engineering and Database Theory are
promising fields that should be considered for
the design and the production of DTs, espe-
cially in the framework of Information Sys-
tems. In the light of the above, the need of
better approaching the concept of an ontol-
ogy with a focus on computer science clearly
appears; therefore we establish a corpus of def-
initions of an ontology in computer science in
the next section.

2.2.2 The Concept of Ontology in Computer Science

Probably one of the most famous definitions of
an ontology in computer science, is the follow-
ing one stated by Gruber: “an ontology is an
explicit specification of a conceptualization”
[Gruber, 1995; Gruber, 2008|. The so-called
“conceptualization” is “an abstract, simplified
view of the world that we wish to represent for
some purpose” or “an abstract, simplified view
of a domain of discourse” [Gruber, 1995; Gru-
ber, 2008; Afimann et al., 2006} Valiente et
al.,2011]. According to Guarino, then Maed-
che: “an ontology refers to an engineering
artifact, constituted by a specific vocabulary
used to describe a certain reality, plus a set
of explicit assumptions regarding the intended
meaning of the vocabulary words” [Guarino,
1998; Maedche, 2002]. As for Ben Sta et al.,
they define an ontology as “an explicit and for-
mal shared abstract view of a part of the real
world. This view is described by a whole [set]
of tools as a vocabulary formed of concepts,
relations, axioms and rules of inference” [Ben
Sta et al., 2005]. The nature and the char-
acteristics of an ontology in computer science

are for the most part, acknowledged in the lit-
erature: it is a conceptualization with shared,
explicit, and possibly formal aspects. The dif-
ferent kinds of components of ontologies are:
concepts, relations, and azioms [Gruber, 1995}
Ben Sta et al., 2005; Affimann et al., 2006;
Gruber, |2008; Valiente et al., [2011].

Furthermore, ontologies are classified in
several levels depending on their scopes. Ac-
cording to [Guarino, 1998] then [Maedche,
2002], there are: (1) top-level ontologies, also
known as wupper-level ontologies, which de-
scribe common high-level concepts of a general
vocabulary (e.g., space, time, matter, object,
event, action) independent from any domain,
task, or problem; (2) domain ontologies and
tasks ontologies, which describe concepts re-
lated to the vocabulary of a specific domain
(e.g., railways) or a given task, by specializ-
ing concepts from a top-level ontology; and
(3) application ontologies, linking domain and
task ontologies by describing the roles played
by domain entities through the performance
of a given process, activity, or task.
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2.3 Still Problems

As stated in the introduction of this paper
and already highlighted in one of our previ-
ous publication, there are still remaining open
questions about DTs [Chartrain et al., [2024].
First, it appears that hardly any clear consen-
sus on a generic, universal, definition of the
concept of Digital Twin exist to date among
researchers and practitioners in the commu-
nity [Tao; Qi, [2019; Barricelli et al., 2019;
Adamenko et al., 2020 Zhang et al., 2021}
VanDerHorn et al., |2021; De Donato et al.,
2023|. To illustrate this problem, let’s take the
following example: among the 75 papers re-
viewed in [Barricelli et al., 2019|, only 31 pro-
vided a definition of the DT concept, counting
29 different definitions in total. Depending on
the definitions provided in the papers, these
papers were then categorized in the 6 follow-
ing topics: (1) “Integrated system” (2) “Clone,
counterpart” (3) “Ties, links” (4) “Descrip-
tion, construct, information” (5) “Simulation,
test, prediction” (6) “ Virtual, mirror, replica”
[Barricelli et al., 2019]. In addition, based
on a corpus of 150 papers and an analysis
of 30 definitions of the DT concept, [Semer-
aro et al., [2021] proposed a classification of
these definitions following five clusters: (1)
“Lifecycle”, (2) “ Cyber-Physical Systems”, (3)
“Real and virtual spaces in loop”, (4) “Be-
haviour modeling of a physical space”, (5)
“Virtual system” i.e., replication of a physi-
cal system. In [Chartrain et al., 2024], we
conjectured that numerous definitions of the
DT concept might exist because it is foremost
approached with use-cases (e.g., lifecycle man-
agement, control/command, predictive main-
tenance) and not by defining its very nature;
according to Barricelli et al.: “literature works
have never described in detail the characteris-
tics of a generic DT. Indeed, each state-of-
the-art paper concentrates on the development
of few components of DTs” [Barricelli et al.,
2019]. In the next section, we will propose a
generic definition that we hope broad enough
to embrace as many cases as possible, and as
reusable as possible. We will then refine this
definition to suit our objective regarding the

production of DTs with our framework.

Secondly, it appears as well that any DT
requires models to be produced [Tao; Qi,2019;
Tao; Xiao, et al., [2022]. In [Chartrain et al.,
2024], we quoted Tao and Qi: “To build a dig-
ital twin of an object or system, researchers
must model its parts” [Tao; Qi,[2019]. We also
underlined the importance of conceptual mod-
els (i.e., ontologies) since they contain all the
necessary semantics (i.e., concepts and rela-
tionships) to create digital representations of
systems accurately from the desired point of
view in DTs. Pieces of information within dig-
ital representations are stored through data,
according to the structure of concepts in re-
lated conceptual models.

A few frameworks and methods currently
exist to produce DTs: we could for instance
cite the DT Architecture Reference Model
[Aheleroff et al., 2021], the design princi-
ples for shared DTs in distributed systems
[HaBe et al., 2022], the proposal for design,
modeling, and implementation [Segovia et al.,
2022]. Also, ISO standards were recently pub-
lished: ISO 23247:2021 focused on automation
& manufacturing, then ISO/IEC 30173:2023
with a larger scope. However, these frame-
works, methods, and norms are only on early
stages of maturation; therefore there is hardly
any consensus among the community about
which ones should be used in each case in or-
der to design and produce a DT [Tao; Qi,
2019; Zhang et al., 2021; De Donato et al.,
2023; Segovia et al., [2022]. Regarding model-
driven DTs, only Zhang et al. describes a
model-based approach using MDE techniques
to design a DT considering its whole lifecy-
cle [Zhang et al., 2021]. However, the latter
doesn’t focus much on modeling choices i.e.,
what should be represented and how. Based
on requirements, the production of models
constitutes just a step in the whole framework
proposed to design a complete DT in [Zhang
et al., 2021]. Our framework presented in the
next section is our contribution to mitigate
this lack and initiate a bridge between DT de-
signing and ontology engineering.
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3 Linking Digital Twin Design and Ontologies with Model-Driven

Engineering

In this section, we present our proposal of
metamodeling framework regarding the design
and the production of a Digital Twin as part of
an Information System, using ontologies, the
object-oriented approach, and existing stan-
dards coming from Model-Driven Engineering
(MDE). We first introduce the object-oriented

3.1 World Modeling Approaches
3.1.1 Object-Oriented Approach

The object-oriented approach relies on the
concepts of instances and classes [Dahl et al.,
1966]. The instance is constituted of a finite
set of attributes and a finite set of methods;
each attribute is defined by its name (i.e., a
property name) and its associated value; sim-
ilarly, each method is defined by its name (i.e.,
a function name) and its returned value.

In Object-Oriented Programming (OOP),
an instance is generated from a class that
is, a common structure containing generic at-
tributes and methods for instances. For that
matter, a class could be considered as a model
for instances: “A class forms a model for the
creation of instances which are only individual
representations of this model.” [Hill, {1996].
Also, we could draw a strong link between a

approach and the standards we are using, sec-
ondly we propose our definitions of the key
concepts given this context and, thirdly we
present our complete proposal. Finally, we
provide an example of application at SNCF
RESEAU, the French Railway Infrastructure
Manager.

class and a concept in an ontology, considering
their close definitions and features. The con-
cepts and relationships expressed in computer
science ontologies matches perfectly what we
need to represent through models, and more
particularly when going to an upper modeling
level, further introduced with the concept of
metamodel.

In the DT engineering perspective of our
proposal, our goal is to instantiate the digital
representation from classes and to design the
classes in accordance with the concepts inher-
ent to the actual system/product with an on-
tological approach. To do so, we use existing
Model-Driven Engineering (MDE) standards
provided by the Object Management Group
(OMG), further discussed thereafter.

3.1.2 Object Management Group Model-Driven Standards

Our framework requires the use of two OMG
standards: the Meta-Object Facility (MOF)
on the top of the metamodeling architecture
and the Model-Driven Architecture (MDA). It
also requires the famous four-layer metamod-
eling architecture, commonly illustrated with
the “meta-pyramid”.

This metamodeling architecture contains
four levels respectively called MO, M1, M2,
and M3 [Bézivin; Gerbé, 2001]. MO is the
ground level in which no models are involved
(i.e., 0 model = MO), it simply designates the
“real world” in which real systems or products
are contained. M1 is the first level of model-

ing, embracing models of the real world. M2 is
the second level of modeling, concerned with
metamodels as models of languages to produce
models. Finally, M3 is the last level of mod-
eling which contains the unique metameta-
model able to describe itself. It is the MOF
within the OMG standard [Bézivin; Gerbé,
2001; Bézivin, 2005]. The M3 layer allows all
metamodels in M2 to be compatible with each
other. In our framework, we stick to Bézivin’s
3+1 revisited organization in which models in
M1 represent a real system in M0, models in
M1 conform to metamodels in M2, and lastly
metamodels in M2 conform to the MOF in
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M3, the MOF being self-conformant [Bézivin,
2005]. This reflexivity is known as metacircu-
larity by specialists.

The MDA is a standard enabling the
object-oriented analysis, design, and program-
ming in software development, allowing an un-
coupling of the results of these activities in
three different kinds of models: (1) Computa-
tion Independent Models (CIM) that are re-
quirement models presenting an analysis of a
domain or a real-world system, through the
formalization of related concepts which could
be drawn with an ontology; (2) Platform Inde-
pendent Models (PIM) stating software design

choices and solutions based on the analysis
in the CIM; and (3) Platform Specific Mod-
els (PSM) constituting object-oriented imple-
mentation of the former models. We position
all these models at level M1 in the metamodel-
ing architecture, this view is shared [Afmann
et al., [2006; Valiente et al., |2011]. During
the whole development process, we consider
that a CIM is transformed in one or several
PIMs, and that each PIM is transformed in
one or several PSMs, depending on the project
needs. This transformation relationship be-
tween models is well documented in Favre’s
works on MDE [Favre; Nguyen, 2005].

3.2 Our Definitions of the Key Concepts

3.2.1 Digital Twin

To define what we have to design and pro-
duce, we first start by defining the DT con-
cept in a broad sense that is, as an wup-to-
date digital representation of a system of in-
terest. This representation is shared among
a group of people (e.g., stakeholders working
in collaboration). Furthermore, it can em-
brace all the necessary pieces of information
for describing (e.g., functional models), mon-
itoring/controlling, (e.g., statuses, measures,
alerts, warnings), commanding (e.g., orders,
instructions), and simulating (e.g., simulation
models, data) the actual system.

We consider that the integration of the
physical system within the corresponding dig-
ital representation depend on our use-cases
and therefore may even change over time.
For example, the DT could contain informa-
tion about a system not yet produced, conse-
quently without an immediate physical reality
e.g., Grieves’ Digital Twin Prototype [Grieves;
Vickers, 2017]. We give another example:
a DT could first be designed to monitor a
system, then upgraded later to perform con-
trol/command, and finally augmented after-
wards to perform simulations based on the
digital representation to inform decisions re-
lated to the actual real-world system. The
digital representation should be capable of ad-
dressing all use-cases related to every phase

of the actual system lifecycle during which we
aim to work with the DT.

Hence, we argue that the heart of a DT
lies in the digital representation in the first
place. As a result, we propose to define a DT
as follows:

Definition 1. Generic definition. A Digital
Twin (DT) is a shared up-to-date digital rep-
resentation of a system of interest [Chartrain
et al., |2024)].

Considering now an implementation per-
spective, and using the object-oriented ap-
proach we have previously introduced:

Definition 2. Object-oriented technical defi-
nition. A Digital Twin (i.e., as defined in
could be implemented with a set of instances
generated from a global and systemic class
model. This representation could be stored in
repositories and be accessible through services

[Chartrain et al., 2024).

Of course, this second definition is less
generic and may certainly not be reusable in
every case; it assumes that the design of the
considered DT is achieved with the object-
oriented approach. When using a model-
driven approach, choices of other technical
spaces are possible.
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3.2.2 Concepts of (Meta-)Model, Megamodel, and Ontology

To clearly grasp our framework, it is useful to
precise definitions of the concepts of model,
metamodel, megamodel and ontology to re-
move any ambiguity.

We fit the definitions provided by Min-
sky and Bézivin for the concept of “model”.
According to the former author: “To an ob-
server B, an object A* is a model of an object
A to the extent that B can use A* to answer
questions that interest him about A” [Minsky,
1965]. As for Hill, Bézivin and Gerbé: “a
model is a simplification of a system built with
an intended goal in mind. The model should be
able to answer questions in place of the actual
system.” [Hill, [1996; Bézivin; Gerbé, |2001].
Moreover, a function of representation map-
ping models in M1 with the actual systems
they represent in MO is defined in [Bézivin;
Gerbé, 2001; Bézivin, 2005], then refined in
[Favre; Nguyen, [2005; Favre, 2006]. This func-
tion, often written “u” and read “represents”,
is the essence of modeling; it is used from M1
to M0. These definitions are sufficient regard-
ing the scope of this paper.

We rely on Favre’s contributions regard-
ing the definition of the concept of “meta-
model”. According to the latter, a meta-
model is a model of language (i.e., a grammar)
through which downer-level models could be
expressed. To be more specific, a metamodel
could either be defined as “a model of a lan-
guage of models” or “a model of a modeling
language” [Favre; Nguyen, 2005; Favre, [2006].
Bézivin and Favre et al. both define a function
of conformance, written y and read “conform-
sTo” or “conformantTo”.
relationship is used to link models to meta-
models from levels M1 to M2, metamodels
to the MOF from levels M2 to M3, and the

This conformance

3.3 Owur Generic Proposal
3.3.1 Synoptic Megamodel

We illustrate our proposal of framework
for producing a DT with MDE through our
synoptic megamodel presented in Figure

In our megamodel, the DT is a digital sys-

MOF to itself at level M3 thanks to metacir-
cularity [Bézivin, |2005; Favre; Nguyen, 2005}
Favre, 2006]. The conformance relationship
maps a model with the corresponding gram-
mar through which the model is expressed
[Favre; Nguyen, [2005]. Furthermore, Bézivin
draw a parallel between the concept of meta-
model and the notion of ontology [Bézivin,
2005).

Our framework requires the concept of
“megamodel”, first introduced by Bézivin to
define “a model which elements represent mod-
els, metamodels and other global entities” ac-
cording to [Favre, [2006]. We make use of
this concept to express the major relation-
ships (i.e., representation, conformance, and
transformation) between systems, DT, mod-
els, metamodels, and the MOF within the
four metamodeling layers. In addition, mod-
els could be transformed into other models
within these layers thanks to a common meta-
model; for that matter [Favre, 2006] intro-
duced a function of transformation, written
7 and read “transformedIn”.

Based on [Gruber, 1995; Guarino, 1998}
Maedche, 2002; Gruber, [2008], we consider
an ontology in the computer science mean-
ing. This supposed that, an ontology is a
set of concepts and axioms in relationship
with each other through semantic and taxo-
nomic relations. It represents a specific view
of the world (e.g., reality, particular domain)
shared among a community. Concepts and re-
lations in an ontology are explicitly expressed
through a more or less formalized language
(e.g., OWL, UML) and axioms could be ex-
pressed with a mathematical or first-order
logic formalism.

tem at level M1 that represents (i.e., ) the
actual real-world system at level M0. Stake-
holders can interact with the actual system
through its virtual counterpart (e.g., system
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Figure 1: Synoptic megamodel of our framework for producing a DT with MDA and the MOF.

management, monitoring, control/command).
The virtual system can also address other use-
cases regarding the actual system, such as pre-
dictions through statistics or simulations. The
digital representation is constituted of a set of
digital objects, instanceOf a digital library
of objects (i.e., concepts describing the ac-
tual system). A chosen object-oriented PSM
is embedded in this library. The digital rep-
resentation and the digital library from which
it is instantiated are both contained at level
M1. As stated in [Bézivin, [2005], there is
a programming conformance relationship be-
tween instances and classes. The same apply
here between the digital representation and
the digital library, however it is not explicitly
shown in the diagrams since only metamodel-
ing conformance relationships are drawn.
This library programmed in a given PSM
is the last product of chain of transformations
following the MDA: first a CIM is defined to

formalize all the necessary concepts and re-
lationships related to the real-world system.
The production of the CIM is comparable to
the establishment of a domain ontology. This
CIM is then transformedIn (i.e., 7) into one
or several PIMs in order to satisfy develop-
ment constraints and choices. Each PIM is a
software solution that is then transformedIn
into one or several PSMs that are implemen-
tation models. CIM, PIMs, and PSMs are all
contained at level M1.

The CIM and the PIMs conformsTo the
metamodel of the modeling languages they
are expressed with (e.g., OWL, UML). CIM
and PIMs could be expressed with the same
or different modeling languages. The digi-
tal library of objects conformsTo the meta-
model of the object-oriented programming
language it is coded with. All these meta-
models are contained at level M2 and each of
them conformsTo the MOF at level M3.

3.3.2 Leveraging ontologies to formalize models

Following from the above, it clearly appears
that the very starting point of the produc-
tion of the real-world system digital repre-
sentation, cornerstone of the DT, is its cor-
responding domain model. The latter is ex-
pressed through as CIM using the MDA, as
mentioned previously. Then, one more ques-
tion remains: how could we produce this do-

main model? Since the domain is a formal-
ization of a set of concepts in relationship de-
scribing the real-world, and more specifically
the scope concerned with the aforementioned
real-world system, it could be established such
as an ontology. This ontology would be a
domain ontology, according to Guarino’s well
known classification of ontologies [Guarino,
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1998; Maedche, [2002]. Furthermore, this do-
main ontology will require to commit from an
upper-level ontology (i.e., also known as top-
level ontology) to reuse, refine, and special-
ize really high-level concepts [Guarino, |1998;
Maedche, 2002].

Several upper-level ontologies exist to
date, one of the most popular is the Uni-
fied Foundation Ontology (UFO) [Guizzardi,
2005].  Others could be mentioned such
as Basic Formal Ontology (BFO), Cyc, De-
scriptive Ontology for Linguistic and Cogni-
tive Engineering (DOLCE), General Formal

3.4 Application at SNCF Réseau
3.4.1 Applied Synoptic Megamodel

We present in Figure [2] the application of
our proposal of framework for producing a DT
with MDE, previously presented in a generic
way in Figure

In our company, the actual system we aim
at twining is the railway system. The Digital
Twin, seen in our framework as a shared up-to-
date digital representation of the railway sys-
tem among the stakeholders working at and
with the company, embraces:

e Functional aspect of the infrastruc-
ture (e.g., requirements, description of
the French Railway Network within
schematics and/or Building Information
Modeling (BIM) mock-ups) consider-
ing its complete lifecycle i.e., the as-
designed phase embracing the history of
all the different versions of each design
study, the as-built phase considering the
actual construction of the infrastruc-
ture and the possible gaps with the as-
designed requirements, and finally the
as-is phase focusing on the current con-
figuration of the infrastructure in which
it is operated. This functional aspect in-
clude the description of field elements of
the infrastructure e.g., tracks, tunnels,
bridges, electrical substations, catenar-
ies, signaling items;

e Physical aspect of the infrastructure
that is, actual real-world field elements

Ontology (GFO), PROTo ONtology (PRO-
TON), Sowa’s Ontology, and Suggested Upper
Merged Ontology (SUMO). All these seven
upper-level ontologies are compared in [Mas-
cardi et al., 2007]. We conjecture that the
choice or the production of a top-level on-
tology depends on ontological and epistemo-
logical assumptions about what is reality and
how do we know what we know, including our
knowledge about reality. However, the scope
of this paper is not to address this question,
but rather to open the discussion on this sub-
ject.

deployed on the French Railway Net-
work considering their complete lifecy-
cle i.e., the as-built and the as-is phases.
Specific components of deployed field el-
ements are supervised for asset man-
agement and maintenance purposes e.g.,
turnout frogs;

e Up-to-date measures and statuses re-
lated to the physical infrastructure
e.g., sensors controlling the position of
turnout points, sensors monitoring the
current consumption of point machines,
sensors ensuring rock-fall, flood, and on-
track hotbox detectors. Each measure-
ment and status is saved through an his-
tory for further analysis;

e Railway capacity allocation of the
rolling stock e.g., scheduled train paths,
real-time running train -circulations,
working zones.

The digital representation is instantiated
in repositories, thanks to our library of ob-
jects (i.e., classes describing railway concepts)
in which the Java PSM is embedded. Java
is the main PSM used, since it has been
adopted as a coding standard in our com-
pany. Therefore, the object-oriented program-
ming metamodel in our framework applied at
SNCF RESEAU is the Java metamodel. How-
ever, other object-oriented languages could be
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Figure 2: Synoptic megamodel of our framework for producing a DT, applied at SNCF RESEAU.

used as well, such as C++ for simulation ap-
plications. In this case, the digital library
would be written in several object-oriented
programming languages, each one conforming
to its corresponding metamodel, all metamod-
els still conforming to the MOF.

The digital library is produced based on
our PIM named “ARIANE” which is a soft-
ware solution (i.e., a design model contain-
ing roughly a thousand classes at the mo-
ment) based on the requirements of the CIM
(i.e., a railway domain model). All the con-

cepts related to the railway system are con-
tained in the CIM, produced with a global,
systemic, and ontological approach. “ARI-
ANE” is a reference PIM for our company
which has been chosen as input, especially its
topology package, for the establishment of the
International Union of Railways (UIC) stan-
dard called “Rail System Model” (RSM) [Tane
et al., [2022; Chartrain et al., 2024]. At SNCF
RESEAU, the CIM and the PIM are both pro-
duced in UML, consequently they both con-
form to the UML metamodel.

3.4.2 Digital Twin and Information System

At SNCF RESEAU, our DT is on the one
hand, automatically updated by the IoT (e.g.,
sensors) and, on the other hand also man-
ually updated by end-users and data man-
agers [Chartrain et al., 2024]. It is our refer-
ence source of information regarding the rail-
way system, guaranteeing both the unicity
and the accuracy of data and therefore infor-
mation [Issa et al., [2024]. As a result, the
DT is a major component of our Informa-
tion System in the company. We previously
published our DT reference technical archi-
tecture in [Issa et al., 2024]. It is achieved

16" International Joint Conference on Knowledge Discovery, Knowledge Engineering, and Knowledge

with a Service-Oriented Architecture (SOA)
and more specifically a Representational State
Transfer (REST) Architecture, allowing end-
users (e.g., stakeholders working directly in
our company or in partnership with our com-
pany) to access whole or part of the digi-
tal representation contained in the reposito-
ries through RESTful web-services [Issa et al.,
2024; Chartrain et al., |2024]. Software appli-
cations call web-services and shape the infor-
mation in the required format depending on
the needs of each end-user.
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3.4.3 Example in Railways: Turnouts and Measurements

A turnout, also called switch, is a railway
field element made up of a set of points (i.e.,
movable elements of the turnout) and a frog
(i.e., central crossing piece of rail within the
turnout). Turnouts enable the setting of a
given direction at a local bifurcation within
the route of a train. In this example we
are particularly interested in electrically com-
manded and controlled turnouts, respectively
by the way of point machines and sensors that
check the validity of the commanded position
after the movement of the points.

The following aspects of turnouts are cur-
rently stored within our DT repositories:

o A physical aspect including: (1) each
identified frog of each turnout within the
scope of the French Railway Network
and (2) rails, sleepers, and ballast re-
lated to the track section within which
the turnout is embraced. These latter el-
ements are only instantiated at the scale
of the track section and not at the scale
of the turnout;

o A functional aspect including: (1) the
network topology ensured by crossings
and turnouts (2) a precise descrip-
tion of each turnout with especially
its corresponding orientation (e.g., left,
right, or symmetric/Y-shaped), number
of branches, number of points. This
description is usually achieved through
track and signaling schematics. The in-
tegration of turnouts models contained
in BIM mock-ups within our DT is fore-
seen;

o Measurements related to the position of
the points and to the current consump-
tion of point machines.

The execution of our framework regarding
turnouts and their related measurements (e.g.,
points position, point machines current con-
sumption) requires the establishment of a do-
main model for both of these notions i.e., mod-

are components of a CIM, further transformed
into corresponding packages in our PIM that
is, “ARTANE” at SNCF RESEAU. Based on
the latter, corresponding Java classes related
to the concepts of “turnout” and “measure-
ment” are generated. These Java classes are
then instantiated in our DT repositories with
actual data about the functional and physical
aspects of turnouts, along with related mea-
surements.

Figure 3| shows a simplified domain model
related to a generic concept of “measurement”
through a UML class diagram. It is adapted
for the case of SNCF RESEAU in order to
fit the needs of our company. However, this
model is not complete: it has been reduced
given the informative context provided in this
paper. In our approach, this generic model
is specialized for each context and measured
item.

Event Measuringlnstrument
instrumentUsed T 1
methodUsed
MeasurementEvent o1 Method
‘ contextOfEvent
1 | measurementAchieved li
Measurement Context
1..n | values

valueUncertainty

0..1

Value Uncertainty

0..1 | valueRefFrame

valueUnit .
ReferenceFrame Unit

1

Figure 3: Simplified generic measurement do-
main model.

Given that the access to our PIM “AR-
IANE” is restricted for intellectual property
reasons, we cannot show a corresponding
class diagram extracted from our PIM. Nev-
ertheless, we provide a link towards RSM[]
the UIC standard railway PIM that we

“ b (13 9
els of “turnout” and “measurement”. These have previously mentioned above. In this
"https://rsm.uic.org/doc/rsm/rsm-1-2/
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latter model, a model of the concepts of
“turnout” and “measurement” can be respec-
tively found in the «Domain» Track and the
ObservationAndMeasure packages. However,
“ARIANE” is still more detailed at the mo-
ment and therefore our PIM related to the
concept of “measurement” is closer to the do-
main model presented in Figure [3] than the
model presented in RSM.

To complete this example, we provide in
Figure 4l an instance diagram (i.e., a UML
objects diagram) that shows how Java classes
could be instantiated in the DT repositories
at SNCF RESEAU. In this example, instances
are related to the monitoring of a point ma-
chine current consumption, when the points
are maneuvered from one side of the turnout
to the other by the point machines.

1 l/ instrumentUsed

:PMcurrentSensor

::Measuringlnstrument

:PMcurrentMeasurementEvent
1 l/ contextOfEvent
.PMcurrentContext - endOfEventDateTime = 2019-02-27T05:19:09
i ::MeasurementEvent
::Context ::Event
+ dateTime = 2019-02-27T05:18:16
1 | PMinvolved

:PointMachine

PM means PointMachine.ﬁ

1 | measurementAchieved

:PMcurrentUnit

valueUnit ::Unit
1 - Slunit = ampere
- SlunitSymbol = A

1 turnout :PMcurrentMeasure :PMcurrentValue
‘Turnout ::Measurement values ::Value
- typeOfMeasurementinterval = temporal 1 - ranks = {0,...,532}
- intervalValue = 0.1 - values = {3.6,...,3.1}

Figure 4: Simplified instantiation example illustrating the measurement of point machines cur-

rent consumption.

4 Conclusions

The concept of Digital Twin (DT) have first
appeared in the early 2000’s. Since 2015, there
has been a significant growth in scientific lit-
erature on this topic, and numerous concrete
applications have emerged in various sectors
such as manufacturing, healthcare, and trans-
portation. DTs are promising tools to man-
age, monitor, control, simulate, and predict
the behaviour of a real-world system.

In this paper, we first provided an
overview of these concepts by studying their
historical backgrounds and conducted a state
of the art of their definitions in literature.
Based on our analysis, there is little consen-
sus regarding a generic, universal definition of
the DT concept across industry and academia.
However, we emphasized that a clear defini-

tion is nevertheless required to guide the de-
sign and the production of a DT. In addi-
tion, there are some frameworks, methods,
and standards to produce DTs but there is
currently no widely accepted generic or stan-
dardized framework.

Furthermore, we underlined that a DT re-
quires models in order to be built, however
among the existing frameworks, very few fo-
cus on the production of model-driven DTs.
Ontologies which are set of concepts and ax-
ioms related to each other through semantic
and taxonomic relations, represent a specific
view of the world shared by a community.
They offer relevant solutions for analyzing do-
mains, systems, and products and formalize
related computable models. The latter are of
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paramount importance to further produce the
digital representation of the system or product
to be digitally twined.

In this position paper, we argue that
ontologies, Model-Driven Engineering, and
object-oriented principles can be leveraged to
produce model-driven Digital Twins. We pro-

creation and development of DTs based on
these latter methods, hoping that it could help
paving the way towards a future standardized,
generic framework. We provide insights into
the application of our framework at SNCF
RESEAU, the French Railway Infrastructure
Manager.

pose a framework designed to assist in the
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