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Abstract

Abstract

❚ he materiality of tangible cultural heritage entities has garnered interest in heritage sciences
due to its role in maintaining the unique identity of the entity across various interpretations as
a boundary object. In multidisciplinary studies on tangible cultural heritage, an interdisciplinary
approach is essential for developing a comprehensive understanding of human culture. To achieve
an interdisciplinary approach within a multidisciplinary field such as cultural heritage, centered
around a cross-disciplinary entity like the boundary object, a shared goal is necessary. By conside-
ring the materiality of the entity as the common point across multiple disciplines, and aiming for a

better understanding and representation of this materiality as the shared goal, an interdisciplinary
approach within cultural heritage can be fostered.

To effectively represent the materiality and composition of tangible cultural heritage entities,
the use of an ontological model of structural and spatial relations is indispensable. Additionally,
for a successful interdisciplinary integration, a meta-ontology approach is vital to overcome the
challenges posed by the heterogeneity of multiple disciplines and promote interoperability across
models of various domains.

In this thesis, we address the objective of representing and modeling the composition of any
tangible entity using structural and spatial ontological relations, drawing insights from cultural
heritage. For this purpose, we propose "FORT : a Foundational Ontological Relations Theory"
within an applied ontological approach. FORT is designed with the following characteristics : (a)
modular, i.e. composed of interlinked and intralinked relation modules ; (b) a meta-ontology i.e.
specifying a meta-conceptualization of top-level abstractions and using a meta-modeling language
of generic modeling primitives ; and (c) exclusively addressing relations and rule constraints.

To formalize FORT and illustrate its employment, we construct and adhere to an ontology
engineering methodology. This methodology addresses various specification choices for FORT,
namely expressivity and decidability, resulting in two versions : the FORT reference ontology and
the FORT lightweight ontology. Furthermore, the methodology formalizes each specification, the
reference and lightweight ontologies, at multiple levels, namely theoretical and empirical. Thus,
FORT is formally expressed in a First-Order Logic (FOL) formalization with a Common Logic
Interchange Format (CLIF) serialization for the reference ontology, and a decidable Description
Logic (DL) formalization using the SROIQ fragment with an OWL2 implementation for the light-
weight ontology. Moreover, the methodology bridges the two specifications through a systematic
translation from the reference FOL theory to the lightweight SROIQ fragment.

Therefore, our approach contributes in the following ways. Firstly, we propose an expressive
and well-founded language of exclusive relations and rule constraints through the FOL formali-
zation of FORT. Secondly, we demonstrate the novelty and consistency of our proposed relations
language through the CLIF serialization of FORT. Thirdly, we establish a decidable lightweight
formalization of our relations language through a generic and systematic translation process, for
the SROIQ formalization of FORT. Lastly, we provide this language as an OWL ontology and
present different methods (direct and indirect) for its employment to support its practical use.
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Résumé

Résumé

▲ a matérialité des entités du patrimoine culturel tangible a suscité l’intérêt des sciences du
patrimoine en raison de son rôle dans le maintien de l’identité unique de l’entité à travers diverses
interprétations en tant qu’objet frontière. Dans les études multidisciplinaires sur le patrimoine
culturel matériel, une approche interdisciplinaire est essentielle pour développer une compréhen-
sion globale de la culture. Pour parvenir à une approche interdisciplinaire dans un domaine multi-
disciplinaire tel que le patrimoine culturel, centrée sur une entité cross-disciplinaire telle que l’ob-
jet frontière, un objectif commun est nécessaire. En considérant la matérialité de l’entité comme
le point commun à plusieurs disciplines, et en visant une meilleure compréhension et représen-

tation de cette matérialité comme objectif commun, une approche interdisciplinaire au sein du
patrimoine culturel peut être encouragée.

Pour représenter efficacement la matérialité et la composition des entités tangibles du patri-
moine culturel, l’utilisation d’un modèle ontologique des relations structurelles et spatiales est
indispensable. Pour une intégration interdisciplinaire réussie, une approche méta-ontologique est
essentielle afin de surmonter les défis posés par l’hétérogénéité de multiples disciplines et de pro-
mouvoir l’interopérabilité entre les modèles des différents domaines.

Dans cette thèse, nous abordons l’objectif de représenter et de modéliser la composition de
toute entité tangible à l’aide de relations ontologiques structurelles et spatiales, en nous inspirant
d’exemples issus du patrimoine culturel. Dans le cadre d’une approche ontologique appliquée,
nous proposons "FORT : a Foundational Ontological Relations Theory". FORT est conçue avec
les caractéristiques suivantes : (a) modulaire, i.e. composée de modules de relations interliées et
intraliées ; (b) approche méta-ontologique, i.e. spécifiant une méta-conceptualisation d’abstrac-
tions de haut niveau et utilisant un langage de méta-modélisation de primitives de modélisation
génériques ; et (c) exclusive, i.e. seules les relations et leurs contraintes de règles sont considérées.

Pour formaliser FORT et illustrer son utilisation, nous construisons et adhérons à une méthodo-
logie d’ingénierie ontologique. Cette méthodologie aborde différents choix de spécification pour
FORT, notamment l’expressivité et la décidabilité, et aboutit à deux versions : FORT l’ontologie

de référence et FORT l’ontologie légère. De plus, la méthodologie formalise chaque spécification,
l’ontologie de référence et l’ontologie légère, à plusieurs niveaux : théorique et empirique. Ainsi,
FORT est formalisé en Logique du Premier Ordre (First-Order Logic - FOL) avec une sérialisa-
tion CLIF (Common Logic Interchange Format), pour l’ontologie de référence, et est formalisé en
utilisant SROIQ le fragment décidable le plus expressif des Logiques de Description (Description
Logics - DL) avec une implémentation OWL2, pour l’ontologie légère. En outre, la méthodologie
fait le lien entre les deux spécifications grâce à une traduction systématique de la théorie FOL de
référence vers le fragment SROIQ léger.

Les contributions de notre approche sont les suivantes : premièrement, nous proposons un
langage expressif et bien fondé des relations et des contraintes de règles de FORT à travers une
formalisation FOL ; deuxièmement, nous démontrons la nouveauté de FORT, ainsi que sa consis-
tance de à travers une sérialisation CLIF ; troisièmement, nous établissons une formalisation légère
et décidable de FORT par le biais d’un processus de traduction générique et systématique vers le
formalisme SROIQ ; finalement, nous fournissons une implémentation de FORT en OWL et pré-
sentons différentes méthodes (directes et indirectes) pour l’utilisation pratique de cette ontologie.
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1
Introduction

In this Chapter, we provide a general introduction of the thesis, fol-

lowed by a Preliminaries section offering the essential background

information.

1



Chapitre 1. Introduction

1.1 Context

Heritage science, also called Patrimonial science referring to the original French term "Science
du Patrimoine", is a multidisciplinary scientific field concerning cultural and natural heritage. It
aims to improve the understanding, care, sustainable use and better management of heritage enti-
ties, so that it can enrich people’s lives, now and in the future.

Cultural heritage (CH) is the legacy of the tangible artifacts (aka material entities) and the
intangible attributes (aka immaterial entities) inherited from past generations [Logan2007]. It in-
cludes a wide range of entities such as artifacts, architecture, practices, customs, beliefs, know-
ledge, and expressions that reflect the cultural, historical, and social values of a particular group
or region. These entities have had and continue to have an important place in our society, to which
we attribute values (symbolic, commercial, cultural, social, scientific...) and significance [Sulli-
van2015]. CH involves the study, preservation, and interpretation of various aspects of human
culture as the tangible and intangible aspects of a society or community’s identity, history, and
traditions that are passed down from generation to generation.

The difference between tangible (material) and intangible (immaterial) CH entities lies in their
nature and characteristics [Munjeri2004]. Material CH entities refer to physical objects or artifacts
that are considered important from a cultural or historical perspective, such as artworks, archaeo-
logical artifacts, historic buildings, manuscripts, traditional crafts, and ethnographic objects. They
are tangible and can be preserved, protected, and displayed in museums, archives, or other cultu-
ral institutions. Material CH entities are often objects that are created, used, and appreciated by
a culture or community, and they provide tangible evidence of a culture’s history, identity, and
artistic achievements. Whereas, immaterial CH entities refer to intangible aspects of a culture that
are passed down from generation to generation including language, music, dance, oral traditions,
rituals, festivals, and traditional knowledge. These are typically practices, expressions, knowledge,
and traditions that are transmitted orally, through performances, or through other intangible means.
Such intangible elements are often deeply embedded in a culture’s social practices, beliefs, and
values, and they contribute to the intangible cultural heritage that shapes a community’s identity
and way of life.

Both material and immaterial CH entities are important and interrelated, and together they
contribute to the richness and diversity of a culture’s heritage [Bouchenaki2003]. Within the scope
of this thesis, we consider (1) material entities to which we refer as tangible entities, and (2) their
significance and value to which we refer as the intangible aspects of tangible entities, throughout
this document.

Moreover, a cultural heritage entity is considered as a "boundary object", a term adopted by
heritage historians referring to the french concept "Objet Frontière" which initiated in the late
1980s by Star and Griesemer. "L’objet frontière est un objet suffisamment flexible pour s’adapter
aux besoins et aux nécessités spécifiques des différents acteurs qui les utilisent et qui sont suffi-
samment robustes pour maintenir une identité commune" 1 [Star1989].

The term boundary object is meant to describe an object or artifact that is able to bridge dif-
ferent social worlds or domains of knowledge (the actors using the object), without necessarily
being defined or interpreted in the same way by all of them (the robustness of the object). Howe-

1. It’s corresponding translation : "A boundary object is one that is flexible enough to adapt to the specific needs
and requirements of the different actors who use it, yet robust enough to maintain a common identity".
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ver, despite the flexibility of the boundary object, it actually maintains a stable core, as a shared
identity or common set of characteristics, that remains constant and recognizable to all parties
involved (the common identity of the object). This shared identity allows the different actors to
communicate and collaborate effectively, even if they have different backgrounds, perspectives,
or goals [Akkerman2011]. In other words, the common identity which represents the common
ground that unites the actors, acts as an interface between the multiple disciplines and allows for
the exchange of knowledge, information, and ideas across disciplinary boundaries. This facilitates
the collaboration and communication among actors from different disciplines with different pers-
pectives, terminologies, or backgrounds [Bowker2000, Caccamo2022].

CH entities act as boundary objects [Leigh Star2010] because they are often multi-dimensional
and can be interpreted in different ways, at different times, by different communities, while retai-
ning a recognizable identity and significance. For example, a traditional dance or song may be
performed and appreciated differently by different communities of different generations, but still
recognized as a part of their shared cultural heritage. Similarly, a historical monument or artwork
may hold different meanings and associations for different groups of people, but still serve as a
point of connection and shared reference. This topic is examined in [Kopytoff1986] (not specifi-
cally about cultural heritage) where objects are argued to have a "cultural biography" that reflects
their changing meanings and values over time as they are produced, exchanged, used, and dis-
carded within different cultural contexts. Applying this approach to the study of cultural heritage
tangible entities considers how their material qualities and historical contexts shape their signifi-
cance and meaning within different cultural communities.

In this sense, CH entities are not just static artifacts or objects, but living and dynamic en-
tities that are shaped and reinterpreted by the communities and contexts in which they exist [of
Europe2009]. As boundary objects, CH entities provide a shared point of reference that facilitates
the communication and collaboration across different disciplinary boundaries within a CH com-
munity, enabling the exchange of ideas, values, and practices.

In its role as a boundary object, a cultural heritage entity is not only considered of multi-

disciplinary, but also of cross-disciplinary nature. In order to study, interpret, and preserve cultu-
ral heritage tangible entities within diverse aspects of human culture (as mentioned earlier), it
is mandatory to integrate the knowledge, methods, results, and perspectives from multiple disci-
plines [Harrison2013]. On the one hand, it is only with the expertise from multiple domains that
insights can be drawn about the CH entity (multidisciplinary aspect) [Graham2012]. For example,
the study of a cultural heritage entity such as a painting, may require expertise from art history,
conservation science, and materials science, among others, to understand its historical context, ar-
tistic techniques, and material composition. On the other hand, in the context of boundary objects,
a CH entity also serves as a common grounding that bridges disciplinary boundaries (the cross-
disciplinary aspect) [Lowenthal1996]. For example, an archaeological site is a boundary object
that brings together experts from various fields such as archaeology, history, anthropology, art his-
tory, conservation science, environmental science and geomorphology, to study and interpret the
site’s cultural significance and develop strategies for its preservation and management.

And according to both, the robust nature and the unique identity of a CH entity as a boun-
dary object, it serves as an ideal tool for an interdisciplinary integration of knowledge and me-
thods. Thus, cultural heritage is also an interdisciplinary field requiring in the collaboration and
communication among experts from different fields to develop a comprehensive understanding of
cultural heritage tangible entities [Smith2006]. An interdisciplinary approach to cultural heritage
allows for a holistic comprehension and appreciation of human culture and its diversity. For that,
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a common goal or objective is necessary to ensure that each discipline’s contribution is aligned
and directed towards a shared purpose, to result in integrated and effective efforts to achieving
an interdisciplinary approach. In [Lach2014], the authors argue that a shared goal is essential for
interdisciplinary collaboration, as it helps to align the efforts of various disciplines towards a com-
mon purpose, as in the multi and cross-disciplinary field of environmental sustainability, involving
fields such as ecology, economics, and policy. Without a common goal, each discipline may focus
on its own objectives, resulting in conflicting strategies that do not effectively address environmen-
tal challenges. By establishing a shared goal, research teams can work together to develop holistic
solutions that address their interdisciplinary challenges.

In heritage sciences, several interests arise for developing strategies for the preservation, res-
toration, management, and interpretation of CH entities. Among which is the goal of studying
and constructing the tangible discourse of a CH entity and transmitting it over generations. A
tangible discourse of a CH entity refers to the material characteristics of the entity that can be
observed, analyzed, and interpreted. Material characteristics encompass the physical elements of
the entity such as its form, material composition, construction techniques, decorative elements,
and other physical attributes. For example, if the cultural heritage entity is a piece of artwork, its
tangible discourse may involve its medium, technique, style, iconography, and condition. If it is
an archaeological artifact, the tangible discourse may encompass its material composition, manu-
facturing techniques, and physical features.

In [Pearce2017], the author explores the ways in which museums and their collections shape
our understanding of cultural heritage. In fact, objects and collections in museums provide tangible
evidence of cultural heritage, and their materiality contributes to the discourse and interpretation
of cultural heritage. The author suggests that the study of objects and collections can provide in-
sights into the social, cultural, and historical contexts in which they were produced and used, and
how they are perceived and valued by different communities. Similarly, [Dudley2012] explores
the ways in which museum objects can be used as a means of accessing and interpreting cultural
heritage, and highlights the importance of a tangible discourse for understanding the physical pro-
perties and material culture of these objects. Additionally, in [Miller2005], the authors discuss the
importance of materiality in the study of culture, and how objects and artifacts provide tangible
evidence of cultural practices and beliefs. It is argued that material culture can be understood as a
"tangible discourse" that reflects the intangible aspects (e.g. the values, beliefs, and practices of a
culture) by studying the tangible ones.
Indeed, several other works [Henare2007,Miller1997,Gell1998] highlight the significance of ma-
teriality in the communication and interpretation of cultural meanings and values, in a variety of
disciplines, including anthropology, art history, and material culture studies.

Studying, analyzing and representing CH entities is necessary to construct their tangible dis-
course for which there is no written record. It provides important clues and evidence that can help
researchers, conservators, and other stakeholders understand the history, cultural significance, and
authenticity of the entity. Indeed, the politics and cultural implications of the UNESCO World He-
ritage Convention program examined in [Meskell2018] emphasizes the importance of a tangible
discourse for understanding the material aspects of cultural heritage. By examining the material
aspects of a CH entity, experts can gain insights into its creation, use, function, and meaning wi-
thin its cultural context, and contribute to a deeper understanding of the ways in which physical
objects and spaces shape learning and knowledge production [Sørensen2009].

The Patrimalp project, which this thesis is part of, is an interdisciplinary research project ai-
ming to develop an integrated and interdisciplinary approach for a better understanding of
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material (tangible) cultural heritage based on its cross-disciplinarity. The project is funded
by the French National Research Agency 1, in the framework of the "Investissements d’Avenir"
program, and divided into work packages (WP) involving several partners :

— (WP1) working on raw material resources and contextualization involving the EDYTEM lab
from Université Savoie Mont Blanc (USMB), and the PACTE lab from Université Grenoble

Alpes (UGA),

— (WP2) working on materials, manufacturing processes, and alteration involving the Néel
institute from the Centre National de la Recherche Scientifique (CNRS), and the European

Synchroton Radiation Facility (ESRF),

— (WP3) working on history, life, and trajectories of the artifacts involving the ARC-Nucléart
lab from the French Alternative Energies and Atomic Energy Commission (CEA) Grenoble
and LUCHIE lab from UGA, and

— (WP4) working on the modelisation and interconnected visualization of cultural heritage
science involving the LIG lab (STeamer team, in which this thesis was conducted), and the
LJK lab from UGA.

Patrimalp is part of the policy promoted by the European Council and the European Parliament to
enhance the value of cultural heritage by establishing for the first time in 2018, a European Year
of Cultural Heritage which draws attention to the importance of digital switchover, among others,
on heritage elements.

The scientific approach of Patrimalp consists in a cross-disciplinary study of tangible cultural
heritage entities dated from the Neolithic period to the pre-industrial period. These entities are pre-
served in the West Alps and the Rhone Corridor, and include parietal paintings in neolithic cave
sites 2 and applied brocades on polychrome sculptures. Across the first three work packages, these
entities incorporate an intrinsic analysis, allowing for the reconstruction of all the stages that en-
abled their achievement (materials, processes, models, etc.), and an extrinsic analysis allowing for
the placement of these entities in their historical context of creation (natural, cultural, symbolic,
etc.). And within the context of the fourth work package, only an integrated and interdisciplinary
approach allows to reach such a level of results and understanding.

In this thesis, we particularly consider two complex examples of tangible cultural heritage en-
tities as two case-studies ; rock art sites and their parietal paintings, and polychrome sculptures and
their applied brocades. An example of each entity type is shown in figures 1.1 and 1.2 showing
respectively the parietal/schematic paintings found in sites of the western Alps and southern of
France such as those in "Rocher du Château" in the valley of Bessans, and the applied brocades
found on the "Vierge de Pitié" and "Saint évêque Claude" sculptures.

Rock art sites are by definition complex CH tangible entities. The parietal paintings found are
the expression of an ideal (intangible) universe, of collective representations, specific to prehisto-
ric societies [David2002,Defrasne2023]. To study them, researchers in patrimonial sciences study
the material remains of this ideal universe, the tangible manifestations of the ideas that animated
prehistoric human groups. Researchers motivate that by stating that "If we will never be able to
find their meaning, we can study their structure and nature through the different components that

1. ANR-15-IDEX-02 : CDP Patrimalp - Development of an Integrated and Interdisciplinary Heritage Science
2. Eighteen sites have been already identified and located within the context of Patrimalp in France and Italy. Some

examples : Le Trou de la Fclaz, Saint-Jean-d’Arvey, Savoie ; Gias des Peintures, tende, Alpes Maritime ; West Abri
n°2 de Pierre Rousse, Beauregard-Baret, Drôme ; Grotte du Loup, St-Laurent-sous-coiron, Ardèche ; Rocca di Cavour,
Cavour ; Balma dei Cervi, Valle Antigorio ; le Rocher du Château, Bessans, Savoie ; Faravel, Fressinières, Les Hautes
Alpes.
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The sculptures of the Savoyard corpus present two types of applied brocades defined by the shape
of the cut motif and its location. The first type is called "juxtaposed", "covering" or "continuous",
where the molded tin sheets, in a square or rectangular shape, are applied to the sculpture in such
a way as to cover the entire surface of a garment. The pattern is repeated in a regular manner,
horizontally or vertically. In the Savoyard corpus, this type is mainly present on clothes such as
dresses, tunics or doublets but also on the bonnet of "Saint Crépin de Chambéry" [Pinto2021].
The evocation of this type of textile makes it possible to visually emphasize a character and its
symbolic importance within a sculpted group by associating it with the most expensive precious
fabrics [Van Duijn2012]. The second type of applied brocades is referred to as "dotted", "isolated"
or "local", where the tin foil is cut so that the pattern takes on a round or polygonal shape and is
placed fairly evenly on a painted surface of the sculpture. This type appears mainly on capes and
more rarely on tunics [Pinto2021].
Applied brocades and the polychrome sculptures on which they are found are studied as complex
cultural heritage tangible entities. Indeed, they represent the skills, techniques, and designs that
have been passed down through generations, and reflect the history, values, and aesthetics of their
respective cultures.
Researchers from patrimonial sciences in general, and in Patrimalp in particular, study these enti-
ties in an cross-disciplinary manner [Lelong2021]. From textile sciences, the physical and chemi-
cal properties of brocade fabrics, including their weave structures, fiber composition, and dyeing
techniques can be studied e.g. [Dancause2018]. Researchers from art history study the historical
contexts and cultural meanings associated with applied brocades, which involves examining his-
torical texts, artwork, and other artifacts related to the production and use of brocades, as well
as conducting ethnographic research with contemporary textile producers and users e.g. [Schoe-
ser2007]. From the historical archives, it is possible to access receipts or trading acts, and so on.
Also, material scientists use a variety of analytical techniques to investigate the physical and che-
mical properties of the materials used in brocades e.g. fiber, dyes, metals, and other decorative
elements [Bordet2021], and so on.

For both preceding examples of CH tangible entities, which resemble our two case studies
in this thesis, the materiality of the entity plays a vast role in its understanding and represen-
tation allowing for an interdisciplinary dialogue. It is certainly with the materiality of the entity
that insights concerning its significance and value (immateriality) can be drawn for constructing
eventually its tangible discourse.
And to establish an interdisciplinary dialogue around the shared goal that is the understanding

and representation of a tangible (material) cultural heritage entity, defined as a boundary ob-
ject, it is necessary to take up the challenge of understanding between disciplines.

Indeed, these disciplines need to understand each other, communicate their information, share
their results, and interpret with one another their studies on the same patrimonial object. Yet, they
use distinct terminologies, acquire diverse contextual backgrounds, and describe different view-
points of the same entity, yielding in both syntactic (vocabulary-based) and semantic (content-
based) heterogeneity. The former refers to differences in the way terms and concepts are used and
represented across disciplines, whereas the latter concerns the differences in the meaning of the
used terms and concepts [Klein2010, Klein2008].
Both create barriers to an interdisciplinary collaboration and limit the potential for knowledge

sels, the Netherlands, and France, on several sculptures between the end of the 14th and the beginning of the 15th
century. Then the technique spread and grew in the rest of Europe and reached its peak between 1430 and 1530 in
France, Switzerland, Austria, Bohemia, Lombardy (Italy), in the north of Spain, Portugal and in a much more fragmen-
ted way in Sweden, England and Wales. This complex decorative technique did not last more than a century and was
quickly supplanted by simpler decorative techniques such as engraving, pastiglia, or sgraffito.
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is a formal specification of a shared conceptualization i.e. it is defined in terms of a concep-

tual specification and a logical rendering [Guarino1995a]. 1 It includes a set of concepts, their
definitions, and relationships between them. Such a presentation of an ontology term corresponds
to its use in the Applied Ontology field. Together, with Knowledge representation and Reasoning,
and the Semantic Web, they form the three fields that this thesis falls into. This shared conceptua-
lization represented by a formal specification can be used to describe a common interest (goal),
around a cross-disciplinary entity, across multiple disciplines, in an interdisciplinary approach.

It is possible to build an ontology as a meta-ontology that is not tied to any specific discipline
i.e. not a domain ontology. This is highly adopted in interdisciplinary approaches as a way of
using the philosophical and linguistic aspects of the term ontology (within Artificial Intelligence)
to analyze the structure of a given reality at a high level of generality and to formulate a clear and
rigorous vocabulary [Guarino1998a]. A meta-ontology represents a shared meta-conceptualization
using a shared meta-modeling language [Guizzardi2007]. This allows for the development of a ge-
neric and extensible framework for knowledge representation and facilitates knowledge integration
across different domains and disciplines, which makes it a particularly useful for interdisciplinary
approaches [Gruninger1995].

As for the employment of an ontology in interdisciplinary approaches, there are different ways
of capturing implicit knowledge across heterogeneous data sources and creating semantic inter-
operability between them. As a result, a semantic-based data integration system is created using
ontologies. Depending on the number of ontologies used, and their levels of abstraction, their are
different approaches of Ontology-Based Data Integration (OBDI), based on [Wache2001].

Thus, adopting a (meta) ontology-based approach for building a shared model in an inter-
disciplinary approach contributes to : (a) enhancing interoperability between the different systems
through the provided common language (framework) [Berners-Lee2001], (b) resolving the seman-
tic conflicts between the heterogeneous data resources and enabling the semantic integration and
analysis of their data [Cruz2005], (c) advocating consistency and coherence between the multiple
disciplines by providing a shared conceptualization upon which they agree and share an inter-
est [Guarino1995a], (d) supporting knowledge management and reuse by providing a structured
representation (hierarchy of concepts and relationships) of knowledge that can be shared and reu-
sed across different domains [Noy2001], and (e) facilitating communication and collaboration
among researchers supporting more comprehensive and holistic analyses [Hastings2014].

As part of the Patrimalp project, to achieve an interdisciplinary approach, the multiple disci-

plines are brought together in order to access the materiality of these cross-disciplinary heritage
entities. It is not a question of juxtaposing the elements brought by each discipline concerning the
nature of the materials used. It is rather a problem of building a shared model, the meta-ontology,
in which the common interest (the better understanding and representation of the materiality of
tangible cultural heritage entities) shared by the different disciplines, is addressed.

For understanding it, a tangible CH entity that is a sensitive, authentic, concrete, material,
visible, and touchable, must be characterized by a set of criteria, thanks to which each heritage
object is unique. These include its spatial location at a given time, shape, dimensions, colors, fa-
mous author, material nature, production date, etc. Moreover, CH tangible entities that share a
certain number of criteria (one or more) can come together to form a collection, which in turn has
characteristics that distinguish it from another collection. For instance, in the case of sites with

1. This definition is based on Gruber’s initial introduction of an ontology as an "explicit specification of a concep-
tualization" [Gruber1993]. Note that a detailed illustration of an ontology in terms of the notions of a conceptual
specification and logical rendering is provided in the Preliminary Remarks section.
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schematic paintings, these characteristics include : the type of location in the environment and
that of the site (rock shelters or deep cavities, panoramic view, valley bottom, etc.), the mobiliza-
tion of a particular cognitive register (schematic figures or figurative representations), similar time
periods, associations of identical iconographic themes, dyestuff of the same nature or identical
methods of preparation, etc.

In fact, the criteria mentioned not only apply to tangible CH entities, but they also characte-
rize the structural and spatial aspects of any tangible entity. Therefore, the objective of this thesis
expands beyond the creation of a model solely focused on the materiality of tangible CH en-
tities. Instead, it aims to develop a meta-ontological model that enables the understanding and

representation of the materiality of any tangible entity by investigating its structural and spatial

characteristics, with a specific inspiration from CH as future goal for an application domain.

1.2 Problematic

Based on what preceded, we seek to build a meta ontological model for representing the ma-
teriality of tangible entities in general, and CH tangible entities in particular. Thus, in this thesis,
we aim to answer the following research questions :

— How to model the materiality of tangible entities within a meta-ontological approach? what
are the requirements for this ontology to achieve a representation of materiality of the tan-
gible entity concerning its structural and spatial settings ?

— How will this meta-ontology be employed in practice in general, and within an interdisci-
plinary approach in the presence of multiple disciplines in particular ?

— How is this meta-ontology approach convenient for applications in general, and the Patri-
malp project’s application in particular ?

The first inquiry pertains to a matter of modelisation, and our objective is to address it through
the study of ontological relations within an Applied Ontology approach. We believe that it is useful
and necessary to focus on ontological, structural and spatial, relations between entities and within
entities to explicate the semantics of its materiality regarding its structural and spatial settings. To
do so, only an ontological model of composition relations can adequately address this fundamental
question.

The second inquiry revolves around the possible employment approaches of the proposed
meta-ontology, with focusing on the matter in interdisciplinary approaches. Our proposed course
of action to tackle this matter depicts two methods for employing the meta-ontology based on the
setting of the application. In case of a single ontology application, the employment method is "di-
rect". In case of multiple ontologies as is the case in interdisciplinary integration approaches, the
employment is "indirect" accompanied by an ontology based data integration (OBDI) approach.
For an OBDI paradigm, we believe the Global-as-View (GaV) approach adequately addresses in-
terdisciplinary requirements.

Moreover, the third inquiry pertains to demonstrating the applicability and convenience of the
proposed ontology. Within the scope of the Patrimalp project, the Cultural Heritage field is taken
as the interdisciplinary application to show ontology in practice.
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Therefore, we identify the fundamental objective of thesis as follows. Then, we clarify the
approaches versus the fields of study that we address in view of our fundamental objective.

Fundamental objective :

Representing and modeling the composition of a tangible entity in general, and a Cultural
Heritage tangible entity in particular, using ontological structural and spatial relations, wi-
thin a Applied Ontology approach .

For the two matters of interest that we address in this thesis (modelisation and employment
phases), we present some preliminary remarks in a Preliminary Remarks section focusing on "on-

tologies" and "ontology-based data integration" paradigms. This is to guide the reader with our
followed approach throughout the manuscript in general, and Chapter 4 in particular upon which
our contributions (in Chapters 5, 6, 7, 8) are based.

Regarding the state-of-the-art, two main fields necessitate consideration of the existing re-
search conducted within each field. It is important to clarify that the state-of-the-art section serves
as a general overview of the well-established literature that is relevant to our thesis, rather than a
comprehensive review of the related topics addressed in this thesis. A more specific examination
of related work is provided in each of the four main contribution chapters (5, 6, 7, 8).

The first field is motivated by modeling the composition of a tangible entity as a complex
structure to enable the understanding and representation of its materiality, with the focus on CH
entities [motivation-I]. This requires investigating the extant ontological models of composition

within the literature on cultural heritage model, which is is carried out in Chapter 2.
The second field is motivated by acquiring a number of ontological, structural and spatial,

relations that enable representing the composition of a tangible entity [motivation-II]. And this re-
quires investigating the extant literature on foundational ontological relations, focusing on struc-

tural and spatial relations, within the applied ontology field, which is is carried out in Chapter 3.

After conducting a general review of the relevant literature pertaining to the two motivating
factors, we have identified (in Chapter 4) three key challenges that need to be addressed in our
thesis, and which we later contribute to.

— Challenge A : The need for a well-formalized language of a minimal set of ontological
relations including rule constraints and excluding categories.

— Challenge B : The need for a meta-ontology that understands, represents, and models the
structural and spatial constraints of a tangible entity.

— Challenge C : The need for a mapping and query pattern, according to specific employment
method(s), to navigate and exploit the proposed ontology, and infer information relevant to
the underlying questions concerning the materiality of the tangible entity.

Positioning of the thesis

The work of this thesis is positioned in the field of (a) Applied Ontology (AO), addressing in
particular foundational ontological relations, using (b) Knowledge Representation and Reasoning
(KRR) languages. The application of this work is carried out with a particular interest in the (c)
Cultural Heritage (CH) field from which insights are drawn. For a CH interdisciplinary application,
(d) an Ontology-Based Data Integration (OBDI) approach shall be used. Figure 1.3 depicts the four
fields of study (AO, KRR, CH, and OBDI) and the corresponding positioning of our thesis’s two
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As a first contribution, we propose the FORT reference ontology of relations at a theoretical
level. This is by specifying and formalizing FORT using First-order logic (FOL) ; the expressive
logic for constructing comprehensive theories. FORT introduces a minimal set of foundational on-
tological relations, namely parthood, dependence, location, membership, and constitution, based
on the formalization of relations in existing literature. Each of these relations covers an intended
representation for modeling the eventual composition of tangible entities. Thus, acting as a tool
fostering semantically rich and well-formalized ontological relations.
FORT is designed with the following characteristics. It is a (1) modular ontology, composed of
multiple ontology relation modules. These modules are internally linked using a set of defini-
tions, axioms, and theorems, while being interconnected with each other through axioms. (2) It
functions as a meta-ontology, both in terms of the conceptualization it defines and the modeling
language it employs. The ontology specifies a meta-conceptualization that encompasses high-level
abstractions, and employs a meta-modeling language consisting of generic vocabularies. (3) FORT
exclusively focuses on relations and rule constraints, omitting the inclusion of entity types (onto-
logical categories).
The objective is to provide an expressive language that exclusively deals with relations and rule

constraints. This facilitates the understanding, representation, and reasoning of the materiality of
any tangible entity as a complex structure.

In the second contribution, we undertake the analysis and validation of the FORT reference
ontology at an empirical level. For the analysis, we interpret the construction of FORT in view of
extant literature, more precisely : meta-ontologies that offer foundational ontological relations. To
achieve this, we present three key arguments supporting the development of FORT. Additionally,
we position FORT in relation to these ontologies and conduct a detailed comparison of relations,
highlighting both the similarities and differences between them.
For the validation, this involves an additional serialization of FORT using Common Logic (CL)
and specifically the CLIF format. By employing this serialization, we are able to conduct consis-
tency checks, translate FORT into alternative serializations, and perform automated theorem proofs.
Our objective is to demonstrate the novelty and consistency of our proposed language for relations.

For the third contribution, we establish the formalization of the FORT lightweight ontology
at a theoretical level, employing the SROIQ Description Logic as a decidable language for know-
ledge representation and reasoning. To achieve this, we develop a generic procedure that facilitates
the translation of First-order logic (FOL) theories into SROIQ-Tboxes. This translation process
consist of multiple steps. It extracts a decidable fragment while preserving the highest level of
expressivity. Subsequently, we apply this translation procedure to FORT, resulting in its represen-
tation within a decidable lite fragment, hence the term "lightweight ontology".
The objective is to obtain a formalization of our proposed language of relations that is both deci-

dable and capable of supporting rigorous reasoning.

In our fourth contribution (proposal), we provide the FORT lightweight ontology at an empiri-
cal level, by implementing the translated SROIQ-Tbox into the OWL2DL web ontology language.
This is followed by demonstrating the possible employment methods of the FORT lightweight on-
tology based on the application’s settings and objective yielding in : direct and indirect methods.
It is important to highlight that due to time limitations and limited inputs, we do not illustrate a
complete application of FORT, the reason for which we refer to this contribution with "proposal".
The objective is to support the practice of FORT and demonstrate its applicability and convenience

for real world applications.
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1.4 Thesis Outline

In the following Preliminary Remarks section, we present the foundations of ontology as a
shared conceptualization and a modeling language, precisely within Applied Ontology. We also
demonstrate the different ontology-based data integration approaches for interdisciplinary appli-
cations.

In Chapter 2, we conduct an investigation into the existing ontological models in the cultural
heritage literature, with a specific emphasis on the representation of tangible entity compositions.
We systematically classify these models and conduct a comprehensive analysis of three relevant
models, examining their treatment of composition relations in terms of both structure and spatial
aspects.

In Chapter 3, we clarify the notion of foundational ontological relations. Then, we categorize
well-known structural and spatial relations from the literature based on different aspects of study.
After that we illustrate some taxonomies and theories, those revolving around structural and spa-
tial part-whole representations within and of entities, including mereological, mereotopological,
and meronymic studies among other.

In Chapter 4, we interpret our Applied Ontological approach, as a meta-ontology of relations
in terms of a meta-shared conceptualization and a meta-modeling language. Additionally, we esta-
blish an ontology engineering methodology for the formalization of the ontology and establishing
its employment within a Global-as-View paradigm required for interdisciplinary applications.

In Chapter 5, we introduce our proposal of the FORT reference ontology, which focuses on
selected foundational relations at both the microlevel and macrolevel. At the microlevel, we illus-
trate the micro-theories of FORT as multiple intralinked relation ontologies. At the macrolevel,
FORT is presented as a modular macro-theory that interlinks the multiple relation micro-theories.

In Chapter 6, we analyze the FORT reference ontology, demonstrating its novelty in relation
to existing literature on foundational relations. Additionally, we serialize FORT as a CL ontology
in the CLIF format to perform operations and showcase its consistency.

In Chapter 7, we propose a procedure for translating First-order logic (FOL) theories into
SROIQ-Tboxes, delineating a sequential series of steps. We analyze the properties of this proce-
dure and apply it to the translation of FORT, resulting in a decidable fragment of FORT expressed
in SROIQ, as the FORT lightweight ontology.

In Chapter 8, we implement the FORT lightweight ontology in OWL2DL, and demonstrate
proposals for its employment oferring several methods based on the application’s setting and ob-
jectives.

In Chapter 9, we recapitulate the motivations behind our thesis and outline our main contribu-
tions. We also discuss the limitations of our work, particularly the atemporal assumptions made
in FORT, which provide potential avenues for future extensions of the approach. Furthermore, we
provide perspectives for future research directions at various levels.
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Preliminaries -
Ontologies : their modelisation and employment approaches

Tracing the roots of the term "ontology"

The term "ontology", having its roots in philosophy, was firstly studied by the Greek philoso-
pher Aristotle, as the most fundamental branch of metaphysics referring to the science of being

qua being. It deals with entities and relations found across categories, such as scientific disciplines,
in addition to those recognized by common sense.

In contrary to scientific fields that aim at discovering and representing reality under a certain
view, "Ontology" (with a capital ’O’) is a discipline established by the German philosopher Hus-
serl for developing scientific theories of reality, as a science of essences. It focuses on the nature
and structure of entities independent of their actual existence and perspective. This field contri-
butes to an analogy between Formal Ontology and Formal Logic. The former deals with formal
ontological structures, as aspects of objects, independent of their specific kinds, types and instan-
tiations, identity, unity, etc. While the latter deals with formal logical structures e.g. truth, validity,
consistency, etc. The first ontology, namely "the set of theories of Substance and Accidents", was
developed by Aristotle in his Methaphysics and Categories [Cohen2021].

An original clarification on the way the term "ontology" has been used in computer science is
presented in [Guarino1995b].

On the one hand, in Information Systems (IS), according to Smith [Smith2012], the term ’on-
tology’ firstly appeared in 1967 by S.H. Mealy, in his work "On the foundations of data modeling".
Mealy argues that the existence of things in the world can be distinguished in the field of data pro-
cessing into three distinct realms : (a) "the real world itself", (b) "ideas about it existing in the

minds of men", and (c) "symbols on the paper or some other storage domain". It basically dis-
cusses the existence of things in the world regardless of their (possible) multiple representations,
and concludes by introducing the term "ontology" under the statement "This is an issue of onto-

logy, or the questions of what exists" including some of Quine’s claims in [Quine1948]. As such,
an ontology as a particular system of categories accounting for a certain vision of the world. This
view of "ontology" by the Information systems community conforms to its definition in philosophy
as independent of a language i.e. an ontology is the same whether it is represented in a language
as natural as English or as a formal as First-Order Logic.
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On the other hand, in Artificial Intelligence (AI), the term "ontology" was introduced in
[Hayes1979] to develop a physics ontology for liquids [Hayes1985], and later other ontologies
started to appear in different domains as domain ontologies. As such, an ontology refers to an en-
gineering 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 [Guarino1998a].
And a domain ontology is simply one that is focused on a particular domain of knowledge, such as
medicine [Pisanelli2004, Gangemi1998], mechanical engineering [Borst1997], natural language
translation [Knight1994, Mahesh1996], geographic information systems [Casati1998], and other
fields. It is a formal model of the concepts, relationships, and rules that define the domain, and it
provides a common vocabulary and conceptual framework that can be used to facilitate commu-
nication and collaboration among the stakeholders in the domain. The view of this community,
including areas of computer science such as semantic web communities, corresponds thus to a
concrete artifact designed for a specific purpose, and represented in a specific language.

In this manuscript, our reading of the term ontology refers to the AI reading, following the
clarification in [Guarino1998a] and [Guizzardi2008]. Under this interpretation, an ontology uses
the word conceptualization to refer to the philosophical representation, while being dependent on
the language used i.e. two ontologies can be different in the vocabulary they use (English, Greek,
First-order Logic, etc.) while sharing the same conceptualization.

Defining "ontology" and its variants

In terms of its definition, several efforts have surfaced in the literature e.g. [Swartout1999]
or [Hendler2001]. Among which, as mentioned in [Guarino2009b], the one from Gruber in [Gru-
ber1993] seems to be the most prevalent and most cited as an "explicit specification of a concep-

tualization". Although the word ontology can be used to refer to an implicit representation i.e.
existing only in someone’s head or embodied in a piece of software. However, in the scope of this
work and following its popular use in AI, the notion of ontology and its respective conceptualiza-
tion must be made accessible to users through an explicit and formal description.

In [Guarino1995b], the authors carry out a detailed discussion for clarifying the term "onto-
logy" across its bearable interpretations in AI, driven by the original analysis of Gruber.
In 1997, Borst defined an ontology by additionally requiring that the conceptualization should ex-
press a shared view between several parties, a consensus rather than an individual view, as a formal

specification of a shared conceptualization [Borst1999]. This means that such a conceptualization
should not only be explicit, but also expressed in a (formal) machine readable format. As for the
"shared" property, it refers to approximations of minimal consensual conceptualizations that can
be made based on a set of examples. And it is thanks to the "shared" property that ontologies offer
interoperability at large-scale applications.
So in 1998, Studer et al. [Studer1998] merged these two definitions stating that an ontology is "a

formal and explicit specification of a shared conceptualization". All these definitions are grounded
on the same terms ; "shared conceptualization" and "explicit/formal specification".

Later, in [Guarino2009b], a precise and concise formalization was provided, focusing on the
three major aspects of the definition by Studer et al. "conceptualization", "formal, explicit speci-
fication", and the "shared" property. In addition, a formal characterization of the notions of "on-
tology", "conceptualization" and "metamodel", as well as on the relations between these notions,
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The logical rendering of the ontology is the theory that is the formal logical description, e.g.
in first-order logic, of its specification X . The value of the logical theory in representing the spe-
cification depends thus on both : firstly the modeling language i.e. the choice of the modeling
primitives, and secondly the formal logical language i.e. the formal logic used for rendering the
vocabulary. The former ensures the suitability of the language and the appropriateness of the vo-
cabulary regarding the intended shared conceptualization. The latter, however, constraints, based
on its syntax and semantics, the description of the specification. For instance, adopting first-order
logic as the logical language offers wide expressivity yet yields to a loss of some computation
services. Whereas adopting a decidable description logic guarantees computational services, over
a limited expressivity.

The meta-ontology level

The concept of levels of ontologies was first introduced by Guarino in [Guarino1998a] pro-
posing a three-level ontology architecture consisting of an application ontology, a domain onto-
logy, and a top-level ontology, according to their level of generality following a detailed discus-
sion in [Guarino1997b, Guarino1997a]. Top-level ontologies describe very general concepts (e.g.
space, time, matter, object, etc.) independent of a particular domain. Domain and task ontologies
describe the vocabulary related to a generic domain (e.g. medicine, culture, etc.) or task (e.g. sel-
ling, paying, etc.), in which it specializes concepts of top-level ontologies. And application ones
describe concepts depending on both, a particular domain and a particular task, as a specialization
of both domain and task ontologies.

Later, other intermediate ontology levels were proposed such as core ontologies and mid-level
ontologies. 1 Core ontologies are ones that define multiple domains and consist of the minimal
concepts required to understand concepts across these domains [Falquet2011]. It is linked to a
particular multidisciplinary domain and provides several view points relating to the different disci-
plines. An example of a core ontology is the CIDOC-CRM [ISO211272014] providing an ontology
for concepts and information in cultural heritage and museum documentation. Whereas mid-level
ontologies are ones that aim to bridge the gap between top-level generic terms and domain-level
specific terms [Ceusters2015] such as the Common Core Ontologies (CCO) [2012019], and CI-
DOC CRM too.

A meta-level aims at providing a way to describe and analyze reality at a higher level of
abstraction, allowing for more interoperability and use of models across different domains and ap-
plications. For a meta-ontology level, a conceptualization is a meta one that encompasses formal
ontological categories and relations of top-level abstractions. Similarly, its modeling language is
a meta one whose syntax uses generic primitives i.e. domain-independent vocabularies.

Indeed in [Guizzardi2007], the authors distinguish between two levels : the level of material
domains (such as genomics, archaeology, etc.) and the corresponding domain-specific modeling
languages, and the meta-level of domain-independent meta-conceptualizations with a general mo-
deling language (also called general ontology representation language or general ontology mo-
deling language). This is depicted in figure 1.6 which shows the relations between the different
notions at both levels. The meta-conceptualization defines a level of abstraction that is top-level,
and can instantiate the set of all domain conceptualizations. And the general ontology represen-
tation language is a language whose primitives specify theories that can be used for the formal

1. A detailed illustration of the different levels is presented in [Cummings2017].
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levels (logical, epistemological, conceptual, and linguistic). Examples of languages in the logical
level include the KL-ONE [Brachman1989] language ; the frame language which had an influen-
tial aspect in defining concepts formally such as introducing the Is−Arelation [Brachman1978].
Other knowledge representation languages, such as the Web Ontology Language (OWL), are spe-
cifically designed for representing ontologies. OWL is a language for defining and sharing onto-
logies on the web, and it provides a rich set of constructs for representing concepts, relationships,
and rules in a structured and machine-readable format.

For the SW, and motivated by the growing interest in Linked Open Data (LOD), the extant
technologies aim at proposing a family of knowledge-based approaches that rely on a formal and
shared model i.e. ontology [Gruber1993]. Ontologies are a fundamental building block for the
SW because they provide a common vocabulary and understanding of concepts that can be used
to annotate and describe web resources. Ontologies enable machines to understand the meaning
of information on the web, which is critical for tasks such as information retrieval, data inte-
gration, and automated reasoning [Horrocks2008]. With ontologies, implicit knowledge can be
captured in the SW across heterogeneous data sources, and semantic interoperability can be achie-
ved [Wache2001]. Furthermore, the SW provides a set of standards and technologies for repre-
senting and sharing data on the web in a machine-readable format. These technologies include the
Resource Description Framework (RDF), the Web Ontology Language (OWL), and the SPARQL
query language, among others. By using these technologies, the SW allows different systems to
exchange and integrate data in a way that is meaningful and understandable to machines.

Indeed, the underpinnings of key SW standards, such as RDF [Brickley2014] 1 and OWL [Be-
chhofer2004], are explicitly logical underlying Description logics. For instance, the OWL2 lan-
guage [Krötzsch2012a] which is the latest version of OWL, is based on the SROIQ logic [Hor-
rocks2006], which is the the most expressive Description Logic [Baader2003,Robinson2001]. This
reflects that Semantic Web applications often rely on schema/ontology qualities as their structure
(also called backbone), and allows for deductive reasoning [Hitzler2020].

Nevertheless, ontological theories (e.g. [Heller2004, Chisholm1996, Bunge1977]) have been
successfully applied to the evaluation of conceptual modeling languages and frameworks such as
UML [ISO/IEC195012005], ORM [Halpin2005], ER [Chen1976], and GOL [Degen2001]. Ad-
ditionally, they have been used for the development of engineering tools such methodological
guidelines and modeling design patterns that contribute to the theory and practice of their disci-
plines [Guizzardi2008]. It is important to see how the different fields interfere and use one another,
in order to specify, later, in which field(s) the scope of this thesis contributions fall.

Ontology use for data access in interdisciplinary approaches

As we have mentioned in the Introduction (chapter 1), data integration (sometimes called
information or knowledge integration) is a major burden in interdisciplinary applications. For these
applications, to make a cooperative work in which experts from each domain can share parts of
their data, multiple data sources must be linked and integrated. This is known as information

interoperability i.e. the capacity of different information systems, applications, and services to
communicate, access, share and interchange data, information, and knowledge in an effective way

1. Additional information about RDF and OWL can be founded on ❤tt♣s✿✴✴✇✇✇✳✇✸✳♦r❣✴❘❉❋✴ and ❤tt♣s✿

✴✴✇✇✇✳✇✸✳♦r❣✴✷✵✵✶✴s✇✴✇✐❦✐✴❖❲▲ respectively.
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[Wache2001].
Data integration raises several semantic heterogeneity problems, which consider the content of

an information item and its intended meaning. Since most heterogeneity problems in information
integration are caused by semantic conflicts, then richer semantics of data are needed to resolve
this problem.

For achieving interoperability, the creation of a global schema has been proposed and studied
as schema integration, also known as schema alignment, or schema matching [Rahm2001]. And to
address the need of richer data semantics for resolving conflicts from heterogeneous data sources,
researchers have proposed the use of ontologies [Bergamaschi2001,Hakimpour2001,Wache2001].
Compared to schemas, ontologies extract the implicit semantics of knowledge. In [Shvaiko2005],
differences and commonalities between ontologies and schema have been made clear e.g. the
semantics are not really not considered within a schema’s specification. Using an ontology as a
shared common model for integrating the multiple disciplines according to a shared understanding
is a key to achieving semantic interoperability [Uschold1996, Cruz2005].

In the following we first present the two main data integration approaches in general (schema
integration), followed by the three basic ontology-based data integration in particular. Then we
show how the specific approaches overlap the general ones, and how this created a fourth ontology-
based approach which we employ in this thesis.

Data integration approaches

Data integration is the problem of combining data residing at different sources, and providing
the user with a unified view on this data [Halevy2001,Hull1997,Ullman1997]. Most data integra-
tion systems focus on architectures based a global schema and a set of sources [Lenzerini2002]
in which the sources contain the data while the global schema provides a reconciled, integrated,
and virtual view of the underlying sources. And based on the specification of the mapping (cor-
respondences) made between the data of the sources and the data of the global schema, two basic
approaches have appeared in the literature as systems of data integration : Local-as-View (LaV)
and Global-as-View (GaV). A mapping between two schemas is constituted by a set of assertions
of the form q1  q2, where q1 and q2 are two queries of the same arity, expressed in a query
language over a schema. 1

The two approaches (LaV and GaV) are differentiated based on the mapping between the
global schema G and the source schema S.

LaV approaches are based on characterizing each source in terms of a query (also called view)
over the global schema yielding in one assertion for each element s ∈ S of source, in the form s 

qG . This enables changes to source schemas without affecting the global schema, since the local
schemas are defined as views over the global schema, but the query processing can be complex.
Additionally, from a modeling point of view, the designer concentrates on declaratively specifying
the content of the source in terms of the global schema [Lenzerini2002].

Whereas GaV approaches are based on associating each element g ∈ G in the global schema
with a view over the source local schema, in the form g qS. Therefore querying strategies are
simple, but the evolution of the local source schemas is not easily supported. and in contrary to
LaV approaches, the designer concentrates to specify how to get the data of the global schema by
means of queries over the sources.

In each of the approaches, to better characterize each element of the source/global schema
in terms of the global schema/sources, some sophisticated assertions (in some formal logical

1. The notion of query is crucial for capturing a mapping between the global and local schemas. For further reading,
we suggest the following paper [Calvanese2001].
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— Single Ontology approaches : these use one global ontology which provides a shared vo-
cabulary for the specification of the semantics, to which all information sources (e.g. data-
bases) are related, such as the OntoBroker frame-based representation system [Decker1999].
This is by relating the objects of each information source to those in the global ontology.
These approaches are employed in cases where all information sources share nearly a same
view on a domain, rather than different views in which developing a minimal ontology be-
comes difficult [Gruber1995]. In this approach, domain experts are needed to define and
evaluate the semantics of all data sources in terms of the global ontology.

— Multiple Ontology approaches : these use multiple ontologies, each describing an infor-
mation source, without sharing the same vocabulary, e.g. the OBSERVER. This requires
inter-ontology mappings which identifies semantically corresponding terms across ontolo-
gies considering the different. Having no common and minimal ontology makes it difficult
to compare the different source ontologies and to map the semantically heterogeneous views
which might acquire different granularity levels.

— Hybrid Ontology approaches : these overcome the difficulties of single and multiple onto-
logy approaches, in which the semantics of each information source is described at its own,
while building one global shared vocabulary (not ontology) [Goh1997,Wache1999], e.g. the
MECOTA/BUSTER [Vögele2003]. In these approaches, the terms of the source ontologies
are described in terms of the primitive terms of the shared vocabulary.

In general, each of the three approaches possesses distinct benefits and limitations, and their
utilization shall be determined based on the integration requirements within a given system.

In the context of interdisciplinary approaches, the use of ontologies has become increasingly
prevalent. This is evident through two key observations : (1) each discipline within the multiple
involved disciplines tends to possess its own schemas, often in the form of ontologies, which
reflect their localized perspectives on the subject matter, and (2) there exists a consensus among
these disciplines regarding a common goal and shared understanding pertaining to the (partial)
common entity they collectively address.

Consequently, an additional approach appeared necessary to facilitate interdisciplinary inte-
gration in fields such as environmental sciences. It serves as an intermediary between the single
and hybrid OBDIs approaches. In the subsequent discussion, we will examine the intersections
between OBDI and data integration approaches, followed by the fourth variant of OBDI that best
aligns with the requirements of our interdisciplinary cultural heritage field.

From "data integration" to "Ontology-based data integration"

The two aforementioned criteria for approaches operate at different levels : one is of a general
nature, encompassing data integration regardless of the schema type employed, while the other
pertains to the specific context of systems using ontologies as their schemas. The former is based
on the mapping between the two schemas leading to LaV and GaV data integration approaches.
Whereas the latter is based on the number, and level of abstraction, of the used ontologies resulting
in single, multiple, and hybrid OBDI.

These two levels overlap as follows. Both single and hybrid ontology approaches are appro-
priate for cases where building a central data integration system via a global schema is benefi-
cial [Cruz2005]. More precisely, single approaches, being focused on the view of the global onto-
logy, seem more appropriate for a GaV data integration system, whereas hybrid approaches seem
to be appropriate for LaV ones. As for multiple ontology approaches, they can be best used to
construct "peer-to-peer" data integration systems in which no global schema is built i.e. is neither
for LaV nor GaV approaches.
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For example, [De Giacomo2018] describes a general framework for Ontology-Based Data

Access (OBDA) employing the single-ontology approach within a GaV data integration system,
where the mappings translate the operations on the global ontology in terms of queries on local
ontologies.

Afterwards, other works started to appear and presented GaV approaches using both a glo-
bal ontology and local ontologies. This means a GaV approach as view within an OBDI that
provides an intermediate approach between the single and hybrid ontology approaches regarding
the number of ontologies and the their abstraction-level criteria [Gagnon2007, Moser2009, Mo-
ser2016,Ekaputra2017,Modoni2017]. This is referred to as the "Global-as-View" (GaV) ontology-
based data integration (stressing on the term "ontology-based" which distinguishes GaV ontology-
based data integration from the general GaV approach for data integration presented above), which
we present below.

The GaV Ontology-based data integration approach

In [Gagnon2007], the authors propose an ontology-based information integration system with
a local ontology for each data source and a global ontology. The system aims at exploiting the
global ontology and its integration with local ones via a local to global ontology mapping which
falls basically under the GaV data integration approaches, as shown in figure 1.9. The mediator in
the figure maps the requests and answers between the global ontology and the local ontologies of
the data source elements. Local ontologies capture the information from local data sources (e.g.
databases), which may not be captured by the global ontology. Then, mappings are defined in terms
of correspondences between the global ontology and local ones. An ontology is defined by a pair
O = (C,A) where C is a set of concepts and A is a set of axioms describing the interpretation of the
concepts in a given domain. A total mapping from O1 = (C1,A1) to O2 = (C2,A2) can be expressed
as a morphism f : C1→C2 to semantically relate concept C1 to C2, such that, A2± f (A1), i.e., all
interpretations that satisfy O2’s axioms also satisfy O1’s translated axioms. And a partial ontology
mapping form O1 = (C1,A1) to O2 = (C2,A2) if there exists a sub-ontology O′1 = (C′1,A

′
1) with

(C′1 ⊆C1 and A′1 ⊆ A1) such that there is a total mapping from O′1toO2. The approach stresses of
the establishment of both, the global ontology and the local ones. The mappings can be expressed
by means of various languages, depending on the ontology representation language used within
the integration system e.g. OWL [Bechhofer2004].

In [Ekaputra2017], the GaV approach was explained as a fourth OBDI variant and compared
to the other three OBDI variants explained above, as shown in figure 1.10. It is based on the GaV
approach from the relational databases [Doan2012]. The authors aim at systematically reviewing
the literature with a survey reflecting OBDI applications in the context of multidisciplinary ap-
plication. Based on their analyses and comparison of 23 OBDI applications in an environmental
multidisciplinary field, they categorize the four OBDI variants and compare their strengths and
limitations.
The GaV approach requires the definition of one local ontology per data source, similar to the
multiple and hybrid approaches, in an independent manner from the global ontology which is de-
fined afterwards. Then interoperability is achieved by defining independent mappings between the
local and the global ontologies.

Based on the key characteristics of data integration in their environmental multidisciplinary
domain application, they proceed with evaluating each of the four OBDI variants. These charac-
teristics are semantic heterogeneity, data access, mapping complexity, data source dynamic, and
ontology implementation effort, as shown in Table 1.1.

In general, the strength of the GaV approach lies in : (1) supporting various levels of hete-
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Single-ontology Multiple-Ontology Hybrid-Ontology GaV OBDI

Semantic Heterogeneity
best applied for data sources

with similar view of a domain
support heterogeneous views support heterogeneous views supports heterogeneous views

Data Access
only allows access

to global data

allows access to each local ontology

and to the aggregated local ontologies

allows access to each local ontology

and to the global ontology

allows access to each local ontology

and to the global ontology

Data Source dynamics

(& data source types)

requires modifications in

the global ontology

needs to provide a new local ontology

& map it to other local ontologies

only requires a local ontology

based on the shared vocabulary

requires a new local ontology

and mappings to the global ontology

Mapping Complexity N/A
supports simple mappings

(semantic relations)

supports simple mappings

(vocabulary refinement)

supports simple and complex

mappings (queries and rules)

Ontology Implementation

effort
straightforward costly reasonable Rather costly

TABLEAU 1.1 – Table from [Ekaputra2017] showing the characteristics, strengths and limitations

of OBDI variants. (Green : strengths, yellow : slight limitations ; red : limitations).

Conclusion

The content presented in this chapter has provided us with a comprehensive understanding
of an ontology in the applied ontology field : its roots, definitions, abstraction levels, links to
other AI fields, and its different employment approaches for data integration. In terms of mode-
ling, we have examined the fundamental aspects of ontologies, i.e. the shared conceptualization
and the modeling language, as well as the "meta"-abstraction level. Regarding data integration,
we have explored various approaches that rely on ontologies within ontology-based data integra-
tion systems, with favoring the Global-as-View (GaV) approach as the most suitable choice for
interdisciplinary applications like cultural heritage. This preliminary chapter equips us with the
necessary knowledge to make informed decisions concerning the elements that wll be discussed
in Section B, and more precisely in Chapter 4.

The next Section A is dedicated to a general state of the art and its analysis. These are the
ontology modeling approaches that have been proposed in the Cultural Heritage field (Chapter
2), and the foundational ontological relations (structural and spatial) that have been studied in the
Applied Ontology literature (Chapter 3).
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SECTION A :
***

STATE-OF-THE-ART

The following section provides an essential overview of the state of

the art divided into two parts : cultural heritage models and foun-

dational ontological relations, preparing and guiding the reader for

the subsequent section.
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2
Ontology models for Cultural Heritage entities

This Chapter explores the ontological models constructed within the

cultural heritage field and reviews the pertinent existing models.
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2.1. Introduction

2.1 Introduction

In Chapter 1, we have discussed the interest of building and utilizing an ontology in general,
and a meta-ontology in particular, as a suitable modeling tool for fostering a shared understanding
across multiple disciplines. Thereby, facilitating an interdisciplinary approach centered around a
cross-disciplinary entity. Emphasis has been placed on the significance of establishing a shared
goal as the foundation for constructing the ontology. In this regard, we have identified Patrimalp’s
objective of understanding and representing the material aspects of a tangible cultural heritage
entity. Based on that, we have generalized and established the fundamental objective of the thesis
as representing and modeling the structural and spatial settings of a tangible entity.

Furthermore, we have discussed the importance of selecting an appropriate employment ap-
proach for the ontology within an integration system, in the context of an ontology-based data
integration system aligned with the requirements of an interdisciplinary approach. Specifically,
our focus has been on systems that achieve semantic integration of their ontologies and data by
adhering to a meta-ontology within a global view.

Later in the Preliminary Remarks section, we illustrated the foundations of ontology as a
shared conceptualization and a modeling language. We also delved into various paradigms of
ontology-based data integration to leverage the employment of a meta-ontology.

Now refocusing our attention on the field of Cultural Heritage (CH), and guided by the utiliza-
tion of ontologies as a tool for modeling and fostering an interdisciplinary approach, we will delve
into the various ontology modeling approaches that have been put forth in the extensive literature.
As a result, we clarify below the [motivation-I] behind this chapter.

Motivation-I :

Modeling the composition of a tangible entity as a complex structure (i.e. an object, a place,
a collection) in a manner that enables the understanding, construction, and navigation into its
tangible discourse (i.e. representation), and learning its intangible aspects (i.e. significance).

First, we present the overall challenges and needs for a interdisciplinary modeling approach
in the CH field, highlight the issue of data heterogeneity and the need for interoperability as the
key for a semantic based data integration (Section 2.2). Then, we shift to the management and
organization of CH data (Section 2.3), in which we (a) present organizations, institutions, and in-
formation systems which manage CH data (Section 2.3.1), and (b) differentiate them from know-
ledge organization systems which structure and organize CH data (Section 2.3.2). After that, we
narrow down to our focus on ontology modeling approaches as structures for modeling CH data
and entities (Section 2.4) in which we systematically classify ontology models based on a set of
criteria (Section 2.4.1), followed by excerpting and reviewing three main ontology approaches that
are most relevant with respect to our objective (Section 2.4.2). In conclusion, we synthesize the
discussed topics and shed light on the requirement for the next Chapter (Section 2.5).
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2.2 Overall challenges and needs

In this section, we discuss the challenges and needs associated with managing and organizing
CH data, emphasizing the importance of an interdisciplinary and semantic approach to address the
heterogeneity of the data and achieve a semantic-based data/schema integration system.

Information about CH data is characterized by a wide range of highly specialized and over-
lapping systems, leading to challenges related to mutual accessibility, interchange, and integration
of information. Two main challenges arise in this context : (a) the heterogeneity of CH data based
on its semantics and interdisciplinary nature, and (b) the problem of integrating data and schemas
across these diverse systems.

2.2.1 Data heterogeneity and integration problems

The heterogeneity of CH data poses a significant challenge to researchers, as it encompasses
"diverse data types", including (a) textual such as descriptions, transcripts, and translations of his-
torical documents, (b) visual such as images, photographs, and videos of artifacts or archaeological
sites, (c) audio such as recordings of music, oral traditions, or interviews with local communities,
and (d) spatial data such as geographic information system (GIS) data, 3D models, analytical
data, and maps. Additionally, cultural heritage data can encompass metadata, annotations, and
contextual information that provide additional layers of information about the cultural artifacts or
practices.

Moreover, the "variability of data formats and structures", such as databases, spreadsheets,
XML, RDF, or JSON, adds complexity to the integration process, as different systems and reposi-
tories may employ their own data management practices, standards, and protocols.

This heterogeneous nature of CH data restricts the ability for researchers to combine, compare,
and contribute to consensual findings. Indeed, the potentials of this data when combined, supports
the generation of knowledge relative to any period of time, geographic location, and aspect of past
human activity [Bruseker2017].

Given the cross-disciplinary nature of CH research (as illustrated in Chapter 1), it is crucial to
aggregate information, knowledge, expertise, and efforts within the CH field. This aggregation is
essential for fostering a sense of shared purpose among the CH community, characterized by a col-
lective commitment to the scientific analysis and presentation of the human past through empirical
evidence [Doerr2009]. Consequently, the integration of data and schemas becomes imperative in
order to address this need for unity and collaboration across disciplines within the CH field.

The CH field faces significant hurdles when it comes to recognizing the importance of sha-
red search terms. Despite ongoing efforts, there remains a need for substantial work to be done
in this area. One of the primary difficulties lies in achieving consensus on a common termino-
logy [Doerr2009]. Dealing with diverse aspects of CH necessitates the utilization of extensive and
nuanced language, often specific to particular communities or individual fields. Consequently, es-
tablishing an agreement on standardized terminology proves challenging due to the absence of
equivalent terms in different languages. This lack of shared vocabulary, in turn, complicates the
development of a unified conceptualization, making it difficult to establish a common language
structured as a hierarchical system.

The integration problem extends to metadata integration, where different institutions use va-
rious metadata schemas, controlled vocabularies, and descriptive standards. Indeed, the complexity
of the CH domain has led to the adoption of different metadata schemas and models and to the
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use of large number of different (value) vocabularies i.e. thesauri, authority files and controlled
lists (as will be illustrated in Section 2.3). This yields in greatly complicating the identification of
a model for the integration of metadata collections and making it difficult to develop aggregations
during the integration of the different metadata sources [Peroni2013]. With this subject of meta-
data aggregation being important the focus of of the digital library community is highlighting the
needs of syntactic and semantic aspects of interoperability of heterogeneous digital libraries
e.g. [Candela2007] and to the creation of of aggregation frameworks that give access to heteroge-
neous metadata collections and expose them as integrated datasets [Brogan2005].

In [Doerr2009], it is suggested that CH terminology can be divided into an upper level that
remains stable for search purposes and a lower level that is more flexible for hypothesis buil-
ding. This division is based on insights gained from developing the ISO21127 CIDOC CRM
[ISO211272014] and various information systems, as well as the experience with the Art & Archi-
tecture Thesaurus (AAT), which is the largest and most stable thesaurus in the field. 1 To address
these challenges, the concept of shared core ontologies (explained in Section Preliminary Re-
marks) has been proposed to facilitate interoperability among different domain ontologies [Gua-
rino1998a]. Ongoing projects, such as the British STAR project [Binding2010b], aim to investigate
cross-search capabilities using the CIDOC CRM core ontology as an integrating framework.

2.2.2 The need for interoperability

To achieve interoperability and address the challenges of heterogeneity and data/metadata/-
schema integration, a semantic approach is essential. Semantic interoperability ensures that in-
formation systems communicate data consistently with its intended meaning, enabling effective
data integration, interoperability, and knowledge sharing. Syntactic interoperability focuses on
compatibility between encoding and access protocols, while semantic interoperability ensures the
consistent interpretation of data by considering its structure, terminology, and identifiers. Resol-
ving semantic heterogeneity is crucial for achieving interoperability and enabling seamless com-
munication and integration among different systems [Patel2005].

And as presented in the Introduction Chapter 1, ontologies have gained widespread accep-
tance as a means to ensure data interoperability and facilitate the efficient discovery and sharing of
domain knowledge among interconnected sources [Moraitou2019]. This goes back to the shared
consensus upon which ontologies are based providing a shared conceptualization of a knowledge
domain. By utilizing ontologies as structures that organize knowledge, CH data can be effecti-
vely managed, categorized, and aggregated, enabling researchers to derive meaningful insights
and knowledge from the integrated data.

In conclusion, the interdisciplinary nature of CH data and its inherent heterogeneity necessitate
an interoperable and semantic approach for effective management, organization, and integration.
By leveraging ontologies and adopting semantic interoperability, researchers can overcome the
challenges associated with data heterogeneity and achieve meaningful integration and exchange
of CH data, enabling new insights and discoveries in the field of Cultural Heritage.

1. Both of which will be presented in Section 2.3.
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2.3 Managing and organizing CH data

In this section, our initial objective is to elucidate several distinct institutions responsible for
the management of CH data. Subsequently, we outline various knowledge organization systems
(KOS) that enable the organization of data and examine the approaches that have been designed
and implemented in the context of the CH field. Ultimately we refine our analysis to concentrate
specifically on ontology models, for the upcoming sections.

2.3.1 Managing CH data : organizations, institutions, and systems

To address the challenges of the heterogeneity of CH data, data standards, best practices, and
guidelines have been developed by various organizations and initiatives. These efforts aim to pro-
mote data interoperability in the CH field, and facilitate the exchange, integration, and reuse of
CH data.

Memory institutions

Cultural heritage data are records about CH entities stored as content that is packaged in dif-
ferent object types (e.g. books, artifacts, videos, music, etc.) and managed by organizations of
different types (e.g. libraries, museums, media companies, archives, etc.) [Mäkelä2012]. The pre-
servation of this content is carried out by institutions called memory institutions i.e. museums
which hold primary evidence for establishing and furthering knowledge 1, Sites and Monuments
Records (SMR) departments of a Ministry of Culture, which pursue similar goals as museums,
but for immobile sites, archives and libraries which maintain large amounts of original material
– mostly written and image content – in their historical order, such as administrative records, let-
ters from VIPs, photographic collections [Doerr2009]. Their international umbrella organizations
which maintain the specific documentation policies of cultural heritage content are : the Interna-
tional Council of Museums (ICOM 2) (several committees form the ICOM, one of which is the
CIDOC committee), the International Federation of Library Associations (IFLA 3), and the Inter-
national Council of Archives (ICA 4).

Organizational Institutions and Infrastructures

Several other organizational institutions and infrastructures contribute significantly to the ma-
nagement, preservation, and accessibility of CH data, playing a pivotal role in advancing research
and knowledge in the field. From which we highlight some notable examples :

— The ARIADNEplus 5, which is an extension of the previous ARIADNE Integrating Acti-
vity, successfully integrates archaeological data infrastructures in Europe, indexing around
2,000,000 datasets in its registry through the ARIADNE portal. ARIADNEplus aims to fur-
ther develop and support the research community established by the previous project, while
strengthening relationships with key stakeholders, including European archaeological asso-
ciations, researchers, heritage professionals, and national heritage agencies.

— The Getty 6 Research Institute is a prominent organization that actively contributes to the
development of various knowledge organization systems in the CH field. Their expertise
and resources make them a significant player in advancing CH knowledge organization.

1. ❤tt♣s✿✴✴✐❝♦♠✳♠✉s❡✉♠✴❡♥✴r❡s♦✉r❝❡s✴st❛♥❞❛r❞s✲❣✉✐❞❡❧✐♥❡s✴♠✉s❡✉♠✲❞❡❢✐♥✐t✐♦♥✴

2. ❤tt♣✿✴✴✐❝♦♠✳♠✉s❡✉♠✴❡♥✴

3. ❤tt♣s✿✴✴✇✇✇✳✐❢❧❛✳♦r❣✴

4. ❤tt♣s✿✴✴✇✇✇✳✐❝❛✳♦r❣✴❡♥

5. ❤tt♣s✿✴✴❛r✐❛❞♥❡✲✐♥❢r❛str✉❝t✉r❡✳❡✉✴

6. ❤tt♣s✿✴✴✇✇✇✳❣❡tt②✳❡❞✉✴r❡s❡❛r❝❤✴
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— The Bibliothèque Nationale de France (BNF) is the national library of France, serving as the
central repository for all published materials in the country. It houses extensive historical
collections and plays a pivotal role in preserving and providing access to France’s cultural
heritage. For more information, visit the BNF website 1.

— The Bibliothèques Nationales européennes (BBF) is a European national library that ope-
rates within concentric circles, spanning from the local to the international level, including
the national and European contexts. Given the evolving global information society, BBF’s
interconnectedness with various levels of libraries enables them to effectively meet the in-
formation needs of diverse users. Explore more about BBF on their website 2.

— The Institut national de l’information géographique et forestière (IGN), which is formerly
known as Institut Géographique National, is a French public state administrative establish-
ment established in 1940. It is responsible for producing and maintaining geographical in-
formation for France and its overseas departments and territories. IGN plays a vital role
in providing geospatial data and services that contribute to CH research and preservation.
Learn more about IGN on their official website 3.

Information Systems and databases :

Based on [Doerr2009], CH information systems can be distinguished into four categories ac-
cording to their major functions with respect to CH information. 4 The first category includes col-
lection management systems, mostly relying on relational or hierarchical database systems, and
support the technical management and administration of collections/sites/monuments (e.g. acqui-
sition, exhibitions, protection zones, etc.) [Grant1994, Grant1995]. The second category includes
those systems responsible for conservation information i.e. the scientific, material analysis of the
objects, preventive measures and interventions which allow scientists, such as art conservators, to
accumulate and exchange their knowledge [Viñas2002]. The third category revolves around re-
search information systems which are responsible for the building of uniform descriptions (e.g.
the Union List of Artist Names [Bower1994]), integrating information from several resources for
specific purpose analysis (e.g. statistical), geographical reasoning for archaeological site predic-
tion, and running automatic classification (see for instance, [Doerr2002, Hermon2002]). And the
last category includes presentation systems which give access to CH information to the general
public such as portals.

A popular example is the Ishtar 5 project for managing archaeological data and documentation
(including archaeological finds) from archaeological operations. It takes shape as a free software

for archaeological data management based on a database 6 under AGPL 7 3.0 or any later version
license.
The user interface depicted in figure 2.1 offers different functionalities depending on the chosen
module 8. Although it is organized around a common core (the database), it is associated with mul-
tiple modules linked to specific professional needs : administration of operations and inventories,
archaeological warehouses, treatments related to restoration laboratories, advanced stratigraphic

1. ❤tt♣s✿✴✴✇✇✇✳❜♥❢✳❢r✴❢r✴❢r❛♥❝♦✐s✲♠✐tt❡rr❛♥❞

2. ❤tt♣s✿✴✴❜❜❢✳❡♥ss✐❜✳❢r✴

3. ❤tt♣s✿✴✴✇✇✇✳✐❣♥✳❢r✴✐♥st✐t✉t

4. One should distinguish between data, information and knowledge. According to D. Soergel [Soergel1985], data
is the form and information is the content, whereas knowledge has structure that ties together and integrates individual
pieces of an image of the state of affairs and is the basis for action.

5. ❤tt♣s✿✴✴✐s❤t❛r✲❛r❝❤❡♦✳♥❡t✴

6. Downloadable from their public GitLab repository : ❤tt♣s✿✴✴❣✐t❧❛❜✳❝♦♠✴✐❣❣❞r❛s✐❧✴✐s❤t❛r.
7. ❤tt♣s✿✴✴❡♥✳✇✐❦✐♣❡❞✐❛✳♦r❣✴✇✐❦✐✴❆❢❢❡r♦❴●❡♥❡r❛❧❴P✉❜❧✐❝❴▲✐❝❡♥s❡

8. ❤tt♣s✿✴✴✐s❤t❛r✳r❡❛❞t❤❡❞♦❝s✳✐♦✴❢r✴♠❛✐♥✴✐♥❞❡①✳❤t♠❧
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(g) the Symogih 1 project ; a modular historical information management system which developed
a generic model for storing historical data allowing their interoperability and selective publication,
and (h) Arches 2 ; an open source data management platform for the heritage field, among others.

2.3.2 Organizing CH data : Knowledge Organization Systems

The increasing demand for using CH data stored in records has amplified the requirement for
structured and controlled data entry and representation. Typically, this necessity is addressed by
prioritizing the digitization of CH data, i.e. the transitioning from physical artifacts to digital for-
mat [Navarrete2013], organizing and structuring the data in a manner that enables the integration
from different sources, and subsequently managing this data for an effective utilization. This is
indeed the case of other interdisciplinary data records, such as medical data, where terminologi-
cal systems are adopted [de Keizer2000]. The term "terminological systems" used in that context
is wide and bears different types of organization systems as an umbrella including classification
systems, thesauri, (controlled) vocabularies, and arriving to formal systems i.e. ontologies. 3 To
examine organization systems in the CH field, we first distinguish their types.

In computer science, these systems are referred to as "Knowledge Organization Systems"
(KOS) and encompass all types of schemes for organizing information and promoting knowledge
management. The term was explored by Hodge in [Hodge2000a] in the context of digital libraries,
in which the author examines the importance of these systems in improving information retrieval
and navigation within digital library environments, and provides insights into the design, imple-
mentation, and evaluation of KOS in the digital context. In his later note "Taxonomy of Knowledge
Organization Sources/Systems" [Hodge2000b], Hodge distinguishes four mutually non-exclusive
groups of KOS, based on the complexity of their structures and major functions [Hill2004]. This
understanding was adopted and standardized by Networked knowledge Organization Systems/Ser-

vices/Structures group (NKOS), and comprehensively presented by Zeng in [Zeng2008]. Thus,
based on their structure, KOS are organized from simpler to more complicated structures as :

— Term Lists : these involve lists of terms with (a) some sequential order i.e. pick lists, (b)
alphabetical order and their definitions i.e. dictionaries/glossaries, or (c) equivalences i.e.
synonym rings.

— Metadata-like Models : These include lists of terms representing (a) names and their associa-
ted contact information i.e. directories, (b) variant names for an entity or the domain value
for a particular field i.e. authority files, or (c) named/typed places as geospatial dictionaries
i.e. gazetteers.

— Classification and Categorization : These emphasize the creation of subject sets as schemes
(a) providing a set of controlled terms to represent subjects of items in a collection and
the set of rules for combining terms into compound headings i.e. categorization schemes,
(b) dividing items into ordered groups based on a particular characteristic i.e. taxonomies,
and (c) arranging numerical or alphabetical notations in a hierarchical or faceted manner to
represent broad topics i.e classification schemes. The formalization and comprehension of

1. ❙②♠♦❣✐❤✳♦r❣

2. ❤tt♣s✿✴✴✇✇✇✳❛r❝❤❡s♣r♦❥❡❝t✳♦r❣✴

3. Extensive literature has addressed the terminological confusion surrounding information problems, particularly
in relation to the distinctions between thesauri, taxonomies, and ontologies [Gilchrist2003]. Scholars have also ex-
plored the relationship between thesauri and ontologies [Arano2005], clarified the concepts of classification systems
and metadata taxonomies in relation to ontologies [Madsen2009], and compared ontologies to terminologies based on
principles, methodology, formality, and complexity perspectives [Zemmouchi-Ghomari2012]. In this manuscript, we
adopt the perspective that thesauri, classification systems, controlled vocabularies, metadata models, ontologies, and
other terminological systems share a common underlying structure referred to as a terminology, with varying degrees
of complexity, formality, and additional characteristics, as discussed in [de Keizer2000].
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the relation holding between categorical statements with the analysis and definition of ca-
tegories and their shared properties, represented by tree-like structures [Rosch1978]. They
provide controlled vocabularies and hierarchical frameworks for classifying and categori-
zing CH data, enabling consistent and standardized representation.

— Relationship Models : These encompass the connections between terms and concepts as
(a) thesauri which are sets of terms representing concepts and the hierarchical, equivalence,
and/or associative relationships, (b) semantic networks which are sets of terms representing
concepts modeled as nodes with variable relationship types, and (c) ontologies which are
formal models of concepts and relationships, as well as rules and axioms.

As for their functions, a KOS structure can be designed to fulfill multiple functions such as
eliminating ambiguity, controlling synonyms, establishing relationships (hierarchical and associa-
tive) and/or presenting properties. Hierarchical relationships are based on degrees of superordi-
nation and subordination [NISO2005, Iyer1995]. And according to [Zeng2008], they cover three
primary logically different and mutually exclusive conditions : generic relationships identifying
the link between a class (category) and other categories that fall under it as sub sub-species using
the notion "IsA", instance relationships identifying the link between a class (category) and its ins-
tances (entities that are classified as belonging to this category) using the "IntanceOf" notion, and
the whole-part relationships covering the context in which one category is inherently included in
another and thus linking them logically.

Figure 2.2 shows an overview of the structures (from simple to more complex : flat, two-
dimensional, and multiple-dimensional) and functions (ambiguity elimination, controlling syno-
nyms, hierarchical relationships, associative relationships, and properties presentations) of KOS.
It visualizes a summary of [Hodge2000b] adopted by the NKOS group based on Hodge’s article
on KOS [Hodge2000a].

Since KOS propose mechanisms for organizing information, they are at the heart of every
library, museum, and archive. Their primary objective is to either create or extract vocabularies in
scenarios where they are absent, or merge and map existing vocabularies within diverse systems
that differ in terms of their structure, domain, language, or granularity [Lei Zeng2004].

Table 2.1 showcases a selection of prominent KOS tools used by various memory and infor-
mation institutions. This compilation is based on the comprehensive study conducted by Bruseker
et al. [Bruseker2017], which extensively addresses the challenges associated with their implemen-
tation. The highlighted tools encompass a range of traditional KOS, including controlled vocabu-
laries, taxonomies, thesauri, metadata, and data schemas, along with ontologies.

In the following section, we present a selection of KOS structures derived from the literature
[Zeng2008, Hodge2000b, Hodge2000a]. These structures are further illustrated through examples
relevant to the CH field, incorporating insights from existing literature [Patel2005,Bruseker2017].
The examination of these KOS structures takes into account their inherent structural characteristics
and aligns with the relevant scholarly discourse on the subject matter.

Authority files :

Authority files are considered quite simple structures that serve as metadata models. Libra-
ries and information services have a history of creating authority files to establish forms of names
(for persons, places, meetings, and organizations), titles, and subjects used in bibliographic re-
cords [Zeng2008].
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Library Museum Archives

Controlled Vocabulary

Library of Congress Name

Authority File, Authority

List for Journal Titles

The Revised Nomenclature

for Museum Cataloging,

Gazetteer of British Place

Names

A Glossary of Archival

and Records

Terminology

Taxonomy
Dewey Decimal

Classification

Traditional Biological

Taxonomy

Thesaurus LCSH AAT UKAT

Metadata and Data Schema
Dublin Core,

UniMARC, METS

Core Data Index to Historic

Buildings and Monuments

of Architectural Heritage,

MIDAS Heritage, CDWA

EAD

TABLEAU 2.1 – An illustration of well-known examples of different types of KOS used in memory

institutions

including painters, sculptors, architects, photographers, and performers. It provides standar-
dized names, biographical information, and related metadata for individuals and corporate
bodies associated with artistic production.

Both CONA and ULAN are developed by the Getty Research Institute managed by the Getty
which is an international cultural and philanthropic organization dedicated to the preservation,
study, and dissemination of art and cultural heritage. It encompasses several distinct entities, inclu-
ding the Getty Museum, Getty Research Institute, Getty Conservation Institute, Getty Foundation,
and Getty Publications. Getty supports and promotes art historical research, critical analysis, and
interdisciplinary studies through its library, archives, and research programs.

Classification and Categorization schemes :

Moving to a higher complexity of KOS structures, classification and categorization schemes
aim at hierarchically structuring systems with the emphasis on the creation of subject sets. The
terms taxonomy, classification, and categorization have been used interchangeably by different
disciplines and professions. Although their differences are subtle, these types all provide ways
to separate entities into broad topic level, without any explicit relationships (which are normally
found in thesauri) [Hodge2000a]. However, the relationship upon which they structurally rely on is
the subsumption relationship for ordering a diverse set of entities. It can be generic/individual type
of relationship to express predication e.g. "Socrates is a man", or a generic/generic relationship to
express sub-type e.g. "a car is a vehicle" [Brachman1983].

In libraries and information services, famous universal classification schemes include :

IconClass. The IconClass is a multilingual classification system developed for the classification
of visual art and iconography. It provides a hierarchical structure for categorizing and in-
dexing subjects and themes in art, including religious and mythological iconography.

UDC. The Universal Decimal Classification (UDC) : The Universal Decimal Classification is a
comprehensive classification system used in libraries and information centers. It covers a
wide range of subjects, including those related to cultural heritage. UDC combines both
numeric and symbol notations to represent different subject areas.
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DDC. The Dewey Decimal Classification (DDC) system is another widely used scheme for or-
ganizing library collections. It covers a broad range of subjects, including cultural heritage
topics. The DDC system assigns a unique number to each subject area, allowing for easy
browsing and retrieval of materials.

LCC. The Library of Congress Classification (LCC) system is widely used in libraries, including
those in the cultural heritage sector, to organize and categorize books and other resources. It
covers various subject areas, including art, history, archaeology, and literature.

Thesauri :

At a higher structure complexity level, thesauri play a crucial role in the CH field by standar-
dizing controlled and structured vocabularies displaying hierarchical, associative, or equivalence
relations among CH terms/concepts for the organization, classification, and retrieval of CH data.
These relationships are generally represented by the notations "BT" (broader term), "NT" (narro-
wer term), "SY" (synonym), and "RT" (associative or related term). More specific relationships
can be developed as sub-relations e.g. more than 40 relationships have been defined as associative
ones in the Unified Medical Language System (UMLS) from the National Library of Medicine. In
addition to these relations, thesauri often have a preferred term (called descriptor) and alternative
terms (called synonyms) to improve search and retrieval.

In the context of CH data, thesauri have served as valuable tools for enhancing information
discovery, interoperability, and knowledge representation [Patel2005]. Several thesauri have been
developed by the Getty Research Institute providing vocabularies as Linked Open Data, XML,
Relational tables, and through APIs 1.

AAT. The Art & Architecture Thesaurus (AAT) is one of the most widely used thesauri in the CH
field. It encompasses a vast range of terms related to art, architecture, and material culture.
AAT provides controlled vocabulary for describing and accessing art objects, architecture,
visual materials, and conservation practices. Its hierarchical structure and relationships en-
able semantic navigation and improved data interoperability.

TGN. The Thesaurus of Geographic Names (TGN) thesaurus is also developed by Getty and
focuses on geographic locations and features. It provides standardized terms for describing
places, including historical, archaeological, and cultural heritage sites. The TGN facilitates
the linking of cultural heritage data to specific geographic locations, supporting research,
analysis, and visualization in a spatial context.
Although TGN is constructed in a thesaurus format, its is also considered as a gazetteer.
Indeed, Gazetteers can be regarded as a special kind of authority file in the form of a spatial
dictionary of named and typed places. With the development of digital libraries, digital
gazetteers now have extended to become a service where relationships between places are
represented inherently through geospatial representations as well as through explicitly stated
relationships such as "IsPartOf ".

Heritage Data. another national cultural heritage thesaurus is the Heritage Data which provides
vocabularies as Linked Data 2 used by national organizations and local authority Historic
Environment Records.

1. The Getty vocabulary data is available on the Getty Vocabulary page online at ❤tt♣s✿✴✴✇✇✇✳❣❡tt②✳❡❞✉✴
r❡s❡❛r❝❤✴t♦♦❧s✴✈♦❝❛❜✉❧❛r✐❡s✴✐♥❞❡①✳❤t♠❧, through online tools e.g. a SPARQL end point ❤tt♣✿✴✴✈♦❝❛❜✳
❣❡tt②✳❡❞✉✴, in LOD formats at ❤tt♣s✿✴✴✇✇✇✳❣❡tt②✳❡❞✉✴r❡s❡❛r❝❤✴t♦♦❧s✴✈♦❝❛❜✉❧❛r✐❡s✴❧♦❞✴✐♥❞❡①✳❤t♠❧,
in addition to other formats e.g. XML and relational tables at the download center : ❤tt♣s✿✴✴✇✇✇✳❣❡tt②✳❡❞✉✴
r❡s❡❛r❝❤✴t♦♦❧s✴✈♦❝❛❜✉❧❛r✐❡s✴♦❜t❛✐♥✴❞♦✇♥❧♦❛❞✳❤t♠❧

2. The use of the term "Linked Data" here refers to that within the context of the Semantic Web, as introduced by
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Pactols. A thesaurus of the form of a reservoir of controlled keywords managed with the Open-
theso software as a multilingual thesaurus manager developed by the Technological patform
"Semantic Web & Thesauri" (WST). PACTOLS is a polyierarchical, multilingual, standar-
dized, and interoperable thesaurus for archaeology, from prehistory to the contemporary
period and the sciences of Antiquity. It consists of almost 60,000 concepts organized into 6
micro-thesauri (Peoples and cultures, Anthroponyms, Chronology, Toponyms -list not ma-
naged here-, Works, Places, Subjects).

Semantic Networks :

In addition to thesauri, semantic networks are other types of relationship models which focus
on structuring concepts and terms as a network or web rather than as hierarchies. Their relation-
ships go beyond the ones in thesauri to include other specific types e.g. whole-part, cause-effect, or
parent-child relationships. The most famous semantic network is Princeton University’s WordNet,
used widely in natural language processing and information retrieval applications. It organizes
words into synsets (sets of synonyms) and represents relationships between words, such as hypo-
nymy (is-a) i.e. the generic hierarchical relationship, hypernymy (is-a-kind-of) i.e. the instanceship
hierarchical relationship, and meronymy (part-of) i.e. the whole-part relationship.

Ontology models :

Ontologies represent the newest label attached to KOS as a relationship model type, placed at
the extremity of the scatter plot shown in Figure 2.2, i.e. resembling a multi-dimensional struc-
ture and acquiring the most of functionalities out of KOS types. It is characterized by their formal
nature, semantic richness, and intricate structure, enabling a broad spectrum of functionalities. To
differentiate ontologies from semantic networks, Hodge provides valuable insight by stating, "The

knowledge-management community is developing ontologies as specific concept models. They can

represent complex relationships among objects, and include the rules and axioms missing from se-

mantic networks." [Hodge2000a]. As an ontology is a specification of a shared conceptualization
for a shared domain of discourse, including definitions of classes, relations, functions, and other
objects [Gruber1993, Studer1998] i.e. they do not only represent complex relationships between
objects, but also rules and axioms.

In comparison to other models such as taxonomies and thesauri, ontologies embrace the same
classificatory structure with additionally presenting the properties of each class within each clas-
sificatory structure. This unique characteristic enables ontologies to serve as both a conceptual
vocabulary and a practical framework for storing, searching, and reasoning.

Over the past decade, the field of CH has gradually adopted knowledge representation methods
and semantic web tools for building ontological models that structure and manage CH data [Bru-
seker2017]. Some ontologies are influenced from extant traditional KOS like thesauri, or existing
databases that have previously managed and organized data within respective institutions. In this
manner, ontology development renders the existing structure and terminology to facilitate onto-
logy development and integration.

Tim Berners-Lee in 2006 as the means by which data can be represented as resources (using URIs) on the web, related
to other linked data, and accessible.
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A notable example is the Getty Art and Architecture Thesaurus (AAT), which serves as a
foundational resource for constructing ontologies specific to art artifacts. In [Wielinga2001], the
authors reported a project building an ontology prototype based on the existing AAT and Visual
Resource Association’s (VRA) Core Categories metadata element set, with the purpose of crea-
ting a knowledge-rich description of art objects. The ontology contained a taxonomy of a subset
of the art-object descriptions in AAT, those related to antique furniture and a template showing
the properties of class "furniture". This template includes the 17 VRA Core metadata elements
and eight additional elements defined by the project. Indeed the authors argue that annotation of
large amounts of information sources with knowledge rich meta-data should be based on a rich
metadata structure in connection with an ontology. And since thesauri have been built in such a
large CH domain, thesauri can be a basis of such construction under satisfying certain criteria.

The subsequent section presents an exhaustive list of the predominant ontology models in the
CH domain. Each model is succinctly introduced, outlining its roots, current status, scope, and
intended objectives. However, for the examination of each approach regarding our objective, a
detailed analysis is provided in Section 2.4.

CIDOC CRM. The CIDOC 1 Conceptual Reference Model (CIDOC CRM) [Doerr2003a] is a
formal ontology intended to facilitate the integration, mediation and interchange of he-
terogeneous CH information. 2 The development of CIDOC CRM followed a bottom-up
approach, involving the reengineering and integration of semantic contents derived from di-
verse database schemata, documentation structures, and resources across various museum
disciplines, archives, and, more recently, libraries.

It has been recognized as an ISO standard [ISO211272014] designed to provide (a) high
level information retrieval, as well as (b) the formulation and documentation of very speci-
fic data points and questions. While this latest standard dates back to 2014, the latest stable
version of its specification is the 7.1.1 [Velios2021] dating to 2021, along with an under
development ISO standard referring to the latest official version, as of the time of writing
this document.

The CIDOC CRM achieves its goals (a and b mentioned above) by providing definitions and
a formal structure for describing the implicit and explicit concepts and relationships used in
CH documentation and for the querying and exploration of such data, as formal ontologies.
These formal descriptions are intended to promote a shared understanding of CH informa-
tion allowing for a common and extensible framework for the integration of CH data from
multiple sources in a software and schema agnostic fashion. This is by serving as common
language to be used by domain experts and conceptual modelers to formulate requirements
for their information systems, and thus serving as a guide for their conceptual modeling
tasks. In this way, it can capture specific CH domain domains and provide the intermediate
ontological layer needed to mediate between different sources of CH information.

The ontology provides a comprehensive and formalized framework for describing and repre-
senting CH objects, events, actors, and their relationships, including their temporal, spatial

1. CIDOC referring to the "Comité International pour la Documentation" is one of the committees that form part
of ICOM - the International Council for Museums. The Documentation Standards working group - formed originally
from the fusion of the data modeling and terminology working groups - took the decision in 1996 to embark on the
development of a detailed conceptual model of the domain of cultural heritage information, known as the Conceptual
Reference Model (CRM).

2. CRM was intended initially to extend and finally to replace the existing CIDOC relational data model
[Reed1995], with the initial scope being restricted to that of the International Guidelines for Museum Object Infor-
mation : The CIDOC Information Categories, published in June 1995 [Grant1995].

45



Chapitre 2. Ontology models for Cultural Heritage entities

and event-based aspects, making it suitable for complex and rich CH data.

While CIDOC CRM provides the basic classes and relations that represent the various CH
disciplines, it is also extended by eleven modular models which cover documentation re-
quirements of specific disciplines of the CH domain (FRBRoo, PRESSoo, CRMinf, CR-
Marchaeo, CRMsci, CRMgeo, CRMdig, CRMba,CRMtex, CRMsoc, and CRMact). The
different versions of the both the CIDOC CRM and the CRM official extensions mentioned
are available online 1.

EDM. Europeana is the European Commission’s digital platform for CH maintained through a di-
gital platform for cultural heritage collections called the Europeana portal (europeana pro).
The main aim of the project is to collect metadata about CH entities from european CH
institutions, and to enable the search and discovery of these items through a unified repre-
sentation within a data model.

Due to the considerable digitization efforts undertaken by numerous institutions and data
providers across Europe, a diverse array of CH objects have been made accessible in digital
form. However, the challenge lies in unifying this data, as each institution and provider
adheres to different metadata standards.

Consequently, there is a pressing need to present this data in a cohesive manner within a
cross-disciplinary framework, and thus the Europeana project emerged. It started in [Aloia2011]
and proposed the development of the Europeana Data Model (EDM) which encompasses a
set of classes of properties necessary to describe the CH objects in Europeana 2.The meta-
data aggregation is based on the mappings between the institutions’ data and the EDM.

Nowadays, Europana stands as the principal European Digital Library, while EDM serves as
the conceptual model for mapping metadata from various repositories into Europeana [Per-
oni2013]. The documentation of EDM comprises a comprehensive set of resources : The
documentation of EDM comprises a comprehensive set of documents and online resources :
(a) the EDM Definition providing the formal specification of the classes and properties 3,
(b) the EDM Primer [Isaac2013] (the companion of the Definition document) providing the
story of EDM and explaining the way classes and properties can be used together to model
data, (c) the EDM mapping guidelines 4 as a guide for providers on how to map their data
to EDM, (d) the EDM profiles and mappings 5 gathering works by Europeana and partners
which yield in adapting EDM to the needs of specific domains and applications and making
domain systems interoperable, (e) the EDM Object Templates 6 providing templates for data
providers to show the application of properties with respect to class and data type choices,
(f) the EDM roadmap for an overview of the plan of development of the EDM, and (g) ad-
ditional resources such as the EDM XML Schema 7 and the EDM validation guideline 8.

1. ❤tt♣s✿✴✴❈■❉❖❈❈❘▼✳♦r❣✴✈❡rs✐♦♥s✲♦❢✲t❤❡✲❈■❉❖❈❈❘▼

2. EDM is in fact an improvement of the Europeana Semantic Elements (ESE) which aimed to express the datasets
of european CH institutions using the Dublin Core (DC) standard as the lowest common denominator for object meta-
data, forcing interoperability, converting datasets to a flat data representation yielding in the loss of the semantics of the
original data [Doerr2010].

3. The latest standardized version of the EDM Definition is downloadable on the permanent link ❤tt♣s✿✴✴♣r♦✳

❡✉r♦♣❡❛♥❛✳❡✉✴♣❛❣❡✴❡❞♠✲❞♦❝✉♠❡♥t❛t✐♦♥.
4. ❤tt♣s✿✴✴❡✉r♦♣❡❛♥❛✳❛t❧❛ss✐❛♥✳♥❡t✴✇✐❦✐✴s♣❛❝❡s✴❊❋✴♣❛❣❡s✴✾✽✼✼✾✶✸✽✾✴❊❉▼✰✲✰▼❛♣♣✐♥❣✰

❣✉✐❞❡❧✐♥❡s

5. ❤tt♣s✿✴✴♣r♦✳❡✉r♦♣❡❛♥❛✳❡✉✴♣❛❣❡✴❡❞♠✲♣r♦❢✐❧❡s

6. ❤tt♣s✿✴✴❣✐t❤✉❜✳❝♦♠✴❡✉r♦♣❡❛♥❛✴❝♦r❡❧✐❜✴✇✐❦✐✴❊❉▼❖❜❥❡❝t❚❡♠♣❧❛t❡sPr♦✈✐❞❡rs

7. ❤tt♣s✿✴✴✇✇✇✳❡✉r♦♣❡❛♥❛✳❡✉✴s❝❤❡♠❛s✴❡❞♠✴❊❉▼✳①s❞

8. ❤tt♣s✿✴✴♣r♦✳❡✉r♦♣❡❛♥❛✳❡✉✴❢✐❧❡s✴❊✉r♦♣❡❛♥❛❴Pr♦❢❡ss✐♦♥❛❧✴❙❤❛r❡❴②♦✉r❴❞❛t❛✴❚❡❝❤♥✐❝❛❧❴

r❡q✉✐r❡♠❡♥ts✴❊❉▼❴❉♦❝✉♠❡♥t❛t✐♦♥✴✴❊❉▼✪✷✵❙❝❤❡♠❛tr♦♥✪✷✵✈❛❧✐❞❛t✐♦♥✪✷✵✐♥✪✷✵❖①②❣❡♥✪✷✵❳▼▲✪
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The EDM model serves as a metadata aggregator, combining multiple metadata schemas
into a unified framework to enrich metadata and enhance granularity. The specifications of
EDM emphasize the inclusion of vocabularies, models, and ontologies within its data model,
enabling the representation and access of metadata pertaining to cultural heritage objects.
Thus, operating within the context of data aggregation, EDM accommodates complex ob-
jects and acknowledges the possibility of diverse perspectives from various data providers.

LIDO. The Lightweight Information Describing Objects (LIDO) has emerged as a collaborative
effort among museum stakeholders, aiming to establish a unified solution for contributing
their CH content to portals and other repositories of aggregated resources [Coburn2010],
such as the previously mentioned Europeana portal.

In the context of extracting valuable metadata from collection management environments,
which hold immense potential for offering meaningful insights to users, the ATHENA pro-
ject undertook the task of determining the most suitable metadata schema to employ. And
while the Dublin Core (DC) schema does not fully encompass the perspective of museum
contents, such as differentiating between the creator and finder of a museum entity, resulting
in the loss of significant data and relationships, the initiative for developing an alternative
solution was handled by the ATHENA project by developing LIDO schema. It serves the
purpose of assisting museums in effectively providing their object data to Europeana. By
adopting the LIDO standard, museums can streamline the aggregation, transformation, and
delivery of their data to Europeana and other CH repositories, simplifying the process and
enhancing accessibility to their valuable collections.

The LIDO schema is conveniently available in XML format 1, and it incorporates various
standards and existing formats to ensure compatibility and interoperability. These are the
CDWA Lite which is an XML schema for encoding core records for arts and material
works [ARTstor2006], the museumdat which is an XML schema which is a reconfigura-
tion of CDWA Lite to account an event-oriented multi-disciplinary approach of the CIDOC
CRM, the SPECTRUM XML schema which provides formats for exchanging object records
between different collections management systems and aggregating data, and the CIDOC
CRM ISO 21127 for providing a formal structure for describing the implicit and explicit
concepts and relationships used in CH documentations.

In terms of functionality, LIDO offers a straightforward and flexible schema that enables
the representation of essential descriptive information about CH objects. This includes ob-
ject identification, classification, relation, and other pertinent elements. LIDO is commonly
employed as a means of providing metadata for museum collections and exhibitions, contri-
buting to effective documentation and information dissemination in the CH domain.

ABC. The ABC model was conceptualized as part of the Harmony international digital library
project, which aims to investigate methods and models for effectively describing the diverse
range of rich content that is becoming increasingly prevalent on the Web and digital libraries.

While the earlier version of the model was enhanced through collaborations with various
entities, such as the Dublin Core Metadata Initiative and the IFLA Functional Requirements
for Bibliographic Records [Plassard1998], the current updated version [Lagoze2002] has

✷✵❡❞✐t♦r✳♣❞❢

1. ❤tt♣s✿✴✴✇✇✇✳❧✐❞♦✲s❝❤❡♠❛✳♦r❣✴s❝❤❡♠❛✴✈✶✳✵✴❧✐❞♦✲✈✶✳✵✳①s❞
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further benefited from collaborations specifically focused on the museum community. These
latter involve the CIDOC CRM and the CIMI consortium, contributing valuable insights and
expertise to the model’s development.

The primary objective of the ABC metadata model and ontology is to establish a conceptual
foundation for comprehending and analyzing existing metadata vocabularies and instances.
Additionally, it strives to offer guidance to communities embarking on the examination and
development of descriptive vocabularies, while also serving as a basis for facilitating auto-
mated mapping among different metadata vocabularies.

In this context, the model encompasses a range of fundamental entities and relationships
that are commonly found in various metadata vocabularies. These elements serve as the
building blocks for developing domain-specific, role-specific, or community-specific voca-
bularies. In particular, the primitive category of the ABC ontology is an entity representing
the description of a certain object/record, in addition to three other main categories cove-
ring different aspects around the entity : temporality category, actuality category, and the
abstraction category. The temporality aspect in ABC, represented by the Temporality class
is based on theoretical foundations such as Situational Calculus [McCarthy1959]. It allows
to express the states in which object properties exist using the State class, the transitions
that define those states using the Event class, and the actions and agencies that participate
in these events using the Action class. The actuality category, represented by the Actuality

class, encompasses sensible entities -can be heard, seen, smelled, or touched, and is used to
describe the entity using the inState and hasInstance properties to express time-dependent
and time-independent facets of the same entity. And the abstraction category, represented by
the Abstraction class, makes it possible to express insensible entities that never have a State

and cannot exists by themselves, but are rather linked to some Actuality using hasRealiza-

tion property such as the Work class.

As such, the ABC model provides an abstract, syntax-neutral conceptual framework for mo-
deling metadata. It is available as an RDF schema using the RDF/XML syntax along with a
search interface which is capable of more sophisticated queries than less-expressive, object-
centric metadata models will allow.

Furthermore, the authors of [Doerr2003b] present a mediation process that establishes a
harmonization between the CIDOC CRM ontology and the ABC metadata model. This har-
monization serves as a valuable foundation for integrating knowledge from both the CH
and museum community (target users of CIDOC CRM) and the digital library community
(target users of ABC). It facilitates the seamless integration of these two domains, enabling
effective collaboration and knowledge exchange between the CH and museum community
and the digital library community. This was followed by proposing ABC as a core ontology
to provide a common understanding of the basic enetities and relationships for achieving
semantic interoperability and to enable information integration from diverse sources in mul-
timedia [Hunter2003].

FinnONTO. The Finnish National Semantic Web Ontology project, known as FinnONTO, is an
ambitious undertaking in Finland aimed at developing a semantic web infrastructure on
a national level [Hyvönen2006a, Hyvönen2008, Hyvönen2010]. The project has yielded a
diverse range of scientific outcomes, specifications, services, demonstrations, and applica-
tions demonstrating its dedication to advancing the field of semantic web ontology and its
practical applications.

First is establishing national metadata standards across various application domains e.g.
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[Suominen2007]. Second, is going beyond traditional thesauri and developing core onto-
logies that can be used by both machines and humans 1. In this sense, a number of core
ontologies have been developed e.g. the cultural research ontology (KULO), the ontology
for museum domain (MAO), in addition to the Finnish General Upper Ontology (YSO)
which is based on the widely used Finnish General thesauri. Third is providing public on-
tology services for using and integrating ontologies with a client application. this is done
through an ontology library and web service framework, called ONKI to enable ontology
use in ontology, content indexing, and information retrieval [Viljanen2008]. Fourth is ex-
tending the project to pilot applications by implementing semantic web portals in different
field such as CultureSampo [Hyvönen2006b, Hyvönen2009a] and MuseumFinland [Hyvö-
nen2005] for eCulture, HealthFinland [Hyvönen2007] for eHealth, etc.

Thus, the CultureSampo portal represents an application of the FinnONTO infrastructure
of ontologies within the CH field in Finland. It incorporates the FinnONTO ontologies in-
frastructure, a range of metadata schemas and tools, including ONKI, SAHA, POKA, and
VERA, and a user-interface, all integrated into a publication system based on semantic web
technologies.

As such, the FinnONTO infrastructure’s ontologies play a crucial role in the CultureSampo
system, complementing generic semantic web recommendations like RDF with domain-
specific concept descriptions in various domains. Many of the core ontologies were deve-
loped by transforming thesauri into lightweight ontologies, using a combination of auto-
matic and manual approaches. Automatic methods, as described in [van Assem2004], were
employed in some cases, while manual refinement of relations in subsumption hierarchies
required human intervention [Hyvönen2009b].

The core ontologies were aligned with YSO using equivalence and subclass relationships,
resulting in a system of interconnected and harmonized ontologies known as KOKO shown
in figure 2.4. The alignment process was carried out using Protégé 2, a popular ontology
editor, ensuring consistency and compatibility between the ontologies.

The integration of the core ontologies within the KOKO system, along with the use of YSO
as a foundational ontology, fosters semantic coherence and facilitates the exchange of infor-
mation across different domains within the CultureSampo platform.

By leveraging these ontologies, the portal addresses the challenges of interoperability po-
sed by multiple ontologies from different domains and the integration of diverse metadata
schemas and cross-domain content into a unified semantic portal [Mäkelä2012].

One of the notable contributions of the CultureSampo system is its novel approach to fa-
cilitating collaboration and distributed ontology and content development among various
memory organizations and citizens. It proposes and demonstrates a content creation process
that promotes active participation and contributions from multiple stakeholders.

The system is designed to be multilingual, supporting Finnish, Swedish, and English lan-
guages, and offers CH content to end-users through nine thematic perspectives [Hyvö-
nen2009b]. These perspectives include map views, relational search, search and organize
functionalities, collection views, and Finnish history views, among others. Figure 2.4 pro-
vides a snapshot of the "Finnish History" thematic perspective, showcasing a timeline with
corresponding event resources spanning the years 1853 to 1895 in Finland.

1. ❤tt♣s✿✴✴s❡❝♦✳❝s✳❛❛❧t♦✳❢✐✴♦♥t♦❧♦❣✐❡s✴

2. ❤tt♣s✿✴✴♣r♦t❡❣❡✳st❛♥❢♦r❞✳❡❞✉✴
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address this limitation, a specific schema for protected CH sites was developed to incor-
porate this data into INSPIRE. This schema complements the description and spatial cha-
racterization of protected sites by linking them to specific themes listed in Annex III of
INSPIRE [INSPIRE2013].

The integration of CH data into INSPIRE aims to make a diverse range of geographic in-
formation accessible to the public, manage the protection of CH, and bring it closer to the
general public. This necessitates studying the spatial components of CH, including protec-
ted natural sites and other elements.

The abstract data model created for integrating CH data into INSPIRE consists of three main
parts : legal, cultural, and documentary. The cultural entity encompasses various types of
non-material and material entities, such as HumanMadeObjects, HumanMadeFeatures, and
NaturalFeatures, as long as they have a spatial reference. The model allows for extensions
based on the specific implementation requirements.

However, the INSPIRE model does not define specific kinds of objects or features ; instead,
it focuses on the specificities of natural protected sites. This delimits the domain that an
INSPIRE-derived data model must consider, but it provides a foundation for incorporating
cultural heritage into the framework.

CHARM. The Cultural Heritage Abstract Reference Model (Charm) [Gonzalez-Perez2018] is
an ontology that encompasses various aspects of cultural heritage, including tangible enti-
ties, agents, performative entities, valorizations, representations, locations, and occurrences.

The model’s purpose is to represent entities that hold value within cultural heritage, along
with their associated valorizations and representations. This includes entities that receive
cultural heritage value as well as those necessary for their description and understanding.
Thus the term "Cultural Heritage". As for the term "Reference Model", it signifies that
Charm is designed to be used by diverse organizations and individuals to establish a common
understanding. The "Abstract" characteristic implies that it provides an independent and
extendable view that can accommodate additional specificities based on the requirements or
perspectives of each organization or individual.

Charm serves as an infrastructure to assist domain experts, such as those in the cultural
heritage community, in expressing their own conceptualizations of cultural heritage pheno-
mena. It can be utilized for exploring, documenting, and communicating various aspects of
archaeological and anthropological entities, among other applications.

Starting from the basis that valuable entities and valorizations are different, Charm is construc-
ted around three basic pillars : valuable entities resembling entities that have received, cur-
rently receive, or may receive CH value, valorizations representing values that are granted to
entities, and representations which are accounts or portrayals of other things, including both
preceding pillars. Delving into valuable entities, figure 2.5 shows the two kinds PrimaryEn-

tity and DerivedEntity distinguishing between those entities that do not need an explicit
interpretive process to associate value to them (i.e. primary) e.g. a sculpture in a museum
can be classified by anyone as a cultural heritage entity, versus those that require external
explicit explanation of their value (i.e. derived) such as an archaeological site that required
an achaeologist to classify it as such.

Charm is structured on the fundamental understanding that valuable entities and valoriza-
tions are distinct concepts. It encompasses three core elements : valuable entities, which en-
compass entities that have, currently possess, or may acquire cultural heritage (CH) value ;
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locations, and cultural objects, among other aspects of CH information.

OAIS. The Open Archival Information System (OAIS) 1 [BOOK2002] model, developed by CCSDS
and ISO, focuses on digital information preservation, encompassing primary forms of infor-
mation and supporting data for both digital and physical archives. The OAIS model facili-
tates consensus on archival requirements across disciplines and plays a significant role in
the ISO 16363 standard 2, particularly concerning metrics related to Digital Object Mana-
gement that rely heavily on OAIS concepts.

LRM. The Library Reference Model (LRM) is an conceptual model that serves as a reference
model for library-related information, encompassing bibliographic records, authorities, and
cataloging rules [Riva2018]. Although primarily used within library settings, LRM is used
to represent relevant information about resources resembling CH entities such as books, ma-
nuscripts, cultural place, and archival materials.

The landscape of ontology models in the CH field is extensive, encompassing numerous mo-
dels that serve various purposes. Each of these ontologies has its own strengths and weaknesses,
and their suitability for modeling CH entities depends on the specific use case, domain, and requi-
rements of the application. Thus, within an application, it is important to carefully evaluate and
choose the appropriate ontology based on the specific modeling scope and requirements of your
cultural heritage data project.

2.3.3 A synthesis of the preceding knowledge organization systems

All of the aforementioned examples of KOS, which exhibit varying levels of structural com-
plexity and functionality, serve the purpose of organizing and enhancing access to knowledge
concerning CH data within digital libraries or any other institution. Figure 2.6 illustrates the col-
lective representation of KOS approaches in the field of CH, organized according to the classifica-
tion presented above.

In general, KOS capture the underlying semantic structure of a specific domain and offer
semantics, navigation, and translation through labels, definitions, typing, relationships, and pro-
perties associated with concepts [Hill2004, Koch2004]. Numerous systems of different structures
have been employed to tackle data heterogeneity, and enhance interoperability [Tudhope2004a] as
presented in Section 2.2. These systems, often embodied as (Web) services, play a crucial role in
facilitating resource discovery and retrieval. Acting as semantic roadmaps, they provide a com-
mon reference point for indexers and future users, both human and machine, enabling effective
navigation and exploration of digital resources [Tudhope2004b].

In particular, ontologies offer robust organization systems with advanced functionalities as
precise semantic structures. They go beyond modeling concepts and relations by also incorporating
properties of concepts and additional rules. As a result, the use of ontologies in the CH domain
has experienced significant growth [Moraitou2022].

Initially, ontologies emerged as a solution to address interoperability challenges associated
with diverse and fragmented cultural data. By providing a unified framework for collecting, mana-
ging, and exchanging data across different CH institutions, ontologies have played a crucial role
in achieving data harmonization and integration [Moraitou2019]. Their adoption within the CH

1. ❤tt♣✿✴✴✇✇✇✳♦❛✐s✳✐♥❢♦✴

2. ❤tt♣✿✴✴✇✇✇✳✐s♦✶✻✸✻✸✳♦r❣✴
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community has been particularly prominent to represent the complex and multidimensional nature
of cultural artifacts, practices, and contexts. They provide a structured way to not only describe
and organize CH data, but also transform data into semantics enabling semantic interoperability,
data integration, and knowledge discovery.

Thus, in the upcoming sections of this chapter (Section 2.4), our focus will primarily be on
ontology KOS structures within the CH domain. Having presented the prominent ontology
modeling approaches used in the CH field in the previous section, we will proceed to systema-
tically classify the existing approaches based on specific criteria. This systematic classification
will be followed by a detailed review of the most relevant approaches.

2.4 Modeling CH data (entities) using Ontologies

In this section, we first carry out in Section 2.4.1 a systematic classification of the extant on-
tology approaches that we have illustrated earlier based on specific criteria. Through this process,
we will carefully evaluate and select the most relevant approaches that align with our fundamental
objective and [motivation-I] in particular.

Following the classification, we conduct in Section 2.4.2 a comprehensive examination and
analysis of two selected relevant ontology models, considering the objectives outlined in our thesis.
This analysis will shed the light on the extent to which these chosen approaches do not cover our
intended representation a CH entity, but also examine how they can contribute to our research
goals in the future.

2.4.1 A systematic classification of existing ontology models

In the previous sections, we have observed a wide range of knowledge organization systems,
ontology modeling approaches in particular, that have been proposed in the literature to address
the challenge of integrating diverse and heterogeneous CH content.

These approaches exhibit significant variations in terms of several factors. For instance, some
operate at the European international level, such as Europeana, while others are developed at the
national level, like FinnONTO. Additionally, the approaches employ different levels of formaliza-
tion, ranging from complex theoretical formalizations like CIDOC CRM with a first-order logic
(FOL) formalization, to simpler empirical formalizations like CHARM in ConML. As such, each
ontology modeling approach has been designed with a specific purpose and scope, tailored to the
requirements of its respective project or intended application.

When there is a need to model CH data/entities within an institution, experts or ontologists will
evaluate existing ontology approaches and choose a model that aligns with their specific needs. In
cases where no suitable model is available, they may decide to develop their own relevant model.

In our case, we aim to identify the most relevant approaches that can effectively represent the
composition of a CH entity, particularly focusing on its materiality. To achieve this, we establish
three criteria, each with various potential options, inspired by our literature review. We then clas-
sify the approaches into a unique category for each criterion. This systematic classification enables
us to select the relevant approaches that align with our modeling objectives and meet our chosen
criteria.

The purpose of this classification is to identify and extract the approaches that are most perti-
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KOS approaches in the CH field

Authority files

VIAF.

CONA.

ULAN.

Classification &

Categorization

IconClass.

UDC.

DDC

LCC.

Thesauri

AAT.

TGN.

Heritage Data.

Pactols.

Semantic Networks

WordNet.

Ontology Models

CIDOC CRM.

EDM.

LIDO.

ABC.

FinnONTO.

INSPIRE.

CHARM.

GVP.

OAIS.

LRM.

FIGURE 2.6 – Some examples of KOS systems that have been proposed in the CH field classified

according to their structure into five KOS types ; authority files, classification and categorization

schemes, thesauri, semantic networks, and ontology models.

nent to our objective. By doing so, we can conduct a detailed review of these approaches to assess
their suitability for modeling our entities.

The criteria and the corresponding classification of models :

For each criterion, we provide a concise description and explain its significance in evaluating
and categorizing the modeling approaches. Then, we present the options (aka categories) of each
while discussing how approaches align to each category. It’s important to note that the categories
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of each criterion are not mutually exclusive and can overlap i.e. different ontological models may
have characteristics that fall into multiple categories.

≫ The Geographical scale :

This criterion considers the spatial boundaries or scopes within which CH data is considered for
integration. It emphasizes the extent to which the models are designed to capture and represent
CH information at different geographical scales, ranging from local to national and international
contexts. This criterion recognizes that CH is often inherently tied to specific geographic regions,
communities, or nations. It acknowledges that modeling approaches occasionally account for the
diverse characteristics, contexts, and needs of CH data based on its geographical origin or re-
levance. And according to this geographical scale, modeling approaches select the CH entities
whose data are to be integrated within their models.

The criterion of geographical scale offers two distinct options (categories) which we explain
below while classifying the ontology approaches into each according to Table 2.2 :

— National-scale modeling approaches encompass modeling efforts that span an entire country
or nation. These approaches aim to capture the diverse CH elements of a specific country,
considering its unique heritage assets, history, and cultural practices, involving collaboration
among CH institutions at the national level. In this category falls the FinnONTO approach
developed at the national Finnish scale.

— International-scale modeling approaches are designed to facilitate interoperability and infor-
mation exchange across multiple countries or regions. These models have a broader scope,
typically covering transnational or pan-European CH initiatives. Thus, enabling the inte-
gration of diverse cultural heritage data from different countries or regions, fostering colla-
boration, harmonization, and cross-cultural research. For example, Inspire and Europeana
aim to promote interoperability and access to CH data at the European level. Also, CIDOC
CRM is classified as international-scale approach for that it provides a global framework
for representing CH information. The ABC ontology is part of the Harmony project which
is international and targets CH content across all the web and digital libraries. Similarly,
LIDO addresses the conceptualizing of metadata at a wide range with focusing on delive-
ring metadata schemes to Europeana i.e. a European scale. In addition, both OAIS and LRM
account for international standards for modeling archives and and bibliographic records. As
for CHARM, the ontology does not limit its application to single scale, instead it concep-
tualizes entities and relationships at a CH general level. Thus, we classify it as international,
rather than limited to a certain geographical scale.

Geographical Scale Ontology Model

National FinnONTO

International CIDOC CRM, Europeana, LIDO, ABC,Inspire, CHARM, GVP, OAIS, LRM

TABLEAU 2.2 – Classifying some extant ontology approaches into the two geographical scales ;

national and international.

≫ The Semantics and Formality level :

This criterion refers to the degree of emphasis on the semantic representation and the level of for-
mality in the models used to capture CH information. It emphasizes the nature and depth of the
semantic modeling employed in representing CH entities, relationships, and concepts, as well as
the level of formalization and expressivity. This criterion shows how and to which extent a mo-
deling approach captures the CH domain. It gives insights on its intended role in facilitating data
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interoperability, knowledge sharing, and the intended understanding of CH information.

We identify three distinct categories for providing a formal representation of data in general,
and CH data in particular, according to Table 2.3 1 :

— Metadata-based models : This category includes modeling approaches that primarily fo-
cus on the modeling of metadata, such as their identification, classification, and contextual
details. These models provide structured and highly interoperable frameworks for captu-
ring and organizing the information related to CH objects, enabling efficient retrieval and
management of CH data. Out of the previously illustrated ontology models, examples of
metadata-based ones are EDM as it aims for mapping metadata from various CH reposito-
ries into a structured model (organizing data about data), LIDO whose goal is to provide a
unified reference model for these repositories to organize their data according to it and map
to EDM accordingly, and the ABC model which addresses the description of the heteroge-
neous CH data distributed in various repertoires into a common conceptual foundation.

— Thesauri-based models : This category encompasses models that are derived from or inspi-
red by existing thesauri, which serve as controlled vocabularies for organizing and retrieving
information. These models use thesauri concepts and relationships to represent and link CH
entities and concepts. They enable semantic enrichment and provide a high expressivity of
domain-specific terms. The GVP ontology is a typical example of a thesauri-based model
whose classes, properties, and individuals are those present in the Getty Vocabulary Program
of LOD. In addition, the core ontologies of the FinnONTO infrastructure are developed ba-
sed on traditional thesauri, maintaining the concepts and relations expressed within Finnish
vocabularies, with the goal of replacing these thesauri. Even YSO, the most central and top-
level ontology in the FinnONTO infrastructure, is based on the general Finnish keyword
thesaurus YSA maintained by the National Library of Finland.

— Formal ontologies/Conceptual models : This category involves the approaches that concen-
trate on modeling CH as a domain itself, rather than organizing data in the domain or
structuring the vocabularies used in the domain. These models aim at offering a shared un-
derstanding, a conceptualization, yielding in a new semantic level with high formality and
expressivity in representing CH objects. They often adhere to established standards and on-
tological principles, providing a well-defined and standardized framework for representing
complex domain knowledge. They allow for precise and structured representation of entities,
relationships, and concepts, enabling advanced reasoning and inference capabilities. In this
category fall the CIDOC CRM, CHARM, and INSPIRE which provide different formal re-
presentations of CH entities based on a formal understanding. Although EDM is considered
a metadata-based model, however within the EDM specification exists elements that serve
as consensus of the different data representations across repositories. These elements are
EDM classes and properties, some of which map to CIDOC CRM elements, providing top-
level representation under which the different resources classify. And last, both the OAIS
model and LRM classify as reference models offering frameworks for the understanding of
concepts and the description of (CH) entities in archival and library systems, respectively.

≫ The Modeling scope :

The criterion refers to the focus and specific domain coverage of the ontologies, i.e. the extent and
boundaries of the subject matter, within the CH domain, that the ontology aims to represent and
capture. The significance of this criterion lies in assessing the applicability and suitability of the

1. Although we refer to the first two categories as "metadata-based" and "thesauri-based," it is important to note that
these categories resembles ontologies and not metadata models or thesauri. The terms used are intended to highlight
the specific focus or inspiration behind these ontologies where the former emphasizes ontologies that model data about
data, and the latter signifies ontologies that draw inspiration from thesauri.
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Semantics & Formality Level Ontology Model

Metadata-based models EDM, LIDO, ABC

Thesauri-based models FinnONTO, GVP

Formal ontologies/Conceptual models CIDOC CRM, CHARM, Inspire, EDM, OAIS, LRM

TABLEAU 2.3 – Classifying some extant ontology approaches into the three semantics and forma-

lity levels ; metadata-based models, thesauri-based models, and formal ontologies or conceptual

models.

modeling approaches to different aspects within the CH field. It allows for the identification of
models that are designed to capture specific types of data, spatial information, or comprehensive
representations of CH entities. By considering the modeling scope, we can better understand the
intended use and strengths of the ontologies in representing and integrating CH information.

Each ontology model possesses its distinct modeling scope. However, within the group of
ontology models under consideration in this Section, we have identified three distinct categories
of modeling scopes. Accordingly, the modeling approaches can be classified as follows and as
shown in Table 2.4 :

— Data-centric Modeling : This category encompasses ontology models that primarily focus
on modeling bibliographic records, library data, archival systems, and information objects.
These models are designed to capture and represent data-related aspects of CH, such as
descriptive metadata, classification schemes, and information organization. In this category
falls the ABC ontology, LRM, LIDO, and the OAIS.

— Spatial-centric Modeling : This category includes models that specifically focus on mode-
ling the spatial and geographic properties of CH entities. They are tailored to capture and
represent information related to natural and archaeological sites, geographic features, and
their spatial relationships. Examples within this category include Inspire which resembles
the infrastructure of spatial information in Europe, whose application to the CH field consi-
ders natural protected sites as spatial entities of CH value. In addition, the CRMarchaeo
which is a CIDOC CRM extension specifically designed for archaeological data modeling.

— Entity-centric Modeling : This category covers models that aim to represent CH entities in
general, including all types of entities such as physical objects and spatial (archaeological)
sites. These models provide comprehensive representations of CH entities, capturing their
attributes, relationships, and contextual information, and thus the CH domain as an overall.
The CIDOC CRM, EDM, FinnONTO and CHARM models are well-suited for this category,
as they primarily focus on modeling CH entities rather than CH data. These approaches do
not limit themselves to a specific type of CH entity but encompass all types of CH entities
in a comprehensive manner.

Modeling Scope Ontology Model

Data-centric models LIDO, ABC, LRM, OAIS

Spatial-centric models Inspire, CRMarchaeo

Entity-centric models CIDOC CRM, EDM, FinnONTO, CHARM

TABLEAU 2.4 – Classifying some extant ontology approaches into three modeling scopes ; data-

centric models, spatial-centric models, and entity-centric models.
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Other possible criteria : It should be noted that the classification criteria and their correspon-
ding categories that we have established may not be universally applicable to all systematic classi-
fication systems or specific application needs. Indeed, other criteria could be considered which can
be more significant in certain contexts. For instance, the criterion of interoperability and reusabi-

lity of an ontology, which classifies models based on their adherence to interoperability standards
and scopes, is of considerable importance. Also the temporal representation is another critical cri-
terion for classifying ontologies, as it addresses the temporal constraints inherent in CH entities
and forms a basic element for reasoning about them.

However, the chosen criteria have proven to be important in guiding our approach and contri-
buting to our research endeavors. Another criterion of significance to us, although not explicitly
discussed here, is the abstraction level of ontologies 1. This criterion encompasses application, do-
main/task, core ontologies, mid-level, and top-level ontologies. While our primary focus lies on
top-level ontologies as our approach is to be generic one, the classification of the selected ontology
approaches according to this criterion did not significantly impact the final outcome of our system,
given that the relevant models extracted are predominantly core or mid-level ontologies.

Overall, these criteria have shaped our direction and align with our research goals, and they
will further contribute to the development of our system.

A criteria-based selection of relevant approaches :

In this section, we first revisit our [fundamental objective] : "Representing and modeling the

composition of a tangible entity in general, and a Cultural Heritage tangible entity in particular,

using ontological structural and spatial relations, within an Applied Ontology approach".
We also recall the particular [motivation-I] behind this Chapter : "Modeling the composition

of a tangible entity as a complex structure (i.e. an object, a place, a collection) in a manner that

enables the understanding, constructing, and navigating into its tangible discourse (i.e. represen-

tation), and learning its intangible aspects (i.e. significance)".

Taking into account our interdisciplinary approach, we analyze how our intended approach
aligns with each criterion and position it within the relevant category. This positioning helps us
establish the requirements we seek in an ontology model that can effectively represent the compo-
sition of a tangible entity. By defining these requirements, we are able to identify a subset of the
aforementioned ontology approaches that are relevant to our objective. In the following section
(Section 2.4.2), we conduct a comprehensive review of these selected approaches, evaluating their
suitability and effectiveness in relation to our objective.

In the context of geographical scale, our objective is to adopt a model that goes beyond spe-
cific geographical boundaries and encompasses CH entities irrespective of their location, cultural
context, or nomenclature. This requires a model that focuses on the broader scope of CH rather
than being confined to specific regions or countries. Among the ontology models considered in
Table 2.5, CIDOC CRM, Europeana, LIDO, ABC, Inspire, CHARM, GVP, OAIS, and LRM ful-
fill this requirement by offering a perspective that is independent of any geographical boundary.

Regarding the semantics and formality level, our aim is to utilize a formal ontology that sur-
passes the confines of thesauri-based models and instead builds upon a shared understanding of
CH, in the sense presented in Section Preliminary Remarks. We emphasize the importance of
semantic interoperability among various sub-fields involved in CH, enabling them to overcome

1. This term is presented in the Preliminary Remarks Section
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Geographical Scale Ontology Model

National FinnONTO

International CIDOC CRM, Europeana, LIDO, ABC,Inspire, CHARM, GVP, OAIS, LRM

TABLEAU 2.5 – Classifying some extant ontology approaches into the two geographical scales ;

national and international.

differences in terminology and arrive to a common representation that is based upon the shared
understanding. While both conceptual models and formal ontologies contribute to the conceptuali-
zation of a subject matter, we prioritize the use of formal ontologies due to their logical rigidity and
their establishment as formal logical theories. In line with this, the selected ontology models from
are those highlighted in Table 2.6, including CIDOC CRM, CHARM, Inspire, EDM, OAIS, and
LRM, which align with our requirement of utilizing formal ontologies, but also include conceptual
models in general.

Semantics & Formality Level Ontology Model

Metadata-based models EDM, LIDO, ABC

Thesauri-based models FinnONTO, GVP

Formal ontologies/Conceptual models CIDOC CRM, CHARM, Inspire, EDM, OAIS, LRM

TABLEAU 2.6 – Classifying some extant ontology approaches into the three semantics and forma-

lity levels ; metadata-based models, thesauri-based models, and formal ontologies or conceptual

models.

And lastly, concerning the modeling scope criterion, our objective is to represent the compo-
sition and materiality of tangible CH entities. Thus, we seek an entity-centric model that places
significant emphasis on the entities themselves, encompassing their structural and spatial aspects,
rather than organizing data about CH entities. An ideal ontology model for our purpose would
offer rich semantic relationships that allow for the representation and reasoning of entity com-
position. Based on this consideration and Table 2.7, we identify the models from the fourth row,
CIDOC CRM, FinnONTO, EDM, and CHARM, as potential candidates to fulfill our intended
representations.

Modeling Scope Ontology Model

Data-centric models LIDO, ABC, LRM, OAIS

Spatial-centric models Inspire, CRMarchaeo

Entity-centric models CIDOC CRM, EDM, FinnONTO, CHARM

TABLEAU 2.7 – Classifying some extant ontology approaches into three modeling scopes ; data-

centric models, spatial-centric models, and entity-centric models.

Consequently, the selection based on these three criteria yields in CIDOC CRM, EDM, and
CHARM being the ontology models that best meet our objectives. These models encompass a
broad geographical scale, adhere to the formality of a formal ontology, and offer the necessary
capabilities to represent and reason about the composition of tangible CH entities.
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2.4.2 Representing CH entities as complex structures : an analysis

This section analyses the selected relevant ontology models -CIDOC CRM, EDM, and CHARM-
in view of our [fundamental objective] and [motivation-I], focusing in particular on the models’
potentials in expressing the composition of a tangible entity, using structural and spatial relations.

For each model, we (1) start by its logical formalization, if any, (2) go through its different
serializations as an ontological model using (or not) semantic web technologies, (3) and examine
its forte points and the application domains in which it has been employed. Finally, in view of our
objective and the criteria-based elimination/inclusion process that we performed in Section 2.4.1,
we (4) address its compositional (structural and spatial) relations, presented as object properties,
which are at the core of our requirements.

The CIDOC Conceptual Reference Model (CRM) :

The CIDOC CRM is a formal ontology in the sense introduced by Guarino in [Guarino1998a]
i.e. a specification of a set of named concepts used to describe and approximate a part of rea-
lity, plus a first-order logic theory to narrow down the intended meaning of the named concepts.
As such, it is expressed in terms of FOL as a logic-based knowledge representation language by
means of logical axioms. For each definition of a class/property, their corresponding FOL axioms
are stated using unary/binary/ternary predicate symbols and basic symbolic FOL operators. Thus,
focusing on semantic precision and expressiveness.

In addition to FOL, the ontology is expressed in an object-oriented semantic model unders-
tandable by experts and information scientists i.e. documentation in natural language format, as
well as in machine-readable formats using RDFS, OWL, XML, and JSON LD, among others. This
is by defining classes (resembling the unary predicates), properties (resembling the binary predi-
cates), properties of properties (i.e. reification of properties resembling the ternary predicates), and
axioms in a formal and machine-readable interoperable manner. The additional extension models
of CIDOC CRM are provided in RDF format to support their use in the SW too [Cyganiak2014]
such as that of CRMarchaeo 1.

Throughout the CIDOC CRM, classes are identified by numbers preceded by the letter E (his-
torically classes were sometimes referred to as "Entities") e.g. the class E63 Beginning of Exis-

tence, while properties are identified by numbers preceded by the letter P e.g. the property P126

employed. The CIDOC CRM defines 81 classes and 160 unique properties. A tool is available
online 2 providing an interface for users to navigate through the classes, properties declarations,
and translations and versioning information, as well as visualizing the class/property hierarchy
graph with all the corresponding outgoing and incoming properties of each class of the CIDOC
CRM ontology. Figure 2.7 shows the user-interface of the web page after navigating through the
E1 CRM Entity class, while figure 2.8 shows the same entity’s hierarchy graph.

CIDOC CRM was developed following rigorous principles that selectively incorporated concepts
serving the purpose of global information integration [Doerr2003a]. These principles have re-
sulted in its successful application as it remains compact without compromising its adequacy
[Smith2004a].

Regarded as the most comprehensive ontology for integrating CH information, CIDOC CRM
has gained increasing prominence in real-world integrated information environments for CH sys-
tems [Doerr2009]. Numerous use cases have demonstrated its effectiveness, and a compilation

1. ❤tt♣s✿✴✴❝✐❞♦❝✲❝r♠✳♦r❣✴❝r♠❛r❝❤❛❡♦✴❢♠❴r❡❧❡❛s❡s

2. ❤tt♣s✿✴✴❝✐❞♦❝✲❝r♠✳♦r❣✴❤t♠❧✴❝✐❞♦❝❴❝r♠❴✈✼✳✶✳✶✳❤t♠❧
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It should be noted that our analysis specifically focuses on relationships between endurant en-
tity types, specifically physical entities, and does not consider relationships involving perdurant
entities. Therefore, compositional structural relations such as P5 consists of (forms part of), P9

consists of (forms part of), P106 is composed of (forms part of), P148 has component (is com-

ponent of), P69 has association with (is associated with), P150 defines typical parts of (defines

typical wholes for E55 Type entities which resemble abstract perdurants), P165 incorporates (is

incorporated in), and others, are not within the scope of our analysis. We are specifically interested
in relationships that hold between tangible entities.

Second, regarding the spatial compositional relations, CIDOC CRM defines relations identi-
fying the location of an instance of E18 Physical Thing using an instance of E53 Place at different
period/intervals of time : (a) former or current location using P53 has former or current location

e.g. the silver cup (E22 ) has former or current location Display Case 4, Room 23, Museum of
Oxford, (b) current permanent location using P54 has current permanent location e.g. the cup
has current permanent location Shelf 3.1, Store 2, Museum of Oxford, and (c) current location at
the time of validity of the record using P55 has current location e.g. the cup has current location
Display Cabinet 23, Room 4, British Museum.

In addition, the ontology also provides the P59 has section property to link an instance of E18

Physical Thing to the instance of E53 Place in which it is found. For example, the HMS Victory
(which is of type E22 ) has section HMS Victory section B347.6 (which is of type E53 ). In the
preceding example, the instance of E53, B347.6 is expressed in terms of a coordinate system and
takes the shape of the respective HMS Victory.

And the last spatial relationship is the P89 falls within property which links two instances of
the E53 Place type, from which one is spatially contained within the other, without implying any
relationship between things or phenomena occupying these places. For instance, the area covered
by the World Heritage Site of Stonehenge (E53 ) falls within the area of Salisbury Plain (E53 ).

ObjectProperty doamin range

P53 has former or current location

(is former or current location of)

E18 Physical Thing E53 PlaceP54 has current permanent location

(is current permanent location of)

P55 has current location (currently holds)

P59 has section (is located on or within)

P89 falls within (contains) E53 Place E53 Place

TABLEAU 2.9 – The compositional spatial relationships in CIDOC CRM.

While considering these spatial relationships and their diverse temporal representations within
CIDOC CRM, we believe that a specific representation of spatial relations is missing. This parti-
cular relationship occurs between two distinct E18 Physical Thing that are not parts of each other,
but their respective parts share a common spatial location. In such cases, it would be a relationship
between two instances of E18 Physical Thing. However, CIDOC CRM does not currently support
this specific relation.

To illustrate the need for this relationship, let’s consider the example of a sculpture exhibition
in a museum. The exhibition consists of multiple individual sculptures, each considered as sepa-
rate Physical entities within CIDOC CRM. While the sculptures are not parts of each other, they
share a common spatial location within the exhibition hall. This shared spatial location creates
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a meaningful relationship between the sculptures, indicating their coexistence within the same
physical space i.e. the museum.

Similarly to our focus in structural relations, we also limit our analysis in spatial relations to
those between endurant entities within CIDOC CRM. Therefore, spatial relations involving per-
durant entities, such as P10 falls within (contains) and P86 falls within (contains) are not within
the scope of our examination.

While the CIDOC CRM ontology does not fully encompass the desired representations re-
garding composition relations, it does extensively cover the representation of the spatiotemporal
aspects of a CH entity. Combining the comprehensive coverage of spatiotemporal aspects provi-
ded by CIDOC CRM with the composition aspects that are sought after would result in a robust
model significant for representing CH entities.

The Europeana Data Model (EDM) :

EDM is available in RDF format to represent the metadata about CH documents, using classes
and properties

In order to facilitate the process of metadata aggregation, EDM defines a comprehensive set of
elements, encompassing classes and properties, with the aim of incorporating as many elements
as feasible from the descriptions provided by a content provider. Within this set, certain elements
are re-used from other namepaces such as the Resource Description Framework (RDF) and the
RDF Schema (RDFS) namespaces, the Object Reuse and Exchange (ORE) namespace, the Simple
Knowledge Organization System (SKOS) namespace, the Dublin Core namespaces for properties
(DCMI), the W3C Data Catalog Vocabulary (DCAT), the Creative Commons (CC) namespace,
and the SIOC Services Ontology Module namespace (services).

Furthermore, other elements are specifically introduced within the EDM specification like
EDM elements that align with predicates commonly employed in prevalent ontologies. In cases
where this applies to certain classes and properties, the EDM specification provides explicit map-
pings to the equivalent classes and properties in these other ontologies, such as CIDOC-CRM and
FRBR. For instance the edm :Agent class is equivalent to CIDOC CRM’s E39 Actor. These map-
pings serve to establish connections and facilitate interoperability between different models.

EDM has been highly influenced by some formulated requirements and design principles, out
of which is the requirement to distinguish between the "provided object" and it digital representa-
tion in order for metadata values to be associated properly [Isaac2013]. Upon this distinction, the
representation of the CH object is presented, as shown in figure 2.11. The figure presents the three
EDM core classes used to represent the core CH object : ore :aggregation, referring to a set of rela-
ted resources that are grouped together as an aggregation under the ORE’s namespace, and the two
EDM classes edm :WebResource and edm :ProvidedCHO referring to the information resource
having a URI, and to the CH object about which Europeana collects descriptions, respectively.

In addition to classes and properties, Europeana is defining also controlled vocabularies useful
for CHO interoperability (such as AAT, DDC, DBpedia, Iconclass). The main aim of Europeana
is to work on Linked Data both exposing record sets [Haslhofer2011] and using Linked Data
resources [Haslhofer2010] in order to augment Europeana content.

Ultimately, Europeana fulfills its purpose by serving as a platform for metadata aggregation. Its
primary objective is not to serve as a model for directly representing the entirety of a CH object it-
self, but rather to collect and consolidate data pertaining to the object in a centralized repository. In-
deed this focus holds significant importance and is one of the primary goals in the CH domain, e.g.
using EDM as a top-level metadata model and mapping cross-domain metadata to it [Charles2013]
and proposing new aspects for richer aggregation of data using new concepts [Noor2019].
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Similarly, a SubObject relationship holds between a CompleteObject and itself.

— Element between a ConstructedStructure and a ConstructiveElement as a material part/w-
hole relationship e.g. the columns of a house being part of the house

Thus, one of the strong points we identified in the CHARM model is its capture of a wide
range of structural and spatial relations through the use of aggregations. This comprehensive ap-
proach ensures that various aspects of CH entities can represented effectively.

However, the semantics of its associations are not formally specified. Although these associa-
tions serve to represent connections between classes, the precise interpretations of these connec-
tions are not explicitly defined. Instead, they rely on the names, directions assigned to them, and
natural language.

This aspect can be attributed to the nature of the ConML conceptual modeling language it-
self as a UML class metamodel in which its graphical notation is primarily described through
natural language and diagrams. As a result, no formal logical specification is provided to support
reasoning capabilities or the inclusion of additional rules for expressing rich semantics of relations.

Both, the CHARM model and ConML language, are user-friendly tools that enable domain
experts to construct domain-specific ontologies. These tools provide a starting point for capturing
the semantics of various fields. Additionally, ConML diagrams can be translated into more formal
ontologies like OWL, enhancing the expressiveness and interoperability. CHARM can also be
directly employed by domain institutions to represent the semantics of their systems. Overall,
these tools facilitate interdisciplinary collaboration and support the representation of CH entities
in a structured and meaningful way.

2.5 Final considerations

Having defined the motivation behind this Chapter ([motivation-I]), we have specified the mo-
deling scope of the intended interdisciplinary modelisation. This is to model the composition of a
tangible entity as a complex structure (i.e. an object, a place, a collection) in a manner that enables
the understanding, constructing, and navigating into its tangible discourse (i.e. representation), and
learning its intangible aspects (i.e. significance).

In Section 2.2, we have seen the basic challenges present in the CH field focusing around
the heterogeneity of data (both syntactic and semantic) as well as the integration problem. Inte-
gration is problematic not only at the level of data, but also metadata and schemas. Furthermore,
we assured the importance of achieving interoperability for solving both problems. This is by arri-
ving to a common conceptualization based on shared goal around the cross-disciplinary CH entity.

Then, in Section 2.3 we have presented the memory and organization institutions, as well as
some information systems and databases that manage CH data using best practices and standards.
This was followed by outlining various knowledge organization systems that enable the organiza-
tion of data in the CH field, ending by refining our analysis to concentrate specifically on ontology
models as knowledge organization structures.

After that, in Section 2.4, we performed a systematic classification of the extant ontology
modeling approaches based on the predefined criteria : the geographical scale, the semantics and
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formality level, an the modeling scope. We have categorized each criteria and classified the ap-
proaches according to these categories. Based on this classification system, we were able to select
the relevant ontology models that we believe could (maybe) do the intended representations re-
quired by the specified [fundamental objective] in general and [motivation-I] in particular. After
excerpting the relevant models, CIDOC CRM, EDM, and CHARM, we analyzed each model in
details in terms of its formalization, available resources, and classes and properties hierarchy fo-
cusing on the spatial and structural relationships conveyed in each.

The analysis showed the following. In the case of CIDOC CRM, while a pretty good number
of relationships is provided, still there is not a complete coverage of the intended representation
with respect to our goal such as the memberhsip, dependence, and representing spatial inclusion
between entities. With EDM, the case is more difficult since it is more likely a data-centric ap-
proach than an entity-centric approach, where a limited number of compositional (structural and
spatial) relations is present. As for CHARM, the issue is more likely with the formality of the
model and the use of ConML modeling language which is very useful for non-ontologists, yet not
rich in terms of semantics.

In conclusion, we recognized that there is a need for a semantically robust and well-formalized
set of foundational ontological relations that can capture the composition of a CH entity and en-
able an accurate representation of its materiality. This emphasis on composition relations forms
the core objective of this thesis. Furthermore, integrating such composition relations into existing
models, such as CIDOC CRM as a core ontology and CHARM as a domain-specific ontology
for certain CH domains, would provide a comprehensive framework for the presentation of CH
entities, filling the existing need in current models.

As such, in the next chapter 3, we delve into foundational ontological relations, those that
allow the representation of the structural and spatial composition of a tangible entity, namely
some foundational ontological relations.
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3
Foundational ontological relations

This Chapter investigates some pertinent structural and spatial foun-

dational ontological relations from the applied ontology literature.
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3.1 Introduction

In Chapter 2, we conducted an investigation into the existing ontological models found in the
literature concerning cultural heritage. Our focus was specifically on models that enable the repre-
sentation of the composition of tangible entities. We performed a comprehensive analysis of three
relevant ontology models, specifically examining their treatment of composition relations in terms
of structure and spatial aspects. The analysis revealed a clear requirement for a more semantically
comprehensive theory of ontological relations that can effectively capture and model the compo-
sition of tangible entities within cultural heritage.

In this chapter, aligned with our fundamental objective, we introduce a complementary moti-
vation ([motivation-II]) to further strengthen our primary motivation ([motivation-I]) by emphasi-
zing the specific focus required to develop a comprehensive model of composition. This additional
point underscores the necessity for a language that encompasses a range of ontological relations
pertaining to both structural and spatial composition within a unified theory. Consequently, we
delve into an examination of the existing literature on foundational ontological relations, specifi-
cally targeting the domain of structural and spatial relations within the field of applied ontology.

Motivation-II :

Acquiring a number of foundational ontological, structural and spatial, relations that enable
representing the composition of a tangible entity, within a theory.

First, in Section 3.2, we provide an introduction to foundational ontological relations, encom-
passing their definition, fields of study, and various types. Our focus narrows down to specifically
examine structural and spatial relations. Subsequently, in Section 3.3, we explore several studies
that delve into the realm of structural part-whole relations, encompassing mereological, merony-
mic, and other related approaches. Shifting our attention in Section 3.4, we delve into the presen-
tation of spatial relations within the context of representing the spatial aspects of tangible entities,
including mereotopology and location relations. Finally, we discuss and conclude in Section 3.5.

3.2 The study of foundational ontological relations : a categorization

"Foundational ontological relations are formal and (often) primitive relations that pay a fun-
damental role in the foundations of ontological analysis and modeling". Our interpretation of this
definition is based on the following aspects.

— Firstly, these relations are considered "ontological" as they are studied and represented wi-
thin ontologies to capture the relationships between entities.

— Secondly, the term "foundational" highlights their fundamental significance in the field of
applied ontology.

— Thirdly, we define "foundational ontological relations" as possessing two key characteris-
tics : formality and primitiveness.

— The formality aspect relates to the universality and specification of relations. In [Gan-
gemi2001], formal relations are explained as relations that involve entities in all "ma-
terial spheres", so that they are understandable as universal notions. This is based on
Smith’s reflection, in [Smith1998], on formal ontology as dealing with with properties
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of objects which are formal in the sense that they can be exemplified, in principle, by
objects in all material spheres or domains of reality. This is a formality in view of the
philosophical literature referring to being domain neutral ; what we also like to refer as
generic in the sense of general and independent from a specific domain. Additionally,
formality extends the neutrality of the domain to that of the framework in which the
relations are specified within a formal framework using formal logical languages.

— The primitiveness characteristic generally pertains to notions (such as concepts, pro-
perties, or relationships) that are not defined in terms of previously-defined notions 1.
Typically, the introduction of primitives is motivated informally, drawing on intuition
and everyday experiences. In axiomatic theories, primitives are established through a
group of axioms that characterize the notion and provide restrictions on its usage.

Where are foundational ontological relations studied ?

Although formal relations hold a central position in classical philosophical investigations
(e.g. [Edmund1970, Fine1983, Fine1999]) within the domain of "formal ontology," as discussed
in [Smith1998], their formalization in computer science, through ontologies, has been explored
extensively in the applied ontology literature as investigating fundamental relationships between
entities or entities and properties, at a meta-level. Given that applied ontology focuses on studying
and developing ontological theories at a meta-level, as outlined in the Preliminary Remarks sec-
tion, the examination of foundational ontological relations primarily resides within this domain.
Examples of studies encompass a wide range of relationships including identity [Guarino2000a],
parthood [Simons1987], causation [Salmon1984], dependence [Edmund1970], etc.

How are foundational ontological relations studied ?

The study of foundational ontological relations has given rise to various contributions, encom-
passing approaches that offer taxonomies as hierarchical structures of relations, and others that
provide theoretical frameworks for formalizing relations and establishing interconnections.

A taxonomy of relations refers to a systematic hierarchical classification system that orga-
nizes relations based on their inherent properties and hierarchical levels. Within the context of
foundational relations, taxonomies present a structured arrangement of relations, showcasing their
subsumption or specialization relationships, which facilitates a clear understanding of their inter-
relationships and hierarchical structure. The development of taxonomies of relationships has been
mostly deployed in cognitive sciences studies such as a taxonomy of part-whole relations [Wins-
ton1987] in linguistics.

Whereas a theory involves the development of formal frameworks often accompanied by logi-
cal systems designed to capture and represent the essence of foundational relations. For instance,
in [Gerstl1996] a conceptual theory of part-whole relation in common-sense reasoning was pre-
sented without necessarily formalizing the relationships in terms of a formal logical language.
Other theories provide a set of axioms (algebraic such as transitivity, symmetry, etc.) and rules
governing the behavior and properties of relations, enabling their formalization and reasoning. In
such formal theories e.g. [Bittner2005], the emphasis is on defining a logical structure that enables
rigorous representation and inference.

Both approaches play crucial roles in enhancing our understanding of entity relationships and
providing a systematic framework for their application in ontological and conceptual modeling
tasks. Notably, there has been a particular emphasis on ontology-driven conceptual modeling,
exemplified by the development of the Unified Foundational Ontology (UFO) [Guizzardi2005] and

1. ❤tt♣s✿✴✴❡♥✳✇✐❦✐♣❡❞✐❛✳♦r❣✴✇✐❦✐✴Pr✐♠✐t✐✈❡❴♥♦t✐♦♥
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the adoption of the UFO-based ontology-driven conceptual modeling language, OntoUML, in va-
rious domains, including the business sector with applications in value, risk, service, and contract
modeling [Verdonck2016]. In a related work [Fonseca2019], the authors revisit UFO’s theory of
relations based on empirical feedback from different experiences, proposing a new theory that
subsequently informs the design of a new metamodel for OntoUML. This development enhances
the utilization of relations in ontology-driven conceptual modeling tasks.

In general, formalizing foundational ontological relations/categories through ontological ana-
lysis serves as a valuable addition that benefits modeling tasks, whether in ontology modeling or
conceptual modeling. It provides a reference meta-model that enables the validation of domain-
specific models in accordance with the formal semantics of the meta-level.

What are examples of studied foundational ontological relations ?

Several examples demonstrate the significance of certain foundational ontological relations
across different domains. For instance, the parthood relation has proven crucial in aligning and
correlating ontologies within the bioinformatics domain [Bittner2004a]. Location and topological
relations have been instrumental in disambiguating spatial information in biomedical ontologies,
thereby enhancing automatic reasoning capabilities [Donnelly2006]. In the realms of cognitive
sciences, linguistics, ontology, and conceptual modeling, contextualizing parthood typologies ba-
sed on the types of participating entities has been a focus of research [Pribbenow2002, Wins-
ton1987, Bittner2004c, Guizzardi2009].

Furthermore, other studies, such as the work by Smith et al. [Smith2004b], have addressed
the disambiguation of similarities between relations that can lead to problematic inconsistencies,
specifically between class subsumption (the is-A relation) and partonomic inclusion (the part-of
relation).

These examples highlight the importance of understanding and disambiguating relations wi-
thin various domains, as they play a significant role in aligning ontologies, enhancing reasoning
capabilities, contextualizing typologies, and resolving inconsistencies that can arise in relation-
based modeling.

Constricting our scope to structural and spatial relations

Our research narrows down its focus to structural and spatial relations, aligning with the fun-
damental objective stated in Chapter 1 and the specified [motivation-II]. We aim to investigate and
utilize a well-formalized theory that encompasses a comprehensive set of foundational ontologi-
cal relations addressing the structural and spatial aspects of tangible entity composition, provided
such a theory exists

Thus, we have conducted an extensive review of the literature to gather taxonomies and theo-
ries concerning structural and spatial foundational ontological relations.
For structural relations, our investigation centers on studies that primarily focus on part-whole
relations and their typologies. It should be noted that our use of the term "typologies of part-
whole relations" does not reflect our subjective opinion on the taxonomies/theories as definitive
part-whole relation typologies. Our intention is to describe the nature of these studies, wherein
some researchers designate their work as specializing in distinct "types of part-whole relations,"
while others do not label them as such. To differentiate between the specific term "part-whole re-
lations" used in reference to studies that specifically denote their relations as part-whole ones, and
our general use, we will denote the former by enclosing the term within double brackets, such as
"((part-whole)) relations" when referring to the specific taxonomy/theory. This indicates the ter-
minology used by the authors of a specific reference, without necessarily endorsing our particular
viewpoint on these relation types.
Regarding spatial relations, we explore approaches that capture location and spatial part-whole
relationships.
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In Table 3.1, we categorize some popular extant approaches pertaining to both structural and
spatial relations based on their context of studies : formal applied ontological studies (e.g. loca-
tion theories, topology, and mereology), cognitive sciences studies (e.g. meronomy), and other
approaches that combine both meronymic and mereological studies in single taxonomies/theories.
For the latter, we distinguish approaches based on the language used for formalization of the theory
into conceptual modeling languages (Unified Modeling Language (UML) [ISO/IEC195012005],
Entity-Relationship (ER) language [Chen1976], Object-Role Modeling (ORM) language [Hal-
pin2010]), and other knowledge representation and reasoning languages (Description Logics (DL)
[Baader2003, Calvanese2003] and First-Order logic (FOL) [Smullyan1995]).

In the following sections, we delve into further exploration of the approaches wround sturtcu-
ral and spatial relations in Sections 3.3 and 3.4 respectively.

Spatial relations Structural relations

Formal Applied Ontological

studies

Cognitive Sciences

studies

The meddling of both < mereology >and

< meronomy >in formal taxonomies

Spatial Location Spatial Connection Formal Parthood
(Part-Whole)

Relation Taxonomies

Conceptual modeling

languages

Knowledge representation

languages

<Location> <Topology> <Mereology> <Meronomy> UML ER/ORM DL FOL

[Varzi1996]

[Casati1999]

[Varzi2007]

[Randell1992]

[Randell1989]

[Cui1993]

[Simons1987]

[Varzi2003]
[Iris1986]

[Odell1998]

[Opdahl2001]

[Motschnig-Pitrik1999] [Keet2006b]

[Schulz2000]

[Sattler2000]
[Guizzardi2005]

<Mereotopology> [Winston1987] [Barbier2003]

[Shanks2004]

[Berardi2005]

[Artale1996b]

[Artale1996a]
[Keet2008]

[Varzi1993] [Varzi1996]

[Casati1999] [Varzi2007]

[Gerstl1995]

[Gerstl1996]
[Bittner2005]

TABLEAU 3.1 – A categorization of some structural and spatial relations from the literature in

formal applied ontology, cognitive sciences, and other common-sense reasoning approaches .

3.3 Studies on structural (part-whole) relations

The part-whole relation (part-of ) has gained significant attention in the field of knowledge
representation and reasoning, serving as a fundamental ontological relation [Burkhardt1991]. Ex-
tensive research has been devoted to exploring various aspects of this relation, leading to the
development of taxonomies and theories. 1

From a formal ontological perspective, traditional accounts of the part-of relation are predomi-
nantly found in formal ontology and are considered widely accepted and universal. These theories,
categorized under the term mereology [Leśniewski1991, Simons1987, Varzi2003], fall under the
classification of "formal parthood" in Table 3.1. Further investigation into mereological theories
will be conducted in Section 3.3.1.

Later in works such as [Lyons1977] and [Cruse1986], it was recognized that mereological re-
lations alone cannot fully capture the complexities of part-whole relations, particularly in cases of
intransitivity observed in natural language. Building upon this observation and the suggestions of

1. Please note that a significant portion of this review is based on the papers [Keet2006a] and [Fernández-
López2008], which provide a comprehensive studies of part-whole relations from various perspectives.
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Lyons, several authors explored the hypothesis of multiple part-whole relations to address cogni-
tive tasks. Subsequently, several other authors, including Keet in [Keet2006a], distinguish between
mereology and meronomy as distinct fields of investigation, with the former being ontological and
the latter focusing on linguistics.

Based on that, the study of part-whole relations within cognitive science originated in lin-
guistics, with works such as [Iris1986] and [Winston1987] differentiating various cognates of
"part" (e.g., portion, element, member, fragment, component, constituent) based on their diffe-
ring semantics. Subsequent research, including refinements proposed in works like [Gerstl1995]
and [Vieu2007], delved further into the exploration of different types of part-whole relations. The
distinction between types of part-whole relations is grouped under the term meronomy. Some me-
ronymic studies, found under "part-whole relation taxonomies" in Table 3.1, will be investigated
in Section 3.3.2.

Besides the aforementioned studies, various approaches have been developed for modeling
part-whole aspects using different knowledge representation and conceptual modeling languages.
Examples include extensions to UML to incorporate reasoning capabilities behind part-whole re-
lations [Barbier2003], using ER modeling [Shanks2004], ORM-based proposals [Keet2006b], ap-
plication of FOL [Guizzardi2005, Keet2008], and employment of DL [Artale1996b, Bittner2005].
These approaches, which combine elements of both mereology and meronomy in formal taxono-
mies, can be found in the "the meddling of both mereology and meronomy in formal taxonomies"
section of Table 3.1. Further exploration of these approaches will be discussed in Section 3.3.3.

Additionally, in Section 3.3.4, we provide a brief overview of some approaches that have exten-
ded the study of part-whole relations to account for properties such as functionality, dependence,
typologies of wholes, and granularity.

3.3.1 Formal theories of parts : Mereology

The research on mereology started with Lesniewski’s seminal work "Foundatios of the ge-
neral theory of sets" in the early 20th century (1901-2000). Since then, significant contribu-
tions to the field have been made by Peter Simons [Simons1982, Simons1987] and Achille Varzi
[Varzi1996,Varzi2003], who have played prominent and influential roles in expanding the research
on mereology from a philosophical standpoint.

Ground mereology M is the common core of any mereological theory presenting formal par-

thood. It is a denoted using the primitive P(x,y), standing for "x is part of y", as a partial order
relation : reflexive (Pa1), antisymmetric (Pa2), and transitive (Pa3).

(∀x)P(x,x) (Pa1)

(∀x,y)(P(x,y)∧P(y,x))→ x = y (Pa2)

(∀x,y,z)(P(x,y)∧P(y,z))→ P(x,z) (Pa3)

Using P, other mereological predicates are built for a wider semantic range ; proper-part (PP)
which is asymmetric and irreflexive 1, equal (EQ), overlap (O), underlap (U), overcross (OC),
undercross (UC), proper-overlap (PO), and proper-underlap (PU). These predicates are depicted
in Figure 3.1. 2

1. A relation R is asymmetric iff ; if R(x,y) then ¬R(y,x), and irreflexive iff ; ¬R(x,x).
2. The visual presentations regarding mereology presented in Figure 3.1 are taken from ❤tt♣✿✴✴❥♦✉r♥❛❧✳❜✲♣r♦✳

♦r❣✴❛rt✐❝❧❡✴t❤❡✲✉❧t✐♠❛t❡✲♣❛rts✴.

80







3.3. Studies on structural (part-whole) relations

(∀x,y)PP(x,y)→∃z(P(z,y)∧¬O(z,x)) (Pa4)

(∀x,y)¬P(y,x)→∃z(P(z,y)∧¬O(z,x)) (Pa5)

PP(x,y)→∃z(PP(z,y)∧¬O(z,x)) (Pt1)

(∃z(PP(z,x))∧∀z(PP(z,x)→ PP(z,y)))→ P(x,y) (Pt2)

(∃zPP(z,x)∧∀(PP(z,x)↔ PP(z,y)))→ x= y (Pt3)

(∀x,y)U(x,y)→∃z∀w(O(w,z)↔ (O(w,x)∨O(w,y))) (Pa6)

(∀x,y)O(x,y)→∃z∀w(P(w,z)↔ (P(w,x)∨P(w,y))) (Pa7)

(∃x)φ(x)→∃z∀y(O(y,z)↔∃x(φ(x)∧O(y,x))) (Pa8)

(∀x,y)∃z(O(z,x)∧O(z,y))→∃z(∀w(O(w,z)↔ (O(x,w)∨O(y,w))) (Pa9)

(∀x,y)∃z(P(z,x)∧P(z,y))→∃z(∀w(P(w,z)↔ (P(x,w)∨P(y,w))) (Pa10)

Mereology offers a solid and formally grounded framework for analyzing and representing
part-whole relations, providing valuable insights from both mathematical and philosophical pers-
pectives. However, its application as a theory of parthood in conceptual and ontological mode-
ling tasks presents challenges, as discussed in [Guizzardi2005] and supported by various authors
(e.g., [Odell1998], [Opdahl2001], and [Pribbenow2002]). These challenges arise from either the
theory being deemed too strong to capture the nuances of part-whole relations at the conceptual
level, where it imposes constraints that may not universally apply, or too weak to adequately dis-
tinguish between different typologies of the part-whole relation. We clarify these issues based on
the insights presented in [Guizzardi2005] and [Guizzardi2005].

— Firstly, concerning M, it is observed that transitivity (Pa3) is derived in cases where it may
not be applicable. For instance, it falsely implies that my brain is part of a research group,
based on the fact that my brain is part of myself, and I am part of the group. Guizzardi
attributes this problem to mereology being a theory of parthood and highlights the need for
an additional theory of wholes [Gangemi2001] to complement it in the context of conceptual
modeling. This is because a theory of parthood alone does not account for the diverse roles
that parts can play within a whole.

— Secondly, regarding EM and its extensions, these theories infer identity between entities
that share the same proper parts (theorem Pt3, which is implied by the supplementation
axiom Pa5), even in cases where it may be irrelevant. For instance, it may incorrectly iden-
tify a soccer team and an orchestra group consisting of the exact same members as identical
entities. Authors such as [Guizzardi2005] and [Gerstl1995] argue that these inferences are
unacceptable and that the property of extensionality in EM theory leads to incorrect infe-
rences, failing to differentiate entities that are perceived as distinct and equating entities that
should be considered different.

— Lastly, GEM introduces entities such as the sum (Pa9) and product (Pa10) entities with the
inclusion of the unrestricted fusion axiom (Pa8). However, these entities may be deemed ir-
relevant in certain contexts. For example, considering the sum of my brain, my cat’s leg, and
my car as a meaningful entity in conceptual modeling systems unless these entities serve a
specific role or represent a genuine universal (such as a class type or concept), as discussed
in [Pribbenow2002] and [Guizzardi2005] respectively. Pribbenow argues that, in everyday
understanding, we only accept the summation of entities if the resulting mereological sum
plays a meaningful role in the intended conceptual model, such as the bottle and its cap
forming an integral whole that is recognized by humans.
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To address these challenges in the context of conceptual modeling tasks, alternative approaches
have been proposed, such as complementary theories of wholes [Gangemi2001, Guizzardi2005],
typologies of part-whole relations within meronomy [Gerstl1995], and typologies of universals
[Armstrong2018].

3.3.2 Other meronoymic taxonomies

In order to illustrate some meronymic studies, it is important to clarify the distinction bet-
ween "meronymy" and "meronomy". Meronymy refers to the semantic relation between a part
(meronym) and a whole (holonym) 1, while meronomy pertains to the hierarchical organization of
meronymic relations. Meronomies have been introduced as a means of studying part-whole rela-
tions in everyday cognition, where these relations are not necessarily transitive.

The exploration of meronomy began with the groundbreaking work of Winston, Chaffin, and
Heramnn in the development of the WCH taxonomy [Winston1987]. This seminal research paved
the way for subsequent investigations that aimed to model and build upon the WCH taxonomy
[Gerstl1995, Artale1996b, Odell1998, Guizzardi2005]. Notably, Grestl and Pribbenow conducted
a prominent study in 1995, wherein they proposed "a common sense theory of part-whole rela-
tions". While there have been other proposed approaches, these two studies have remained widely
recognized in the field of meronymic research, which we present and analyze below.

The WCH taxonomy, 1987

The first investigation on meronymic relations was motivated by linguistics in the WCH taxo-
nomy [Winston1987]. The authors distinguished between three types of inclusion ; spatial, me-
ronymic, and class inclusion. And within meronymic inclusion, they proposed a taxonomy of
part-whole relations based on the type of the whole entity and its corresponding part. The whole
can be a concrete physical object, a collection, a mass, an area, an assembly, a representational
object, an abstract object, or an organization.

The authors distinguished three characteristic properties of relations : functional (F), homeo-
merous (H), and separable (S). For each property, two possible values exist, either true or false
(F /¬F , H/¬H, S/¬S). A part-whole relation is :

— functional, if parts are considered to be functional if they possess a specific restriction, ac-
cording to their spatial or temporal location, towards their whole. A functional part, without
the restriction of its spatial or temporal location, does not function as it is supposed to be.

— homeomerous, if parts are considered to be homeomerous if they are the same kind of their
whole.

— separable, if parts are considered to be separable from their wholes if they can be separated
by any means of separation e.g. methodological sampling.

Based on these properties, the taxonomy yielded in 6 meronymic relations which we list below,
each with its value of the three preceding characteristic properties and a clarifying example from
[Winston1987] :

1. Component/Integral Object (F , ¬H, S) e.g. pedal-bike

1. ❤tt♣s✿✴✴❡♥✳✇✐❦✐♣❡❞✐❛✳♦r❣✴✇✐❦✐✴▼❡r♦♥②♠②❴❛♥❞❴❤♦❧♦♥②♠②
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2. Member/Collection (¬F , ¬H, S) e.g. tree-forest

3. Portion/Mass (¬F , H, S) e.g. slice-pie

4. Stuff/Object (¬F , ¬H, ¬S) e.g. steel-car

5. Feature/Activity (F , ¬H, ¬S) e.g. paying-shopping

6. Place/Area (¬F , H, ¬S) e.g. Everglades-Florida

This proposal significantly contributes to the recognition that there exist various ways in which
parts can relate to each other and to the whole they form. However, it is important to note that the
focus of the study is primarily on the linguistic term "part-of" and its related terms, without suf-
ficient consideration of the ontological and conceptual adequacy of the proposed distinctions. We
examine below two facets of concern regarding this approach.

The first facet pertains to the combinations of values for the proposed characteristic properties.
Figure 3.3 illustrates the eight possible combinations of values for the three characteristic proper-
ties. Table 3.2 further presents these combinations and the corresponding relations associated with
each combination of values, if any. Based on that, we not that two combinations, namely (F , S, H)
and (F , ¬S, H), do not correspond to any identifiable part-whole relation. The reasons behind the
absence of these relations were not discussed, whether due to the fact that no part-whole relation
exhibits these specific combinations or that these combinations lack a common-sense semantics in
the first place.

The second facet concerns the two characteristic properties : separability and functionality.
While separability refers to the physical disconnection of a part from the whole, and functiona-
lity relates to the spatio-temporal position of the part with respect to the whole, neither property
provides insights into the dependence between the part and the whole. 1 In other words, these
properties do not capture the implications of separating a part from the whole on the persistence,
identity, or overall functionality of the whole. For instance, consider the example of a pedal, which
is a separable component of a bicycle. If the pedal is removed, the bicycle would no longer function
properly, yet it would still retain its identity as a bicycle (i.e., the case of an assembled whole).

A common sense theory of part-whole relations 1995, 1996

In their attempt to enhance the original WCH taxonomy, Gerstl and Pribbenow [Gerstl1995,
Gerstl1996] concentrate on the role of specific well-defined parts in contributing to the overall
functionality of the whole, a concept that has been highlighted in [Cruse1979]. Their approach
also seeks to complement mereology by considering the distinct roles played by two different en-
tities in relation to an entity that they both constitute parts of.

In their theory of part-whole relations based on common-sense understanding, the authors pro-
pose a classification system that encompasses various ontological categories, including physical
objects, temporal and spatial entities, and abstract entities. This classification distinguishes bet-
ween part-whole relations that arise from the compositional structure of the whole entity (such
as uniform, homogeneous, and heterogeneous) and those that are independent of the composi-
tional structure (arising from intrinsic features like external partitioning or partitioning based on
properties). The former category encompasses three part-whole relations : Collection/Element,
Mass/Quantity, and Complex/Component, while the latter category includes two : segments of
wholes and portions of wholes.

1. An examination of the notion of dependence will be provided in Section 3.3.4. Additionally, Chapter 5 offers a
thorough re-examination of this concept.
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⊤

F

S

H (F-S-H)

¬H (F-S-¬H)

¬S

H (F-¬S-H)

¬H (F-¬S-¬H)

¬F

S

H (¬F-S-H)

¬H (¬F-S-¬H)

¬S

H (¬F-¬S-H)

¬H (¬F-¬S-¬H)

FIGURE 3.3 – A binary-tree based criterion to present all the possible combinations of the values

of the three characteristic properties.

Combination Corresponding Relation

F , S, H —

F , S, ¬H Component-Integral object

F , ¬S, H —

F , ¬S, ¬H Feature-Activity

¬F , S, H Portion-Mass

¬F , S, ¬H Member-Collection

¬F , ¬S, H Place-Area

¬F , ¬S, ¬H Stuff-Object

TABLEAU 3.2 – The 8 possible combinations of the values of the characteristic properties and the

corresponding part-whole relations, if any.
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— Part-whole relations induced by the compositional structure of the whole (dependent on
the compositional structure of the whole). Independent of its categorical status if it is a
physical object, a situation, or an abstract entity, it is viewed as having parts by means
of a potentially inherent compositional structure. Then depending on what aspects of this
structure one focuses on, different types of compositional part-whole relations arise i.e.
depending on the type of the whole. In order for proper distinction, it critically depends on
the level of granularity which is assumed for classifying the entity. So here we have 3 types
of compositional wholes and the corresponding 3 part-whole relations :

— Uniform compositional structure of the whole (Collection-Element). Examples in-
clude ; two of the three apples in the basket, one of the three visits. The whole (collec-
tion) is an integral whole (i.e. the entities that form this mereological sum are consi-
dered to be compatible/belonging to each other). The part (element) can be ; (i) non-
atomic, if its primary view is again another whole (collection) and corresponding to
the set-theoretic notions of set inclusions ; or (ii) atomic, if its primary view is not
another whole (collection) and corresponding to a membership view.

— Heterogeneous compositional structure of the whole (Complex-Component) e.g. the
engine of the car. If the parts are distinguished on the basis of their spatiotemporal
arrangement with respect to the whole, then the entity can be viewed as a heteroge-
neously structured complex comprising different sorts of components. The compo-
sitional structure of the whole is based on different relations of the type complex-
component depending on the contribution of the part in the function of the whole. This
contribution may presuppose a specific spatiotemporal arrangement between the part
and the whole.

— Homogeneous compositional structure of the whole (Mass-Quantity) such as an amount
of rice. The whole (mass) is assumed not to have any compositional structure. It may
be separated into quantities by applying a certain kind of quantitative measure. The
part (quantity) is characterized by a quantitative measure as an arbitrary piece. The re-
lation can be represented by a pair (A, B) where B is the whole and A is a quantitative
measure of B, which in turn is represented as a pair (D,N) consisting of a dimension D
and a numerical value N (can be unspecified). The main difference between the mass/-
quantity relation and the preceding two is that a mass accounts to amounts of matter
e.g. amounts of water, sugar, sand, while a component or a member accounts for an
object entity e.g. the engine of the car or an apple of the three.

— Part-whole relations that are independent of the compositional structure of the whole. Some
partitions are processed independent of the compositional structure of the whole (whether
being heterogeneous, uniformly structured or a homogeneous mass), they are instead indu-
ced by intrinsic features like external schemes or properties. This is the case where partitions
are “segments” or “portions”, and no distinguishing between different kinds of wholes is
made. Segments differ from portions by the extent of partitioning whether it is an inherent-
to-the-whole partitioning or external partitioning. So here we have two types of parts, and
their corresponding part-whole relations

— External partitions called segments, based on external schemes i.e. spatial. For the
whole, it presupposes certain attributes to its internal structure : to be of one-dimensional
boundness. Note that this attribute is provided by some masses. For the segments, they
may have vogue boundaries with respect to one or more dimensions. In such cases,
these vague boundaries may conceptually coincide with some other “part” induced by
the compositional structure of the whole. Example : the upper part of the house (seg-
ment) – the roof of the house (component of complex). In such cases, the boundary
of the segment gets anchored in the boundary of the component that it coincides with.
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Examples of external schemes : the topological scheme of segmenting an entity into
exterior/boundary/interior parts. These external schemes are spatial and can only be
applied on spatial entities or those that can be projected on a spatial dimension. They
can be applied to any one-dimensional entity (e.g. street, rope, queue of people) or
to an entity after being projected to a one-dimensional entity (e.g. story, cinema play,
career. . . ).

— Dimension partitions called portions, based on property dimensions to select parts.
Portions are those parts of the whole that provide the requested value of relevant
dimension property. Examples of property dimensions upon which partitioning into
portions can be made : color dimension (the red parts of the painting), dimension
of valuation (the scary parts of the movie), a combination of properties (people of
the population who are females, workers, and over fifty). Portions are not necessarily
connected even if their whole is connected. Also, as in segments, it is possible for
portions to coincide with parts depending on the compositional structure of the whole.

In their later work [Gerstl1996], two applications of the theory are presented ; in natural language
semantics and for modeling parts of physical objects.

In comparison to the WCH taxonomy, the authors propose a classification that extends beyond
linguistic problems. They consider the relevance of partitioning into parts for various domains
such as visual perception, object partonomies, and languages. The theory also encompasses the
combination of relations, the inheritance of properties between parts and wholes, and goes beyond
the transitivity of the relation.

An additional notable difference is that the classification of part-whole relations in the propo-
sed approach is based on the study of the compositional structure of the whole, rather than relying
on linguistic cognates of part-whole relations. In view of this goal, some points of critique can be
raised :

— The distinction between the complex/component relation and the feature/activity relation
may not be necessary. According to [Guizzardi2005], both relations involve a whole where
the parts play a role based on their spatial or temporal positions in the internal structure.
The functionality property applies to both relations in the WCH taxonomy, with the only
difference being the type of entities involved : tangible entities (endurants) for complex/-
component relations and intangible entities (perdurants) for feature/activity relations.

— The stuff/object relation is considered ambiguous as it combines two different relations :
constitution and another part-of relation. In the WCH taxonomy, the example "a bike is
partly steel" is classified as a stuff/object relationship. However, the authors argue that there
are actually two distinct relations in this example : (1) a part-whole relation indicating the
presence of the skeleton as a part of the bike, establishing a component/integral whole rela-
tionship, and (2) a constitution relation where steel constitutes the part (the skeleton).

— Similar to the WCH taxonomy, the approach is not ontological in which no logical formali-
zation of the theory is considered.

3.3.3 Other approaches/theories formalizing PWR

As a compromise between the ontological aspect of parthood in mereology and the conside-
ration of part-whole typologies in meronomy, other approaches have emerged that blend elements
from both perspectives. These approaches offer taxonomies of ((part-whole)) relation types, allo-
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wing for intransitive in some cases 1, within formalized theories using either conceptual modeling
languages (such as UML, ER, ORM) or knowledge representation languages (such as FOL, DL).

Given our focus on foundational ontological relations, we are particularly interested in the lat-
ter category, which includes knowledge representation and reasoning languages, as they are more
suitable for ontology modeling. In the following sections, we provide a brief overview of some
notable work within the realm of conceptual modeling, followed by a more detailed presentation
of well-known works within knowledge representation and reasoning languages.

Using conceptual modeling languages :

In the context of conceptual modeling, the term "aggregation" is commonly used and often
resembles a form of part-whole relation. However, it is important to note that aggregation differs
from a typical part-whole relation, as discussed earlier in contrast to the strong supplementation
axiom of mereology (Pa5).

Specifically, in UML [Force2010], aggregation is defined in two forms : composite and shared.
A composite aggregation is a transitive asymmetric relationship, represented by a black filled
diamond on the side of the whole in UML diagrams. It signifies a strong form of aggregation that
requires the presence of at least one part instance for the existence of the whole. Additionally, if the
composite (the whole) is deleted, the associated parts are also deleted or removed. For example,
in a class diagram, the class "player" may be linked to the class "team" through a composite
aggregation relation. However, based on the discussion in [Keet2006a], some ambiguity around
composite aggregation arises from its binary nature, which means it can only represent a whole
composed of one specific type of part. To represent a whole that can be built from different types
of parts, multiple aggregation associations need to be used, resulting in potentially ambiguous
semantics between the parts and the whole.

On the other hand, shared aggregation, depicted by an empty diamond on the side of the
whole in UML diagrams, represents a more general form of part-whole relation without imposing
constraints on the part and whole entities. Unlike composite aggregation, shared aggregation al-
lows a part to be shared by multiple wholes simultaneously.

While no formal semantics are provided within UML, and with the aim to (a) clarify the am-
biguities of the two aggregation relations, and (b) account for semantically richer part-whole rela-
tions, some researchers proposed extensions to the UML’s aggregation e.g. [Motschnig-Pitrik1999,
Barbier2003,Berardi2005,Shanks2004]. For instance, in [Barbier2003], the authors propose a for-
mal definition for part-whole relation in UML i.e. for aggregation associations to be incorporated
in the version 2.0 of UML, to incorporate reasoning capabilities behind part-whole relations. The
formalization is expressed in the Object Constraint Language (OCL) [Warmer1998], a textual lan-
guage that is part of UML 1.1 for expressing constraints that cannot be shown in UML diagrams.

Using knowledge representation languages :

Despite the fact that the part-whole relation has not been widely embraced as a fundamental
modeling primitive in Semantic web languages, several authors have acknowledged its signifi-
cance for reasoning in description logics. For instance, the relevance of the part-whole relation has

1. Please refer to [Cruse1979] and [Varzi2006] for discussions on the transitivity of the part-whole relation.

89



Chapitre 3. Foundational ontological relations

been highlighted in works such as [Artale1996a, Lambrix2000, Sattler2000, Bittner2005].

Bittner and Donnelly, 2005 : In [Bittner2005], the authors focus on the proper-part-of relation
as the main parthood relation. They introduce a theory that encompasses parthood, componen-
thood, and containment relations, using the relations proper-part-of, contained-in, and component-

of, respectively. The distinctions between these relations are based on specific properties, such as
the ability to relate to a single part for containment and componenthood, while parthood lacks
this property. However, all three relations share common algebraic properties like transitivity and
asymmetry.

To explicate the semantics of these relations and their corresponding properties, the use R-
structures (△,R) : a structures consisting of a non-empty domain (△) resembling the entity types,
and a binary relation (R) for denoting relationships and holding between entities whose types are
indicated in (△). They present an ontological theory for the three relations in both FOL and DL.
FOL demonstrates expressive power in distinguishing properties between the relations, while the
DL language offers less expressive power for some properties but proves to be relatively easier to
use and suitable for reasoning tools.

Based on their findings, the authors propose a computational ontology comprising two com-
plementary parts. The DL-based ontology enables automatic reasoning and restricts the meaning
in the most concise manner. On the other hand, the FOL-based ontology serves as a knowledge
base for the relations and makes explicit the properties that cannot be expressed in DL. This work
indeed highlighted the importance of two-folded complementary formalization supporting both
expressiveness and decidability.

Guizzardi, 2005 : One notable contribution in the field of part-whole relations studies is the
approach presented by Guizzardi in his thesis [Guizzardi2005]. This work can be seen as an ad-
vancement building upon several previous works, all from the perspective of conceptual modeling.
These include :

— A comprehensive summary of Varzi’s ontological study [Varzi2003] from the standpoint of
conceptual modeling, providing a concise overview of mereology.

— An enhancement of the conceptual study conducted by Gerstl and Pribbenow in [Gerstl1995],
which introduced "3 types of conceptual parthood".

— An extension of UML’s treatment of the part-whole relation (referred to as aggregation),
achieved through the proposal of a first-order logic (FOL) formalization and a graphical no-
tation.

To address the issues of mereology, Guizzardi proposed an extension of the theory of parthood
by introducing the concept of "Integral Wholes", as a complementary theory of wholes, in his the-
sis [Guizzardi2005] (Section 5.3). This extension is based on the ontological distinction made by
Simons [Simons1987], which considers the existence conditions of entities. While mere sums exist
whenever the parts exist, integral wholes require additional conditions, such as a unifying condi-
tion, to exist as a cohesive whole. Guizzardi defines a parthood relation, denoted as A-parthood,
which signifies the acquisition of an integral whole and is defined in terms of a relationship that
unifies its parts.

In order to formally characterize part-whole relations and their ontological distinctions, Guiz-
zardi proposes axioms using modal logic. These axioms are based on the analysis of secondary
characteristics of relations presented in Opdahl’s work [Opdahl2001]. The examined properties
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include shareability and separability (presented in Section 5.4 of his thesis), which allow for the
classification of parts into essential and mandatory parts based on their dependence properties.
Essential parts exhibit specific dependence, while mandatory parts exhibit generic dependence. It
is important to note that Guizzardi’s notion of separability differs from the one discussed in the
WCH taxonomy [Winston1987]. The former is based on ontological dependence, while the latter
is based on physical disconnection (though not formalized).

Furthermore, Guizzardi proposes an ontological theory of conceptual part-whole relations that
aims to provide formal characterization and common-sense semantics. This theory expands the
literature on mereology by incorporating meronomy and distinguishes four types of relations ba-
sed on the ontological entities involved : quantities (sub-quantities), collections (sub-collections),
functional complexes (member-of), and integral wholes (parthood). This first dimension of dis-
tinction is based n the ontological entities. At a second dimension, meta-properties such as separa-
bility and shareability, along with their corresponding cognates like dependence, are introduced to
create typologies of relations. It is important to note that the two dimensions "ontological types"
and "meta-properties" are not completely orthogonal, as the ontological type of a part-whole rela-
tion implies certain meta-properties.

Guizzardi’s noteworthy contribution presented a significant approach that incorporated a com-
plementary theory of integral wholes in conjunction with the theory of the four basic relations.
This work extended to the mere development of a formal ontology, as its primary objective was
to support conceptual modeling tasks, particularly within the context of UML. By providing an
ontological tool comprising relations, ontological categories, and roles, Guizzardi aimed to facili-
tate ontology-driven conceptual modeling. The resulting ontology offers a package of ontological
choices for users to adopt in their conceptual modeling tasks rather than a theory of structural
part-whole relations. Additionally, it is important to shed the light on some formalization choices.
While modal logic provides a rigorous foundation, it may introduce complexities and make the
theory less accessible to those who are not well-versed in modal logic. The reliance on such for-
malism could limit the practical applicability and comprehensibility of the theory for conceptual
modelers.

Keet and Artale, 2008 : In their work, Keet and Artale [Keet2008] developed an approach that
builds upon Keet’s earlier work in ORM [Keet2006b] and aims to formalize it using FOL. The ob-
jective is to assist conceptual modelers in selecting the appropriate part-whole relations, resulting
in a taxonomy of meronymic and mereological part-whole relations.

The taxonomy differentiates between mereological and meronymic part-of relations, based on
the choice between transitive part-whole relations (mereology) and non-transitive relations that
can be either transitive or intransitive (meronomy). This distinction is illustrated in Figure 3.4,
where transitive mereological part-whole relations are denoted using part-of, and non-transitive
meronymic part-whole relations are denoted using mpartof.

Furthermore, within the categories of part-of and mpart-of, the taxonomy specializes several
types of part-whole relations based on the categories of the entities involved. This second level of
distinction relies on concepts from the DOLCE foundational ontology [Masolo2003].

The resulting leaf relations in the taxonomy, such as member-of, constitutes, sub-quantity-of,
participates, involved-in, contained-in, and located-in, are formally defined in terms of their pa-
rent relation (either part-of or mpart-of ) and the types of domain and range entities, which are
categorized according to DOLCE.

91





3.3. Studies on structural (part-whole) relations

primitive, such as in [Simons1987]. Moreover, modal logic has been used in some formalizations
later to capture the notion of necessity in dependence for part-whole relations [Vieu2007, Ma-
solo2003]. For a comprehensive overview of dependence and its formalization with/without modal
logic, we refer the reader to [Tahko2020].

Furthermore, within the context of mereology, dependence introduces the concept of "mereo-
logical essentialism" ( [Chisholm1975, Plantinga1975] among others) which allows for the defi-
nition of essential and mandatory parts. Formal ontology employs mereological essentialism to
characterize and formalize the essentiality of parts to their wholes, using ontological dependence.
Many authors make use of the distinction between essential (e.g., the brain or the heart as parts of
a human) and non-essential (e.g., a single hair as a part of a human) to introduce the notions of
essential parts and wholes. For instance, in [Guizzardi2005] as mentioned earlier, these terms are
linked to separability, which is defined in terms of dependence.

Functionality :

The concept of functionality was initially introduced in [Winston1987] without a formal fra-
mework, as an inherent characteristic of binary part-whole relations. It is denoted by F/¬F, indi-
cating whether parts are in a specific spatial/temporal arrangement with respect to each other, thus
supporting their functional role within the whole. TIt applies to parts of complex objects, wherein
the spatial/temporal positioning of these parts triggers the overall function of the whole, as stated
in [Winston1987].

Subsequently, various authors have explored the notion of functionality within the context of
part-whole relations. For instance, Vieu and Aurnague presented a theory of functional dependence
in [Vieu2007], while Johansson and Garbacz provided formal frameworks for defining functional
parthood in [Johansson2004, Garbacz2007]. In the following section, we provide a brief explana-
tion of Vieu and Aurnague’s approach, which served as the foundation for Guizzardi’s work in
identifying functional dependence through conceptual part-whole relations.

In [Vieu2007], these specific parts of complex wholes are referred to as functional components,
such as the relationship between an organ and a body, or an engine and a car. Here, the functional
link between a part and a whole in part-whole relations encompasses not only a functional property
but also a dependence property, indicating the interdependency between the part and the whole.
Consequently, the authors dedicated their work to analyzing, characterizing, and formalizing this
functional link within part-whole relations, which they referred to as "component-integral whole."

In their research, functionality is treated as a generic term denoted by "F" to establish its
semantics within the context of the component-integral whole relation. Additionally, functional
dependence is recognized as a special type of generic dependence that occurs at two levels : gene-
ric and individual.
Generic functional dependence (GFD(X,Y)) represents the functional link between two entity types
(X and Y) as lexical categories. It can manifest in both directions as GFD(X,Y) and/or GFD(Y,X).
Whereas individual functional dependence, in its direct form, pertains to the functional link bet-
ween two specific entities x and y (IFD(x,y)), where x and y belong to types X and Y, respectively.
It should be noted that this functional dependence does not necessarily align with the GFD of their
class types. In other words, whenever x is functioning, y also participates in the functionality.
As for the indirect form individual functional dependence (IIFD(x,y)), it represents the functional
link between x (e.g., a handle) and y (e.g., a door). In this case, for x to fulfill its function, it does
not specifically require y as an instance, but rather any entity that possesses a role enabling the
functionality of x (e.g., any object that can be manipulated or used by hand, such as a knife or a
bag).

Based on these considerations, four scenarios of functional dependence between a part (x) and
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a whole (y) are identified : IFD(x,y)), IIFD(x,y)), IFD(y,x)), and IIFD(y,x)). Therefore, the authors
advocate for a notion of functional dependence that is not tied solely to essential parts or wholes.
In other words, parts and wholes can exist independently but still maintain a functional depen-
dence, rather than an existential dependence.

However, the term "function" in computer science poses philosophical challenges, as it en-
compasses various aspects that are difficult to simplify. The exploration of functionality in artifacts
originated from the analysis of "function" in engineering, leading to diverse definitions proposed
in the literature. These definitions range from identifying function based on the nature of the ar-
tifact versus its behavior [De Kleer1984], to considering the intentions, decisions, and actions of
the artifact’s creator [Dipert1993], to differentiating between the notions of "function" and "crea-
tor’s intentionality" (despite both categorizing artifacts) [Bloom1996], to linking the term to its
contextual dependence in applications [Kumar1998] or its independence from context [Roy2001],
among other perspectives.

Therefore, opting for a neutral and generic notion of function does not provide a definitive
solution. Rather, what is needed is a clear identification of its semantics within formal ontology,
enabling precise applications without the requirement of achieving a consensus on the term itself.

3.4 Studies on spatial (part-whole) relations

In the realm of spatial relations, a multitude of relations fall under the classification of spa-
tial, including topology which broadly understood as a theory of qualitative spatial relations
such as continuity and contiguity [Varzi2007]. The Region Connection Calculus (RCC) [Ran-
dell1992, Cui1993] is intended for qualitative spatial representation and reasoning, based on the
"connection" relation, denoted as C. For instance, RCC8 is a family of the RCC calculus serving
as a spatial logic represent and reason about topological/spatial relationships among entities in
spatial databases. It is based on the primitive C upon which it defines 8 topological relations.

However, as explicitly outlined in 3.2, our specific focus pertains to spatial relations that al-
low for the representation of spatial configurations within entities or of entities themselves. This
specific criterion narrows down the scope of spatial relations investigated to those capable of per-
forming part-whole representations, as well as location relations, which will be explored in detail
in Section 3.4.1 and Section 3.4.2 respectively.

3.4.1 From mereology and topology, to mereotopology

The issues with a purely mereological theory in adequately addressing the properties of both
parts and wholes have been discussed earlier. More specifically, several limitation have been
addressed in [Varzi1996] regarding mereology’s need for the global properties of wholeness.
Examples such as the relationship between an entity and its surface or the proximity of one entity
to another demonstrate the inadequacy of pure mereology in capturing fundamental spatial rela-
tions. Consequently, the incorporation of complementary topological analysis becomes necessary
to characterize entities and the spatial relations that exist among them.

To address some tasks of spatial representation and reasoning, three main strategies have been
discussed in [Varzi1993], aiming to combine mereology (the theory of parthood), with holology
(the theory of wholeness) which is provided by topology. The first strategy considers mereology
and topology as independent theories, the second regards mereology as the overarching theory
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subsuming topology, and the third treats topology as the general theory subsuming mereology.
Through this discussion, the following outcome emerges : by employing P as the primitive

predicate of mereology, an additional predicate "C" is introduced, intuitively understood as the
relation of topological "connection," following the suggestion of certain authors who propose "C"
as a join relation [Whitehead1925]. Thus, while having a mereological system based on parthood
and a topological system based on connection, the question at hand is how to expand mereology
into a more comprehensive part-whole theory. More precisely, it is to explore the interaction bet-
ween the parthood-based mereological system and the connection-based topological system.

In this context, we begin by presenting Ground Topology (T) as the theory of connection,
followed by the discussion regarding the integration of the two theories of mereology and topology
(M+T). Subsequently, we illustrate mereotopology and some of its extensions (MT).

Ground Topology (T)

For a topological theory, the reflexive axiom (Ca1) and the symmetric axiom (Ca2) make up
the proper/sufficient axioms of the connection relation C. The basic theory defined by the minimal
axioms (Ca1) and (Ca2) is referred to as Ground Topology (T) [Varzi1996], in analogy to the
theory of parthood (M).

(∀x,y)C(x,x) (Ca1)

(∀x,y)(C(x,y)→ C(y,x)) (Ca2)

The integration of topology and mereotopology (M+T)

T is considered to be extremely weak, for that a model of T can be obtained simply by in-
terpreting C as mereological overlap O (Pd3). And so for a combination of (T) and (M), further
principles should be added so as to distinguish C from O. Indeed, it is of no interest to simple add
Ca1 and Ca2 of (T) to Pa1, Pa2 and Pa3 of (M) unless one also adds some new principle bridging
M and T [Casati1999].

According to the explanation provided in [Varzi2007], most theories, if not all, adhere to a
bridging principle that revolves around the fundamental notion that, regardless of the comprehen-
sive characterization of P and C (both are fully characterized), they must be related in a manner
that ensures a strong connection between a whole and its constituent parts. In order to capture this
intuition, three distinct approaches have been proposed, each corresponding to a specific axiom :
integrity, unity, and monotonicity.

(∀x,y)P(x,y)→ C(x,y) (Integrity axiom)

(∀x,y)O(x,y)→ C(x,y) (Unity axiom)

(∀x,y)P(x,y)→ E(x,y) (Monotonicity axiom)

(∀x,y)E(x,y)↔∀z(C(z,x)→ C(z,y)) (Monotonicity)

The first principle (Integrity axiom) indicating that everything must be connected to its parts.
However it is considered weak for that it does not even capture that if something is part of two
things, then those two things are connected because of that common part (not by that common
part).

The second principle (Unity axiom) is stronger than the first since parthood is a sub-relation
of overlap (it implies overlap based on Pd3). But is still weak to capture the intuition identified
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above, for that it is true that it guarantees that overlapping a part is sufficient for being connected to
the whole, it doesn’t however secure that touching a part (without being actually sharing parts) is
also sufficient. For example, something can touch a bottle just by touching its cap, without sharing
parts of the bottle.

Hence, it is only with the third principle (Monotonicity axiom), that a plausible formulation of
the basic idea is achieved. Indeed, if connection is to behave properly, it must be monotonic with
respect to parthood, meaning if an entity x is part of another y, then whatever is connected to x is
connected to y i.e. whatever is connected to a part is also connected to the whole. In addition, it
is easily checked that the third principle (Monotonicity axiom) implies the second (Unity axiom),
hence the first (Integrity axiom).

Mereotopology (MT)

Therefore, adding the monotonicity axiom (Ca3) 1 , bridges M and T yielding in Minimal
mereoTopology (MT) (or ground mereotopology) as the unified theory combining mereology and
the global properties of wholeness of topology [Varzi1996, ?].

(∀x,y)P(x,y)→∀z(C(z,x)→ C(z,y)) (Ca3)

In the framework of MT, a diverse range of relations can be established, enabling the repre-
sentation of connected entities that do not share parts, referred to as external connection (Cd1).
Additionally, MT incorporates various spatial sub-relations within the scope of P, including tan-
gential and interior parts (Cd2-Cd3), within PP such as tangential and interior overlap (Cd4-Cd5),
within O such as tangential and interior overlap (Cd6-Cd7), and within U such as tangential and
interior underlap (Cd8-Cd9). These basic merotopological relations contribute to a more compre-
hensive representation of the spatial relationships between entities, as depicted in Figure 3.5.

(∀x,y)EC(x,y)↔ C(x,y)∧¬O(x,y) (Cd1)

(∀x,y)TP(x,y)↔ P(x,y)∧∃z(EC(z,x)∧EC(z,y)) (Cd2)

(∀x,y)IP(x,y)↔ P(x,y)∧¬TP(x,y) (Cd3)

(∀x,y)IPP(x,y)↔ PP(x,y)∧∀z(C(z,x)→ O(z,y)) (Cd4)

(∀x,y)TPP(x,y)↔ PP(x,y)∧¬IPP(x,y) (Cd5)

(∀x,y)IO(x,y)↔∃z(IP(z,x)∧ IP(z,y)) (Cd6)

(∀x,y)TO(x,y)↔ O(x,y)∧¬IO(x,y) (Cd7)

(∀x,y)IU(x,y)↔∃z(IP(x,z)∧ IP(y,z)) (Cd8)

(∀x,y)TU(x,y)↔ U(x,y)∧¬IU(x,y) (Cd9)

Similar to the extensional theories of M, other extensional mereotopological theories can be
constructed based on the foundation of ground mereotopology (MT), by incorporating specific
axioms. The various extensions are summarized in Figure 3.6.

It shows that the addition of the spatial enclosure axiom (Ca3) to T yields the theory of Mini-
mal mereoTopology (MT). Further expansion is achieved by combining MT with GEM and in-
corporating additional axioms, namely the self-connected axiom (Ca4) i.e. a self-connected whole

1. Note that we continue to label the definitions and axioms within merotopology using the denotation "C", knowing
that these definitions and axioms are not purely topological.
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3.4.2 Casati and Varzi’s spatial location theory

The theory of location proper focuses specifically on the relationship between an entity and the
spatial region it occupies [Gilmore2018]. This theory not only addresses the mereological aspects
of an object but also considers the interconnection between the mereology of the object and its
spatial location.

Furthermore, as highlighted in [Parsons2007], various perspectives emerge regarding the for-
mulation of the location predicate and its potential extensions. These viewpoints encompass state-
ments such as "x is exactly located at y," "x is weakly located at y," and "x is entirely located at y."
These alternative perspectives prompt discussions on the precise framing of the location predicate
and the nature of the relationship between an entity and its spatial location.

To establish a framework for defining the axioms governing the location relation and its inter-
action with parthood and other mereotopological relations, Casti and Varzi have proposed logics
of location [Casati1999]. These logics aim to capture and represent the systematic connection
between two fundamental aspects : (a) the mereological properties and relations among located
entities and (b) the mereological properties and relations among the corresponding spatial loca-
tions of these entities. In essence, the goal is to capture the inherent relationship whereby aspect
(a) must align with aspect (b).

In [Casati1999], the authors introduce a theory that treats the location relation as an inde-
pendent primitive alongside parthood and connection. The formalization of this theory is designed
to remain neutral regarding the ontological status of the entities involved in the relation. It does
not aim to establish categorical types for the domain and range entities.

Using the primitive L, a location relation captures the intuition being (exactly) in a place.
L(x,y) takes place between an entity x that is not a spatial region and y that is the spatial region
at which x is located. L is formalized as (1) conditionally reflexive (La1), and not reflexive, i.e.
reflexivity hold only on the region entities, and (2) functional (La2) for ensuring that it represents
exact location and not a any notion of minimal address location, in the sense that an entity can
have one exact location at a specific time.

(∀x,y)L(x,y)→ L(y,y) (La1)

(∀x,y,z)(L(x,y)∧L(x,z)→ y = z) (La2)

By La2, it is implied that no distinct region can be exactly co-located (Lt1). And with (La1),
it is guaranteed that L is antisymmetric (Lt2) and transitive (Lt3).

(∀x,y,z,w)(L(x,y)∧L(z,w)∧L(y,w)→ y = w) (Lt1)

(∀x,y)(L(x,y)∧L(y,x)→ x = y) (Lt2)

(∀x,y,z)(L(x,y)∧L(y,z)→ L(x,z)) (Lt3)

Moreover, using L, other locative relations can be built to include cases of in exact location :
partial location (PL) and whole location (WL), defined using parthood in Ld1 and Ld4 respecti-
vely. Additional predicated of each can then be pictured with the help of mereotopology (namely
the tangential Cd2 and interior Cd3 parts) such as tangential partial location (TPL) Ld2, inter-

ior partial location (IPL) Ld3, tangential whole location (TWL) Ld5, and interior whole location

(IWL) Ld6. Upon the addition of these predicates, it is supposed that exact location L is a the case
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in which an entity x is both partially and wholly located in y La3.

(∀x,y)PL(x,y) =df ∃z(P(z,x)∧L(z,y)) (Ld1)

(∀x,y)TPL(x,y) =df ∃z(TP(z,x)∧L(z,y)) (Ld2)

(∀x,y)IPL(x,y) =df ∃z(IP(z,x)∧L(z,y)) (Ld3)

(∀x,y)WL(x,y) =df ∃z(P(z,y)∧L(x,z)) (Ld4)

(∀x,y)TWL(x,y) =df ∃z(TP(z,y)∧L(x,z)) (Ld5)

(∀x,y)IWL(x,y) =df ∃z(IP(z,y)∧L(x,z)) (Ld6)

(∀x,y)L(x,y)→ PL(x,y)∧WL(x,y)) (La3)

To guarantee the links with parthood and connection, axioms La4 and La5 are added implying
that the exact locations of part and whole acquire themselves a part-whole relationship, and that
connected entities have their exact locations connected too, respectively.

(∀x,y,z,w)P(x,y)∧L(x,z)∧L(y,w)→ P(z,w) (La4)

(∀x,y,z,w)C(x,y)∧L(x,z)∧L(y,w)→ C(z,w) (La5)

To support reasoning on the systematic links between location and mereoptology, the following
are assumed as basic principles :

— (a) reasoning about the location of the mereotopological properties of entities x and y and
the location z of y in Lt4, Lt5, and Lt6,

(∀x,y,z)P(x,y)∧L(y,z)→WL(x,z) (Lt4)

(∀x,y,z)TP(x,y)∧L(y,z)→ TWL(x,z) (Lt5)

(∀x,y,z)IP(x,y)∧L(y,z)→ IWL(x,z) (Lt6)

— (b) reasoning about the location of an entity z, part of y, with respect to the mereotopological
properties of of its whole’s (y) location denoted x in Lt7, Lt8, and Lt9,

(∀x,y,z)L(x,y)∧P(z,y)→ PL(x,z) (Lt7)

(∀x,y,z)L(x,y)∧ IP(z,y)→ IPL(x,z) (Lt8)

(∀x,y,z)L(x,y)∧TP(z,y)→ TPL(x,z) (Lt9)

— and (c) reasoning about the location of the mereotopological properties of an entity x with
respect to the mereotopological properties of its location y in Lt10, Lt11, Lt12, Lt13, Lt14,
and Lt15.

(∀x,y,z)PL(x,y)∧P(z,y)→ PL(x,z) (Lt10)

(∀x,y,z)IPL(x,y)∧P(z,y)→ IPL(x,z) (Lt11)

(∀x,y,z)TPL(x,y)∧P(z,y)→ TPL(x,z) (Lt12)

(∀x,y,z)WL(x,y)∧P(z,y)→WL(x,z) (Lt13)

(∀x,y,z)IWL(x,y)∧P(z,y)→ IWL(x,z) (Lt14)

(∀x,y,z)TWL(x,y)∧P(z,y)→ TWL(x,z) (Lt15)
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Several researchers have employed Casati and Varzi’s location theory to represent and reason
about spatiotemporal entities. For instance, in [Bittner2004b], the location relation is employed
to characterize the spatiotemporal aspects of endurants and perdurants, examining the connection
between a located entity and the region where it is situated, including whether they share common
parts.

In other approaches, such as in [Donnelly2006] for anatomical reasoning, the location theory
is expanded by introducing a region function Rx as the second argument. This function maps each
individual x to the unique spatial region at which it is precisely located during a given time. The
interpretation of the locative relation L is twofold : (a) it is linked to mereology, indicating that
a locative relation holds between two entities if one is part of or overlaps with the other, and (b)
it is independent of mereology, denoting locative relations between partially or wholly coinciding
entities that do not share parts.

Furthermore, in [Gangemi2001], an alternative approach is presented, which extends the theory
of Casati and Varzi to encompass the relationship between arbitrary entities and four-dimensional
regions. However, the term "location" is not employed in this approach, as it does not distinguish
between continuants and occurrents. Instead, the relation (the equivalent of Casati and Varzi’s L) is
renamed as "being extended in a (n-dimensional) region," using the primitive E(x,y). This relation
is also functional and conditionally reflexive.

3.5 Final considerations

Aligned with our fundamental objective, we have presented the motivation for this chapter
([motivation-II]), as a complement to [motivation-I]. This addition emphasizes the critical need
for a language encompassing foundational ontological relations that can offer primitives for the
representation and reasoning over the composition of tangible entities, while highlighting more
specifically, structural and spatial relations.

In Section 3.2, we introduced the concept of "foundational ontological relations" and situated
the field of study concerned with the characterization and formalization of these relations. We also
discussed the various approaches used to investigate these relations, including taxonomies and
theories, providing illustrative examples. Following this general overview of foundational ontolo-
gical relations, we narrowed the focus, as guided by [motivation-II], to concentrate specifically on
structural and spatial (part-whole) relations.

In Section 3.3, we have focused on structural ((part-whole)) relations, in which we first pre-
sented the study of part-of as a significant ontological relation under different aspects.

First are the formal studies of parthood which are conducted under the theory named "me-
reology". These studies have provided a rigid formal framework for representing and assessing
parthood relations. However, mereology have been shown as either too weak to capture the dis-
tinctions that mark different types of ((part-whole)) relations in conceptual modeling and cognitive
tasks, or too strong to hold as a generalization of a theory of part-whole relations at a conceptual
level.

Second are the studies conducted in the field of cognitive sciences, particularly in linguistics,
and fall under the umbrella term "meronomy." These studies have often been carried out within
non-formal frameworks, making it challenging to apply the resulting theories effectively in prac-
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tical assessments of relations.
And last are the efforts that have been made to integrate the strengths of both formal mereo-

logy and typologies of relations in meronomy within various formal frameworks, using conceptual
modeling and knowledge representation languages. Notably, Guizzardi’s work introduced a signi-
ficant approach that encompasses a complementary theory of integral wholes alongside the theory
of the four basic relations, among other aspects within an ontology. Although the ontology en-
compasses well-formalized and expressive set of relations, however the aim of the approach is
focused to support ontology-driven conceptual modeling tasks (mostly within UML) by offering a
foundational ontology of relations, ontological categories, and roles. As a result, the foundational
ontology proposed is centered in the ontological category of endurants and endurants universals,
which was then extended to the Unified Foundational Ontology (UFO), which will be inspected in
more details in Chapter 6.

Additionally, we presented some other works that have studied some characteristic properties
of these relations such as ontological dependence and functionality.

After that, in Section 3.4, our attention has been directed towards spatial relations, which en-
able the representation of spatial configurations within entities, specifically the spatial aspects of
part-whole studies and the location relations of entities. As a result, we introduced mereotopology
as a comprehensive theory that integrates mereology and topology, facilitating reasoning about the
spatiotemporal aspects of tangible entities. Furthermore, we exemplified Casati and Varzi’s loca-
tion theory, elucidating the location relation and its connection to mereotopology.

In conclusion, we acknowledge the significance of the various approaches presented in dif-
ferent aspects of studies and emphasize the importance of their collective integration as comple-
mentary facets of research. Thus, we recognize the need for a unified theory that encompasses
a foundational set of ontological relations, facilitating the structural and spatial representation of
entities to describe their composition. These relations would include formal parthood, extension
of parthood with additional properties to encompass a broader range of semantic relations, addi-
tional primitives beyond parthood that are not considered as cognates of the part-whole relation, as
well as spatial relations to represent location and internal spatial aspects within entities. Therefore,
our objective is to combine the relevant elements observed in the current state of the art within a
well-formalized theory of relations.

An important question arises : if we seek a theory of foundational ontological relations, do we
also require ontological categories to characterize and formalize these relations ? Are categories
obligatory in this context ? We leave this question unanswered for now and explore it further in the
subsequent chapters.

The subsequent Section B focuses on the contributions of this thesis, starting with Chapter 4,
wherein we delineate our theoretical approach, outline the objectives we aim to achieve through
this approach, and expound upon the methodology employed to fulfill these objectives.

101





Section B

SECTION B :
***

CONTRIBUTIONS AND RELATED WORK

This section presents the contributions of this thesis work in the form

of four articles (Chapters 5, 6, 7, and 8), preceded by a introductory

Chapter 4 presenting the thesis approach and methodology.
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4
Theoretical Approach and Methodology

This Chapter synthesizes the state of the art section, and introduces

our thesis approach and methodology guiding the reader throughout

the contributions section.
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4.1. Introduction

4.1 Introduction

In chapter 1, we have established the [fundamental objective] which we recall here : repre-
senting and modeling the composition of a tangible entity in general, and CH tangible entity in
particular, using ontological structural and spatial relations, within an Applied Ontology approach.
In light of this objective, we specified two essential fields of investigation to be considered in the
state-of-the-art Section A, driven by two motivating factors as follows.

In Chapter 2, we specified our modeling scope via [motivation-I] as modeling the composition
of any tangible entity as a complex structure, in a way that enables navigating into the entity and
understanding and representing its material structure.

To address it, we inspected the types of knowledge organization systems that have been propo-
sed to model CH data, and focused on ontology models as types of systems. Then, we performed a
systematic classification of extant ontology models based on three criteria, the geographical scale,
the semantics and formality level, and the modeling scope. Based on this classification we were
able to excerpt relevant ontology models ; those that we believed can fulfill the specified objective.
The selected models (CIDOC CRM, EDM, and CHARM) were then analyzed in details focusing
on their capabilities to represent the composition of tangible entities using ontological relations :
structural and spatial ones.

The analysis revealed certain insights with respect to our modeling objective. For CIDOC
CRM, the model’s relations are insufficient when it comes structural relations, such as member-
ship which is not represented, among other possible structural relations. EDM, on the other hand,
demonstrated a more data-centric approach, which deviated from our intended entity-centric re-
presentation. In the case of CHARM, the conceptual modeling language (ConML) used for its
formalization exhibited a degree of less pronounced formality with respect to the desired semantic
richness in the relations we seek for.

Based on these insights, we recognized the need for a semantically robust and well-formalized
set of foundational ontological relations in order to capture the intended representation of the com-
position.

After that in Chapter 3, we set [motivation-II], as complementary for the first, calling for ac-
quiring a number of foundational ontological relations that enable understanding and representing
the composition of a tangible entity, within a formalized theory.

To address it, we clarified the notion of foundational ontological relations upon which we iden-
tified and classified some well-known structural and spatial ones that have been proposed within
the applied ontology literature under different aspects of studies. For structural foundational onto-
logical relations, those resembling part-whole relations, we presented the formal studies grouped
under mereology, some cognitive sciences studies grouped under meronomy, and other approaches
that combine mereology and meronomy, as well as additional properties of relations. As for spa-
tial relations, we illustrated those that enable representing spatial configurations within and among
entities i.e. mereotopology and location theories.

Based on our examination, we recognized the need for a unified theory that collectively inte-
grates the significance of various approaches of both structural and spatial relations.

In this Chapter, first we specify the three challenges that we aim to overcome in this the-
sis using six micro-objectives that we set (Section 4.2). Then, we describe our thesis proposal
which builds upon an applied ontological approach and an ontology-engineering methodology as
the foundations of this thesis (Section 4.3). After that, we synthesize the thesis’s structure and
make links to our proposals and their corresponding Chapters in which they are presented, with
describing each proposal briefly (Section 4.4). Finally, we conclude (Section 4.5).
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4.2 Challenges and Objectives

In the following, we recall the thesis’s two motivations. For each, we pose the challenges that
we need to overcome, and for each challenge, we set some micro-objectives to accomplish. We
cover first motivation-II that responds to motivation-I’s requirements.

By [motivation-II] :

In view of [motivation-II], and the state of the art explored on extant theories and taxonomies
around selected foundational ontological relations in Sections 3.3 and 3.4, we raise the following
challenge and set the necessary micro-objectives to overcome it.

Acquiring a number of ontological, structural and spatial, relations that enable representing the
composition of a tangible entity, within a theory.

Challenge A : The need for a well-formalized language of a minimal set of ontological relations
including rule constraints and excluding categories.

⊲ Micro-objective 1 : To construct, characterize, and formalize a language specification of
relations and rules.

⊲ Micro-objective 2 : To demonstrate the novelty and consistency of the approach proposed
in (1) by analyzing its micro-theories concerning extant theories and providing a language
serialization that validates its consistency.

By [motivation-I] :

In view of [motivation-I], and the state of the art explored on the ontological models for cultural
heritage entities representation in Section 2.4, similarly, we raise the following challenges and set
the necessary micro-objectives to overcome them.

Modeling the composition of a tangible entity as a complex structure (i.e. an object, a place,
a collection) in a manner that enables the understanding, constructing, and navigating into its
tangible discourse (i.e. representation), and learning its intangible aspects (i.e. significance).

Challenge B : The need for a generic ontology that understands, represents, and models the
structural and spatial constraints of a tangible entity.

⊲ Micro-objective 3 : To establish a decidable lite formalization of the language built in (1).

⊲ Micro-objective 4 : To provide a lightweight ontological model as a tool offering the lan-
guage re-formalized in (3).

Challenge C : The need for a mapping and query pattern, according to specific employment
method(s), to navigate and exploit the proposed ontology, and infer information relevant to the
underlying questions concerning the materiality of the tangible entity.

⊲ Micro-objective 5 : To demonstrate the applicability of the model provided in (4) in real
life applications i.e. its employment in practice.

⊲ Micro-objective 6 : To demonstrate the convenience of the model provided in (4) in answe-
ring queries and inferencing new triplets.
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4.3 The FORT approach and methodology

To meet these micro-objectives, and contemplate the [fundamental objective] (reinforced by
[motivation-I] and [motivation-II]), we demonstrate in this section our thesis’s approach and the
methodology built for its implementation.

Our thesis builds upon (1) an applied ontological approach (Section 4.3.1) and (2) an ontology
engineering methodology (Section 4.3.2). Together, the ontology and the methodology, make the
two foundations of the thesis.

4.3.1 An Applied Ontological approach

a) In order to represent the composition, ontological relations are required to represent the links
between entities, between an entity and the entities that compose it, and those that locate it.

b) In order to build a meta-ontology, the relations in the ontology shall be syntactically and
semantically domain-independent, yet applicable to any domain-specific entities.

c) In order to achieve an interdisciplinary approach on a cross-disciplinary entity, the heteroge-
neous views of each discipline regarding it own models shall be maintained, i.e. preserving
domain-specific models, yet enriching them with the requirements mentioned in (a) and (b).

Requirements of the ontology :

Thus, we shall contribute with a list of selected foundational ontological relations, offered in a
modular ontology (also called theory) of relation modules. Each relation module addresses a
specific relation, i.e. its characterization and formalization, and allows for certain representa-
tion(s) following (a).

This ontology shall be a meta-ontology in terms of both, the conceptualization which it
specifies and the modeling language which it uses (following the presentation of an onto-
logy in Preliminary Remarks), following (b). This former corresponds to specifying a meta-
conceptualization representing top-level abstractions i.e. the composition of any tangible entity.
The latter refers to using a meta-language of generic (domain-independent) vocabulary.

And for the ontology to be imported (by ontology engineers, users, domain experts, etc.) into
domain models with the precise goal of enriching the semantics of representing the composi-
tion of their entities, then the practices in terms of its employment shall be straightforwardly
and exclusively addressing relations and rule constraints , without overburdening this em-
ployment with categories, following (c).

After having identified the requirements of the meta-ontology, we explain its modelisation
within an Applied Ontological context. Following the presentation in the Preliminary Remarks
section of an ontology in the applied ontological field, we interpret first the notions of our intended
shared conceptualization in [A] and the intended vocabulary of the modeling language in [B].
Then, we show how to specify and formalize the intended ontology in [C].

A. The shared meta-conceptualization :

A shared consensus conceptualization is to refer to an abstract model regarding a shared sub-
ject upon which the multiple disciplines agree on. The elements that constitute this conceptua-
lization are used to articulate certain state of affairs in reality, called abstractions, as explained
in Preliminary Remarks. These abstractions are mainly template examples inspired from reality.
Since our intended application domain is cultural heritage, we seek for examples of cultural he-
ritage tangible artifacts, as templates of tangible entities (the abstractions) whose composition is

107



Chapitre 4. Theoretical Approach and Methodology

to be modeled. This task of abstracting examples allows for understanding the requirements of
representing the structure of tangible entities, and in particular cultural heritage entities, with the
interest of studying their spatial and structural constraints to have the necessary information for
their preservation and restoration. 1 Such information can only be acquired from domain experts,
i.e. researchers within the Patrimalp project e.g. material sciences, historians, archaeologists, geo-
logists, and physical-chemists, whom share a common interest : studying the structure of their
cultural heritage patrimonial artifacts in order to preserve/restore them.

In order to guide interactions with domain experts, we interviewed them using a pre-prepared
questionnaire, as experiments. To do so, we adhered to the experimental protocol [Mandran2018]
designed within the framework of the THEDRE method [Mandran2022] of research for supporting
experimental methods in information systems research. The scientific protocol aims at guiding the
process of producing the intended data and specifying the measures and methods for analyzing it.
Multiple guides and tools for prepare, lead, and assess experiments exist, from which we built our
experimental protocol and questionnaire, attached in Annex A.

Examples of entities which participants focus on are archaeological and paritial entities such
as archaeological sites, caves, rock shelters, settlements, theater, cathedral, ancient ruins, medieval
town, castle, sculptures, statues, and collections of entities. The experiments confirmed the need
for semantically rich ontological relations that describe the structural composition and the spatial
circumstances of the entity, and in particular the links between (called representations) :

(R.1) : an entity and its different parts e.g. the micro-sample taken from a rock art figure, the
hematite powder producing the color of the red coloring matter,

(R.2) : an entity as collective and the entities it groups under certain semantics e.g. a collection
of figures sharing a common shape, collection of statues having the same brocade design
and/or composition,

(R.3) : an entity and its constituents e.g. a brocade’s layer constituted of tin, the type of clay
constituting the "Saint Jean" statue,

(R.4) : an entity and the spatial region that locates it e.g. the Rocher-du-chateaux site situated in
Bessans in the valley of Maurienne,

(R.5) : and the spatial constraints among entities e.g. the schematic figures located on the rock art
panel, the brocade located on the robe of the statue.

B. The meta-modeling language :

A modeling language is to provide a set of modeling primitives (vocabulary) that can di-
rectly express the shared conceptualization. For the ontology to be a meta-ontology (as expressed
in the [Requirements] above), a general representation language of primitives is required i.e. a
meta-language whose terms are generic, formal, and primitive. And for the ontology to address
exclusively relations, the primitives of the language must contain terms to represent sole relations
(not concepts). Moreover, the choice of the vocabularies of the modeling language plays a role in
having an (appropriate) suitable representation of the conceptualization, and a (relatively) com-
prehensible vocabulary language i.e primitives to construct models that represent the abstractions
of the conceptualization [Guizzardi2007].

To select the relations that are indispensable for expressing our shared conceptualization, we
select those that resolve the representations mentioned above, (R.1) to (R.5), which respond to our
objective of representing and reasoning over the composition of tangible entities.

1. Please note that this is not a Knowledge Acquisition task i.e. we are not collecting data from different sources.
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— For (R.1), the part-whole relation (Parthood) studies the link between an entity and its
parts within different aspects as seen in Section 3.3 (formal logical aspect i.e. mereology, or
common-sense reasoning aspect i.e. meronomy). Nevertheless, additional semantics possi-
bly accompany parthood to represent dependency properties between the part and the whole
(Existential Dependence).

— For (R.2), the membership relation, often studied within parthood theories, addresses the
link between collective whole and their particular parts as members (Membership).

— For (R.3), the link between an entity and its constituents is studied in the context of consti-
tution, which, similar to membership, is frequently considered as parthood (Constitution).

— For (R.4) and (R.5), both representations refer to locative relations taking place between
an entity to be located, and, either a region as the standard location relation (Location), or
another entity (Entity Location).

The relations that we identified form a list of modeling primitives (vocabularies) of our meta-
modeling language. To formalize and characterize each relation, rules are required in the form
of definitions, axioms, and theorems, to constraint the semantics of the relations. And because
these rules (might) require additional vocabularies, we say that we have selected the basic list of
vocabularies as the set of indispensable relations to achieve the required representations, rather
than exclusively limiting the vocabulary choice to the selected relations. We refer to this set as a
minimal one since it encompasses the basic and minimum number of relations needed to provide
the required semantics.

As in defense of the use of the term "minimal", we provide two arguments. The first argues
that the removal of a single relation of the selected list yields in a limitation in covering the re-
quired number of representations specified above, i.e. each relation is inevitable for achieving an
intended representation. We defend this argument in a detailed manner in Chapter 8 in which we
illustrate the employment of FORT in practice for two case studies within the cultural heritage
domain. The second argument, discussed verbosely in Chapter 6, claims that these relations have
been commonly and exhaustively addressed in the applied ontological literature on foundational
relations such as mereology, and in other theories as foundational ontologies, as fundamental on-
tological relations. This ensures the significance of each relation as an ontological foundational
relation, and the emphasis of adding each into a basic set of relations.

C. The meta-ontology in a nutshell :

In terms of our preceding interpretations, the shared conceptualization [A] and the modeling
language [B], we propose here in [C] our meta-ontology. More precisely, in this Chapter we des-
cribe only briefly the ontology’s specification and establish a methodology for formalizing the
ontology in multiple renderings (formal languages), while the detailed illustration of both the spe-
cification and the original rendering is presented in Chapter 5.

As illustrated in Preliminary Remarks, an ontology is a conceptual specification within a lo-
gical rendering. The conceptual specification (in [i] below) describes how the primitives of the
modeling language are to be used, under a certain interpretation, to formalize the shared concep-
tualization, as the concrete representation of the ontology written in natural language.

While the logical rendering (in [ii] below) is the description of this specification in terms of the
primitives, as the logical theory of the ontology written in formal logic.

i. The conceptual specification of the ontology : Our ontology specifies a language of pri-
mitive relations and rule constraints that address the [fundamental objective] of the ontological
representation-of and reasoning-over the structural and spatial constraints of a tangible entity in
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general, and a cultural heritage tangible entity in particular. The ontology is named FORT, ab-
breviating a Foundational Ontological Relations as a Theory. FORt characterizes and formalizes
some selected foundational relations within an ontological context i.e. modelisation of relations
only within the scope applied ontology and not pure philosophical ontology. 1 The relations, par-
thood, dependence, membership, constitution, and location are the indispensable relations forming
the minimal set for achieving the intended representation (addressing [motivation-II]). 2 Such a
representation allows to model the composition of tangible entities and to navigate its complex
structure using generic foundational relations and thus to answer question of restoration and pre-
servation (addressing [motivation-I]). Based on that, we specify the ontology requirements as fol-
lows :

Purpose. The purpose of building the ontology is to provide a consensual representation of the
composition of any tangible entity.

Scope. The ontology is modular, meta, and focuses exclusively on ontological, structural and
spatial, relations and their rule constraints, whose :

Abstraction. level of abstraction is a top-level considering the representation of the com-
position of any entity (a meta-conceptualization), and represented using generic voca-
bulary (a meta-modeling language).

Users. intended users encompass ontology engineers, researchers, or other domain experts
aiming to model the composition of domain specific entities and requiring the impor-
tation of a relations ontology.

Uses. intended uses comprise : representing and understanding the structure of the entity,
navigating the structural parts of an entity, locating entities with respect to each other,
spatially locating entities in spatial regions, inferring new data about possible links
between entities according to their common structure and/or shared location, etc.

ii. The logical rendering of the ontology : To explicate the semantics of the ontology’s spe-
cification, a logical rendering is crucial to formalize the ontology. It resembles the logical theory
of the conceptual specification, using some formal logical language. As discussed previously, the
choice of the formal logic used plays a role in achieving a good value ontology, based on its syn-
tax and semantic properties which identify in turn the expressive and computational power of the
logic. Thus, according to the desired properties of the ontology, a choice of a knowledge represen-
tation language is contemplated. For that, we developed an ontology engineering methodology for
formalizing the ontology using multiple logical renderings. The methodology is illustrated verbo-
sely in the next Section 4.3.2, as the complementary foundation of the thesis, besides the ontology.

4.3.2 An ontology engineering methodology

For the formalization of the ontology and establishing its employment within a Global-as-
View paradigm required for interdisciplinary applications (e.g. cultural heritage), we construct
and adhere to an ontology engineering methodology.

1. In fact, an ontology underlying such a level of abstraction and a general representation language of primitives is
referred to as foundational ontology (FO) [Guizzardi2007]. However, FOs study the general laws that describe reality
regarding both : foundational concepts and relations. And since our ontology is one of exclusive relations and rules, we
do not claim proposing a FO, but a ontology of foundational relations instead.

2. The detailed illustration of the ontological choices made for the characterization of each relation are presented
and explained in Chapter 5 i.e. the concrete interpretation and explicit representation of FORT.
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It is important to interpret the term "ontology engineering" in view of our use of the term as a
characterization of our methodology. Firstly, ontology engineering is a term encompasses a broad
range of activities related to the development, maintenance, alignment, merging, and evaluation
of ontologies. It offers a manner of solving interoperability problems derived from semantics, by
providing a set of tasks related to the development of ontologies for a particular domain [Gómez-
Pérez2019]. Secondly, a methodology is a "comprehensive, integrated series of techniques or me-
thods creating a general systems theory of how a class of thought-intensive work ought be per-
formed" [IEE1996] i.e. it is to provide generic guidelines for users on how to construct some
systems theory. Thus, an ontology engineering methodology concerns the different processes of
building and managing an ontology, whether its conceptualization e.g. [Uschold1996], or its reuse
across different applications within technical domains e.g. KACTUS [Schreiber2003], or its engi-
neering and development e.g. the Cyc methodology [Lenat1989] for building ontologies with the
Cyc Knowledge Base and SENSUS [Knight1994,Knight1995], or even the whole life cycle of the
ontology e.g. Methontology [Fernández-López1997] and OnToKnowledge [Sure2003,Sure2004].
Moreover, some ontology engineering methodologies were developed specifically for constructing
ontologies within a certain domain such as in the domain of enterprise modeling e.g. TOVE [Gru-
ninger1996] and the Enterprise Ontology [Uschold1995, Uschold1998]. Some extensive litera-
ture reviews on methodologies for ontology engineering can be found in [Fernández-López1999]
and [Fernández-López2002].

In this methodology, we are particularly concerned with the (a) formalization of the onto-

logy which falls under the modelisation phase, and (b) the possible employment of the ontology

using a Global-as-View paradigm for interdisciplinary application. 1 Ontology formalization is
an important step of ontology development which involves other steps as conceptual modeling,
specification, implementation, and testing [Noy2001]. Thus, formalization is a crucial step in the
ontology engineering ; the reason for which we refer to our methodology as an ontology engi-
neering one. For our ontology, we are interested in providing multiple formalizations, addressing
different specification choices, such as expressivity and decidability, using well-known formal lo-
gical languages, such as First-Order-Logic (FOL) and Description Logics (DLs). In addition, for
each specification choice, it is crucial to offer both : a theoretical formalization and a language
serialization that allows for its empirical validation. Moreover, we are also interested in providing
the final practice of our ontology within the context of Semantic Web i.e. using Ontology Web
Language (OWL) as a Semantic Web standard.

The methodology consists of six steps, depicted in Figure 4.1. Each step is designed to address
a/several micro-objective/s from those listed in Section 4.2, as will be illustrated in the next Section
4.4 and throughout the thesis :

1. specify (conceptually) and formalize (logically) the relations of FORT in a highly-expressive
formal language that is adequate for the formalization of foundational theories : a first-order-
logic (FOL) formalization of the FORT reference ontology.

2. analyze the relations of FORT in the presence of other foundational theories that encom-
pass foundational relations as a relation-based alignment, and validate FORT as a theory
by serializing FORT in another formal language that validates the existence of models using
consistency checks : a Common Logic (CLIF) serialization of the FORT reference ontology.

1. For the employment of the meta-ontology, we suggest the Global-as-View paradigm specifically for interdisci-
plinary applications such as cultural heritage. However, the possible employment methods of FORT are two-fold, and
will be addressed in Chapter 8.
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representations interpreted in [A]. For the formalization of FORT, we re-use extant forma-
lization of some theories (mereotopology and location), and (re-)formalize other relations
(dependence, membership, constitution, and entity-location). This formalization addresses
exclusively relations, without categories, by normalizing constraints on the relata of the re-
lation without defining entity-types for their domain and range.
This Chapter covers the first step of the methodology by specifying and formalizing the
FORT reference ontology, and thus attains the first micro-objective of constructing a lan-
guage theory.

In Chapter 6. we defend our FORT ontology proposal in the presence of some comprehensive
foundational ontologies in which foundational relations are studied and offered. To do so,
we elaborate on three arguments for FORT, and elucidate an alignment between the relation-
based content of foundational ontologies and the relation micro-theories in FORT. In addi-
tion to this analysis, we proceed with validating FORT by serializing the reference ontology
in Common Logic that enables running consistency checks and automatic theorem proving,
using the CLIF serialization.
This Chapter addresses the second step of the methodology by analyzing and validating the
consistency of the FORT reference ontology, and thus realizes the second micro-objective
of demonstrating the adequacy and consistency of proposed theory.

In Chapter 7. we develop a generic procedure for translating FOL theories into a SROIQ-formalization
fragment. The procedure computes different logical formalisms at each step by performing
operations such as rewriting formulas, syntactic/semantic checks, graph transformations,
and rule-rolling techniques. We then use this procedure to apply it to FORT’s translation
into the SROIQ DL relevant for placing the theory in practice.
This Chapter tackles the third step of the methodology by extracting a decidable fragment
of the FORT reference ontology (FOL) as a FORT lightweight ontology (SROIQ), and thus
establishes the third micro-objective of translating the original expressive theory into a de-
cidable secondary formalization for its use in practice, while contributing with a generic
translation procedure.

In Chapter 8. we provide an OWL2DL implementation of the FORT lightweight ontology to
support its employment in practice. Then, we discuss the different employment methods of
FORT based on the application’s setting and objectives showing : both direct use and indi-
rect use (in interdisciplinary applications). After that, based on limited time and inputs from
the application domain, we discuss requirements for a complete application and conclude
our thesis.
This Chapter thus aims covering the last three steps of the methodology by providing FORT
in practice with designing possible employment scenarios for its applicability and conve-
nience proofs, thus achieving the fourth and fifth micro-objectives while laying ground pro-
posals for future work regarding the sixth micro-objective.

4.5 Conclusion

In this Chapter, we have synthesized the requirements of the state-of-the-art section by recal-
ling the fundamental objective of the thesis reinforced by the two motivations which have called
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for the two Chapters of the state-of-the-art (Section 4.1).
For each motivation, we have determined the challenge(s) to overcome based on the issues

revealed in the both Chapters of literature, and established for each challenge the micro-objectives
to cover it (Section 4.2).

Then, we introduced our Applied Ontological approach, and ontology engineering metho-
dology (Section 4.3). For the approach, first we identified the requirements for the ontology as
modular, meta, and of exclusive relations. Second, we have interpreted the ontology in terms of
a meta-conceptualization and a meta-modeling language, followed by presenting the ontology’s
conceptual specification and logical rendering.

As for the ontology engineering methodology, it aims at guiding the steps for : (a) the for-
malization of the ontology (the logical rendering phase) addressing different specification choices
(expressivity and decidability) and formalization levels (theoretical and empirical), and (b) the es-
tablishment of its employment within a Global-as-view paradigm for interdisciplinary approaches.

And last, we illustrated the thesis structure as a map showing our contributions, the micro-
objectives they address, and the Chapters in which they are presented (Section 4.4) .

We present in the following Chapters 5, 6, 7, and 8, four consecutive principle contributions,
referring to five conference papers, addressing sequentially the methodology steps indicated in
Section 4.3 and accomplishing the corresponding micro-objectives specified in Section 4.2.
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FORT : a modular Theory of Foundational

Ontological Relations

This Chapter refers to our contribution "FORT : a minimal Founda-

tional Ontological Relations Theory for Conceptual Modeling Tasks"

published as a conference paper at the 41st International Conference

on Conceptual Modeling (ER2022), October 17–20, 2022, Forum

track.
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5.1 Introduction

In the previous Chapter 4, we interpreted our Applied Ontological approach, as a meta-ontology
of relations in terms of a meta-shared conceptualization and a meta-modeling language. Additio-
nally, we established an ontology engineering methodology for the formalization of the ontology
and achieving its employment in interdisciplinary applications.

In this Chapter, we present our first contribution of a language of exclusive relations and
rule constraints [micro-objective-1]. This is by specifying and formalizing the relations of FORT
through importing and (re-)formalizing foundational relations from the applied ontological lite-
rature, i.e. formalizing the FORT reference ontology at the theoretical aspect according to the
specified [methodology-step-1].

We first position, in Section 5.2, our proposal based on the review of existing works in Chapter
3 while recalling our motivations. Second, we focus on the presentation of our proposed language
at micro and macro levels in Sections 5.3 and 5.4 respectively. In the former, we illustrate the
micro-theories of FORT as multiple relation ontologies, whereas the latter presents FORT as a
macrotheory (the reference ontology) and specifies its characteristics and design choices. Finally
we conclude in Section 5.5 .

5.2 Context : positioning FORT with respect to the literature

As discussed in Chapter 3, the inclusion of foundational relations, such as parthood and mem-
bership, along with their formal properties, plays a crucial role in providing a semantically com-
prehensive ontological analysis for representing a knowledge domain. These relations have been
proven essential in the development of formal ontologies, such as DOLCE [Masolo2003], in the
alignment of ontologies within the biomedical domain [Smith2004b, Bittner2004c], in disambi-
guating the semantics of relations such as isA (subsumption) and partOf (parthood), as well as in
providing modeling templates for representing and reasoning over specific subject areas, among
others.

Our thesis is particularly driven by the [fundamental objective] of modeling the composition
of tangible entities using foundational ontological relations, both structural and spatial in nature.
To achieve this objective, we propose to build a modular ontological theory that employs a set of
primitive relations and rule constraints. This approach aligns with [motivation-II], allowing for an
effective representation of the composition of tangible entities.

The selected relations for inclusion in this ontology are minimal, based on the intended re-
presentations ((R.1), (R.2), (R.3), (R.4), and (R.5)) specified in Section [A], and are identified
in Section [B] as dependence, parthood, location, membership, and constitution. Furthermore,
this ontology whose scope and purpose are set in Section [C] shall be designed to be modular i.e.
consisting of multiple relation modules, meta i.e. specifying a meta-conceptualization for top-level
abstractions using a meta-modeling language of generic vocabularies, and exclusively addressing
relations i.e. not commiting to entity types, based on the specified [requirements].

Given the absence of an existing language that encompasses this minimal set of ontological
relations within a modular, meta, and exclusive relations theory, our contribution lies in the deve-
lopment of such an ontology theory, which we refer to as the Foundational Ontological Relations
Theory (FORT).
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5.3 Methodology step 1 : a FOL formalization [FORTFOL] (microle-

vel)

In this Section, we characterize and formalize the relations in FORT, each as a micro-theory
at a microlevel. The basic relation of each micro-theory is recognized as a (primitive) and generic
relation, i.e. is not defined in terms of other relations and spans multiple application domains.
Each relation is defined and formally characterized in terms of ground axioms that are algebraic
properties and non-ground axioms that project some constraints on its use. Thus, the relations are
formal and often primitive. Additionally, relations can be linked to other relations of other FORT
micro-theories or extant imported theories, when possible.

Thus, with the relations selected being foundational, ontological, and possessing formality

and primitiveness satisfying the characteristics we have identified in Section 3.2 in Chapter 3.

In the context of selecting, characterizing, and formalizing general ontological categories and
relations, the methodology introduced in [Gangemi2001] holds significant importance. This me-
thodology seeks to avoid making strong ontological commitments while establishing a minimal
formal framework essential for understanding, comparing, and evaluating ontological choices. The
methodology comprises several steps, where the authors first select relations from classical philo-
sophical literature. Subsequently, they proceed to select and adapt ground axioms (such as those

exhibiting algebraic properties like transitivity), and introduce non-ground axioms. Through this
process, they identify the formal properties that delineate the nature of these relations.

Given the challenging task of formally characterizing ontological relations, given the highly
debated and extensive literature in the field, we are aware of the difficulty and do not claim pre-
senting novel formalizations (as explicitly clarified in Section 5.2). Instead, we rely on the existing
literature to inform our use and (re-)formalization of these relations, for a unified theory of foun-
dational ontological relations.

5.3.1 Ontological dependence

As presented briefly in the Section 3.3.4 of Chapter 3, the original analysis on the dependence
notion started with Husserl [Edmund1970] within a classical philosophical context, upon which
later formalizations were proposed. In [Fine1983], Fine and Smith considered dependence as a
quasi-mereological primitive relation introduced in terms of 4 axioms ; reflexive, transitive, and
links to parthood. Later in [Simons1987], Simons criticizes the preceding axioms as resembling
a sort of a topological relation, and presents dependence within a modal-logic approach, using
the existence relation as the primitive. Several authors also addressed the notion of dependence
such as ; Thomasson by introducing different kinds of temporal dependence ; constant and histo-
rical in [Thomasson1999] ; and Vieu and Aurnague by specializing kinds of generic dependence
(functional dependence) both within modal logic formalizations in [Vieu2007]. Moreover, in foun-
dational ontologies such as in BFO [Smith2002] ; it is studied between qualities, realizable entities
(e.g. roles and functions), or processes (also process boundaries), and (in)dependent continuants
or processes, and in DOLCE [Masolo2003] ; it is deeply axiomatized (ontological and spatial de-
pendence notions) in a modal approach using the presence primitive relation.

Our consideration of ontological dependence is a property characterizing the persistence se-
mantics between two entities (individuals) or entity types (categories). It plays an important role
in the representation and reasoning over relations e.g. parthood or connection in particular. We
investigate ontological dependence as based on a primitive existence relation (in contrast to Smith
and Fine’s primitivity) and at both ; instances and universals levels, as inspected in [Smith1997]
and following to DOLCE’s distinction between specific and generic constant dependence, within a
non-modal formalization. For the primitive existence relation we use the binary predicate E, with
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the notation E(x, t) standing for "entity x exists at time t". The introduction of t as an instance of
time in E does not put the approach in a temporal framework, but simplifies the representation of
the framework at instants of time, when necessary.

∀(x)¬E(x,x) (Da1)

∀(x,y)E(x,y)→¬E(y,x) (Da2)

An entity x is specifically existentially dependent entity y, denoted SED(x,y), if ; at any time
t, x cannot exist at t unless y exists at t ; & x and y are different entities ; & x exists at some t (Da3).
For example, a person is be specifically existentially dependent on its brain.

∀(x,y)SED(x,y)→∀t(E(x, t)→ E(y, t))∧¬(x = y)∧∃tE(x, t) (Da3)

By (Da3), it follows from ¬(x = y) that SED is irreflexive and asymmetric ;

(∀x)¬SED(x,x) (Dt1)

(∀x,y)SED(x,y)→¬SED(y,x) (Dt2)

We furthermore consider the transitivity of the SED as follows ;

(∀x,y,z)SED(x,y)∧SED(y,z)→ SED(x,z) (Da4)

An entity type φ is generically existentially dependent on entity type ϕ , denoted GED(φ ,ϕ),
if ; at any time t, for every x instance of φ , x cannot exist at t unless there exists some instance y of
ϕ att and x and y are different entities ; & there exists time t such that there exists instance x of φ ;
& φ and ϕ are disjoint (Da5). For example, a person might be generically constantly dependent
on having a heart.

∀(φ ,ϕ)GED(φ ,ϕ)→∀x, t((φ(x)∧E(x, t))→∃y(ϕ(y)∧E(y, t)))∧∃x, t(φ(x)∧

E(x, t))∧¬∃z(φ(z)∧ϕ(z)) (Da5)

By (Da5), it follows from ¬∃z(φ(z)∧ϕ(z)) that GED is irreflexive and asymmetric ;

(∀ϕ)¬GED(ϕ,ϕ) (Dt3)

(∀φ ,ϕ)GED(ϕ,φ)→¬GED(φ ,ϕ) (Dt4)

We furthermore consider the transitivity of the GED under the condition of φ and α being disjoint
as follows ;

GED(φ ,ϕ)∧GED(ϕ,α)∧¬∃x(φ(x)∧α(x))→ GED(φ ,α) (Da6)

We have introduced both ontological dependence relations, specific and generic, as axioms
i.e. only the necessary conditions of dependence hold (SED→ ... and GED→ ...), rather than
a definitions. The choice of eliminating the sufficient condition of both ontological dependence
relations (...→ SED and ...→ GED) is to ensure that the inverse does not hold i.e. if two enti-
ties/categories x/X and yY coexist at all times of their persistence, it does not necessarily mean
that x/X or y/Y is specifically/generically existentially dependent on y/Y or x/X , respectively. For
example, two different persons, born on the same exact time, coexisted during their lifetimes, and
having died on the same exact time, does not yield in them being existentially dependent on one
another. This view of ontological dependence is not in-line with DOLCE. Indeed, we believe that
for the sufficient condition of the formula to hold, a stronger predicate is needed more than just
the existence relation E.
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5.3.2 Parthood and dependence

In FORT, we adopt parthood P as satisfying the axioms of Closure Extensional Mereology, and
thus importing CEM i.e. importing Pa1-Pa8 along with the corresponding theorems and parthood
predicated illustrated in Section 3.3.1. Furthermore, to allow for additional semantic inferences
on the persistence of wholes depending on the persistence of their parts, we provide an extension
of parthood P using ontological dependence SED and GED, inline with DOLCE [Masolo2003],
UFO [Guizzardi2015], and other foundational theories.

Relations grouped under this section provoke for part entities that are inseparable from their
wholes. The notion of separability that we seek for is not that of physical connection/disconnection
of a part/whole from its whole/parts by any means of physical (e.g. by hand, clippers, scissors) or
chemical (e.g. chemical filtration process) separation which depends on some granularity level of
separation. Instead, separability is elucidated by means of ontological dependence (specific and
generic existential dependencies) which serves an important role in the reasoning over the persis-
tence conditions of the parts and whole entities. Thus, adding semantically specialized parthood
relations and benefiting the usage and representation of dependencies in conceptual modeling
tasks. Using the two preceding dependency definitions of section 5.3.1, we introduce the notions
of components and elements. We tag the definitions, axioms and theorems of this micro-theory as
starting by PD referring to parthood and dependence.

Componenthood :

x is a ComponentO f y iff ; x is a part of y & y is generically existentially dependent on x (PDd1).
For example ; the engine is a component of the car, the heart is a component of the body of a living
being.

(∀x,y)ComponentO f (x,y) =d f P(x,y)∧GED(φ(y),ϕ(x)) (PDd1)

From the axioms of P and PDd1, ComponentO f is a strict partial order relation (PDt1-PDt3).

(∀x,y,z)ComponentO f (x,y)∧ComponentO f (y,z)→ComponentO f (x,z) (PDt1)

(∀x)¬ComponentO f (x,x) (PDt2)

(∀x,y)ComponentO f (x,y)→¬ComponentO f (y,x) (PDt3)

Démonstration. From PDd1, consider ; ∃a,b(P(a,b)∧GED(φ(b),ϕ(a))) and ∃c(P(b,c)∧GED(
α(c),φ(b))) , i.e. ComponentO f (a,b)∧ComponentO f (b,c). By the transitivity of P (Pa3) and
that of GED (Da6), it follows that P(a,c), and GED(α(c),ϕ(a)), i.e. ComponentO f (a,c).

Démonstration. Assume that ComponentO f is reflexive. Then, ∀xComponentO f (x,x) i.e. P(x,x)
∧GED(φ(x),φ(x)). However, GED is irreflexive by Dt3. Thus, ComponentO f is irreflexive.

Démonstration. If we assume ComponentO f is antisymmetric, this yields in ComponentO f (x,x)
and GED(φ(x),φ(x)) by PDd1 which does not hold according to the irreflexivity of ComponentO f

PDt2 by that of GED Dt3. On the other hand, assuming that ComponentO f is symmetric, means
ComponentO f (x,y) and ComponentO f (y,x), results in P(x,y)∧P(y,x), thus x= y by Pd2 yielding
in a contradiction according to PDt2. Hence, ComponentO f is asymmetric.

ComponentO f is thus a proper parthood satisfying weak supplementation axiom (PDt4).

(∀x,y)ComponentO f (x,y)→ PP(x,y) (PDa1)

(∀x,y)ComponentO f (x,y)→∃z(P(z,y)∧¬O(z,x)) (PDt4)

Démonstration. From PDa1 and the weak supplementation axiom Pa4 satisfied by P.
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Elementhood :

x is an ElementO f y iff ; x is an part of y & y is specifically existentially dependent on x (PDd2).
For instance ; the tin layer is an element of the brocade, the brain is an element of the human’s
body. Elements parts of a whole are those whose existence is elementary. For instance, the spatial
existence of the tin layer in the brocade is (along the other layers) what makes up the identity of a
brocade as a whole.

(∀x,y)ElementO f (x,y) =d f P(x,y)∧SED(y,x) (PDd2)

From the axioms of P and (PDd2), ElementO f is a strict partial order relation (PDt5-PDt7).

(∀x,y,z)ElementO f (x,y)∧ElementO f (y,z)→ ElementO f (x,z) (PDt5)

(∀x)¬ElementO f (x,x) (PDt6)

(∀x,y)ElementO f (x,y)→¬ElementO f (y,x) (PDt7)

Démonstration. From PDd2, consider ; ∃a,b(P(a,b)∧ SED(b,a)) and ∃c(P(b,c)SED(c,b)), i.e.
ElementO f (a,b)∧ElementO f (b,c). By the transitivity of P Pa3 and that of SED Da4, it follows
that ; P(a,c), and SED(c,a) respectively, i.e. ElementO f (a,c).

Démonstration. Assume that ElementO f is reflexive. Then ∀xElementO f (x,x) i.e. P(x,x)∧ED(x,x).
By Dt1, SED is irreflexive. Thus ElementO f is irreflexive.

Démonstration. Similar to the proof of PDt3, on the one hand, assuming that ElementO f is
antisymmetric yields in ElementO f (x,x), and in SED(x,x) by PDd2 which does not hold ac-
cording to PDt6. On the other hand, assuming that ElementO f is symmetric results in having
ElementO f (x,y) and ElementO f (y,x), i.e. P(x,y)∧P(y,x), thus x = y by Pa2 yielding in a contra-
diction. Hence, ElementO f is asymmetric.

Similar to (PDa1), it follows that ElementO f is a proper parthood relation (PDa2).

(∀x,y)ElementO f (x,y)→ PP(x,y) (PDa2)

From PDa2 and the weak supplementation axiom satisfied by P, ElementO f satisfies weak sup-
plementation axiom (PDt8).

(∀x,y)ElementO f (x,y)→∃z(P(z,y)∧¬O(z,x)) (PDt8)

Démonstration. From Pa2 and the weak supplementation axiom a4 satisfied by P.

At this point, it is possible to assert predicates of ComponentO f and ElementO f , using pre-
dicates of parthood P, such as ComponentOverlap, ElementOverlap, ComponentUnderlap, and
ElementUnderlap using the overlap and underlap relations O (Pd3) and U (Pd4). Such predicates
allow for additional inferences about entities sharing a common element or component as being
identical ; PDa3 and PDa4.

(∀x,y)ComponentOverlap(x,y) =d f ∃z(ComponentO f (z,x)∧ComponentO f (z,y)) (PDd3)

(∀x,y)ElementOverlap(x,y) =d f ∃z(ElementO f (z,x)∧ElementO f (z,y)) (PDd4)

(∀x,y)ComponentOverlap(x,y)→ x = y∨ComponentO f (x,y)∨ComponentO f (y,x) (PDa3)

(∀x,y)ElementOverlap(x,y)→ x = y∨ElementO f (x,y)∨ElementO f (y,x) (PDa4)

Following several works in the applied ontological literature, parts whose wholes are generi-
cally dependent on these parts are referred to as mandatory parts, which applies of our ComponentO f

relation in FORT. A popular example from the literature is the human being heart which is conside-
red as a mandatory human body part, that can be replaced by another heart entity that is classified
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within the category as a heart, thus, a heart is a component of the human body. Whereas, parts
whose wholes are specifically dependent on these parts are referred to as essential parts, which
applies to our ElementO f relation in FORT. This is the case of the human brain upon which a
human’s body is specifically dependent on that brain making it an essential body part i.e. the brain
is an element of the human body.

5.3.3 Location

In FORT, we treat the location relation in a three-fold manner, as follows.

Region-to-region locative relations :

These are location relations expressing the spatial inclusion of entities of the same type which
is regions. In such a case, the problem of spatial inclusion representation can be generalized into
a simple inclusion representation using parthood P to show one entity is inside another entity
i.e. part of it. For a wide range of expressive representations, the mereo(topo)logical theory of
relations, including parthood, connection, and the fusion of both, illustrated in Section 3.4.1 of
Chapter 3, is imported as a theory in FORT to express region-to-region locative relations without
the commitment to formalizing a region entity type.

Entity-to-region locative relations :

These are locative relations resembling the address of an entity in a spatial space while remai-
ning neutral with respect to the ultimate ontological status of the reference which located them,
based on the location theory presented by Casati and Varzi [Casati1999]. Thus, for these loca-
tive relations, FORT import Casati’s and Varzi’s location theory (presented in Section 3.4.2 of
Chapter 3) using the L primitive (denoting "exactly located at region") and borrowing the axioms
(La1-La3), definitions (Ld1-Ld6) and theorems (Lt1-Lt3). The borrowed formalization of L fur-
ther establishes ; links to parthood and connection (La4-La5) ; reasoning on the location of the
mereotopological properties of an entity with respect to its location (Lt4-Lt6) ; reasoning on the
location of an entity with respect to the mereotopological properties of its location (Lt7-Lt9) ; and
reasoning about the location of the mereotopological properties of an entity with respect to the
mereotopological properties of its location (Lt10-Lt15).

Entity-to-non-region locative relations :

Motivated by the work in [Donnelly2006], these are additional locative relations expressing
the spatial link between entities that are temporarily or permanently located in spaces, but never
share parts with each other or with these spaces. For example ; the painting is located on the wall,
the basket is located at the top of the fridge. These examples hold even though the wall and the top
of the fridge are not regions (i.e. L solely cannot hold), and neither the painting is part of the wall
nor the basket is parts of the fridge (i.e. P cannot hold). In such cases, neither pure mereological
relations, i.e. the case of region-to-region locative relations, nor solely region-location relations,
i.e. entity-to-region locative relations, are useful to represent such links.

Since we believe that this aspect of a locative relation is essential, we introduce the entity-
location relation using a primitive EL indicating "located at/on/in", with making links to parthood
and connection. We assume that every entity is located in/at itself i.e. reflexive (ELa1), and that
transitivity is guaranteed i.e. is x is located in y and y is located in z then x is located in z (ELa2).
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As links to mereology, we assert the axiom (ELa3) ; if x is part of y then x is located in y,
which directly implies (from ELa2) the theorems (ELt1) ; if x is part of y and y is located in z
then x is located in z, and (ELt2) ; if x is located in y and y is part of then x is located in y. The
preceding two theorems serve in the reasoning about the entity-location of entity x, with respect
to the entity-location of its whole y (e.g. the red dear is part of the painting, and the painting is
located at the wall, then the red dear is located at the wall), and the location of an entity x with
respect to the whole of its location entity z (e.g. the painting is located at the rock wall, and the
wall is part a of the Rocher du Château, then the painting is located in the Roche du Chateaux site).
In both cases, the entity x is (not necessarily) part of the entity y, rather than a pure locative relation.

As links with the locative relation L, using (7.16) and (L.3), theorems (ELt3) ; if x is entity-
located in y, and y is exactly located in z, then x is wholly located in z, and (ELt4) ; if x is entity-
located in y, then x’s spatial region if part of y’s spatial region, are provable respectively.

(∀x)EL(x,x) (ELa1)

(∀x,y,z)(EL(x,y)∧EL(y,z))→ EL(x,z) (ELa2)

(∀x,y)(P(x,y)→ EL(x,y)) (ELa3)

(∀x,y,z)(P(x,y)∧EL(y,z)→ EL(x,y)) (ELt1)

(∀x,y,z)(EL(x,y)∧P(y,z)→ EL(x,y)) (ELt2)

(∀x,y,z)(EL(x,y)∧L(y,z)→WL(x,z)) (ELt3)

(∀x,y,z,w)(EL(x,y)∧L(x,z)∧L(y,w)→ P(z,w)) (ELt4)

Furthermore, one can define other entity-location locative predicates, such as tangential and inter-
ior entity-location relations, using mereotopological definitions of tangential and interior parts, as
well as partial and whole entity locative relations using locative definitions of partial and whole
locations.

5.3.4 Membership

Upon the characterization of the membership relation ; a debate arises two views on the re-
lation. The first considers the relations as a part-whole relation typology i.e. formalized using
parthood such as in formal ontological studies e.g. [Gangemi2001] following the analysis in
[Guarino2000b], and in the meronymic literature on part-whole relations e.g. [Winston1987] and
[Gerstl1996]. The second view analyzes membership as a primitive independent relation e.g. [Si-
mons1987]. However in both, the members of a whole participating in a membership relation
acquire a unifying relation (also referred to as a uniform structure in meronymic literature) that
binds all the members together and a maximality constraint on the members with respect to this
relation.

Furthermore, an imperative point in the formalization of membership derives from ranging the
relation over collective wholes, also called aggregates, and proceeding with characterizing col-
lectives/aggregates as a mandatory for characterizing membership. Characterizing aggregates can
be performed by ; a relation holding among members [Fine1999] ; a common role played by all
members [Guizzardi2011] ; specifying a single entity type or a least common subsumer type that
all members are instantiated to as in [Rector2006b] and [Galton2010] respectively ; the uniqueness
of the collective’s decomposition into members in [Masolo2020].

In Fine [Fine1999], a collective structure could be represented by means of a relation holding
among the members. Collectives can be then reduced to variable embodiments i.e. entities that
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at any time t at which they are present, are constituted by a rigid embodiment i.e. a sort of com-
pound of the whole entity. In [Rector2006b] and [Guizzardi2011], the authors further expand by
assigning a common role played by all the members of a collective, which in turn necessitates the
formal characterization of such a role.

Moreover, in [Rector2006b] and [Galton2010], it is assumed that given a collective, one tends
to specify the type of its members e.g. a collective of type forest has members only entities as type
trees. In the former, authors thus state that all members of a collective are of a specified type, whe-
reas in the latter, the authors does not require the type(s) of all the members to be unique, but to
have a least common subsumer i.e. a minimal type that under which all the classes are subsumely
closed.

In [Masolo2020], and in-line with the structural constitution view introduced by Harris for
group agents [Harris2020], the authors propose 3 axiom forms (f1,f3, and then f5) to characterize
collectives that decompose into members and distinguish them from composites that decompose
into components, which were considered still quite weak to make the distinction. This enhanced
two further (a) the uniqueness of the collective’s decomposition into members (vs the multiple
possible decomposition criterion of a composite into components) via an axioms (a9) that en-
forces the unique decomposition of collectives, and (b) the possibility of recursively decomposing
composites but not collectives i.e. intransitivity of membership via axioms (a10-a11).

In FORT, we regard membership as a primitive relation distinct from parthood inline with
that in [Simons1987]. More precisely, we follow Simons’s approach in attaching a notion of unity
to the range of the membership relation i.e. the aggregate, and adopt the two preceding aspects
as follows. First, we formalize membership, notating "is member of", using the binary predicate
memberOf as irreflexive (Ma1) and asymmetric (Ma2).

(∀x)¬memberO f (x,x) (Ma1)

(∀x,y)memberO f (x,y)→¬memberO f (y,x) (Ma2)

Second, we proceed with characterizing the range by implanting a number of axioms. We
employ axioms from BFO’s axiomatization of an aggregate entity [Smith2002] ; an aggregate has
more than one member at least one time (Ma3) ; all proper parts of an aggregate overlap some
member (Ma4) ; and all members of an aggregate are disjoint proper parts (Ma5). Then we add the
axioms (Ma6) stating that an aggregate is the exact sum of its members.

(∀x,y)memberO f (y,x)→∃t,m1,m2(m1 6= m2∧E(x, t)∧memberO f (m1,x)

∧memberO f (m2,x)) (Ma3)

(∀x, p,y)memberO f (y,x)∧PP(p,x)→∃o(memberO f (o,x)∧O(o, p)) (Ma4)

(∀x,y)memberO f (x,y)→ (PP(x,y)∧∀m(memberO f (m,y)→ x = m∨¬O(m,x))) (Ma5)

(∀x,y)memberO f (y,x)→ (∀w(O(w,x)↔∃m(memberO f (m,x)∧O(w,m)))) (Ma6)

Third, we advance with characterizing the members of an aggregate by sharing a characteristic
property : a unity according to a unifying relation. The dispute resides on the ground axioms of the
unifying relation ; more precisely transitive in [Guarino2000b] and intransitive in [Gangemi2001].
In our theory, we endorse Gangemi’s intransitivity and proceed with its formalization. Let ℜR de-
note a finite set of binary predicates that are unifying relations representing characteristic relations
of entities, such that ∀Ri ∈ℜR, Ri is conditionally reflexive (Ra1) and symmetric (Ra2). Then we
define the unification, denoted URi

(z) as ; an entity z is unified under Ri iff z is the sum of entities
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in the domain of Ri, and all entities that possess Ri and are parts of z are linked by Ri (Rd1).

(∀x,y)Ri(x,y)→ Ri(x,x)∧Ri(y,y) (Ra1)

(∀x,y)Ri(x,y)→ Ri(y,x) (Ra2)

(∀z)URi
(z) =d f ∀r(Ri(r,r)→ P(r,z))∧∀m(O(m,z)↔∃r(Ri(r,r)∧O(m,r)))∧∀a,b(Ri(a,a)

∧Ri(b,b)∧P(a,z)∧P(b,z)→ Ri(a,b)) (Rd1)

Some interpretation must be given about the choice of predicates in Rd1. The first statement,
z is the sum of entities in the domain of Ri, indicates that each entity that is satisfied by R is a part
of z. However, alone, it is not sufficient to assert that z is exactly the sum of the entities satisfying
Ri and not more. For example ; consider p1, p2, and p3 as the entities satisfying R (i.e. R(p1, p1),
R(p2, p2), and R(p3, p3)), and consider z as the entity built by p1, p2, p3, and some other entity
g. In this case, z satisfies the first statement, knowing that it does hold as the intended meaning.

Thus, a second statement is needed to strengthen the declaration of the sum of R’s entities ;
for every entity m that is overlapping z ; there must exist an r entity belonging to the domain of R,
such that m overlaps r.

The third statement, for each pair of entities that are parts of z "and satisfying Ri", the entities
must be linked with Ri too. The predicate "and satisfying Ri" is to ensure that parts of parts of z

(that do not satisfy R) are not (necessarily) linked by Ri. For instance, the hand of a person of jury
(who is part of a jury) should not be linked with the role of being a jury member, so that the jury
is unified by the relation : being a jury member.

After defining URi
(z), we further axiomatize the range of memberO f as a unified entity (Ma7) ;

each aggregate has a unified relation Ri under which it is unified at all the times that it exists.

(∀x,y)memberO f (y,x)→∃i(URi
(x)∧ (∀t(E(x, t)→URi

(x))) (Ma7)

In contrast to [Masolo2020] in characterizing collectives, we consider that the characteristic pro-
perty unifying the whole of a membership relation (or as it is formalized being the plurality consti-
tuting the collective), holds at all times of the existence of the collective, and applies on any plura-
lity that constitutes. In other words, even if this sum (plurality) changes with time e.g. a member
ceases, then the whole of the membership relation (collective) still maintains its unification under
Ri. While in their approach, they consider that for the plurality to be x to be characterized by a
property F at t notated Ftx, it has to be wholly present at t, notated εw

t x. Our interpretation for our
disagreement is that we consider the aggregate as unified by Ri at all the times that it exists even if
some members change or decreased in number. This only meas that these members do not satisfy
Ri anymore, while the aggregate is still unified by Ri.

Fourth, we use what preceded to infer the conditions under which two aggregates are conside-
red identical in (Mt1) if they are unified by the same unification relation.

(∀x,y,w,z)memberO f (x,y)∧memberO f (w,z)∧∃i(URi
(y)∧URi

(z))→ y = z (Mt1)

5.3.5 Constitution

In the ontological literature on constitution, its formalization varies according upon two phi-
losophical views of the world. A multiplicative-based view approach allows for different entities
to be co-localized in the same space-time. Different entities signify incompatible essential pro-
perties, such as persistence properties, yet related. Whereas, a reductionist-based view approach
presupposes that each space-time location contains at most one entity, and the incompatible essen-
tial properties are only unintended different interpretations of different perspectives that one can
assume about spatio-temporal entities. Thus, a main difference between the two views regards the
mode of existence of entities populating the world at a metaphysical level [Guarino2017]. Also,
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foundational ontologies adopt different philosophical views which develop highly in some foun-
dational relations such as constitution. We demonstrate the difference through a popular example ;
the vase and the clay which constitutes it.

For instance, DOLCE [Masolo2003] is a descriptive ontology (multiplicative view) adopting
a cognitive based representation of the world underlying natural language and human common-
sense. With constitution, DOLCE recognizes a vase, as constituted by an amount of clay, and
clay, as an amount of matter. A vase and amount of clay are taken as two different types that are
co-localized in the same space-time location. DOLCE supports the claim of constitution is not
identity based on three arguments following [Thomson1998] and [Baker2000]. Firstly, the two
entities have different histories ; clay can be present before the vase. Secondly, the two entities
have different persistence conditions ; the clay can persists upon a change of change while the
vase ceases to exist ; and the vase can undergo a replacement of a certain amount of clay by ano-
ther amount, while a piece of clay cannot i.e if replaced, the piece of clay is not the same piece
anymore. Thirdly, the two entities differ in their essential metaphysical relational properties i.e.
the clay can exist without any artificial intervention while a vase needs an intended intervention to
exist.

While BFO [Smith2002] is a realist ontology (reductionist view) capturing the world as (mul-
tiple) particular perspectives of reality i.e. a possibly multiple instantiations of the same particular
individual. In contrast to DOLCE, BFO regards the entities participating in a constitution relation,
e.g. the vase and the clay, as the same spatio-temporal individual that instantiates different univer-
sals at the same spacetime location.

Thus, a main difference between the two views regards the mode of existence of entities po-
pulating the world at a metaphysical level [Guarino2017]. The incompatible essential properties
referred to in the multiplicative approach are only unintended different interpretations of different
perspectives that one can assume about spatio-temporal entities, which, in the reductionist ap-
proach are perceived as identical.

In FORT, we adhere to the multiplicative view to formalize constitution. First, we build the
primitive constitution relation using the binary predicate constitutes as a strict partial order relation
(COa1-COa3), and link it to existence (COa4) and parthood (COa5) relations.

(∀x)¬constitutes(x,x) (COa1)

(∀x,y)constitutes(x,y)→¬constitutes(y,x) (COa2)

(∀x,y,z)constitutes(x,y)∧ constitutes(y,z)→ constitutes(x,z) (COa3)

(∀x,y)constitutes(x,y)→∃t(E(x, t)∧E(y, t)) (COa4)

(∀x,y,z)constitutes(x,y)∧P(z,y)→∃x′(P(x′,x)∧ constitutes(x′,z)) (COa5)

Second, on the link with the dependence relations, following DOLCE’s specific and generic
constant constitution. We define two relations ; specific constitutional dependence SCD (COd1)
and generic constitutional dependence GCD (COd2). Using the definitions and axioms of depen-
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dence in 5.3.1, theorems (COt1-COt4) are implied.

(∀x,y)SCD(x,y) =d f ∃tE(x, t)∧∀t(E(x, t)→ constitutes(y,x)) (COd1)

(∀φ ,ψ)GCD(φ ,ψ) =d f ¬∃z(φ(x)∧ψ(z))∧∀x(φ(x)→∃tE(x, t))∧∀x, t(φ(x)∧

E(x, t)→∃y(ψ(y)∧ constitutes(y,x)) (COd2)

(∀x,y)SCD(x,y)→ SED(x,y) (COt1)

(∀φ ,ψ)GCD(φ ,ψ)→ GED(φ ,ψ) (COt2)

(∀x,y,z)SCD(x,y)∧SCD(y,z)→ SCD(x,z) (COt3)

(∀φ ,ψ,ϕ)GCD(φ ,ψ)∧GCD(ψ,ϕ)∧¬∃z(φ(z)∧ϕ(z))→ GCD(φ ,ϕ) (COt4)

Third, we adjoin constitution with a dependence between the relata types. The dependence
that we seek for is not specific i.e. the existence of vase (v1) does not depend specifically and
constantly on that of the instance of clay (c1). This is to say that (c1) can be replaced with another
piece (c2) without violating the persistence of v1, hence no specific existential dependence of v1
on c1 ensues. Nevertheless, any other instance v# of the same type "vase", could not have been
artificially created without the presence of some clay, any instance c# of the type clay. Hence the
dependence regarded in constitution is general constitutional dependence (GCD) between classes.
To represent GCD, they types shall be disjoint to ensure that the causal existential connection bet-
ween instances of the classes comes to an end. While DOLCE asserts generic constant constitution
between categories (e.g. GK(NAPO,M) a generic constant dependence between a non-agential
physical object and amount of matter), we permit the relation itself to apply GCD between the
relata of the relation without the obligation of instantiating the types to categories that ensure
constitutional dependence. This is done via the axiom (COa6) asserting GCD between the relata
types and ensuring their disjointedness.

(∀x,y,φ ,ψ)constitutes(x,y)∧φ(x)∧ψ(y)→ GCD(ψ,φ) (COa6)

Fourth, we link constitution to parthood. Since the matter of the constitution relation is taken
to be mereologically invariant [Masolo2003], i.e. it changes identity when some parts change, then
parts of matter are considered to be essential ones (COa7).

(∀x,y)constitutes(x,y)→∀z(P(z,x)→ ElementO f (z,x)) (COa7)

5.4 FORT at a macrolevel

Building upon what preceded, the subsequent section introduces the FORT macro-theory,
which encompasses the presented group of micro-theories pertaining to various relations. The
primary objective is to construct an ontology comprising the selected foundational relations. This
entails showcasing the FOL formalizations of each relation alongside their corresponding phi-
losophical and applied ontological interpretations, thereby allowing for potential exploration in
different directions.

At a macrolevel, FORT is a modular ontology offering a group of intralinked and interlin-
ked relation micro-theories, also called ontology modules. Figure 5.2 shows FORT’s relations,
imported relations, and their interlinks as definitions (plain lines) and as axioms (dotted lines) par-
ticipating in the formalization of one another. In the following, we clarify these characteristics of
FORT with highlighting some modeling decisions made.
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language.

Lastly, it is possible for one to argue that FORT can be perceived as merely a repository
of relations compiled together in a grab-bag ontology. While it is true that FORT incorporates
existing theories, such as mereology, mereotopology, and location, and utilizes certain modeling
choices from foundational ontologies, FORT goes beyond a mere aggregation.

In FORT, we (1) position FORT within the established body of literature on foundational
relations, where the analysis and valorization of extant work have been conducted ; (2) analyze the
requirements within the context of our motivation where the selection, re-use, and re-formalization
of foundational relations have been rendered ; and (3) provide what preceded within a modular,
meta, and entity-type free theory, which underscores the significance of FORT. We firmly believe
that this approach distinguishes FORT as a theory rather than a mere repository.

In the work by Gruninger et al. [Grüninger2014], an upper ontology is perceived from a "si-
deways" perspective as a reducible ontology comprising a collection of generic ontologies, with
each generic ontology automating a specific set of generic concepts and relations. This "sideways"
view enhances the analysis and design of upper ontologies, simplifies ontology verification by un-
derstanding its scope as reduced to its generic modules, and facilitates constructing an ontology
by combining multiple generic ontology modules.

Although FORT is not claimed as a foundational ontology, as discussed in Chapter 4, it is
considered a meta-ontology in the sense of conceptualizing top-level abstractions of relations.
Consequently, FORT aligns with the perspective presented by Gruninger et al. [Grüninger2014],
as it focuses on acquiring foundational relations as the primary scope of each generic ontology
module (the micro-theories) within a meta-ontology.

5.5 Conclusion

In this Chapter, we have contributed to the applied ontological field by proposing and buil-
ding a modular foundational ontological relations theory (FORT), as the FORT reference ontology
[methodology-step-1]. The theory is formalized using an expressive knowledge representation and
reasoning language ; a First-order logic (FOL) formalization.

FORT consists of a minimal set of foundational ontological relations, structural and spatial,
that are indispensable for the representation-of and reasoning-over the composition of tangible
entities, in general, and a cultural heritage tangible entity in particular. For the composition of
tangible entities, several representations are required (as specified in [A] and [B] in Chapter 4) to
model the links between ; an entity as a whole and its different inseparable parts (i.e. parthood and
dependence) ; an entity as collective whole and the entities that it groups under certain semantics
(i.e. membership) ; an entity and its constituents (i.e. constitution) ; an entity and the spatial re-
gion that locates it (i.e. location) ; and the spatial constraints among entities (i.e. entity-location).
Hence, we are concerned with parthood (and connection), location, membership, and constitution
relations, with the formal properties that characterize them. This yielded in a minimal set of gene-
ric relations to express the composition of a tangible entity across any domain.

Thus, the FORT reference ontology provides a language of exclusive relations and rule constraints
[micro-objective-1] serving as a tool to aid modelers who aim to use foundational relations in prac-
tice.
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A major limitation of the work is that, up to now, the context is assumed in an atemporal fra-
mework, i.e. it captures reality as it exists at a single moment of time. Thus, we do not consider
(yet) the behavior of these relations at different times. Though, we use the time predicate to axio-
matize some notions that need the intrusion of time to be defined. However, we do not study the
evolution of (the relata of these) relations with time neither their conservation of identity while
undergoing changes, which is widely discussed subject [Thomson1983].

Nevertheless, the forte contribution points of FORT are twofold. First, FORT is modular

and addresses exclusively relations, yet it normalizes constraints on the relata of the relation.
This makes the theory straightforward to integrate within extant theories, without obliging the
compliance to a hierarchy of entity types. In addition, it is a meta-ontoloy specifying a meta-
conceptualization for top-level abstractions, using generic primitives of a meta-modeling lan-
guage. Thus, FORT covers the basic characteristics specified as [Requirements] for the intended
ontology.

Second, FORT offers a minimal set, yet inclusive, of foundational relations that is ample for
representing the internal structure, spatial conditions, and interrelations between entities via the
selected set of relations. The importing of concrete extant relation theories such as mereology and
location derives in FORT being adequate at ontological level with the existing philosophical and
formal literature. The selection and reformulation of other relation theories such as membership,
constitution, entity-location, componenthood, and elementhood serves the goal of a minimal, yet
comprehensive, set of foundational ontological relations.

In conclusion, having presented the FOL theory as an ontology in this chapter, our future
direction will remain ontology-oriented. There are various potential paths to explore further with
the FOL theory ; however, based on the explanations provided in Chapter 4, we will proceed as
follows.

In the upcoming Chapter 6, our focus for comparing FORT with other literature works that
offer foundational relations will be limited to those within the scope of ontologies, excluding
other philosophical theories. This deliberate choice narrows down the scope of works that will be
included in the subsequent chapter, ensuring a more focused and relevant comparison. We will
demonstrate our second contribution, addressing the second step of the proposed methodology
[methodology-step-2] to cover the second micro-objective [micro-objective-2].
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6.1. Introduction

6.1 Introduction

In the previous Chapter 5, we contributed to the applied ontological domain with a reference
ontology of selected foundational relations. The ontology has been presented as a modular macro-
theory characterizing and formalizing five, intralinked and interlinked, relation micro-theories.

In this Chapter, we present our second contribution of demonstrating the novelty and consis-
tency of our proposed relations language [micro-objective-2]. This is by analyzing FORT in view
of extant ontology relation theories (i.e. a comparison with other theories at same level merely),
and providing an additional serialization of FORT to perform consistency checks, i.e. validating

the FORT reference ontology at the empirical aspect according to [methodology-step-2].

We first present in Section 6.2 the study of foundational relations in foundational ontologies as
meta-ontologies at the same level as FORT, and emphasize the primary challenges associated with
their use in the sake of foundational relations. Second, we analyze in Section 6.3 FORT in view of
these ontologies to demonstrate its novelty. For this, we expound in Section 6.3.1 the arguments
for building FORT, and analyze in Section 6.3.2 FORT in view of some foundational ontologies.
Third, we proceed in Section 6.4 to associate FORT with a CLIF-serialization as a Common Logic
ontology that validates the existence of models for FORT using consistency checks. Lastly, we
conclude in Section 6.5.

6.2 Context : foundational relations in foundational ontologies

As demonstrated in Chapter 5, Section 5.3, FORT incorporates certain theories and adopts
the perspectives of other meta-ontologies (some foundational ontologies) in making modeling de-
cisions for its formalization. Furthermore, in Section 5.2, we have illustrated in Figure 5.1 the
placement of FORT within the context of the existing literature on foundational relations. This
positioning highlighted that FORT leverages established theories from philosophical/applied on-
tology at a micro-level, while functioning as a meta-ontology alongside other meta ontologies,
such as foundational ontologies and other top-level ontologies. According to Figure 1.7, which we
depicted the ontology abstraction levels, we situate FORT at the meta-level as a meta-ontology.

In order to conduct a comparison between FORT and other relevant literary works to demons-
trate its novelty, it is necessary to consider theories operating at the same meta-level. This entails
comparing FORT with other meta-ontologies that provide foundational relations, which primarily
includes foundational ontologies and top-level ontologies of relations. As a preliminary introduc-
tion to the upcoming analysis section 6.3, we provide in this section an overview of foundational
ontologies from the perspective of "meta-ontologies that offer foundational relations", followed
by posing some questions that we aim to answer throughout this chapter.

Foundational ontologies

Foundational ontologies (FOs), aka upper/top-level ontologies, are comprehensive ontological
theories comprising both foundational concepts and relations. As referred to in [Guizzardi2006a]
following [Guizzardi2007], FOs are "meta-ontologies constructed using the theories developed
formal ontology in philosophy" including the study of in areas such as descriptive metaphy-
sics, philosophical logics, cognitive sciences, and linguistics. As mentioned in the Preliminaries
section, these include DOLCE (A Descriptive Ontology for Linguistic and Cognitive Enginee-
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ring) [Masolo2003,Borgo2022a], BFO (the Basic Formal Ontology) [Smith2002], UFO (the Uni-
fied Foundational Ontology) [Guizzardi2015, Guizzardi2022], GFO (the General Formal Onto-
logy) [Herre2010], GUM (the Generalized Upper Model) [Bateman2010, Bateman1995], SUMO
(the Suggested Upper Merged Ontology) [Niles2001], and YAMATO (the Yet Another More Ad-
vanced Top-level Ontology) [Mizoguchi2022] (as the next version of YATO [Mizoguchi2009].

The development of FOs, which deal with broad concepts applicable to diverse subject areas,
has presented similar challenges to most applied ontologists. That is finding themselves addres-
sing the same issues precisely as philosophers. The fields of Artificial Intelligence, Knowledge
Representation, and Knowledge Engineering within Computer Science have significantly contri-
buted to the advancement of applied ontologies. The exploration of foundational issues has been
especially vital in the creation of top-level ontologies, which encompass fundamental aspects such
as time [Allen1984] and space [Randell1992]. As presented in the Preliminary Remarks section,
the research within the applied ontology domain often requires interdisciplinary e.g. philosophy,
linguistics, cognitive science, and computational science. 1

Most FOs are pretty similar in their fundamental representation aspects [Keet2022] while pos-
sibly differing at a philosophical level in their viewpoint to reality and its concrete representation
in the ontology under certain modeling and design choices. These are called ontological com-
mitments [Guarino1998a] and encompass philosophical views such as : eternalism, endurantism,
actualism, multiplicative, realist, universals, individials, etc. Different FOs adopt different ontolo-
gical commitments yielding in varying categories and relations hierarchies in the representation of
real world entities. 2

Moreover, FOs are regarded by ontologists from two distinct perspectives : as indispensable
elements for ontology development and/or as impractical and burdensome complexities [Keet2011].
From the former viewpoint, FOs play a crucial role in advancing the development of specific on-
tologies, including core, domain-specific, and application-oriented ontologies. By adhering to a
FO and its ontological commitments, the methodologies employed for ontology modeling and
development are enhanced. These commitments ensure that models can be verified against an on-
tological analysis of a subject domain, thereby avoiding the need to reinvent basic categories and
relations. Additionally, using FOs for constructing ontological models improves their quality and
facilitates semantic interoperability across diverse models. This is particularly useful since FOs
serve as meta-ontologies at a meta-level of abstraction, allowing thus the integration of different
ontologies based on a common FO within interdisciplinary and multidisciplinary fields.
Conversely, the latter perspective considers FOs as highly abstract, expressive, and excessively
comprehensive for relatively simple subject domain ontologies. Furthermore, due to their expres-
siveness, challenges arise when representing certain attributes, such as attributes and qualia, within
the decidable fragments of these specifications, such as OWL implementations.

It is important to note that both of the aforementioned views can be valid in different contexts,
depending on various factors. These factors include the element of time, which encompasses two
aspects : (a) the time taken to comprehend, to some extent, the different existing FOs and their

1. Please refer to [Borgo2022b] for an overview on the historical perspectives on FOs, as well as the basic philoso-
phical issues addressed by them.

2. Please, refer to [Guarino1998a] and the work in [Guizzardi2007] for the interpretation of the notion of ontological
commitment, and it formalization in view of a conceptualization and a modeling language. In our manuscript, we refrain
from extensively discussing the different ontological commitments of different FOs since it is not within our scope.
However, we do acknowledge these differences and leverage them in Section 6.3 for conducting an analysis of FORT
in view of the relations based content of FOs.
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respective ontological commitments, which shall lead to the selection of a specific FO, and (b) the
time required to become acquainted with the hierarchy of concepts and relations within the chosen
FO. Additionally, other important factors appear, such as (c) the level of experience and knowledge
of the ontologist or modeler undertaking the task, which significantly impacts the aforementioned
time-related factors, and (d) the relevance of the mapping between the subject of the domain
ontology and the abstraction provided by the FO. Considering these factors is crucial as they
influence the suitability and practicality of employing a foundational ontology in a given context.

Both preceding views can be relevantly occasionally valid depending on different factors.
These include the time-factor regarding (a) making a choice of employing a specific foundatio-
nal ontology after spending some time on the comprehension -to some extent- of the different
extant foundational ontologies and their different ontological commitments, and (b) getting fami-
liar with the concepts and relations hierarchy of the chosen foundational ontology. In addition to
other factors such as (c) the level of experience and degree of knowledge of the ontologist/mo-
deler making the task which highly affects both preceding time-factors, and (d) the relevance of
mapping between the subject of the domain ontology and the abstraction of the FO. 1

It is noteworthy that certain tools have been developed to aid ontology developers in the se-
lection process of the appropriate FO to employ. Examples of such tools include the ONSET FO
selection tool [Khan2012], the BFO classifier [Emeruem2022], and comparative studies like the
one conducted by Partridge et al. [Partridge2020].

However, it is important to emphasize that even with the existence of these tools, a minimum
level of knowledge on FOs is still required. This includes understanding their ontological com-
mitments and the philosophical distinctions between them. These tools serve as valuable aids, but
they do not negate the need for a solid understanding of FOs by ontology developers.

On the use foundational ontologies for foundational relations

Furthermore, since FOs encompass comprehensive theories that encompass both relations and
concepts, each FO provides and formalizes a distinct set of foundational relations such as parthood
and constitution. While certain relations are commonly addressed across FOs, the specific set of
relations varies based on the ontological commitments established by each FO. Aside from FORT,
it has become widely prevalent to incorporate foundational relations in practical modeling tasks
by using a FO that offers a selection of such relations. Consequently, adopting a FO necessitates
adherence to the entire ontology as a complete package, which encompasses its metaphysical
perspectives, as well as its hierarchical structure of classes and relationships. Therefore, it becomes
feasible to pose inquiries such as the following, to which we intend to provide answers in this
chapter.

(a) Why employing/not employing a FO for the use of its set foundational relations ?
(b) If the relations offered in an FO are not sufficient, why not extending a FO with the addi-
tional relations depending on the intended application ?
(c) how is FORT novel in view of its imported theories and other meta-ontologies?
(d) What about the consistency and automatic theorem proofs in FORT as a theory of relations ?

1. On this subject, preliminary empirical experiments considering very basic factors on the effectiveness of the
use/no-use of a FO in domain ontology development [Keet2011], and in conceptual data model development for data-
base and software application design [Verdonck2019] have been performed. In [Keet2011], these concluded in better
quality ontologies using FOs in comparison to not using any FO.
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derived from domain ontologies within the OBO Foundry. For example, the "expressed-In" rela-
tion is axiomatized based on the "gene" class as its domain, which is a class from the Sequence
types and features domain Ontology (SO) within the OBO Foundry. The range of this relation is
specified as the "material anatomical entity" class, which is a class from the Common Anatomy
Reference Ontology (CARO) within the OBO Foundry.

Additionally, this triplet of subject-relation-object types is axiomatized (partially) in terms of
a subject-relation-object from BFO. In other words, BFO further axiomatizes these relations. This
topic is deeply investigated in a conference talk at the Ontology Forum 1 showcasing the structure
of the OBO foundry in general, and that of the COB in particular.

TUpper : is another well-known modular ontology of relations [Grüninger2022]. It is a top le-
vel ontology with standards being the fourth part of ISO 21838 (Top Level Ontologies) 2. TUpper
offers an alternative approach to the conventional upper ontology paradigms considering an upper
ontology to be a modular one composed of generic ontologies, designed based on the "sideways"
view of [Grüninger2014] (as explained in Chapter 5 Section 5.4). This is by covering a collection
of generic ontology modules incorporating classes relating to time, process, and space, rather than
a single taxonomy-centered axiomatization. TUpper is therefore composed of a multiple generic
ontologies, called ontology modules [Grüninger2022]. Each of these ontologies adheres to the
ontological analysis of an existing standards and adopts it within its formalization. These stan-
dards include : ISO 18629 (Process Specification Language), ISO 19150 (Geographic Information
Ontology), ISO 80000 (Quantities and Units), and the OWL-Time ontology.

As such, similar to the case of the RO, TUpper uses the classes formalized in these standards
to designate categories and further characterize the relations in its ontology modules. For example,
the classes point and geometry are used for formalizing relations such as in and equal. The CLIF
formalization, as well as the OWL axiomatization, of TUpper are available onine as part of the
COLORE repository 3.

COLORE, also known as the "Common Logic Repository," is an open repository for first-
order ontologies. It has been in existence prior to the development of TUpper, and it serves as an
alternative repository alongside TUpper for storing and accessing first-order ontologies. It started
in the context of the COLORE project, to develop all the techniques and metatheoretic relation-
ships between theories as discussed in [Grüninger2012].
COLORE serves as a testing ground for evaluating and integrating ontologies, as well as sup-
porting their design, evaluation, and application using FOL. All ontologies within COLORE are
specified using Common Logic (ISO 24707), a recently standardized logical language specifically
designed for expressing first-order ontologies and knowledge bases.
The fundamental organizational principle in COLORE revolves around the concept of a hierarchy,
which consists of a collection of ontologies sharing the same signature. 4 In other words, onto-
logies are treated as logical theories within this framework. They are used for the verification of
upper ontologies, as well as the application of the generic ontologies within COLORE for the
specification of mappings between upper ontologies and the design of new upper ontologies [Grü-
ninger2009].

1. ❤tt♣s✿✴✴♦♥t♦❧♦❣❢♦r✉♠✳♦r❣✴✐♥❞❡①✳♣❤♣✴❈♦♥❢❡r❡♥❝❡❈❛❧❧❴✷✵✷✸❴✵✶❴✷✺.
2. ❤tt♣s✿✴✴✇✇✇✳✐s♦✳♦r❣✴st❛♥❞❛r❞✴✼✽✾✷✽✳❤t♠❧.
3. ❤tt♣s✿✴✴❣✐t❤✉❜✳❝♦♠✴❣r✉♥✐♥❣❡r✴❝♦❧♦r❡✴tr❡❡✴♠❛st❡r✴♦♥t♦❧♦❣✐❡s✴t✉♣♣❡r

4. Examples of these ontologies including mathematical ontologies e.g. the arithmetic and algebra ontologies, FOs
like some of DOLCE’s modules e.g. constitution and participation, and other generic ontology modules that axiomatize
generic domains such as time, process, space, and shape.
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Thus, both the RO and TUpper serve as comprehensive repositories for ontological relations, ai-
ming to standardize the representation of relations within specific domains (RO for biology and
TUpper for a broad range of conceptualizations including time and space). However, neither
of these ontologies can be considered exclusive theories of relations, which is a requirement of
our specified set of [Requirements]. Moreover, to the best of our knowledge, there are no other
existing meta-ontologies of foundational ontological relations apart from TUpper and the RO.
Based on our analysis, it can be concluded that there is currently no meta-ontology available
that fully satisfies our specified set of requirements for foundational ontological relations.

≫Argument 2 : "No theory incorporates inclusively the specified set of relations"

This argument addresses FOs as meta-ontologies providing foundational relations. It draws atten-
tion to a significant issue that has not (yet) been addressed in existing FOs : none of the current
FOs encompass the complete set of intended foundational relations. In the following discussion,
we elaborate on this claim by examining popular FOs such as BFO, DOLCE, and UFO. For each
ontology, we emphasize the foundational relations that it does not address, but are of particular
interest to us, as identified in [B], and addressed in FORT.

BFO does not (and cannot) express constitution due to its reductionist view. BFO is a realist
ontology capturing the world as (multiple) particular perspectives of reality i.e. possibly multiple
instantiations of the same particular individual. For constitution, BFO regards the entities partici-
pating in a constitution relation, e.g. the vase and the clay, as the same spatio-temporal individual
that instantiates different universals at the same space-time location i.e. an identity relation ins-
tead. Such an argument is added to BFO’s formalization using an axiom that prevents two material
entities from occupying the same spatial region unless they coincide i.e. the relations collapse to
an identity. Now if constitution is to be represented in BFO, then it will be a relationship taking
place between an individual and itself as an instance of two different universals i.e. individual
ID1 as an instance of a statue and the same ID1 as an instance of clay. This thus requires the
fact that individual ID1 be instantiating two classes at the same time instance t. Let’s say BFO
succeeds in representing such restrictions on a constituted relation. What about the specificity vs
generality of this constitution ? In other words, is it a constitution that is applied specifically to
these to individuals ? Or is it a constitution that takes place between any instance of the category
of the constituent entity (any instance of clay) and any of the constituted entity (any instance of
statue) ? In the latter case, the representation of constitutional dependence (generic) between the
constituent and the constituted entity, which is an important axiom in the characterization of the
constitution relation, will still be unachievable. This is because constitutional dependence requires
the two class types to be disjoint to ensure that the causal existential connection between instances
of the classes comes to an end. Thus, constitution remains to be problematic for BFO.

DOLCE [Masolo2003], on the other hand, does not explicitly define a locative relation nor
does it adopt a specific location theory such as that of Varzi. Instead it offers locative representa-
tions via qualities and quales as will be explained in section 6.3.2. In view of such a comprehensive
treatment of relations, membership is not (yet) covered within DOLCE’s specification. Although
in the earlier analysis of building DOLCE, in [Gangemi2001] which presented a preliminary work
for DOLCE as a systematic methodology for selecting and defining some general ontological
categories and relations, the authors have already considered the treatment of the membership re-
lation. The analysis has been induced in terms of parthood in the spirit of the analysis presented
in [Guarino2000b], with an interpreting a unifying relation that binds all members of a whole
(collective/aggregate) together and a maximality constraint on the members with respect to his
relation. However, no consideration of membership has (yet) been shown in DOLCE.
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Similar to DOLCE, with some differences in their treatment of regions, UFO does not integrate
a theory of location relations. Instead it presents an entity-type based approach of attributes and
attribute value spaces following [Guizzardi2006b]. Such an approach can cover the locative repre-
sentation between regions, and between entities (i.e. material ones) and regions. However, what
about representing locative relations between entities that are not spatial regions? For example,
consider two entities that occupy a shared spatial region. On the one side, these entities are not
parts and do not share any parts i.e. mereology is insufficient. On the other side, these entities are
not exactly located in the same spatial region i.e. the "being exactly located at" primitive of the
Varzi’ location theory is also insufficient. There is a need for a module other than mereology or
basic region locations, such as containment [Bittner2004a] and inclusion theories [Donnelly2006],
for clarifying and determining the spatial information embodied between entities in ontologies and
enhancing their automatic reasoning.

Consequently, each of the examined FOs possesses a distinct and formalized set of relations.
While certain relations may be commonly addressed across FOs, the specific set of relations
varies based on the ontological commitments made by each ontology. Thus, considering the
minimal set of relations necessary for our representation, none of the existing FOs inclusi-
vely incorporates the specified set of foundational relations. Additionally, this observation un-
derscores that the relations in which we are interested have been sparsely and exhaustively
addressed in the literature. This highlights the significance of each relation as an ontological
foundational relation and emphasizes the need to include each relation in a fundamental set of
relations, as discussed in Section 4.3.1.

≫ At this point, one might raise the question of "why not simply extend an extant FO with the
missing relation(s) from our targeted set of relations ?" Indeed, such a task might exceed the em-
pirical and theoretical flexibility of a theory to comprise a specific relation. Earlier in this thesis,
we tried to adopt an approach of extending a foundational ontology with a relations theory, taking
BFO as a case-study to extend with the constitution relation mainly and some other typologies
of parthood. For that, we have built a taxonomy of relations as part-whole typologies using BFO
categories. However, this approach resulted in violating theoretically the ontological commitments
made by BFO, and empirically, the user-intended representation and inferences where the consti-
tuent and the constituted entity are regarded as identical i.e. the same individual. It is possible now
to claim this is a particular case with only BFO being problematic. But what about other FOs?
Why does DOLCE not account for a membership theory? Why does UFO not consider a compre-
hensive theory of location ? The question here goes beyond "why not extend an extant FO" to "can
extant FOs accommodate for additional relations needed in practice". If yes, then why is there not
any consideration yet ?

≫Argument 3 : "The difficulties upon the adoption and employment of a FO"

In this argument, we delve into the challenges that modelers encounter when adopting a FO spe-

cifically for the use of foundational relations. It is important to note that this argument does not
seek to dispute the benefits of FOs in ontology development, as they have been shown to en-
hance semantic interoperability, guide ontology development, improve the quality of systems,
etc. [Borgo2008,Keet2011,Keet2018]. However, we are solely addressing the difficulties that mo-
delers face when employing a FO and the reasons why they may choose not to use a FO.
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The first difficulty is the responsibility that a FO choice incorporates towards understanding
the different ontological and philosophical assumptions made in each FO. With the numerous FOs
available today, the modeler having to choose a FO for practice has to understand : what does
each FO offer differently from one another ? what are the theoretical modeling decisions made
in each FO, i.e. the ontological commitments that correspond to the world view it acquires ? how
are these ontological commitments empirically translated into formalizations ? Performing such a
comparison between FOs is a difficult task since most differences occur at a high meta-physical 1

level which requires deep philosophical understanding. After having this comparison, the modeler
has to elect a FO for practice according to the needs of the application domain. This involves
answering the following : how can the modeling dilemmas present in the application domain be
represented in each FO? how are these representations different, and what are the conveniences
offered by each ? Only if the modeler can answer all these questions, which require massive work
and time efforts, then the proper justification of the choice of FO can be made. 2

The second difficulty is the entire commitment to the assumptions made in the chosen FO regar-
ding its world-view. Upon employing a FO, the modeler is committed to its view on the elements
of reality that is wholly interpreted in its formalization. This can be problematic for the modeler
when the modeling dilemma ought to be modeled, cannot be fully represented by the chosen FO
due to the fact that a specific assumption made by it, rejects this view in the dilemma. In case the
assumption in the FO is ignored, the representation will yield in contradicting semantics. And in
case all assumptions are complied to, then the representation of the dilemma is not fully achieved.
Knowing that the list of ontological commitments varies from one FO to another, one might want
to comply with one assumption from one FO e.g. BFO’s [Smith2002] reductionist view (rejects
for the co-existence of two entities in the same space-time location), and another assumption from
another FO (that the first, BFO, rejects) e.g. DOLCE’s [Masolo2003] parthood theory (general
extensional mereology GEM) to solve the modeling dilemma he has. This representation is not
plausible, and the modeler needs thus to presuppose the requirements of the modeling problem in
order to make the best choice of FO with the least missing representations.

The third difficulty is the obligation to adhere to the categories-hierarchy of the chosen FO.
This does not only oblige modelers to map the domain-specific types (aka kinds or categories) in
their models to the top-level categories in the chosen FO, but also to comply to the constraints
that each type acquires. For example, the category "Non-Agentive-Physical-Object" in DOLCE is
disjoint from the category "Amount-of-Matter", and requires that any instance of the former be
generically constantly constituted by an instance of the latter by the axioms characterizing both
categories. Thus, all categories that are mapped to any of the preceding two, will acquire additional
inherited axioms and semantics that the modeler shall comply with. Thus, several obstacles arrive
with FOs in general, and with the commitment to category hierarchies in particular.

Therefore, when considering the use of a FO solely for its foundational relations, one may raise
concerns regarding the difficulties encountered by modelers in employing these relations.

1. According to Merriam Webster, metaphysics is "a division of philosophy that is concerned with the fundamental

nature of reality and being and that includes ontology, cosmology, and often epistemology".
2. An initial step towards the establishment of library of FOs is the Repository of Ontology for MULtiple USes

(ROMULUS) [Khan2016], which specifically focuses on the OWL serializations of FOs [Khan2015]. Building upon
ROMULUS, a tool called ONSET [Khan2012] has been developed to assist modelers in selecting the most appropriate
FO. The selection process relies on the inputs provided by the developer, upon which the tool generates an automated
explanation to support the proposed FO. However, the developer’s inputs are responses to questions that are categorized
into five distinct categories, one of which is "ontological commitments". This category encompasses all the philosophi-
cal choices that the developer must make, including decisions regarding universals or particulars, descriptive or realist
approaches, multiplicative or reductionist perspectives, endurantism or perdurantism, and so on.

142



6.3. Methodology step 2.1 : an analysis

≫A synthesis of arguments

As a result, the construction of FORT serves the purpose of fulfilling the requirement for the
development of an ontology that is based on exclusive relations (argument 1). Furthermore,
it highlights the importance of having a theory that specifically focuses on pure foundational
relations, separate from large and complex foundational ontologies (argument 2). This aspect
can be particularly beneficial for modelers who intend to utilize foundational relations without
encountering the challenges associated with theories that only partially emphasize relations in
addition to taxonomic category axioms (argument 3).
Our proposal, presented in Chapter 5, addresses this issue by introducing a modular theory
that encompasses a minimal set of foundational ontological relations (FORT). This theory is
significant for the representation and reasoning of the composition of tangible entities.

6.3.2 FORT in view of extant theories

After presenting the arguments that have led to the development of FORT, aligned with the
objectives of our thesis and the specified requirements, it is essential to demonstrate the novelty
of this approach in relation to other meta-ontologies for comparison. In theory, we shall include
in this comparison : RO, TUpper, DOLCE, BFO, UFO, GFO, GUM, SUMO, and YAMATO.
However, based on the following considerations, we have sifted only three main ontologies for
comparison.

Regarding the RO, as discussed in Section 6.3.1, it forms an integral part of the highest in-
tegration level of the OBO Foundry, along with BFO and several core ontologies. Furthermore,
BFO and RO are commonly used together and are viewed as complementary ontologies. The BFO
repository on GitHub offers the second latest version of the ontology in the form of BFO-RO (and
OWL file). This ontology version presents a hierarchy of classes and relations offered by BFO,
along with additional complementary relations from the RO hierarchy. Importantly, the domains
and ranges of these RO relations align with the classes defined in BFO. Notably, the latter set of
relations specializes from the former [Arp2015]. Thus, RO is considered within BFO.

While TUpper [Grüninger2022] initially appeared to be a relevant candidate for this compari-
son, the generic ontology modules considered in TUpper are significantly similar to those found in
DOLCE. In fact, most of these modules’ axiomatizations correspond closely to those in DOLCE,
upon which evidenced could be inspected in the COLORE repository.

As for some other foundational ontologies (DOLCE, BFO, UFO, GFO, GUM, SUMO, and
YAMATO), as mentioned earlier in 6.2, most FOs are similar in their fundamental representation
aspects but can differ at a philosophical level regarding their ontological commitments 1.

For instance, GFO [Herre2010] serves as a foundational framework for ontology development,
upon which UFO is built. UFO expands the coverage of GFO by incorporating more specific
ontological categories such as events, roles, and goals. Furthermore, UFO provides a more formal
and logical foundation for the ontology while emphasizing the role of natural language in ontology
development and utilization. Consequently, if UFO is included in the comparison (which is the
case), GFO is implicitly considered as part of the comparison as the foundational framework for
UFO. 2

1. Please consult [Borgo2022b] for a comprehensive survey of existing FOs. This survey provides a concise intro-
duction to each FO, including its historical background, and presents fundamental distinctions among FOs based on
their ontological commitments, illustrated with relevant examples.

2. It is probably noteworthy and assuring that a mediation effort between GFO, BFO, and DOLCE has been conduc-
ted in [Khan2015] as to facilitate interchangeability, which illustrated the similarities among these three FOs. For an ad-
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In BFO, ontological dependence is introduced in the form of entity types that are dependent on
other entity types i.e. Speci f icallyDependentContinuants such as : qualities, functions, roles, and
dispositions, and GenericallyDependentContinuants. This dependence is carried out via relation
s✲❞❡♣❡♥❞s❴♦♥ which has as a domain a Speci f icallyDependentContinuant and as a range either
an InependentContinuant or Process in case of a one-sided s-dependence, or a DependentContinuant

in case of a reciprocal s-dependence.

This view however omits other continuant entities that are not qualities, dispositions, or roles,
but still can be dependent in their existence on other entities within a certain context. For instance,
it can be asserted that the presence of a brain is indispensable for the existence of a human body,
given that no human body has ever come to birth without a brain. Depicting this scenario neces-
sitates the consideration of both entities involved in the dependence relation as material entities.
Within the framework of BFO, the representation of such a case becomes somewhat ambiguous
and requires the inclusion of the brain’s functional state as a material entity and the designation of
the human body’s state as being alive, followed by the assertion of dependency between the two
states. It is convenient to have dependence as a relation between entities that are not explicitly de-
fined within a particular type, encompassing qualities, functions, or other specific categorizations.

In UFO, in addition to existential dependence ed(x,y) and independence ind(x,y), functio-
nal dependence is also studied in its generic g f d(Φ,Ψ) and individual i f d(x,Φ,y,Ψ) -defined in
terms of g f d(Φ,Ψ)- forms, according to the treatment of functional parts by Guizzardi in [Guiz-
zardi2009], as mentioned in Section 3.3.3 of Chapter 3.

The investigation of the relationship between functionality and dependence has been exten-
sively studied, with a substantial body of literature dedicated to this subject. Notably, Vieu and
Aurnague [Vieu2007] have examined functional concepts within certain typologies of the part-
whole relation, resulting in characterizing the formally specified functional dependence.
However, the endeavor to characterize and formally specify functional dependence is subject to
intense philosophical debate, particularly concerning the identification of functions. It should be
noted that an entity can encompass multiple functions simultaneously. For instance, a car can serve
various purposes such as movement, support (as a means of staying grounded), stopping, breaking,
and more. The functionality associated with an entity can be based on its design, as identified by
its creator, or even the most prevalent functionality at a given moment in time. Thus, determining
the functional dependency between entity x and another entity y poses a challenging task.
Moreover, even if we are able to identify all the potential functionalities that an entity can possess
at a specific point in time (e.g., entities capable of movement, entities that burn fuel, etc.), it re-
mains a complex undertaking to (1) instantiate individual entities using these categories and (2)
identify the dependencies that exist among these functionalities.

DOLCE introduces two types of dependence relations : specific between particulars SD(x,y)
or universals/properties SD(Φ,Ψ), and generic between universals/properties GD(Φ,Ψ). Using
these two types, other forms are also defined e.g. one-sided and mutual dependencies.

Similar to DOLCE’s account for dependence, FORT analysis two types of the relation, namely
existential dependence in two forms, specific SED(x,y) and generic GED(x,y), however both trea-
ted as single-directed axioms within a non-modal approach, rather than definitions as in DOLCE.
This is less similar to UFO’s approach, and completely dissimilar from that of BFO which does
not meet our interpretation as explained in section 6.3.1.
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Parthood

FORT adopts CEM, while DOLCE and UFO both adopt GEM, and BFO constructs its own
mereology using its "continuant-part-of" relation. FORT further accounts the combination of par-
thood with dependence to introduce the notion of inseparable parts (essential and mandatory) :
elements and components. This is plausible in DOLCE since the primitive relations (parthood and
specific/generic existential dependence) exist. In UFO, it is also feasible using the existential de-
pendence relation to introduce essential parts (aka elements in FORT) but not mandatory parts
(aka components in FORT). However, UFO does define dependent parts as components using the
componentO f (x,y) relation that is proper parthood PP(x,y) accompanied with a restriction on the
individual functional dependence of the whole on the part i f d(x,x′,y,y′).

As for the mereotopological aspect, none of the considered FOs imports a topological theory
to account for the connection relation, whereas FORT imports minimal (ground) mereotopology
i.e. the primitive connection relation with its corresponding topological predicates.

Location

— region-to-region locative relations : Without committing to a region entity type, FORT sug-
gests the use of the primitive parthood relation part− o f to express mereotopological re-
presentations between entity types that can be regions. This is similar to BFO’s utilization
of its own mereological relation continuantPartO f between spatial regions, and DOLCE’s
and UFO’s use of the primitive mereological relation PartO f .

— entity-to-region locative relations : In FORT, we import Varzi’s location theory [Casati1999],
which in turn links to the imported mereotopological theory. While BFO uses the occupies−
SpatialRegion relation to express the spatial region that an independent continuant entity is
acquiring, both DOLCE and UFO adopt different views for location representations via qua-
lities (in DOLCE) and attributes (in UFO). In DOLCE, in terms of quality types and quales,
location can be described as a scenario encompassing : (a) a quality type, which in the case
of expressing a location, is the spatial location of an entity e.g. SL1 as a instance of the class
SpatialLocation which is a subclass of PhysicalQuality, which is a subclass of Quality, (b)
a quale i.e. the spatial region which the entity is covering e.g. SR1 which is an instance of
the SpatialRegion which is a subclass of PhysicalRegion, which is a subclass of Region, and
(c) a relation Qlt that links both the quality type and it corresponding quale i.e. links SR1
to SL1, at a specific time. Whereas in UFO, a similar representation is done using attributes
and attribute value spaces.

— entity-to-entity locative relations : these are expressed in FORT using the entity location EL

primitive relation indicating "located at/on/in". BFO in turn uses a simple primitive relation
located− In between two independent continuants that are not spatial regions, while both
DOLCE and UFO do not account for such a representation.

Membership

FORT examines membership memberO f (x,y) as a primitive relation that is defined in terms of
ground axioms with the characterization of its whole entity. Although FORT does not account for
entity types, it requires restriction on the range of the membership relation to be unified URi

(y) ,
through its members, by a unification relation Ri(x,x) . The axiomatization provided in FORT
is similar to that in BFO except that BFO uses a class type AggregateEntity to characterize
the whole while FORT does not, and BFO does not oblige the binding of all members accor-
ding to a similarity constraint i.e. unifying relation. UFO also provides a membership primitive
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memberO f (x,y) that holds between an object and a collection following the preliminary analysis
in [Guizzardi2005] and [Guizzardi2015]. However, for DOLCE, membership is not (yet) conside-
red although the notion has been addressed in the preliminary studies for ontological distinctions
as mentioned in section 6.3.1.

Constitution

FORT treats constitution in a very similar manner to that in DOLCE and UFO. Using a consti-
tution primitive constitutes(x,y) ( K(x,y) in DOLCE, and constitutedBy(y,x) in UFO) along with
defining specific and generic constitutional dependencies SCD(x,y)/GCD(Ψ,Φ). However, in
contrary to DOLCE’s concept AmountO f Matter, FORT does not restrict types but applies additio-
nal axiomatization on the relata of the relation. For BFO, as discussed in section 6.3.1, constitution
is regarded to be identity.

6.4 Methodology step 2.2 : a CL-ontology [FORTCL]

In this section, we demonstrate the consistency of the proposed FORT reference ontology
by providing FORT within a logical rendering that allows running consistency checks. Indeed, for
each FO, this has been done using various serializations like Common Logic [ISO/IEC247072007]
(e.g. used for DOLCE, BFO, and TUpper), Alloy 1 [Jackson2012] (e.g. used for UFO), Pro-
ver9 2 [McCune2007] (e.g. used for BFO) or TPTP syntax 3 [Sutcliffe2017] (e.g. used for UFO)
serializations.

For FORT, we construct a Common Logic (CL) [ISO/IEC247072007] ontology that validates
the existence of models using consistency checks. CL is a logical language based on FOL, with
the purpose of standardizing syntax. It further extends FOL for that (1) any term can be used as
function or predicate, and (2) sequence markers allow for talking about sequences of individuals
directly, and in particular, provide a succinct way for axiomatising polyadic functions and predi-
cates [Mossakowski2014]. CL is used in ontological theories as a formal language tool to prove
the consistency of a theory by validating the existence of model(s) ▼ for a theory ❚. For example,
BFO 4 and some of DOLCE’s modules 5 are encoded in CLIF. In addition to FOs, "❈❖▲❖❘❊”, the

1. Alloy is an open-source language and analyzer designed for software modeling. It utilizes a simple structural
modeling tool based on first-order logic and aims to create micro-models that can be automatically checked for cor-
rectness. The Alloy Analyzer is used to verify Alloy specifications. Unlike many other specification languages, Alloy
allows the definition of infinite models, making it unique in its approach.

2. Prover9, a theorem prover developed by William McCune, is widely recognized for its capabilities in automa-
ting first-order and equational logic. Notably, Prover9 is distinguished for generating proofs that are relatively easy to
comprehend and for its robust hints strategy [Phillips2008]. Additionally, Prover9 is intentionally complemented by
Mace4, a companion tool that specializes in searching for finite models and counterexamples. The two tools can be
executed concurrently from a shared input [Berghammer2010], with Prover9 focusing on finding proofs and Mace4
striving to identify counterexamples. The implementation of Prover9, Mace4, and several other tools leverages the
LADR ("Library for Automated Deduction Research") library, which simplifies the development process.

3. The TPTP (Thousands of Problems for Theorem Provers) problem library is a widely recognized and standardi-
zed collection of test problems specifically designed for first-order automated theorem proving (ATP) systems. It serves
as a standard benchmark for evaluating the performance of different ATP systems and facilitates effective communica-
tion among researchers in the field [?]. The TPTP language itself offers a convenient means of expressing both problems
and solutions, making it a unique and valuable tool for ATP. The simplicity of its syntax further enhances its usability
and effectiveness as an ATP language.

4. ❤tt♣s✿✴✴❣✐t❤✉❜✳❝♦♠✴❇❋❖✲♦♥t♦❧♦❣②✴❇❋❖✲✷✵✷✵✴tr❡❡✴♠❛st❡r✴✷✶✽✸✽✲✷✴❝♦♠♠♦♥✲❧♦❣✐❝

5. ❤tt♣s✿✴✴❣✐t❤✉❜✳❝♦♠✴❣r✉♥✐♥❣❡r✴❝♦❧♦r❡✴tr❡❡✴♠❛st❡r✴♦♥t♦❧♦❣✐❡s
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open-access repository, is implemented as CL-ontology modules 1.
To write the CL ontology, we employ the CLIF serialization ("❈▲■❋”, the Common Logic In-

terchange Format) which is specifically designed to represent ontologies and logical theories in
a standardized and machine-readable manner. By selecting CLIF, we ensure compatibility with a
wide range of reasoning systems and tools that support CL, which can facilitate consistency checks
and automated theorem proving. CLIF provides a formal and unambiguous syntax, allowing for
clear and precise representation of your theory. Its expressive power enables the encoding of com-
plex relations and logical constructs, ensuring that the nuances of your ontology are accurately
captured. Furthermore, CLIF supports a range of logical fragments and features, such as quanti-
fication, modalities, and nonmonotonic reasoning, which may be crucial for representing certain
aspects of your theory.

6.4.1 A CLIF-serialization for FORT

Considering that FORT is a group of micro-theories, also called ontology modules, importing
and reusing some extant theories from the literature, firstly we import those that are already enco-
ded and available online at the "❈♦❧♦r❡” repository. These are : the CEM mereological theory 2,
the MT mereotopological theory along with the basic connection topological theory 3, Varzi’s Lo-
cation theory 4, and their corresponding definitions. Note that, we modified some files e.g. the
mereological definitions file to account for additional definitions e.g. overcross, undecross, etc,
the location root file to remove region axioms, etc. We show below in Listing 6.1 the CLIF seriali-
zation of the primitive existing relation, and that of the imported CEM theory from the COLORE
repository in Listing 6.2.

1 ✭❝❧ ✲t❡①t ❤tt♣s✿✴✴r❛✇✳❣✐t❤✉❜✉s❡r❝♦♥t❡♥t✳❝♦♠✴❉❛♥❛s❤❋❛t✐♠❛✴❋❖❘❚✴♠❛✐♥✴❋❖❘❚ ✲❈▲ ✲

♦♥t♦❧♦❣②✴❡①✐st✐♥❣✳❈▲■❋

2

3 ✭❝❧ ✲❝♦♠♠❡♥t ✬❡①✐st✐♥❣ r❡❧❛t✐♦♥ ✐s ❛s②♠♠❡tr✐❝ ✬✮

4 ✭❝❧ ✲❝♦♠♠❡♥t ✬■❞❡♥t✐❢✐❡r✿ ❋❖❘❚❴ ✬✮

5 ✭❢♦r❛❧❧ ✭① t✮

6 ✭✐❢ ✭❡①✐st✐♥❣ ① t✮

7 ✭♥♦t ✭❡①✐st✐♥❣ t ①✮ ✮

8 ✮

9 ✮

10 ✮

Listing 6.1 – The "existing" relation in CLIF.

1 ✭❝❧ ✲t❡①t ❤tt♣s✿✴✴r❛✇✳❣✐t❤✉❜✉s❡r❝♦♥t❡♥t✳❝♦♠✴❉❛♥❛s❤❋❛t✐♠❛✴❋❖❘❚✴♠❛✐♥✴❋❖❘❚ ✲❈▲ ✲

♦♥t♦❧♦❣②✴❝♦❧♦r❡✴♠❡r❡♦❧♦❣②✴❝❡♠❴♠❡r❡♦❧♦❣②✳❈▲■❋

2

3 ✭❝❧ ✲✐♠♣♦rts ❤tt♣s✿✴✴r❛✇✳❣✐t❤✉❜✉s❡r❝♦♥t❡♥t✳❝♦♠✴❉❛♥❛s❤❋❛t✐♠❛✴❋❖❘❚✴♠❛✐♥✴❋❖❘❚ ✲

❈▲ ✲♦♥t♦❧♦❣②✴❝♦❧♦r❡✴♠❡r❡♦❧♦❣②✴❝♠❴♠❡r❡♦❧♦❣②✳❈▲■❋ ✮

4

5 ✭❝❧ ✲✐♠♣♦rts ❤tt♣s✿✴✴r❛✇✳❣✐t❤✉❜✉s❡r❝♦♥t❡♥t✳❝♦♠✴❉❛♥❛s❤❋❛t✐♠❛✴❋❖❘❚✴♠❛✐♥✴❋❖❘❚ ✲

❈▲ ✲♦♥t♦❧♦❣②✴❝♦❧♦r❡✴♠❡r❡♦❧♦❣②✴❡♠❴♠❡r❡♦❧♦❣②✳❈▲■❋ ✮

6

1. ❤tt♣s✿✴✴❣✐t❤✉❜✳❝♦♠✴❣r✉♥✐♥❣❡r✴❝♦❧♦r❡✴tr❡❡✴♠❛st❡r✴♦♥t♦❧♦❣✐❡s

2. ❤tt♣s✿✴✴r❛✇✳❣✐t❤✉❜✉s❡r❝♦♥t❡♥t✳❝♦♠✴❣r✉♥✐♥❣❡r✴❝♦❧♦r❡✴♠❛st❡r✴♦♥t♦❧♦❣✐❡s✴♠❡r❡♦❧♦❣②✴❝❡♠❴

♠❡r❡♦❧♦❣②✳❝❧✐❢

3. ❤tt♣s✿✴✴r❛✇✳❣✐t❤✉❜✉s❡r❝♦♥t❡♥t✳❝♦♠✴❣r✉♥✐♥❣❡r✴❝♦❧♦r❡✴♠❛st❡r✴♦♥t♦❧♦❣✐❡s✴❝♦♠❜✐♥❡❞❴

♠❡r❡♦t♦♣♦❧♦❣②✴♠t✳❝❧✐❢

4. ❤tt♣s✿✴✴r❛✇✳❣✐t❤✉❜✉s❡r❝♦♥t❡♥t✳❝♦♠✴❣r✉♥✐♥❣❡r✴❝♦❧♦r❡✴♠❛st❡r✴♦♥t♦❧♦❣✐❡s✴❧♦❝❛t✐♦♥❴✈❛r③✐✴

▲❴❧♦❝❛t✐♦♥✳❝❧✐❢
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7 ✮

Listing 6.2 – The imported CEM theory.

Secondly, we initiate the serialization of FORT’s micro-theories in the sense of "what comes
first", i.e. starting by the basic primitive relations that do not necessitate the use of other primitives,
and moving on to relations that import other relations in their modules. The full CL formalization
of the theory is available online on GitHub repository : FORT. We present below the code serializa-
tion of the component−o f (Listing 6.3) and the member−o f (Listing 6.4) relations, as examples.

1 ✭❝❧ ✲t❡①t ❤tt♣s✿✴✴r❛✇✳❣✐t❤✉❜✉s❡r❝♦♥t❡♥t✳❝♦♠✴❉❛♥❛s❤❋❛t✐♠❛✴❋❖❘❚✴♠❛✐♥✴❋❖❘❚ ✲❈▲ ✲

♦♥t♦❧♦❣②✴❝♦♠♣♦♥❡♥t❖❢❴❞❡❢✐♥✐t✐♦♥✳❈▲■❋

2

3 ✭❝❧ ✲✐♠♣♦rts ❤tt♣s✿✴✴r❛✇✳❣✐t❤✉❜✉s❡r❝♦♥t❡♥t✳❝♦♠✴❉❛♥❛s❤❋❛t✐♠❛✴❋❖❘❚✴♠❛✐♥✴❋❖❘❚ ✲

❈▲ ✲♦♥t♦❧♦❣②✴❝♦❧♦r❡✴♠❡r❡♦❧♦❣②✴❝❡♠❴♠❡r❡♦❧♦❣②✳❈▲■❋ ✮

4

5 ✭❝❧ ✲✐♠♣♦rts ❤tt♣s✿✴✴r❛✇✳❣✐t❤✉❜✉s❡r❝♦♥t❡♥t✳❝♦♠✴❉❛♥❛s❤❋❛t✐♠❛✴❋❖❘❚✴♠❛✐♥✴❋❖❘❚ ✲

❈▲ ✲♦♥t♦❧♦❣②✴❞❡♣❡♥❞❡♥❝❡❴❞❡❢✐♥✐t✐♦♥s✳❈▲■❋ ✮

6

7 ✭❝❧ ✲❝♦♠♠❡♥t ✬① ✐s ❛ ❝♦♠♣♦♥❡♥t ♦❢ ② ✐❢❢ ① ✐s ❛ ♣❛rt ♦❢ ② ❛♥❞ ② ✐s

❣❡♥❡r✐❝❛❧❧② ❡①✐st❡♥t✐❛❧❧② ❞❡♣❡♥❞❡♥t ♦♥ ①✬✮

8 ✭❝❧ ✲❝♦♠♠❡♥t ✬■❞❡♥t✐❢✐❡r✿ ❋❖❘❚❴P❞✶ ✬✮

9 ✭❢♦r❛❧❧ ✭① ②✮

10 ✭✐❢❢ ✭❝♦♠♣♦♥❡♥t❖❢ ① ②✮

11 ✭❛♥❞ ✭♣❛rt ① ②✮ ✭❡①✐sts ✭P❙■ P❍■✮ ✭❛♥❞ ✭P❙■ ②✮ ✭P❍■ ①✮ ✭●❊❉ ✭P❙■ ②✮

✭P❍■ ①✮✮ ✮ ✮

12 ✮

13 ✮

14 ✮

15 ✭❝❧ ✲❝♦♠♠❡♥t ✬❝♦♠♣♦♥❡♥t❖❢ ✐s ❛ ♣r♦♣❡r ♣❛rt ♦❢ r❡❧❛t✐♦♥ ✬✮

16 ✭❝❧ ✲❝♦♠♠❡♥t ✬■❞❡♥t✐❢✐❡r✿ ❋❖❘❚❴P❛✶ ✬✮

17 ✭❢♦r❛❧❧ ✭① ②✮

18 ✭✐❢ ✭❝♦♠♣♦♥❡♥t❖❢ ① ②✮

19 ✭♣♣❛rt ① ②✮

20 ✮

21 ✮

22

23 ✮

Listing 6.3 – The CLIF serialization of the component−o f relation.

1 ✭❝❧ ✲t❡①t ❤tt♣s✿✴✴r❛✇✳❣✐t❤✉❜✉s❡r❝♦♥t❡♥t✳❝♦♠✴❉❛♥❛s❤❋❛t✐♠❛✴❋❖❘❚✴♠❛✐♥✴❋❖❘❚ ✲❈▲ ✲

♦♥t♦❧♦❣②✴♠❡♠❜❡r❖❢❴r♦♦t✳❈▲■❋

2

3 ✭❝❧ ✲✐♠♣♦rts ❤tt♣s✿✴✴r❛✇✳❣✐t❤✉❜✉s❡r❝♦♥t❡♥t✳❝♦♠✴❉❛♥❛s❤❋❛t✐♠❛✴❋❖❘❚✴♠❛✐♥✴❋❖❘❚ ✲

❈▲ ✲♦♥t♦❧♦❣②✴❝♦❧♦r❡✴♠❡r❡♦❧♦❣②✴♠❴♠❡r❡♦❧♦❣②✳❈▲■❋ ✮

4 ✭❝❧ ✲✐♠♣♦rts ❤tt♣s✿✴✴r❛✇✳❣✐t❤✉❜✉s❡r❝♦♥t❡♥t✳❝♦♠✴❉❛♥❛s❤❋❛t✐♠❛✴❋❖❘❚✴♠❛✐♥✴❋❖❘❚ ✲

❈▲ ✲♦♥t♦❧♦❣②✴❝♦❧♦r❡✴♠❡r❡♦❧♦❣②✴❞❡❢✐♥✐t✐♦♥s✴♠❡r❡♦❧♦❣②❴❞❡❢✐♥✐t✐♦♥s✳❈▲■❋ ✮

5 ✭❝❧ ✲✐♠♣♦rts ❤tt♣s✿✴✴r❛✇✳❣✐t❤✉❜✉s❡r❝♦♥t❡♥t✳❝♦♠✴❉❛♥❛s❤❋❛t✐♠❛✴❋❖❘❚✴♠❛✐♥✴❋❖❘❚ ✲

❈▲ ✲♦♥t♦❧♦❣②✴✉♥✐❢✐❡❞❴❡♥t✐t②❴❞❡❢✐♥✐t✐♦♥✳❈▲■❋ ✮

6 ✭❝❧ ✲✐♠♣♦rts ❤tt♣s✿✴✴r❛✇✳❣✐t❤✉❜✉s❡r❝♦♥t❡♥t✳❝♦♠✴❉❛♥❛s❤❋❛t✐♠❛✴❋❖❘❚✴♠❛✐♥✴❋❖❘❚ ✲

❈▲ ✲♦♥t♦❧♦❣②✴❡①✐st✐♥❣✳❈▲■❋ ✮

7

8 ✭❝❧ ✲❝♦♠♠❡♥t ✬■❞❡♥t✐❢✐❡r✿ ❋❖❘❚❴▼❛✶ ✬✮

9 ✭❢♦r❛❧❧ ✭①✮

10 ✭♥♦t ✭♠❡♠❜❡r❖❢ ① ①✮ ✮

11 ✮

12 ✭❝❧ ✲❝♦♠♠❡♥t ✬■❞❡♥t✐❢✐❡r✿ ❋❖❘❚❴▼❛✷ ✬✮

13 ✭❢♦r❛❧❧ ✭① ②✮

14 ✭✐❢ ✭♠❡♠❜❡r❖❢ ① ②✮

15 ✭♥♦t ✭♠❡♠❜❡r❖❢ ② ①✮ ✮

149



Chapitre 6. On the Analysis and Validation of FORT

16 ✮

17 ✮

18 ✭❝❧ ✲❝♦♠♠❡♥t ✬■❞❡♥t✐❢✐❡r✿ ❋❖❘❚❴▼❛✸ ✬✮

19 ✭❢♦r❛❧❧ ✭① ②✮

20 ✭✐❢ ✭♠❡♠❜❡r❖❢ ② ①✮

21 ✭❡①✐sts ✭t ♠ ♥✮

22 ✭❛♥❞ ✭❡①✐st✐♥❣ ① t✮

23 ✭♥♦t✭❂ ♠ ♥✮✮

24 ✭♠❡♠❜❡r❖❢ ♠ ①✮

25 ✭♠❡♠❜❡r❖❢ ♥ ①✮

26 ✮

27 ✮

28 ✮

29 ✮

30 ✭❝❧ ✲❝♦♠♠❡♥t ✬■❞❡♥t✐❢✐❡r✿ ❋❖❘❚❴▼❛✹ ✬✮

31 ✭❢♦r❛❧❧ ✭① ♣ ②✮

32 ✭✐❢ ✭❛♥❞ ✭♠❡♠❜❡r❖❢ ② ①✮ ✭♣♣❛rt ♣ ①✮ ✮

33 ✭❡①✐sts ✭♦✮

34 ✭❛♥❞ ✭♠❡♠❜❡r❖❢ ♦ ①✮ ✭♦✈❡r❧❛♣s ♦ ♣✮ ✮

35 ✮

36 ✮

37 ✮

38 ✭❝❧ ✲❝♦♠♠❡♥t ✬■❞❡♥t✐❢✐❡r✿ ❋❖❘❚❴▼❛✺ ✬✮

39 ✭❢♦r❛❧❧ ✭① ②✮

40 ✭✐❢ ✭♠❡♠❜❡r❖❢ ① ②✮

41 ✭❛♥❞ ✭♣♣❛rt ① ②✮

42 ✭❢♦r❛❧❧ ✭♠✮

43 ✭✐❢ ✭♠❡♠❜❡r❖❢ ♠ ②✮

44 ✭♦r ✭❂ ① ❞✮ ✭♥♦t✭♦✈❡r❧❛♣s ♠ ①✮✮ ✮

45 ✮

46 ✮

47 ✮

48 ✮

49 ✮

50 ✭❝❧ ✲❝♦♠♠❡♥t ✬■❞❡♥t✐❢✐❡r✿ ❋❖❘❚❴▼❛✻ ✬✮

51 ✭❢♦r❛❧❧ ✭① ②✮

52 ✭✐❢ ✭♠❡♠❜❡r❖❢ ② ①✮

53 ✭❢♦r❛❧❧ ✭✇✮

54 ✭✐❢❢ ✭♦✈❡r❧❛♣s ✇ ①✮

55 ✭❡①✐sts ✭♠✮

56 ✭❛♥❞ ✭♠❡♠❜❡r❖❢ ♠ ①✮ ✭♦✈❡r❧❛♣s ✇ ♠✮ ✮

57 ✮

58 ✮

59 ✮

60 ✮

61 ✮

62 ✭❝❧ ✲❝♦♠♠❡♥t ✬■❞❡♥t✐❢✐❡r✿ ❋❖❘❚❴▼❛✼ ✬✮

63 ✭❢♦r❛❧❧ ✭① ②✮

64 ✭✐❢ ✭♠❡♠❜❡r❖❢ ② ①✮

65 ✭❡①✐sts ✭❘✮

66 ✭❛♥❞ ✭❯ ✭❘ ① ①✮✮

67 ✭❢♦r❛❧❧ ✭t✮ ✭✐❢ ✭❡①✐st✐♥❣ ① t✮ ✭❯ ✭❘ ① ①✮✮ ✮ ✮

68 ✮

69 ✮

70 ✮

71 ✮

72 ✮

Listing 6.4 – The CLIF serialization of the member−o f relation.
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6.4. Methodology step 2.2 : a CL-ontology [FORTCL]

6.4.2 Automatic translations into TPTP, LADR, and CASL

Besides a CLIF serialization, we translated of FORT into the LADR syntax 1 which is the
format required by Prover9 [McCune2007], the TPTP format [Sutcliffe2017], and the CASL syn-
tax 2 [Astesiano2002,Bidoit2004], to offer multiple serializations of CL. For performing automatic
translation, several tools exist such as the following.

The CLtools repository : It has been adopted for a theory’s translation to LADR syntax 3. Ho-
wever, no maintenance of the tool or resolving of its issues has been carried out in the last decade.

The Macleod environment : In [Katsumi2011], an ontology development environment in the
Common Logic (CL) language called "Macleod" is proposed. The current implementation of Ma-
cleod is available as a collection of Python scripts. This tool offers several functionalities, inclu-
ding the translation of a CLIF file to TPTP and LADR formats, extraction of an OWL approxi-
mation of a CLIF ontology/module, verification of logical consistency, verification of non-trivial
logical consistency, and theorem/lemma proving based on the ontology or module.

In order to use the Macleod tool, we made necessary modifications to configuration files and
adapted some scripts. The modified scripts, along with the procedure followed, can be found online
in the FORT GitHub repository, specifically in the Macleod and virtual environment folders 4.

During our usage of the Macleod tool, we encountered a bug in the current version. In certain
ontology modules of FORT, quantification over unary/binary predicate names is employed, such
as universal quantification on a unary predicate (concept) in the generic existential dependence
axiom Da5, and existential quantification over a binary predicate (unifying relation) in the unifi-
cation axiom for the range of the membership relation Ma7. While the CLIF syntax, which is a
variant of CL, supports such quantification where properties can range over unary and binary pre-
dicates, Macleod was unable to parse these CLIF files containing such quantifications or perform
the intended translations and consistency checks. However, for files without such quantifications,
the Macleod tool functioned correctly, allowing us to generate TPTP and Prover9 translations for
the corresponding ontology modules. Therefore, it is crucial to address and fix this issue in the
current implementation of the tool to fully support the CLIF syntax.

The Hets tool : While a detailed evaluation of the tools supporting CL showed a major calling
for coverage in [Mossakowski2014], the "The Heterogeneous tools set” (Hets) [Mossakowski2005,
Mossakowski2007, Mossakowski2013], which existed before the survey, was extended with par-
sers for CLIF, enabling CL support.

Hets is a versatile tool that encompasses parsing, static analysis, and proof management func-
tionalities, integrating various provers and specification languages. It includes logic-specific tools
for parsing and static analysis of basic logical theories written in different logics, as well as a logic-
independent parsing and static analysis tool for structured theories and theory relations. Hets offers
automatic translations of theories from multiple input languages (e.g., DOL, CASL, OWL, CLID)
to various serializations. Hets can be used via a web-based interface 5.

1. As mentioned earlier, LADR ("Library for Automated Deduction Research") is the syntax required by Prover9
and Mace4. An online forum for Prover9, Mace4, and LADR can be found at ❤tt♣s✿✴✴✇❡❜✳❛r❝❤✐✈❡✳♦r❣✴✇❡❜✴
✷✵✵✽✶✷✸✵✵✶✶✸✸✵✴❤tt♣✿✴✴❢♦r✉♠s✳♣r♦✈❡r✾✳♦r❣✴.

2. The CASL (Common Algebraic Specification Language) is an expressive specification language that has been
designed to supersede many existing algebraic specification languages and provide a standard. CASL consists of several
layers, including basic (unstructured) specifications, structured specifications and architectural specifications ; the latter
are used to prescribe the modular structure of implementations.

3. ❤tt♣✿✴✴✇✇✇✳❝s✳t♦r♦♥t♦✳❡❞✉✴⑦t♦rst❡♥✴❉❈❚✲❇❈♦♥t✴

4. ❤tt♣s✿✴✴❣✐t❤✉❜✳❝♦♠✴❉❛♥❛s❤❋❛t✐♠❛✴❋❖❘❚

5. ❤tt♣✿✴✴r❡st✳❤❡ts✳❡✉✴
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≫ In comparison to other available tools, we have chosen to use Hets for several reasons. It offers
extensive support for various specification languages and logics, incorporates of parsers for CLIF
allowing us to seamlessly work with CL ontologies, provides automatic translations of theories
from multiple input languages to different serializations, and features a web-based interface, of-
fering a user-friendly and accessible environment for interacting with the tool especially for users
who are not familiar with ATP tasks. Additionally, Hets benefits from a dedicated development
team 1 that actively works on bug fixes, updates, and enhancements. This continuous support en-
sures that any reported issues are addressed promptly, and the tool remains up-to-date with the
latest advancements in ontological reasoning and specification languages.

To use Hets, we first parse the CLIF file to get the development graph. Then, we navigate to
the theory’s node in the graph, which leads us to a translation page. Finally, we select the desi-
red translation : the "❈▲■♠♣✷❈❋❖▲" translation for CASL and the "❈▲■♠♣✷❈❋❖▲✿❈❆❙▲✷❚P❚P❴❋❖❋"
translation for TPTP.

An example of the development graph of the constitutes relation module is shown in figure
6.3. Upon clicking on the url of the theory 2, we are directed into the translation page, where we
translated into CASL (Listing 6.5 shown below) using the "❈▲■♠♣✷❈❋❖▲” translation.

FIGURE 6.3 – The development graph of the constitutes relation module, saved from the Hets web

interface.

1 s♦rts ✐♥❞✐✈✐❞✉❛❧

2 ♦♣ ❝♦♥st✐t✉t❡s ✿ ✐♥❞✐✈✐❞✉❛❧

3 ♦♣ ❡①①✐st✐♥❣ ✿ ✐♥❞✐✈✐❞✉❛❧

4 ♦♣ ♣❛rt ✿ ✐♥❞✐✈✐❞✉❛❧

5 ♦♣ ③ ✿ ✐♥❞✐✈✐❞✉❛❧

6 ♣r❡❞ r❡❧ ✿ ✐♥❞✐✈✐❞✉❛❧ ✯ ✐♥❞✐✈✐❞✉❛❧ ✯ ✐♥❞✐✈✐❞✉❛❧

7 ✳ ✭❢♦r❛❧❧ ①① ✿ ✐♥❞✐✈✐❞✉❛❧ ✳ ♥♦t r❡❧✭❝♦♥st✐t✉t❡s ✱ ①① ✱ ①①✮✮

8 ✴❭ ✭❢♦r❛❧❧ ①① ✿ ✐♥❞✐✈✐❞✉❛❧❀ ② ✿ ✐♥❞✐✈✐❞✉❛❧

9 ✳ r❡❧✭❝♦♥st✐t✉t❡s ✱ ①① ✱ ②✮ ❂❃ ♥♦t r❡❧✭❝♦♥st✐t✉t❡s ✱ ②✱ ①①✮✮

10 ✴❭ ✭❢♦r❛❧❧ ①① ✿ ✐♥❞✐✈✐❞✉❛❧❀ ② ✿ ✐♥❞✐✈✐❞✉❛❧❀ ③ ✿ ✐♥❞✐✈✐❞✉❛❧

11 ✳ r❡❧✭❝♦♥st✐t✉t❡s ✱ ①① ✱ ②✮

12 ✴❭ r❡❧✭❝♦♥st✐t✉t❡s ✱ ②✱ ✭✈❛r ③ ✿ ✐♥❞✐✈✐❞✉❛❧✮✮

13 ❂❃ r❡❧✭❝♦♥st✐t✉t❡s ✱ ①① ✱ ✭✈❛r ③ ✿ ✐♥❞✐✈✐❞✉❛❧✮✮✮

14 ✴❭ ✭❢♦r❛❧❧ ①① ✿ ✐♥❞✐✈✐❞✉❛❧❀ ② ✿ ✐♥❞✐✈✐❞✉❛❧

15 ✳ r❡❧✭❝♦♥st✐t✉t❡s ✱ ①① ✱ ②✮

16 ❂❃ ❡①✐sts t ✿ ✐♥❞✐✈✐❞✉❛❧

17 ✳ r❡❧✭❡①①✐st✐♥❣ ✱ ①①✱ t✮ ✴❭ r❡❧✭❡①①✐st✐♥❣ ✱ ②✱ t

✮✮

18 ✴❭ ❢♦r❛❧❧ ①① ✿ ✐♥❞✐✈✐❞✉❛❧❀ ② ✿ ✐♥❞✐✈✐❞✉❛❧

19 ✳ r❡❧✭❝♦♥st✐t✉t❡s ✱ ①① ✱ ②✮ ✴❭ r❡❧✭♣❛rt ✱ ③✱ ②✮

20 ❂❃ ❡①✐sts ✇ ✿ ✐♥❞✐✈✐❞✉❛❧

21 ✳ r❡❧✭♣❛rt ✱ ✇✱ ①①✮ ✴❭ r❡❧✭❝♦♥st✐t✉t❡s ✱ ✇✱ ③✮

22 ✪✭❤tt♣s✿✴✴r❛✇✳❣✐t❤✉❜✉s❡r❝♦♥t❡♥t✳❝♦♠✴❉❛♥❛s❤❋❛t✐♠❛✴❋❖❘❚✴♠❛✐♥✴❋❖❘❚ ✲❈▲ ✲♦♥t♦❧♦❣②

✴❝♦♥st✐t✉t✐♦♥❴r♦♦t✳❈▲■❋✮✪

23 ❢♦r❛❧❧ ①① ✿ ✐♥❞✐✈✐❞✉❛❧❀ t ✿ ✐♥❞✐✈✐❞✉❛❧

24 ✳ r❡❧✭❡①①✐st✐♥❣ ✱ ①① ✱ t✮ ❂❃ ♥♦t r❡❧✭❡①①✐st✐♥❣ ✱ t✱ ①①✮

1. ❤tt♣s✿✴✴❣✐t❤✉❜✳❝♦♠✴s♣❡❝❤✉❜✴❍❡ts✴

2. ❤tt♣s✿✴✴❣✐t❤✉❜✳❝♦♠✴❉❛♥❛s❤❋❛t✐♠❛✴❋❖❘❚✴tr❡❡✴♠❛✐♥✴❋❖❘❚✲❈▲✲♦♥t♦❧♦❣② for constitution.
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25 ✪✭❤tt♣s✿✴✴r❛✇✳❣✐t❤✉❜✉s❡r❝♦♥t❡♥t✳❝♦♠✴❉❛♥❛s❤❋❛t✐♠❛✴❋❖❘❚✴♠❛✐♥✴❋❖❘❚ ✲❈▲ ✲♦♥t♦❧♦❣②

✴❡①✐st✐♥❣✳❈▲■❋✮✪

26 ✳ ✭❢♦r❛❧❧ ①① ✿ ✐♥❞✐✈✐❞✉❛❧ ✳ r❡❧✭♣❛rt ✱ ①①✱ ①①✮✮

27 ✴❭ ✭❢♦r❛❧❧ ①① ✿ ✐♥❞✐✈✐❞✉❛❧❀ ② ✿ ✐♥❞✐✈✐❞✉❛❧

28 ✳ r❡❧✭♣❛rt ✱ ①①✱ ②✮ ✴❭ r❡❧✭♣❛rt ✱ ②✱ ①①✮ ❂❃ ①① ❂ ②✮

29 ✴❭ ❢♦r❛❧❧ ①① ✿ ✐♥❞✐✈✐❞✉❛❧❀ ② ✿ ✐♥❞✐✈✐❞✉❛❧❀ ③ ✿ ✐♥❞✐✈✐❞✉❛❧

30 ✳ r❡❧✭♣❛rt ✱ ①①✱ ②✮ ✴❭ r❡❧✭♣❛rt ✱ ②✱ ✭✈❛r ③ ✿ ✐♥❞✐✈✐❞✉❛❧✮✮

31 ❂❃ r❡❧✭♣❛rt ✱ ①①✱ ✭✈❛r ③ ✿ ✐♥❞✐✈✐❞✉❛❧✮✮

32 ✪✭❤tt♣s✿✴✴r❛✇✳❣✐t❤✉❜✉s❡r❝♦♥t❡♥t✳❝♦♠✴❉❛♥❛s❤❋❛t✐♠❛✴❋❖❘❚✴♠❛✐♥✴❋❖❘❚ ✲❈▲ ✲♦♥t♦❧♦❣②

✴❝♦❧♦r❡✴♠❡r❡♦❧♦❣②✴♠❴♠❡r❡♦❧♦❣②✳❈▲■❋✮✪

Listing 6.5 – The automatic Hets translation of the constitution module from CLIF to CASL.

6.4.3 Running consistency checks

As for running consistency checks, we continued with Hets and selected the "darwin 1" com-
piler as the consistency checker for each ontology module, followed by the full FORT theory. To
ensure that no problems might be caused by importations, we created an additional file, where
we merged all axioms and stripped out the comments. While using Hets for running consistency
checks, we were able to contribute to some bug findings, and their corresponding fixes thanks to
Fabian Neuhaus and Till Mossakowski : Issue#2101 2 where "CLFull2CFOL” was not properly
implemented, and Issue#2105 3 where for impredicative CL, Hets uses "CLFull2CFOL” as the
default translation, while it should use "CLImp2CFOL” instead, which does not require sequence
markers.

The translation works properly with the following steps : (1) parse the theory using CLIF syn-
tax, (2) select check consistency via tools, (3) select "❞❛r✇✐♥” ("❞❛r✇✐♥✲♥♦♥✲❢❝”, "❡✲❞❛r✇✐♥”,
"❡✲♣r♦✈❡r”, or "❡❦r❤”) as a prover, and "❈▲■♠♣✷❈❋❖▲✿❈❆❙▲✷❙♦❢t❋❖▲” as the translation. It is
also possible to do so by using the CASL or TPTP syntax of the theory. However, to check what
the model of the theory looks like (i.e. the theory is proved to have a model), then the downloaded
version of Hets shall be used, which allows to log it in log files.

The result showing the consistency of each micro-theory, and that of FORT macro-theory, is
shown in Annex B, saved from Hets web interface. Note that consistency checking for FOL/CLIF
theories will likely fail at some point when the ontology grows either in size or with the logical
complexity. This is not a limitation of darwin (or Hets) but rather a consequence of the fact that
there is no algorithm that is able to determine consistency for an arbitrary set of FOL formulas.

6.4.4 Automatic proofs using Hets/DOL

For automated theorem proving, Common Logic does not support logical consequences, rela-
tive theory interpretations, and other features related to the structuring and comparison of logical
theories, as discussed in [Mossakowski2014]. Instead, the authors encourage to use the Distribu-
ted Ontology Language (DOL), which is supported by Hets. Thus, we employ DOL for running
automatic theorem proofs.

DOL is a language specifically designed for expressing and integrating ontologies and logi-
cal theories written in different formalisms and logics [Mossakowski2015]. It provides a unified
framework for representing diverse ontologies and their relationships, allowing for seamless inter-
operability and integration of heterogeneous knowledge resources. It does support the specification

1. ❤tt♣✿✴✴❝♦♠❜✐♥❛t✐♦♥✳❝s✳✉✐♦✇❛✳❡❞✉✴❉❛r✇✐♥✴

2. ❤tt♣s✿✴✴❣✐t❤✉❜✳❝♦♠✴s♣❡❝❤✉❜✴❍❡ts✴✐ss✉❡s✴✷✶✵✶

3. ❤tt♣s✿✴✴❣✐t❤✉❜✳❝♦♠✴s♣❡❝❤✉❜✴❍❡ts✴✐ss✉❡s✴✷✶✵✺
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of logical consequences, theory interpretations, translations between different logical languages,
and various other features that facilitate the structuring and comparison of logical theories, allo-
wing thus for running automatic theorem proofs.

It is widely used in the ontology engineering and research communities to address the chal-
lenges of integrating and aligning ontologies across different domains and formalisms. Indeed,
DOL has gained significant traction within the foundational ontologies community, as evidenced
by its extensive use in the COLORE repository. This reinforces the validity and practicality of
adopting DOL as a robust and widely-accepted language for our theorem proving needs.

To form a DOL ontology file, it usually imports files written in specific logics such as Common
Logic or OWL 2. Consider the CLIF file below (Listing 6.6) of the specific and generic depen-
dence relations simplified i.e. comments and links stripped out. We construct a DOL ontology,
shown below in Listing 6.7, by specifying the "▲♦❣✐❝” as "❈♦♠♠♦♥▲♦❣✐❝”, importing the CL on-
tology as the ontology assumption, setting variables as indiscourses, and attaching an (or several)
ontology conjecture(s). The conjecture is basically the theorem that is to be proved.

To use the DOL to run automatic theorem proofs, first the file is to be parsed building the
development graph as an assumption node i.e. the ontology, and the conjecture(s) node(s) i.e. the
theorem(s), as shown in figure 6.4a. Second, we click on "commands" and choose "❛✉t♦”, upon
which a formerly green node turns red (figure 6.4b) denoting a local proof goal . Third we click
on "tools" and select "❛✉t♦♠❛t✐❝ ♣r♦♦❢s”, which directs us to the prover page. For the prover
selection, not all provers work, however, "❙P❆❙❙” and "❊♣r♦✈❡r” (not "❡♣r♦✈❡r”) run properly.
So, we select one the preceding two provers and specify the conjecture(s) to proof (or the option
"❆❧❧”), adjust the timeout property based on the size of the ontology and the complexity of the
proof, and click "prove”. The results of some proofs, showing theorems proved, are available at
the FORT github repository. Returning back to the development graph, the red not turns green i.e.
local implications are proved (figure 6.4c).

1 ✭❢♦r❛❧❧ ✭① t✮

2 ✭✐❢ ✭❡①✐st✐♥❣ ① t✮

3 ✭♥♦t ✭❡①✐st✐♥❣ t ①✮ ✮

4 ✮

5 ✮

6 ✭❢♦r❛❧❧ ✭① ②✮

7 ✭✐❢❢ ✭❙❊❉ ① ②✮

8 ✭❛♥❞ ✭ ❢♦r❛❧❧ ✭t✮

9 ✭✐❢ ✭❡①✐st✐♥❣ ① t✮

10 ✭❡①✐st✐♥❣ ② t✮

11 ✮

12 ✮

13 ✭ ♥♦t ✭❂ ① ②✮ ✮

14 ✭ ❡①✐sts ✭t✮

15 ✭❡①✐st✐♥❣ ① t✮

16 ✮

17 ✮

18 ✮

19 ✮

20 ✭❢♦r❛❧❧ ✭P❙■ P❍■✮

21 ✭✐❢❢ ✭●❊❉ ✭P❙■ ①✮ ✭P❍■ ②✮✮

22 ✭❛♥❞ ✭❢♦r❛❧❧ ✭① t✮

23 ✭✐❢ ✭❛♥❞ ✭P❙■ ①✮ ✭❡①✐st✐♥❣ ① t✮ ✮

24 ✭❡①✐sts ✭②✮

25 ✭❛♥❞ ✭P❍■ ②✮ ✭❡①✐st✐♥❣ ② t✮ ✮

26 ✮

27 ✮

28 ✮
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29 ✭❡①✐sts ✭① t✮

30 ✭❛♥❞ ✭P❙■ ①✮ ✭❡①✐st✐♥❣ ① t✮✮

31 ✮

32 ✭♥♦t ✭❡①✐sts ✭③✮ ✭❛♥❞ ✭P❙■ ③✮ ✭P❍■ ③✮ ✮ ✮

33 ✮

34 ✮

35 ✮

36 ✮

Listing 6.6 – Example of the simplified dependence relations module.

1 ❧♦❣✐❝ ❈♦♠♠♦♥▲♦❣✐❝

2 ♦♥t♦❧♦❣② ❛ss✉♠♣t✐♦♥ ❂

3 ✭❢♦r❛❧❧ ✭① t✮

4 ✭✐❢ ✭❡①✐st✐♥❣ ① t✮

5 ✭♥♦t ✭❡①✐st✐♥❣ t ①✮ ✮

6 ✮

7 ✮

8 ✭❢♦r❛❧❧ ✭① ②✮

9 ✭✐❢❢ ✭❙❊❉ ① ②✮

10 ✭❛♥❞ ✭ ❢♦r❛❧❧ ✭t✮

11 ✭✐❢ ✭❡①✐st✐♥❣ ① t✮

12 ✭❡①✐st✐♥❣ ② t✮

13 ✮

14 ✮

15 ✭ ♥♦t ✭❂ ① ②✮ ✮

16 ✭ ❡①✐sts ✭t✮

17 ✭❡①✐st✐♥❣ ① t✮

18 ✮

19 ✮

20 ✮

21 ✮

22 ✭❢♦r❛❧❧ ✭P❙■ P❍■✮

23 ✭✐❢❢ ✭●❊❉ ✭P❙■ ①✮ ✭P❍■ ②✮✮

24 ✭❛♥❞ ✭❢♦r❛❧❧ ✭① t✮

25 ✭✐❢ ✭❛♥❞ ✭P❙■ ①✮ ✭❡①✐st✐♥❣ ① t✮ ✮

26 ✭❡①✐sts ✭②✮

27 ✭❛♥❞ ✭P❍■ ②✮ ✭❡①✐st✐♥❣ ② t✮ ✮

28 ✮

29 ✮

30 ✮

31 ✭❡①✐sts ✭① t✮

32 ✭❛♥❞ ✭P❙■ ①✮ ✭❡①✐st✐♥❣ ① t✮✮

33 ✮

34 ✭♥♦t ✭❡①✐sts ✭③✮ ✭❛♥❞ ✭P❙■ ③✮ ✭P❍■ ③✮ ✮ ✮

35 ✮

36 ✮

37 ✮

38 ✮

39 ✭✐♥❞✐s❝♦✉rs❡ ❛✮

40 ✭✐♥❞✐s❝♦✉rs❡ ♥♦✇✮

41 ❡♥❞

42 ♦♥t♦❧♦❣② ❝♦♥❥❡❝t✉r❡ ❂ ❛ss✉♠♣t✐♦♥ t❤❡♥ ✪✐♠♣❧✐❡s

43 ✭✐❢ ✭❡①✐st✐♥❣ ❛ ♥♦✇✮ ✭♥♦t ✭❡①✐st✐♥❣ ♥♦✇ ❛ ✮✮✮

44 ❡♥❞

Listing 6.7 – The DOL ontology of the simplified dependence relation module: the theory and a

conjecture.
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7
On the translation of FORT into SROIQ - a

translation procedure

This Chapter refers to our contribution "Translating FOL-theories

into SROIQ-Tboxes" published as a short conference paper at The

38th ACM/SIGAPP Symposium on Applied Computing (SAC’2023),

March 27-31, 2023.
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7.1. Introduction

7.1 Introduction

In the previous Chapter 6, we analyzed our proposed FORT reference ontology, in which we
demonstrated the need and novelty of FORT in view of extant literature on foundational relations,
in addition to showing its consistency, accomplishing thus the second step of the methodology.

In this chapter, we fulfill our third contribution by offering a decidable lite formalization of
our proposed language of foundational ontological relations [micro-objective-3]. This is achieved
by extracting a secondary specification from the original one, ensuring desirable computational
capabilities through the translation of the FOL formalization into an SROIQ Description Logic
formalization i.e. theoretically formalizing the FORT lightweight ontology [methodology-step-3].

We first begin in Section 7.2 by providing contextual information on the use of formal lan-
guages for theory specification, with a specific focus on First-order logic (FOL) and Description
Logics (DL). We present the syntax and semantics of SROIQ DL and emphasize the importance of
having multiple specifications that serve different purposes, highlighting the necessity for a trans-
lation service between these two languages. Second, we introduce in Section 7.3 the proposed
translation procedure as a sequential series of steps, followed by a walk-through example. Third,
in Section 7.4, we demonstrate the application of the proposed procedure by translating the origi-
nal FOL formalization of FORT into a decidable SROIQ DL representation. Finally, Section 7.5
discusses the results and concludes with remarks.

7.2 Context and preliminaries : logical languages

Logical languages provide rigid formalisms for theories, standards, and knowledge domains.
Several languages have been designed with varying expressive powers and scalable complexities.
For the Semantic Web [Shadbolt2006], which is the next step in the evolution of the World Wide
Web, the goal is to have a standard formal representation that is expressive enough to model any
knowledge domain, yet decidable enough to be read, understood, and compiled by machines. Thus,
the trade-off arises between the expressivity and the decidability properties of logical languages.

The Web Ontology Language [Bechhofer2004] (OWL), a World Wide Web Consortium (W3C)
recommendation language for the SW, achieves a balance between these requirements as based on
the SHOIN [Horrocks1999] logical language. SHOIN is a logic from the family called Descrip-
tion Logics [Baader2003] (DLs). DLs form a decidable fragment of the expressive First-Order
Logic [Smullyan1995] (FOL), thus, a compromise between expressivity and scalability. DLs are
significantly less powerful than FOL but (relatively) easily implemented on the computer [Baa-
der2003]. Each DL formalism models simple descriptions (concepts, roles, and individuals), and
differs from other DLs by the constructors used. Constructors offer complex descriptions that
derive from simple ones, thus they identify the expressivity of each DL and the complexity of
its algorithms and reasoning services. The more the constructors, the more the DL is expressive
and complex, until arriving to an expressivity level where decidability is lost. As a semantic web
standardization, the latest version of OWL ; OWL2DL [Group2009] is based on the SROIQ [Hor-
rocks2006] logic which is the most expressive (yet decidable) commonly used DL.
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7.2.1 Preliminaries : the SROIQ DL

The SROIQ DL [Horrocks2006] is a widely used DL in the field of knowledge representation
and reasoning. It is known for its expressive power and ability to capture complex relationships
and constraints within a domain. SROIQ DL offers several features, including role hierarchies,
inverse roles, transitive roles, nominal individuals, and qualified number restrictions. One of the
key advantages of SROIQ DL is its decidability, which means that it has effective algorithms
for reasoning and consistency checking. This makes it suitable for practical applications where
automated reasoning and inference are required. As mentioned earlier, it is the underlying logic
used in popular behind the OWL2 DL ontology language, which is widely adopted in semantic web
applications and ontology engineering. In the following, we demonstrate the syntax and semantics
of the SROIQ DL.

Concepts and roles in SROIQ

In DLs, concepts and roles are represented using unary and binary predicates respectively. Let
NC and NR be mutually disjoint sets of atomic concepts.

Definition 7.2.1 (Role). Every role name R is a role description (atomic role), for R ∈ NR. A
role is either a role name R or the inverse R_ of a role name R, where R ∈ NR. U is a role name
representing the Universal− role.

Definition 7.2.2 (Concept). Every concept name C is a concept description (atomic concept), for
C ∈ NC. ⊤ and ⊥ are concept names representing the Top− concept and the Bottom− concept
respectively.
Complex concepts can be built by means of class constructors ; ¬C (concept-complement) ; C⊓D
(concept-intersection) ; C⊔D (concept-union) ; {a} (nominals) ; ∃R.C (existential restriction), ∀R.C
(universal restriction), ∃R.SELF (local reflexivity), ≥ nR.C (at-least restriction), ≤ nR.C (at-most
restriction), and = nR.C (exact-value restriction) where C and D are concepts in NC, R is a role in
NR, and n is a natural number in N.

In DL, the terminological knwoledge is expressed by a T Box, which contains axioms refering to
concepts and roles. The SROIQ DL allows for representing complex role inclusion axioms (the
"R" constructor in SROIQ) along with role assertions and composition extensions, nominals (the
"O" constructor), inverse properties (the "I" constructor), and qualified cardinality restrictions (the
"Q" constructor). In FORT, nominals are not used, so it can be argued that the theory fits in a
smaller logic SRIQ [Horrocks2005]. However, since the presentation of SRIO does not allow for
asymmetry role assertions, we employ the SROIQ DL. In the following, we present the main
syntax of SROIQ to which the result of our proposed procedure yields.

Definition 7.2.3 (General concept inclusion axiom). Subsumptions between concepts can be re-
presented by means of general concept inclusions (GCIs) using the operator ⊑. If C and D are
concepts in NC, then C⊑ D is a GCI in NC.

Definition 7.2.4 (Role composition axiom). Compositions of binary relations can be represented
by means of role compositions using the ◦ operator. If S role and τ is a role or role composition in
NR, then S◦ τ is a role composition in NR.

Definition 7.2.5 (Role inclusion axiom). Subsumptions between binary relations can be represen-
ted by means of role inclusion axioms (RIAs) using the operator ⊑. If S role and τ is a role or role
composition in NR, then S⊑ τ is a RIA in NR.

Definition 7.2.6 (Role assertion axioms). Constraints on roles can be represented by means of
role assertions. If S and T are roles in NR, then symmetry Sym(R), asymmetry Asy(R), transi-
tivity Tra(R), reflexivity Ref(R), irreflixivity Irr(R) and pairwise disjointness Dis(R,S) are role
assertions in NR.
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7.2. Context and preliminaries : logical languages

Definition 7.2.7 (TBox T ). A TBox is a union of an RBox and a CBox. A role box (RBox) is a
finite set of role assertions or RIAs. A concept box (CBox) is a finite set of GCIs.

Structural restrictions in SROIQ

To maintain the decidability of the TBox, which can easily be violated by the RBox, SROIQ

imposes additional syntactic restrictions on the use of roles ; the simplicity and regularity constraints.

Definition 7.2.8 (Simplicity). A role R is non-simple if (i) R subsumes a role composition τ i.e. a
RIA of the form τ ⊑ R, or (ii) R appears in the role assertions Tra(R) or Tra(R−), or (iii) R appears
in RIAs of the form S⊑ R and R⊑ S where S is a non-simple role name. The simplicity constraint
bans the use of non-simple roles in concepts definitions as ∃R.SELF and < | = | > nR.C, and in
role assertion of the form Irr(R), Asy(R), and Dis(R,S).

Definition 7.2.9 (Regularity). A RIA of the form τ ⊑ R is≺-regular if (i) τ = R◦R, or (ii) τ = R−,
or (iii) τ = R◦S1 ◦ ..◦Sn, or (iv) τ = S1 ◦ ..◦Sn ◦R, or (v) τ = S1 ◦ ...◦Sn where Si ≺ R∀16 i6 n

and Si ≺ R⇔ S−i ≺ R. The regularity constraint forces a set of RIAs of the RBox to be regular i.e.
to have a regular order ≺ such that each RIA in the set is ≺-regular.

7.2.2 Transitioning from FOL to the SROIQ DL

For the formalization of large comprehensive theories such as foundational ontologies (e.g.
BFO [Smith2002], DOLCE [Masolo2003], UFO [Guizzardi2015], etc.) and relation theories (e.g.
mereology [Varzi2003], location [Gilmore2018], etc.), FOL is employed. Since in these theories
the purpose is to represent a knowledge domain in a way that rules out unintended models. Such
a precision in capturing the domain of interest requires a wide expressive power. Moreover, the
employment of such theories in practice is highly desirable where applications seek to guarantee
decidability and tractability in their reasoning services. Thus, to support its application in the se-
mantic web, a lightweight fragment of the theory is serialized within a decidable language, such
as SROIQ. In ontology engineering, as discussed in Chapter 4 and proposed in Section 4.3.2, it
is becoming more popular to offer a two-folded formalization of a knowledge domain ; a FOL-
formalization as an initial reference ontology, and a DL-formalization as a secondary lightweight

ontology [Guizzardi2007].

In our thesis, to overcome [challenge B], we aim to provide a SROIQ formalization of FORT
(FORT lightweight ontology) to offer its practice in the semantic web as an OWL ontology that
supports reasoning about relations for modeling the composition of tangible entities. The passage
from the former FOL-formalization to a latter SROIQ-formalization is a crucial task that allows for
the transition from expressive theories to building semantic web applications for the world wide
web. To fulfill this task, a translation is required to guide a systematic and principled rewriting of
the set of formulas (definitions, axioms and theorems) in the theory.

The investigation on extant literature concerning the transition from FOL to SROIQ reveals
the following. In [Horrocks2004a], the approach of combining function-free Horn rules with
expressive DLs , shows that determining the consistency of knowledge bases is undecidable.
In [Levy1996], a language formalism is developed as a combination of Datalog with the DL
ALCNR. The work is an extension of the work done in [Donini1998] by allowing more DL atoms
in the rules, yielding in an undecidable formalism. A different approach is [Grosof2003], which
works on the intersection between Horn clauses and the SHOIN DL rather than on the union of
the two formalisms. The approach imposes restrictions on the use of DL, yielding in a decidable
formalism whose rules cannot be altered. Other Datalog-based approaches such as [Rosati2005],
defines framework for the integration of DL ontologies and Datalog¬∨ following [Eiter1997].
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7.3. The proposed translation procedure

A. Transforming to Clausal Form (CF)

• Input : S0 set of n formulas in first-order logic. For each axiom, we apply the four operations :

A.1 Negation Normal Form (NNF) The first operation is to simplify the formula and move
negations inwards so that the formula contains connectives of the form ∀, ∃, ∧, ∨, and ¬ only. This
is done using logical equivalences such as the implication identity (A→B≡¬A∨B), De Morgan’s
Laws (¬(A∨B) ≡ ¬A∧¬B, ¬(A∧B) ≡ ¬A∨¬B), those for negating quantifiers (¬(∃xA(x)) ≡
∀x¬A(x), ¬(∀xA(x))≡ ∃x¬A(x)). This operation results in set SNNF equivalent to S0 (SNNF ≡ S0).

A.2 Prenex Normal Form (PNF) The second operation is to demarcate the variables of the
formula and move all the quantifiers to the left. Unification takes place by renaming different va-
riables that have same notation i.e. each quantifier should use a unique variable name. For example,
the formula ∀x(A(x)→ B(x))∧∃x(¬C(x)∨B(x)) becomes ∀x∃y(A(x)→ B(x))∧ (¬C(y)∨B(y)).
This operation results in set SPNF equivalent to SNNF (SPNF ≡ SNNF ).

A.3 Skolem Normal Form (SNF) The third operation is to remove all existential quantifiers.
This is by replacing an existentially quantified variable e.g. x by a Skolem constant if x is not
preceded by universally quantified variables, and by a Skolem function in terms of the univer-
sally quantified variables that precede x otherwise. For example, the formula ∃xA(x) becomes
A(c) upon replacing x by the constant c as {x← c}, while the formula ∀yB(y)∃xR(x,y) becomes
∀yB(y)R( f (y),y) upon replacing x by the function f as {x← f (y)}.
The resulting set of axioms SSNF is not equivalent to SPNF (SPNF 6= SNNF ). However, it is worth
noting that the skolem form is not precisely logically equivalent to the original statement SPNF .
Indeed, for the skolem (SSNF ) to be interpretative in terms of the original prenex form (SPNF ),
the interpretation shall be extended by giving definitions of the added skolem constants/functions.
This is however possible for any interpretation in which SPNF was true. Fortunately, as the skolem
form is more restrictive than the original formulation, SPNF is subsumed by its skolem form SSNF

(SSNF ≤ SPNF )

A.4 Clausal Normal Form (CNF) The fourth operation is to distribute disjunctions over conjunc-
tions so that the formula becomes a set of conjunctions of disjunctions. For instance, the formula
A(x)∨ (B(x)∧C(x)) is rewritten as (A(x)∨B(x))∧ (A(x)∨C(x)). We say the formula is a set
of clauses linked by conjunctions. The clausal form basically removes these conjunctions and
represents the original formula as the set of resulting clauses where each clause is a disjunc-
tion(s) of negated and non-negated atoms e.g. (A(x)∨B(x))∧ (A(x)∨C(x)) rewrites as {(A(x)∨
B(x)),(A(x)∨C(x))}. The resulting set of clauses SCNF of all axioms is equivalent to the inputted
set SSNF (SCNF ≡ SSNF ).

All four operations formulate a sequence of transformations performed on an axiom a. This
sequence of operations guarantees that the final form of a, as a set of clauses, is the simplest and
best form for the rewriting of a as a group of rules as required by step 7.3.1. Although, a skolem
form is not equivalent to its prenex original form, however, there are satisfiability preserving trans-
formations from first order logic (the original formula S0) to the clausal norm form (SCNF ). In other
words, if a first order formula is satisfiable, then its clausal normal form is satisfiable. Conversely,
if the clausal normal form of a of formula is unsatisfiable, then the formula is unsatisfiable. Since
the resulting set SCNF (S1) is a restrictive set of original S0, then S1 is subsumed by S0, denoted
S1 ≤ S0.
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B. Imposing Horn form Rules (HR)

• Input : S1 (= SC) set of m clauses in clausal form. For each clause Ci in S1, let n and m be the
numbers of non-negated and negated atoms respectively. Let A, B, and C be atoms of Ci resembling
unary/binary predicates.

� if n6 1, then Ci is a horn clause.

◦ if n= 1, then Ci which is a positive horn clause of the form¬A∨¬B∨C is rewritten into
[¬(A∧B)∨C] ≡ [A∧B→C]. This rewriting is not the only option but the favorable
rewriting in comparison to the other m possible rewriting options e.g. [¬(A∧¬C)∨
¬B]≡ [A∧¬C→¬B]. So, in total m+n options with a preference of the nth option.

◦ if n = 0, then Ci which is a negative horn clause of the form ¬A∨¬B∨¬C can be re-
written into one of the following m favorable options ; [¬(A∧B)∨¬C]≡ [A∧B→¬C],
[¬(A∧C)∨¬B] ≡ [A∧C→¬B], or [¬(B∧C)∨¬A] ≡ [B∧C→¬A], in comparison
to [¬(A∧B∧C)] ≡ [A∧B∧C→ ∅]. So, in total m+ n options with a preference of
one of the m options.

� if n> 1, then Ci is not a horn clause, and has the form ¬A∨B∨C. However, it is still possible
to impose the rewriting within a horn implication form by qualifying any of the n atoms for
the rule’s head e.g. [¬(A∧¬B)∨C]≡ [A∧¬B→C] as possible favorable options. It is also
possible to qualify one of the m atoms e.g. [¬(¬B∧¬C)∨¬A]≡ [¬B∧¬C→¬A] as a less
favorable option of having negation in the rule’s head. Whereas the least favorable option is
to qualify all the n atoms to the rule’s head e.g. A→ B∨C.

This step is critical in establishing an implication form of Ci. Such a form is preliminary for the
translation process in which the intended resulting rules shall have the form of inclusion axioms.
The preference of one option over another is to avoid having non-negated atoms (e.g. case n = 1),
an empty-operator (e.g. case n = 0), or disjunction operators (e.g. case n > 1) in the rule’s head.
The resulting set of horn rules SHR (S2) is equivalent to the inputted set (S1) i.e. (S2 ≡ S1).

C. Qualifying Expressible rules (HRE)

• Input : S2 (= SHR) set of m horn rules in their implication form. For each horn rule Ri of the
form a1∧a2∧ ..∧an→ h in S2, check whether it satisfies the two syntactic restrictions :

C.1 Enclosed-rule constraint This constraint restricts the variables present in the head of the
rule h to be present in at least one of the body’s atoms ai for 16 i6 n i.e. enclosed-variables. For
example, a rule of the form R(x,y)∧S(y,a)→ R(x,b) is in-expressible since b does not appear in
the rule’s body, and thus cannot be qualified.

C.2 Connected-rule constraint This constraint assures that for each pair of variables x and y in
ri, there exists a sequence z1,z2, ...,zn such that z1 = x, zn = y, and for 16 j 6 n there is a binary
predicate R in ri such that R(zi,zi+1) or R−(zi+1,zi), i.e. connected-variables. For instance, a rule
of the form R(x,y)∧ S(a,b)→ R(x,b) is in-expressible since the variables a/b are not connected
to x/y.

Since a variable that is not enclosed or not connected results in an inexpressible rule, then
having a such mediating step in procedure, which qualifies rules according to the requirements
of upcoming steps, is essential. In cases where the Ri could not be qualified, this means that the
form of Ri does not comply syntactic constraints. However, it is possible to reexamine the form of
Ri qualified from the previous step, and re-consider another form of the rule that satisfies the two
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constraints, as depicted in figure 7.1. For example a rule of the form R(x,y)∧S(y,a)→ R(x,b) can
be rewritten in the form ¬R(x,b)∧ S(y,a)→ R(x,y) according to step 7.3.1. The resulting set of
expressible horn rules SHRE (S3) is a restrictive set of the inputted set (S2) i.e. the S3 is subsumed
by S2, denoted S3 ≤ S2.

D. Constructing the rule graph (GR)

• Input : S3 (= SHRE ) set of expressible horn rules in their implication form. For each horn rule
Ri apply the following steps to construct the graph GRi

:

D.1 Conceptualizing G The first operation is to conceptualize the rule Ri as a directed labeled
graph GRi

. For the remaining part of the paper, we refer to the unary and binary predicates of
Ri as concepts and roles respectively. A rule graph GRi

, following [Gasse2008], is defined as
G = 〈V,E,L,H〉 where ;

— V is a finite set of the variables of Ri resembling the vertices of the graph ;

— E is a finite set of the roles in the body of Ri resembling the edges of the graph, such that a
role S(x,y) is added to E in the form of an edge Sxy ;

— L is a finite set of label sets corresponding to each variable in Ri of the form L = {Lx1 =
{C1,C2},Lx2 = {C2,C3}, ...,Lxn = {C1,C3}} where Lx1,Lx2, ..., and Lxn are the label sets of
the variables x1,x2, ..., and xn respectively, C1,C2,C3 are concepts in Ri which the variables
satisfy, and L resembles the labels of all the vertices of the graph ;

— H is the head of Ri written in the form of an assertion ; either a concept assertion of the form
x : C if the rule is concept-headed i.e. C(x), or a role assertion of the form x,y : R if the rule
is role-headed i.e. R(x,y).

For example, a rule of the form R(x,y)∧A(x)∧B(y)∧S(x,z)∧S(y,z)→ T (x,y) is conceptualized
into G= 〈V,E,L,H〉 defined in terms of ; V = {x,y,z}, E = {Rxy,Sxz,Syz,Txy}, L= {Lx = {A},Ly =
{B},Lz =∅}, and H = x,y : T .

D.2 Simplifying G The second operation is to simplify the roles and concepts in E and L of
the rule graph. Simplification is made by removing edges and labels that can be removed without
altering the satisfiability of the rule. Such edges/labels correspond to roles/concepts that subsume
other roles/concepts in E/L i.e. are entailed (implied) by other edges/labels within E/L. Thus, these
edges/labels do not further constraint G, rather than being only implied within G (redundant). To
simplify G = 〈V,E,L,H〉, first we proceed with simplifying the roles, followed by the concepts
according to the rules below. Let V = {x,y,z}.

D.2.1 Simplifying roles : For each role in E, check whether the following rules apply, in order,
until no rule is applicable anymore. Let R be the role hierarchy consisting of role inclusion axioms

(RIAs) of the roles in E.

1. if (a) R contains a RIA of the form R1 ◦R2 ◦ ...◦Rn ⊑ S, and (b) E contains the roles R1
x1x2,

R2
x2x3, ..., Rn

xnxn+1, and Sx1xn+1, or their inverses, then remove Sx1xn+1 from E.

2. if (a) R contains a RIA of the form R ◦R ⊑ R i.e. Tra(R), and (b) E contains the roles
Rxy,Ryz, and Rxz, or their inverses, then remove Rxz from E.

3. if (a) R contains a RIA of the form S ⊑ R−, and (b) E contains the roles Rxy and Syx, then

remove Syx or Rxy from E.
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4. if (a) R contains a RIA of the form S⊑ R, and (b) E contains the roles Rxy, and Sxy, and (c)
R 6= S, then remove Rxy from E.

D.2.2 Simplifying concepts : For each variable labels’ set Li = C j f or16 j 6 n in L, check
whether the following rules apply, until no rule is applicable anymore. Let T be the concepts
hierarchy consisting of general concept inclusion axioms (GCIs) of the concepts in L.

1. if
⋂

C j∈Li

C j ≡⊤ in T , then empty Li i.e. Li =∅.

2. if C j ⊑C j′ in T , then remove C j′ i.e. Li = Li−{C j′}.

D.3 Identifying the root Groot The third operation is to identify the root of G which is a (set of)
variable(s) depending on the form of the rule’s head H. If the rule is concept-headed i.e. H = x : C,
then the root is a single variable expressed Groot = {x}. If the rule is role-headed i.e. H = x,y : R,
then the root is a path of variables starting by x in G to y in G and encompassing all the vertices in
between x and y, expressed Groot = {x, ..,y}.

The intuition behind constructing a conceptualization of a rule as a graph of vertices and edges,
is to visualize the links between the variables of the rule, figure-out the overall shape of the rule
(e.g. a tree or a cycle), and make the necessary operations (simplification and identification of
root) to convert it into the SROIQ serialization. The importance of roles’ simplification relies in
maximizing the possibility that G will satisfy the later semantic restrictions required by the next
step. Whereas that of concepts’ simplification relies in minimizing the label’s set of each vertex
of G by removing subsumers and maintaining (a list) of the most specific concepts that imply the
subsumers concepts. And last, identifying the root of G is the key to the next step’s conversion.
The resulting set of rule graphs SG (S4) is equivalent to the inputted set S3 i.e. S4 ≡ S3.

E. Converting into SROIQ axioms

• Input : S4 (= SG) set of rules graphs in their simplified form. For each rule graph G per-
form the subsequent operations to convert it to a SROIQ inclusion axiom A, and prepare next
step’s inputs I and RNS resembling the proposition builders and the set of non-simple roles in S4,
respectively.

E.1 Folding G The first operation is to qualify tree rule graphs only, i.e. G must not contain
cycles when considered as an undirected graph, and to shrink G to have V equivalent to its root
Groot . It is referred to as folding since the vertices of G that are not in the Groot set, are folded
back into a neighbor vertex [Gasse2008]. The folding uses the rolling-up technique [Tessaris2001]
which allows tree-like structures to be expressed as concept expressions. Thus, for each vertex z

of G that is a leaf node and does not appear in Groot , we fold z into a neighbor vertex y by using
the edge between z and y i.e. Rzy. This is done by rolling-up z into y as follows ;

1. eliminating Rzy from E ; by rolling the edge into a concept expression and adding it to y’s
set of labels Ly :

— if Lz 6=∅, then Ly = Ly∪∃R.
⋂

Ci∈Lz

Ci

— if Lz =∅, then Ly = Ly∪∃R.⊤

2. eliminating z from V ; V =V −{z}
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E.2 Composing axioms The second operation is to compose the axiom(s) A from G as general

concept inclusion axioms or role inclusion axioms according to the rule graph G.

� if G is concept-headed i.e. it has the form G = 〈{x},∅,Lx,x : Croot〉, then G is converted into
a single axiom A of the form

⋂

Ci∈Lx

Ci ⊑Croot i.e. a general concept inclusion axioms.

� if G is role-headed i.e. it has the form G= 〈{x1, ...,xn},{Rx1,x2,Rx2,x3 , ..., Rxn−1,xn},{Lx1,Lx2,
...,Lxn},x1,xn : Rroot〉, then G must not contain concepts but only roles to be converted to
role insertion axiom(s). Thus we apply the following ;

1. for every vertex xi in V , rewrite its label Lxi as a role expression using a fresh role, and
fresh concept. Let

◦ C′ be a fresh concept that is the intersection of all x’s labels as C′ =
⋂

Ci∈Lx

Ci, and

◦ RC′ be an auxiliary property associated to C′ as C′ ≡ ∃RC′.SELF .

Thus, each instance of C′ will have the role RC′ with itself, and the existence of such
a loop implies that the individual upon which RC′ loops over is an instance of C′. This
results in emptying V , and G becoming a set of edges only in which there is a single
path between x1 and xn.

2. convert the list of roles in E into a role inclusion axiom Ω ⊑ Rroot , where Ω is the
concatenation of the roles in E in the form of Ω = Sx1,x2 ◦ ...◦Sxn−1,xn.

E.3 Identifying structures The third operation is to verify the syntax of role inclusion axioms to
be compliant with one of the forms restricted by the simplicity and regularity constraint of SROIQ,
without achieving decidability (yet), and to form the inputs of the next final step. Considering RIAs

having the form (a j) : Ω⊑ Rroot , we apply the following ;

— restrict Ω to satisfy one of the following forms ; (i) R◦R ; or (ii) R− ; or (iii) S1 ◦S2 ◦ ..◦Sn ;
or (iv) R◦S1 ◦ ..◦Sn ; or (v) S1 ◦ ..◦Sn ◦R ; or (vi) S and S is simple.

— if Ω is a role composition, then ;

1. for every Si in Ω, that is not an inverse role and different from Rroot ; we define a
"proposition builder" I j to represent that the axiom a j having index j is included in
the TBox, and a j holds some ordering relations between Si and Rroot as follows ; I j→
(Si ≺ Rroot)∧(S

−
i ≺ Rroot)∧ .. for all 16 i6 n, following [Botti Benevides2019]. Each

proposition builder I j is added to the set of proposition builders I.

2. add Rroot to the list of non-simple roles RNS as follows ; RNS = RNS∪{Rroot}.

In this step, the folding of G ensures that all leaf nodes of G are rolled up so that V = Groot and
G consists of sole edges which link the variables of Groot . Then, composing A is straightforwardly
done using rolling-up techniques of concepts into roles. After that, RNS and I are built, and the
syntax of each axiom Ai is guaranteed to fall within the regularity constraint of SROIQ. The resul-
ting set of axioms SSROIQ(nonS) (S5) is a restrictive sub-set of the inputted set S4 i.e. S5 is subsumed
by S4, denoted S5 ≤ S4.

F. Establishing decidability - Generalization

• Inputs : S5 (= SSROIQ(nonS)) set of SROIQ axioms in their non-structured form, I set of pro-
position builders, and RNS set of non-simple roles.
In this final step, the goal is to structure the TBox by extracting a decidable fragment of the in-
putted set i.e. from a non-structured TBox to a structured one. This is done by applying two rules
imposed by the two syntactic constraints of SROIQ ; simplicity and regularity [Krötzsch2012b].
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These constraints target the theory as a whole rather than each single axiom per separately, to
guarantee that the reasoning algorithms are correct and do terminate [Krötzsch2012b], and that
the satisfiability problem is decidable [Horrocks2006]. Thus, in contrast to the preceding steps in
which we have treated the inputted sets Si as per element, in the following, we deal with all the
axioms of S5 at once, for each rule.

F.1 Simplicity rule This operation applies the simplicity rule by tracking the occurrences of
non-simple roles in S5 and dropping axioms that violate decidability. For each role Ri in the set of
non-simple role RNS, for each Ai in S5, if Ai is of the form ; (i) ∃Ri.SELF ; or (ii) < |= |> nRi.C ;
or (iii) Irr(R) ; or (vi) Asy(R) ; or (v) Dis(R,S), then drop Ai, and S5′ = S5−{Ai}. It is possible
to argue another option of dealing with the simplicity rule, by dropping the role inclusion axiom

Ω⊑ Ri which makes Ri non-simple in the first place, and keep role assertion axioms.

F.2 Regularity rule This operation applies the regularity rule by computing the incompatibili-
ties of different regular orders in I and tracking their corresponding axioms to be dropped. We
follow the approach proposed in [Botti Benevides2019] for tracking incompatibilities caused by
irregularities of contracting partial orders over a role hierarchy. The approach builds a meta-theory
in propositional logic and defines the problem of finding subsets of S5 (i.e. the TBox) that satisfy
regularity, as a decidable SAT problem.

I is the set of proposition builders of the form I j → (Si ≺ R)∧ (S−i ≺ R) capturing the state-
ment ; the inclusion of axiom a j in the TBox requires both orders Si ≺ R and S−i ≺ R to hold in
the role hierarchy R. Using I, we track incompatibilities between each pair of proposition buil-
ders if there exists two different contradicting regular orders on roles, which lead to an irregular
role hierarchy. An incompatibility between two proposition builders Im and In corresponds to an
incompatibility between the axioms am and an. We register this by build a meta axiom m ∈M ,
of the form m :Im→¬In stating that the inclusion of the axioms of one proposition builder infers
the requirement to drop the axioms of the other i.e. either one of am or an shall be dropped. The
axioms am and an are added to the set of unstructured axioms U .

For example, the two proposition builders I5→ (S1 ≺ S2)∧ (S
−
1 ≺ S2) and I7→ (S2 ≺ S1)∧

(S−2 ≺ S1) signify that axioms a5 and a7 are incompatible. This is represented in the meta-theory
as a meta axiom m :I5→¬I7 indicating that for the TBox to be decidable, one of the two axioms
shall be dropped i.e. TBox−{a5} or TBox−{a7}, and U = U ∪{a5,a7}.

After computing all the incompatibilities due the regularity rule, we have the following :

— S5′ = {ai} ; the modified unstructured set of axioms inputted (after applying the simplicity
rule to the initial S5 set).

— M = {mk} ; the set of meta axioms from the meta level propositional theory.

— U = {ai} ; the set of unstructured axioms from the incompatible proposition builders spe-
cified in the the meta axioms set.

As a consequence of what preceded, removing now the unstructured axioms in U from S5′ ,
yields in S5′ −U containing a set of structured (safe) axioms that comply with the syntactic res-
trictions, that is a subset of S5 i.e. S5′ ≤ S5. The goal is however to find the maximal structured set
of axioms by finding the structured subsets of U e.g. if a1 and a2 are incompatible, and a3 and
a4 are incompatible, this does not mean that (a1,a3) or (a1,a4) or (a2,a3) or (a2,a4) are incompa-
tible too. To find out axioms that are related, the meta axioms in U can be linked depending on
the axioms they tackle. For instance, if m1 which captures I5 and I7, is the only meta axiom that
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Transforming to Clausal Form :

Upon skolemization SNF, we substitute n and a by the skolem functions f as {n← f (x,y, t)}. For
simplicity we will write f (x,y,m) as f .

∀(x,y)[¬SEDxy∨ (∀t(¬Ext ∨Eyt)∧¬Eqxy∧∃tExt)] (NNF)

∀x,y, t∃n∀b[¬SEDxy∨ ((¬Ext ∨Eyt)∧¬Eqxy∧Exn)] (PNF)

¬SEDxy∨ ((¬Ext ∨Eyt)∧¬Eqxy∧Ex f )]∧ (SNF)

(¬SEDxy∨¬Ext ∨Eyt)∧ (¬SEDxy∨¬Eqxy)∧ (¬SEDxy∨Ex f ) (CNF)

Rewriting as Horn rules :

SEDxy∧Ext → Eyt (R1)

SEDxy→¬Eqxy (R2)

SEDxy→ Ex f (R3)

Qualifying Expressible Horn rules :

R3 does not qualify since the variables are not enclosed.

SEDxy∧Ext → Eyt (R1)

SEDxy→¬Eqxy (R2)

Constructing the rule graphs :

G = 〈{x,y,m},{SEDxy,Eyt},∅,y, t : E〉 (G1)

G = 〈{x,y},{SEDxy},∅,x,y : ¬Eq〉 (G2)

Converting into axioms :

SED− ◦E ⊑ E (A1)

SED⊑ nEq,wherenEq = ¬Eq (A2)

7.4.2 The non-structured set of SROIQ axioms

We present below the output of step 5 ; FORTS5 as the set of 120 non-structured axioms, and
the structures RNS and I resembling the set of non-simple roles and the set of proposition builders,
respectively.

SED− ◦E ⊑ E (a1)

SED⊑ ¬equal (a2)

SED◦negE ⊑∅ (a3)

SED◦SED⊑ SED (a4)
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componentO f ⊑ partO f (a5)

Tra(componentO f ) (a6)

Irr(componentO f ) (a7)

Asy(componentO f ) (a8)

componentO f ⊑ properPartO f (a9)

componentO f ◦¬PartO f− ⊑∅ (a10)

overlaps◦ componentO f ⊑∅ (a11)

elementO f ⊑ partO f (a12)

elementO f ⊑ SED (a13)

Tra(elementO f ) (a14)

Irr(elementO f ) (a15)

Asy(elementO f ) (a16)

elementO f ⊑ properPartO f (a17)

elementO f ◦¬PartO f− ⊑∅ (a18)

overlaps◦ elementO f ⊑∅ (a19)

Tra(partO f ) (a20)

Re f (partO f ) (a21)

equal ⊑ partO f (a22)

equal ⊑ partO f _ (a23)

Tra(equal) (a24)

Re f (equal) (a25)

Sym(equal) (a26)

properPartO f ⊑ partO f (a27)

properPartO f ⊑ ¬partO f _ ||Dis(properPartO f , partO f _) (a28)

Tra(properPartO f ) (a29)

Irr(properPartO f ) (a30)

Asy(properPartO f ) (a31)

partO f _ ◦ partO f ⊑ overlaps (a32)

Re f (overlaps) (a33)

Sym(overlaps) (a34)

partO f ◦ partO f _ ⊑ underlaps (a35)

Re f (underlaps) (a36)

Sym(underlaps) (a37)

overcross⊑ overlaps (a38)

overcross⊑ ¬partO f ||Dis(overcross, partO f ) (a39)

Re f (overcross) (a40)

Sym(overcross) (a41)

undercross⊑ underlaps (a42)

undercross⊑ ¬partO f _ ||Dis(undercross, partO f _) (a43)

properOverlap⊑ overcross (a44)

properOverlap⊑ overcross_ (a45)
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negPartO f ≡ ¬partO f (a46)

negOverlaps≡ ¬overlaps (a47)

properUnderlap⊑ undercross (a48)

properUnderlap⊑ undercross_ (a49)

properExtension⊑ ¬partO f ||Dis(properExtension, partO f ) (a50)

properExtension⊑ partO f _ (a51)

Coverlaps ≡ ∃overlaps.⊤ (a52)

Coverlaps ⊑ ∃Roverlaps.SELF (a53)

Roverlaps ◦¬overlaps◦underlaps⊑ overlaps (a54)

CpartO f ≡ ∃partO f .⊤ (a55)

CpartO f ⊑ ∃RpartO f .SELF (a56)

RpartO f ◦¬partO f ◦overlaps⊑ partO f (a57)

Re f (connected) (a58)

Sym(connected) (a59)

externallyConnected ⊑ connected (a60)

externallyConnected ⊑ ¬overlaps ||Dis(externallyConnected,overlaps) (a61)

tangentialPartO f ⊑ partO f (a62)

internalPartO f ⊑ partO f (a63)

internalPartO f ⊑ ¬tangentialPartO f ||Dis(internalPartO f , tangentialPartO f ) (a64)

Re f (EL) (a65)

Tra(EL) (a66)

partO f ⊑ EL (a67)

partO f ◦REL ⊑ EL (a68)

CEL ≡ ∃EL.⊤ (a69)

CEL ⊑ ∃REL.SELF (a70)

EL◦ partO f ⊑ EL (a71)

EL◦L⊑WL (a72)

L_ ◦EL◦L⊑ partO f (a73)

L_ ◦L⊑ equal (a74)

partO f _ ◦L⊑ PL (a75)

¬partO f ◦PL⊑∅ (a76)

PL◦L_ ⊑∅ (a77)

tangentialPartO f _ ◦L⊑ T PL (a78)

¬tangentialPartO f ◦T PL⊑∅ (a79)

T PL◦L_ ⊑∅ (a80)

internalPartO f _ ◦L⊑ IPL (a81)

¬internalPartO f ◦ IPL⊑∅ (a82)

IPL◦L_ ⊑∅ (a83)

L◦ partO f ⊑WL (a84)

WL◦¬partO f _ ⊑∅ (a85)

WL_ ◦¬L⊑∅ (a86)
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L◦ tangentialPartO f ⊑ TWL (a87)

TWL◦¬tangentialPartO f _ ⊑∅ (a88)

TWL_ ◦¬L⊑∅ (a89)

L◦ internalPartO f ⊑ IWL (a90)

IWL◦¬internalPartO f _ ⊑∅ (a91)

IWL_ ◦¬L⊑∅ (a92)

L⊑ PL (a93)

L⊑WL (a94)

L◦ partO f _ ⊑ PL (a95)

L◦ tangentialPartO f _ ⊑ T PL (a96)

L◦ internalPartO f _ ⊑ IPL (a97)

PL◦ partO f _ ⊑ PL (a98)

T PL◦ partO f _ ⊑ T PL (a99)

IPL◦ partO f _ ⊑ IPL (a100)

partO f ◦WL⊑WL (a101)

internalPartO f ◦ IWL⊑ IWL (a102)

partO f ◦PL⊑ PL (a103)

IPL⊑ PL (a104)

T PL⊑ PL (a105)

IWL⊑WL (a106)

TWL⊑WL (a107)

Irr(memberO f ) (a108)

Asy(memberO f ) (a109)

memberO f ⊑ properPartO f (a110)

negMemberO f ≡ ¬memberO f (a111)

properOverlap_ ◦memberO f ⊑ ¬memberO f (a112)

properPartO f _ ◦memberO f ⊑ ¬memberO f (a113)

properPartO f ◦memberO f ⊑ ¬memberO f (a114)

overlaps◦memberO f ◦RmemberO f ⊑ overlaps (a115)

CmemberO f ≡ ∃memberO f _.⊤ (a116)

CmemberO f ⊑ ∃RmemberO f .SELF (a117)

Irr(constitutes) (a118)

Asy(constitutes) (a119)

Tra(constitutes) (a120)

partO f ◦Rconstitutes ⊑ elementO f (a121)

Cconstitutes ≡ ∃constitutes.⊤ (a122)

Cconstitutes ⊑ ∃Rconstitutes.SELF (a123)

negEqual ≡ ¬equal (a124)
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Based on the preceding 124 axioms, we specify the set of non-simple roles RNS, and the set
of proposition builders I (all proposition builder are stated afterwards) as follows. In RNS, the
denotation rolenamen refers to a rolename that is added to RNS because of axiom number n in S5

i.e. axiom n lead to the non-simplicity of the role rolename.

RNS = {E1,negEqual2,SED4, partO f 5,componentO f 6,elementO f 14, ppartO f 9,17,equal24,

overlaps32,underlaps35,EL66,WL72,PL75,95,T PL78, IPL81,TWL87, IWL90,negMemberO f 108,

constitutes114}.

I = {I2,I5,I9,I12,I13,I17,I22,I23,I27,I32,I35,I38,I42,I44,I45,I48,I49,I51,I54,I57,I60,I62,I63,I67,

I68,I72,I73,I74,I75,I78,I81,I84,I87,I90,I93,I94,I95,I96,I97,I98,I99,I100,I101,I102,I103,I104,I105,I106,

I107,I110,I112,I113,I114,I115,I121}.

I2→ (SED≺ negEqual)∧ (SED_ ≺ negEqual)

I5→ (componentO f ≺ partO f )∧ (componentO f _ ≺ partO f )

I9→ (componentO f ≺ ppartO f )∧ (componentO f _ ≺ ppartO f )

I12→ (elementO f ≺ partO f )∧ (elementO f _ ≺ partO f )

I13→ (elementO f ≺ SED)∧ (elementO f _ ≺ SED)

I17→ (elementO f ≺ ppartO f )∧ (elementO f _ ≺ ppartO f )

I22→ (equal ≺ partO f )∧ (equal_ ≺ partO f )

I23→ (equal ≺ partO f _)∧ (equal_ ≺ partO f _)

I27→ (ppartO f ≺ partO f )∧ (ppartO f _ ≺ partO f )

I32→ (partO f ≺ overlaps)∧ (partO f _ ≺ overlaps)

I35→ (partO f ≺ underlaps)∧ (partO f _ ≺ underlaps)

I38→ (overcross≺ overlaps)∧ (overcross_ ≺ overlaps)

I42→ (undercross≺ underlaps)∧ (undercross_ ≺ underlaps)

I44→ (poverlaps≺ overcross)∧ (poverlaps_ ≺ overcross)

I45→ (poverlaps≺ overcross_)∧ (poverlaps_ ≺ overcross_)

I48→ (punderlaps≺ undercross)∧ (punderlaps_ ≺ undercross)

I49→ (punderlaps≺ undercross_)∧ (punderlaps_ ≺ undercross_)

I51→ (pExtension≺ partO f _)∧ (pExtension_ ≺ partO f _)

I54→ (Roverlaps ≺ overlaps)∧ (R_
overlaps ≺ overlaps)∧ (negOverlaps≺ overlaps)∧ (negOverlaps_

≺ overlaps)∧ (underlaps≺ overlaps)∧ (underlaps_ ≺ overlaps)

I57→ (RpartO f ≺ partO f )∧ (R_
partO f ≺ partO f )∧ (negPartO f ≺ partO f )∧ (negPartO f _ ≺ partO f )

∧ (overlaps≺ partO f )∧ (overlaps_ ≺ partO f )

I60→ (externallyConnected ≺ connected)∧ (externallyConnected_ ≺ connected)

I62→ (tangentialPartO f ≺ partO f )∧ (tangentialPartO f _ ≺ partO f )
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I63→ (internalPartO f ≺ partO f )∧ (internalPartO f _ ≺ partO f )

I67→ (partO f ≺ EL)∧ (partO f _ ≺ EL)

I68→ (REL ≺ EL)∧ (R_
EL ≺ EL)∧ (partO f ≺ EL)∧ (partO f _ ≺ EL)

I72→ (EL≺WL)∧ (EL_ ≺WL)∧ (L≺WL)∧ (L_ ≺WL)

I73→ (L≺ partO f )∧ (L_ ≺ partO f )∧ (EL≺ partO f )∧ (EL_ ≺ partO f )

I74→ (L≺ equal)∧ (L_ ≺ equal)

I75→ (partO f ≺ PL)∧ (partO f _ ≺ PL)∧ (L≺ PL)∧ (L_ ≺ PL)

I78→ (T P≺ T PL)∧ (T P_ ≺ T PL)∧ (L≺ T PL)∧ (L_ ≺ T PL)

I81→ (IP≺ IPL)∧ (IP_ ≺ IPL)∧ (L≺ IPL)∧ (L_ ≺ IPL)

I84→ (L≺WL)∧ (L_ ≺WL)∧ (partO f ≺WL)∧ (partO f _ ≺WL)

I87→ (L≺ TWL)∧ (L_ ≺ TWL)∧ (T P≺ TWL)∧ (T P_ ≺ TWL)

I90→ (L≺ IWL)∧ (L_ ≺ IWL)∧ (IP≺ IWL)∧ (IP_ ≺ IWL)

I93→ (L≺ PL)∧ (L_ ≺ PL)

I94→ (L≺WL)∧ (L_ ≺WL)

I95→ (L≺ PL)∧ (L_ ≺ PL)∧ (partO f ≺ PL)∧ (partO f _ ≺ PL)

I96→ (L≺ T PL)∧ (L_ ≺ T PL)∧ (T P≺ T PL)∧ (T P_ ≺ T PL)

I97→ (L≺ IPL)∧ (L_ ≺ IPL)∧ (IP≺ IPL)∧ (IP_ ≺ IPL)

I98→ (partO f ≺ PL)∧ (partO f _ ≺ PL)

I99→ (partO f ≺ T PL)∧ (partO f _ ≺ T PL)

I100→ (partO f ≺ IPL)∧ (partO f _ ≺ IPL)

I101→ (partO f ≺WL)∧ (partO f _ ≺WL)

I102→ (partO f ≺ IWL)∧ (partO f _ ≺ IWL)

I103→ (partO f ≺ PL)∧ (partO f _ ≺ PL)

I104→ (IPL≺ PL)∧ (IPL_ ≺ PL)

I105→ (T PL≺ PL)∧ (T PL_ ≺ PL)

I106→ (IWL≺WL)∧ (IWL_ ≺WL)

I107→ (TWL≺WL)∧ (TWL_ ≺WL)

I110→ (memberO f ≺ ppartO f )∧ (memberO f _ ≺ ppartO f )

I112→ (properOverlap≺ negMemberO f )∧ (properOverlap_ ≺ negMemberO f )

∧ (memberO f ≺ negMemberO f )∧ (memberO f _ ≺ negMemberO f )

I113→ (ppartO f ≺ negMemberO f )∧ (ppartO f _ ≺ negMemberO f )∧ (memberO f ≺ negMemberO f )

∧ (memberO f _ ≺ negMemberO f )

I114→ (ppartO f ≺ negMemberO f )∧ (ppartO f _ ≺ negMemberO f )∧ (memberO f ≺ negMemberO f )

∧ (memberO f _ ≺ negMemberO f )

I115→ (memberO f ≺ overlaps)∧ (memberO f _ ≺ overlaps)∧ (RmemberO f ≺ overlaps)∧ (R_
memberO f

≺ overlaps)

I121→ (partO f ≺ elementO f )∧ (partO f _ ≺ elementO f )∧ (Rconstitutes ≺ elementO f )∧ (R_
constitutes

≺ elementO f )
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Now, we are able to compute the structured subsets of U by computing the sub-theories :

M1 = {m1},whereU1 = 〈{a57},{a32}〉

M2 = {m2},whereU2 = 〈{a73},{a67,a68}〉

M3 = {m3},whereU3 = 〈{a121},{a12}〉

As a last step, from each tuple Un, we make the choice of suppressing one set yielding in S6 as a
structured subset of S5′ , such that S6 = S5′−{a57,a73,a121}.
The final structured subset S6 consists of 108 axioms where the inputted set S5 consisted of 124
axioms. Thus 16 axioms (a7, a8, a15, a16, a28, a30, a31, a39, a43, a50, a61, a118, a119, a57, a73, a121)
were suppressed in total upon applying the simplicity and regularity rules.

Other DL formalizations of foundational ontologies

The OWL versions of DOLCE and BFO are available online as DOLCE-Lite 1 (an ontology of
both concepts and relations making heavy use of object propoerties), and BFO2.0 2 (as an ontology
that is a taxonomy of categories whereas extensions with relations are made via the RO), to assist
in the ontology development process, in which some domain ontologies that use them are listed
on their sites. While DOLCE-Lite is encoded in the SHI DL, BFO is simpler encoded in ALC.
However, neither one uses all OWL-DL capabilities of SHOIN(D), nor all OWL 2 DL features.
As for UFO, a SROIQ DL formalization, s the formal underpinning of OWL 2 DL.

7.5 Conclusion

In this Chapter, we have extracted a secondary decidable specification (FORT lightweight on-
tology) of the original expressive one (FORT reference ontology), by translating the original FOL
formalization into a decidable fragment of SROIQ−DL formalization [methodology-step-3].

For this translation, no tools or even principled works exist for providing guidelines for the
translation of FOL theories into SROIQ knowledge bases. To put a step forward towards addres-
sing this subject and to eventually translate FORT, we have proposed a procedure for translating
FOL theories (with one or two arity predicates) into decidable SROIQ fragments. The procedure
computes, at each step, a particular logical formalism of the initial theory (e.g. Clausal Normal
Form, Horn Rules Form, Graph Rules Form, structured and non-structured SROIQ fragments).
This is by performing operations such as rewriting formulas, syntactic/semantic checks, graph
transformations, and rule-rolling techniques. The approach exploits the literature by re-using ex-
tant convenient techniques, such as constructing graph rules from [Gasse2008] and structuring a
TBox from [Botti Benevides2019], and assembles them together with other operations to form a
series of consecutive steps.

After that, we applied the procedure on FORT to translate it into a SROIQ fragment yielding
in a T Box of 108 structured axioms. Thus, we have established in this Chapter [micro-objective-3]
by obtaining a secondary decidable formalization of the our proposed language of relations.

1. ❤tt♣✿✴✴✇✇✇✳❧♦❛✳✐st❝✳❝♥r✳✐t✴♦♥t♦❧♦❣✐❡s✴❉❖▲❈❊✲▲✐t❡✳♦✇❧

2. ❤tt♣s✿✴✴❣✐t❤✉❜✳❝♦♠✴❇❋❖✲♦♥t♦❧♦❣②✴❇❋❖✷
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7.5. Conclusion

For the semantic web, developing ontological models starting from logical formalisms is wi-
dely growing nowadays. In cases where these logical formalisms are FOL-based, our procedure
facilitates the task of extracting a decidable the SROIQ-based logical formalism, upon which the
OWL2DL web ontology language is based. Thus, the procedure aids the shift from a the initial
logical framework to to implement an eventual OWL2 ontology for practice.

Moreover, although the research in the field of knowledge representation and reasoning conti-
nues to add new constructs and relax other restrictions on DL families to maximize expressivity
and still maintain decidability, there are still some forms of knowledge that cannot be captured by
current DLs. Examples include the basic antisymmetry in mereological theories, as well as the res-
trictions on non-simple roles. These are indeed proof of the inadequacy of DLs in the specification
of meta-ontologies as FOs and FORT. In practice, extant semantic web technologies have been
developed to enhance expressivity abilities, such as the Semantic Web Rule Language (SWRL)
and the Shapes Constraints Language (SHACL).

In the following Chapter 8, we focus on the FORT lightweight ontology, in which we move
forward towards our last contribution addressing the last three steps of the proposed methodology.
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8
A lightweight ontology of foundational relations ;

application proposals

This Chapter is a design for the proposal’s continuation, rather than

a complete contribution.
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Chapitre 8. A lightweight ontology of foundational relations ; application proposals

8.1 Introduction

In the previous Chapter 7, we extracted a secondary decidable specification of FORT by trans-
lating the original FOL-formalization into a SROIQ knowledge base. Thus, we have obtained a
decidable lite fragment of the proposed language of relations.

In this Chapter, we aim to cover the contribution of providing FORT as a lightweight ontology
in practice [micro-objective-4], while showing its possible employment methods [micro-objective-
5] and demonstrating its convenience through the cultural heritage application [micro-objective-
6]. This could be achieved by implementing an OWL2 ontology of FORT [methodology-step-4],
studying its possible importation and linkage scenarios [methodology-step-5], and demonstrating
some scenario using a real world application [methodology-step-6].

We first provide in Section 8.2.2 the FORT OWL2 ontology. Then, we discuss in Section 8.3
the possible employment methods of FORT based on the application’s setting. After that, based
on limited time and inputs from the application domain, we discuss requirements for a complete
application and conclude in Section 8.4.

8.2 Methodology step 4 : an OWL ontology [FORT − liteOWL]

In this section, we initially discuss the significance of the Semantic Web (SW) and its associa-
ted technologies as a domain to contextualize our theory in. Indeed, the current FORT ontology
allows for further exploration of alternative approaches, such as within a conceptual modeling fra-
mework employing UML for ontology-driven conceptual modeling tasks. Nevertheless, we opted
to proceed with SW technologies, as elucidated below. Then, we introduce the OWL2DL imple-
mentation of FORT, serving as an ontology represented in a Semantic Web language to facilitate
its application in semantic web-oriented applications.

8.2.1 Context : the relevance of the Semantic Web

The SW domain offers multiple advantages in terms how information is structured and shared,
emphasizing the meaningful interpretation of data across diverse domains. Several technologies
within the SW domain support knowledge representation in general, and ontology handling in
particular, such as the Resource Description Framework (RDF) as a graph model for data, the
RDF Schema (RDFS) and the Web Ontology Language (OWL) for defining vocabularies and
ontologies, the SPARQL Protocol And RDF Query Language (SPARQL) as a query language
dedicated to RDF, in addition to other supported services for inferences and graph validation.

Additionally, the adoption of the principles of the Semantic Web fosters integration with Lin-
ked Open Data (LOD) initiatives. LOD emphasizes the publication and interlinking of structured
data on the web, creating a vast network of interconnected resources.

Furthermore, when it comes to interdisciplinary fields, as discussed in Chapter 1 there is a cru-
cial need to contextualize data, link them to their different aspects (historical context, art context,
material context, etc.) and to each other. Such contextualized and interlinked information allows
for a holistic comprehension of an interdisciplinary domain facilitating further interdisciplinary
analyses.

Taking the cultural heritage field as an interdisciplinary example, in [Vavliakis2012], the au-
thors present a study which focus on the challenges imposed by the multidimensionality of infor-

182



8.2. Methodology step 4 : an OWL ontology [FORT − liteOWL]

mation in this domain (which has been also presented in Chapter 1), and discuss the significance
of the SW and LOD initiatives in addressing this multidimensionality by contextualizing and in-
terlinking data.

For that, the authors provide an example that highlights the advantages of incorporating CH
data into the SW and leveraging LOD access. The example pictures the case of archaeologist per-
forming an excavation in an ancient Macedonian tomb in Northern Greece. While having their
crew already unearthed the dome of the tomb and working towards revealing the rest of the struc-
ture, using their link to the web (and to the world), their application queries a Linked open data
repository and finds information of similar excavation sites. Based on these resources, the ap-
plication gives inferences that given the materials found in another similar tomb, the ongoing
operations, and the reported humidity of the soil, there is a considerable risk of collapse. Then, a
strong recommendation of halting the operation is given. Moreover, while a restorer was working
on a damages golden crown found in that tomb, further knowledge about its sources was needed,
whether is of Macedonian or Persian style. Using the object’s report, which contains spectrosco-
pic and µRaman analysis data identifying the object’s materials, the application inferences that is
most probably of Persian style, for that the orpiment mixture found in the object, was used to be
extracted from the mines of Persia and at the creation time of the crown it was common among
Persian blacksmiths.

This example not only underscores the importance of adopting LOD principles but also em-
phasizes the value of contextualizing data in a precise and interconnected manner to gain valuable
insights. Moreover, it also serves as a compelling demonstration of the significance of studies fo-
cusing on the materiality of entities, such as analyzing the materials of tombs and soil to infer
similarities between tombs, or examining the composition of crowns to determine the sources of
their materials. And this underscores the importance of our proposed FORT approach which en-
ables a detailed and expressive representation of tangible entities, like archaeological sites and
artifacts, through relations. Thereby emphasizing the significance of the FORT framework and the
importance of integrating it into the SW for future benefits.

8.2.2 The implementation of FORT

For implementing FORT, we use the Web Ontology Language (OWL)a knowledge represen-
tation language capable of defining ontologies with high expressiveness by employing constructs
from Description Logic (DL). The OWL2 recommendation offers two levels of expressiveness,
depending on the formal semantics employed : OWL2 DL and OWL2 Full. With the former ha-
ving direct semantics, decidable properties, and underpinned by the SROIQ DL (in which FORT
had been formalized in the previous Chapter 7), we opt to proceed with OWL2 DL.

The implementation is straightforward in which we assert the 108 structured axioms of the
SROIQ-Tbox obtained upon translating FORT into its lightweight version yielding in an OWL2
DL ontology. For that, we used the Protégé software, a free ontology editor incorporating several
reasoners. Figure 8.1 shows a snapshot from the Protégé software of the ObjectProperty hierarchy
of the FORT ontology.

Some rules are then added, as shown in Listing 8.1, using Semantic Web Rule Language
(SWRL), a SW technology allowing for writing semantic rules, applied to semantic Web and
OWL ontologies [Horrocks2004b]. Although SWRL is a W3C "member submission" and not a
"recommendation", meaning it has not yet been assessed for standardization process, it is par-
ticularly interesting since it addresses directly OWL ontologies. Other semantic rules exchange

technologies include the Rule Interchange Format (RIF), a W3C specification for writing and
exchanging rules in the SW but not for implementing rules for applications. Additionally, these
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include the SPARQL Inference Notation (SPIN a W3C member "submission") and the SHACL
Advanced Features (SHACL-AF which is based on the SHACL W3C recommendation) seman-
tic rules, which focus on RDF and not OWL (like SWRL) which make them applicable on RDF
graphs of data (which contain OWL constructs) for validation of data at the data level rather than
assertion of rules at the classes/properties level.

The OWL file is available online at the FORT GitHub repository accessible at : FORT-OWL
ontology 1.

1 P❛rt❖❢ ✭❄①✱ ❄②✮✱ P❛rt❖❢ ✭❄②✱ ❄①✮ ✲❃ ❙❛♠❡❆s ✭❄①✱ ❄②✮

2 ▲♦❝❛t❡❞❆t ✭❄①✱ ❄②✮ ✲❃ ▲♦❝❛t❡❞❆t ✭❄②✱ ❄②✮

Listing 8.1 – Some SWRL rules in FORT.

8.3 Methodology step 5 and 6 : applicability and convenience of FORT

In this section, our objective is to illustrate the practical implementation of FORT as an ex-
pressive language of relations. Specifically, we aim to demonstrate two potential methods of using
FORT : as a relation language imported into user-based domain ontologies, and as a valuable
meta-ontology within a system of ontologies such as interdisciplinary applications like cultural
heritage.

To achieve this, we present two employment methods for FORT, each tailored to the appli-
cation’s context and intended goals. The first method involves a direct employment of FORT for
use by a single ontology, whereas the second method adopts an indirect use of FORT, catering
to interdisciplinary scenarios. These methods are depicted in Figure 8.2, and we provide detailed
explanations for each in subsequent sections.

It is important to highlight that none of these systems are implemented as part of this thesis
work. We only propose designs of the employment methods as exploration for later implementa-
tions and testing.

8.3.1 Direct employment method

The goal of the direct employment method is to use FORT’s relations within a user-based
domain ontology as an expressive language to semantically enhance domain relations. This is by
importing FORT as an ontology (i.e. at the global ontology level) into the domain ontology of a
user (i.e. at the domain ontology level), followed by an ontology alignment task as depicted in
Figure 8.2, under the "direct method" section.

In this case, the alignment task concerns building correspondence between the relations of
FORT, denoted RFORT , and those of the domain ontology, denoted Rdomain, [Euzenat2007] :

— an equivalence correspondence denoted 〈Rdomain,≡,RFORT 〉 relating two roles Rdomain and
RFORT , if they are semantically equivalent (Rdomain ≡ RFORT )

— a subsumed-by correspondence denoted 〈Rdomain,≤,RFORT 〉 relating two roles Rdomain and
RFORT , if Rdomain is a sub property of RFORT (Rdomain ⊑ RFORT )

— a subsumed-by correspondence denoted 〈Ωdomain,≤,RFORT 〉 relating a role composition of
n in the domain Ωdomain = R1 ◦R2 ◦ .. ◦Rn to RFORT , if the composition of roles Ωdomain

yields in a role that is sub property of RFORT (Ωdomain ⊑ RFORT )

1. ❤tt♣s✿✴✴❣✐t❤✉❜✳❝♦♠✴❉❛♥❛s❤❋❛t✐♠❛✴❋❖❘❚✴tr❡❡✴✺❝✻✸✾✵✽✸✵❝✷❡✽❝❢❢✺✷❞❢✷❛✻❞✹✶✼✷✺❞❢❞✸❞✺❞❝❢✵✷✴

❋❖❘❚✲❖❲▲✲♦♥t♦❧♦❣②
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Thus, there arises a necessity for an ontology that offers this consensus hierarchy of catego-
ries. To address this need, and depending on each application, the addition of the core/mid-level
ontology layer 1 is vital. Core ontologies are particularly interesting for multidisciplinary domains
aiming for interdisciplinary integration since they define the minimal concepts required to unders-
tand the finer concepts across these domains [Falquet2011]. This results in an intended consensus
of a hierarchy of concepts while maintaining a certain abstraction level generic enough to avoid
domain-dependency. Mid-level ontologies serve a similar purpose, bridging the gap between do-
main and global levels.

Thus, as depicted in Figure 8.2 under the "Integration" section of the indirect employment
method, we propose an approach that involves two steps : first, the construction or selection and
mapping of a core/mid-level ontology to the domain ontologies, and second, the exploitation of
FORT at the global level with links to the core/mid-level through the alignment of relations from
both ontologies, following the direct method explained in Section 8.3.1.

In this approach, the navigation across user-based domain ontologies, which is an integral task
during the integration process, is facilitated by the links established between each domain onto-
logy and the corresponding core/mid-level ontology. Meanwhile, the exploitation of rich semantic
relation, occurs at the core-mid-level, which incorporates the relations provided by FORT. Thus,
domain ontologies can use FORT’s relations in an indirect method via the integrating core/mid-
level ontology.

Aggregation-based approach

For an aggregation-based approach, the primary objective is to combine data from multiple
sources without necessarily achieving a consensus between their respective ontologies. It involves
aggregating data from different ontologies into a single system, allowing access to the combined
information by multiple domains. The ontologies remain independent and do not undergo modifi-
cation or alignment.

However, the system in which the data is aggregated is capable of exploiting the semantics
of both combined to further infer new data, based on some semantic rules over data graphs. Of
course, the application still has its interdisciplinary characteristic where it is trying to make use of
the data published by each ontology, to benefit each other ontology. just not the goal of integrating
these domain ontologies at the domain level neither via a consensus hierarchy, but merging their
results instead.

In this approach we propose the use of FORT, as a relations and rules language, within this
aggregation system seeking to infer new data using FORT’s semantics. This means that the inter-
disciplinary application is seeking links between their entities regarding an enhancement of their
structural and spatial characteristics.

In the domain of cultural heritage, consider a scenario where there are two domain ontologies :
one for archaeological sites and another for objects (findings).

The archaeological site ontology includes details about site descriptions, locations, findings,

1. Refer to Figure 1.7 for the placement of core/mid-level ontologies in the abstraction levels layers.
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dates, population, schematic figures, parietal paintings found in the sites, on-site and off-site ana-
lysis of these figures, and the results of these analyses.

The findings ontology, on the other hand, describes various artifacts that are found in places
and acquire a patrimonial value such as tools, crowns, small statues, painting materials, pots, etc.,
with describing their structural and spatial characteristics, and multiple types of analysis performed
on them

An ontology aggregation system designed aims to combine these two domain ontologies into a
unified system without explicitly linking the ontologies. The system aims to create connections and
inferences between data elements from both ontologies to facilitate knowledge discovery across
both. For example, the system aims to inferring identical locations, the findings at a same or
overlapping locations, connections between painting matters found at the same locations, linking
artifacts having similar analysis results, etc.

To achieve this, the system could exploits the domain-independent and expressive relations and
rules offered in FORT within a SW framework using SW technologies e.g. SPARQL for queries,as
well as SPIN/SHACL-AF for semantic rules (validation and inference services) at the data graph
level. This required that data of domain ontologies (or relational databases) exist in the for of RDF
graphs. 1 As depicted in Figure 8.2 under the "Aggregation" section of the indirect employment
method, we propose the following approach :

1. Query Translation : Data from the domain ontologies is translated into FORT’s relations,
allowing for data aggregation at the global level based on query rewriting

2. Graph Saturation : FORT’s rules, along with additional application-specific rules, are used
for saturating the graph. The system populates the graph with inferred data, expanding the
knowledge base and enabling connections between different entities.

3. Query Translation (Reverse) : Another query translation task ensures that the domain on-
tologies are updated with the findings from the global level, incorporating data from other
ontologies as well.

By employing this approach, the ontology aggregation system effectively combines data from
archaeological sites and objects, enabling cross-domain queries, inferences, and knowledge disco-
very based on query reformulation and saturation-based techniques which could be further inves-
tigated in [Bischof2014,Buron2019,Buron2020]. In such approaches, using FORT’s relations and
rules language plays an important role in achieving a domain-independent and rich structural and
spatial based representations and links between entities.

8.4 Conclusion

In this Chapter, we have supported the practice of the FORT lightweight ontology in the Se-
mantic Web by providing an OWL2 DL ontology, thus achieving [micro-objective-4].

Additionally, we have designed the possible employment methods of FORT based on the appli-
cation’s setup and objectives, resulting in direct employment for a single-ontology use, and indirect

1. RDF stores or triplestore is a type of database specially designed to store information in the form of triplets (sub-
ject, property, object), which the form of RDF data, in order to trate them as RDF data, and to retrieve this information
through query mechanisms using SPARQL. Examples of these systems which based on SW technologies and used to
store knowledge in the form of RDF graphs include GraphDB, a graph database and triplestore.
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employment for a multiple ontology use in an interdisciplinary application based on integration or
aggregation purposes. However, we have not implemented any of the proposed architectures due
to time and input limitations. Thus, we have only designed ground proposals for future completion
of [micro-objective-5] and [micro-objective-6], while keeping space for possible refinements.

In order to go further with FORT in an interdisciplinary application such as cultural heritage,
it is essential to have rigid structures of data already present, so that the high-level formalization
of FORT can capture precisely these structures. This concerns each of the included domain at the
domain level and calls for building domain models to represent properly their view point of their
entities. It is highly important to shed the light on the fact that only experts within these domain
are able to precisely contextualize their data and build structures of these data, upon which a mo-
del can be built. It is only with the domain models at hand, along with the data aligning to these
models, that the empirical tasks specified in steps [methodology-step-5] and [methodology-step-6]
can be fulfilled.

In the following Chapter 9, we conclude this manuscript by recalling the contributions of this
work, discussing some limitations, and listing some future research and development directions.
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Section C

SECTION C :
***

CONCLUSION AND DICUSSION

This last Section concludes the thesis’s main contributions and dis-

cusses possible future directions.
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9
Conclusion

In this Chapter, we conclude this manuscript by recalling the contri-

butions of our work and listing further research and development

future directions.

Sommaire

9.1 Summary of contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

9.2 Discussion : limitations and future directions . . . . . . . . . . . . . . . . . 196

9.2.1 From an atemporal to a temporal framework . . . . . . . . . . . . . . . 196
9.2.2 Transitivity in multi-type relations . . . . . . . . . . . . . . . . . . . . 197
9.2.3 A (semi-)automatic decision procedure for directly importing FORT . . 198
9.2.4 An ontology architecture for a cultural heritage application using FORT 199
9.2.5 An empirical validation of the translation procedure . . . . . . . . . . . 201

192



"Perfection is achieved not when there is nothing more to add,

but when there is nothing left to take away."
Antoine de Saint-Exupéry.

■ n the field of patrimonial sciences, including cultural heritage studies, the multidisciplinary
nature of the domain poses a fundamental challenge for integrating collaborative knowledge. Ho-
wever, it is through this multidisciplinary lens that insights about cultural heritage entities can
be gained. These entities, acting as boundary objects, exhibit an additional cross-disciplinary na-
ture i.e. they bear multiple interpretations while maintaining a recognizable shared identity. While
achieving an interdisciplinary dialogue across disciplines is vital for cultural studies, a holistic
comprehension and representation of cultural heritage entities is required. This can be only ful-
filled by an integrated and interdisciplinary approach, driven by a shared goal across various dis-
ciplines.

Having the shared goal of studying and constructing the tangible discourse of a cultural heri-
tage entity for transgenerational transmission, the materiality of the entity emerges as a significant
focal point. It serves as a unifying factor that recognizes the entity’s unique identity among the
diverse interests of multiple disciplines. Thus, it provides a solid foundation for interdisciplinary
integration.

To effectively understand and represent the materiality of tangible cultural heritage entities,
it becomes imperative to employ an ontological model that encompasses semantically rich and

well-formalized structural and spatial relations. Furthermore, for successful interdisciplinary in-
tegration, a meta-ontology approach focusing on these structural and spatial relations is essential
to address the challenges posed by the heterogeneity of multiple disciplines and foster interopera-
bility across various models.

Existing ontological models in the cultural heritage field often have shown either insufficient
treatment of composition relations (particularly structural and spatial), data-centric approaches ra-
ther than entity-centric approaches, or poorly formalized relations. This highlights the necessity for
a robust and well-formalized set of foundational ontological relations that can accurately capture

the composition of a cultural heritage entity and enable precise representation of its materiality.
Shifting the investigation towards foundational ontological relations, the focus has primarily

revolved around taxonomies and theories within the context of structural and spatial "part-whole"
relations. While some individual approaches have demonstrated value in the applied ontology
field, there need for a unified theory that collectively integrates a set of foundational ontological

relations was recognized.

Therefore, this thesis goes beyond the scope of cultural heritage and generalizes the research
problem to encompass the representation and modeling of the composition of any tangible

entity, using ontological structural and spatial relations through a meta-ontology. This fun-
damental objective, along with the corresponding needs identified in the literature, gave rise to
six micro-objectives, a selection of which has been addressed in our contributions, as summarized
below.
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9.1 Summary of contributions

We have proposed in this manuscript FORT, a Foundational Ontological Relations Theory,
within an Applied Ontological approach. For the modelisation aspect of the approach, we have
proposed FORT as a meta-ontology specifying a meta-conceptualization using a meta-modeling
language. As for the employment aspect, FORT can be employed directly as a relation language,
or indirectly for interdisciplinary applications within a GaV approach.

In order to formalize FORT and design its employment within a GaV paradigm for interdis-
ciplinary applications, we constructed and adhered to a a six-steps ontology engineering metho-
dology. Each step is introduced to accomplish a specific micro-objective and ultimately overcome
the challenges at hand. This resulted in the following contributions, all of which revolving around
FORT, as the key deliverable in our thesis.

≫ First, we have proposed an expressive and well-founded language of exclusive relations

and rule constraints [micro-objective-1]. To do so, we have specified and formalized FORT as
a reference ontology of relations in the expressive First-order Logic (FOL) [methodology-step-1].
This resulted in a FOL-formalization of the FORT reference ontology - theoretical level. The for-
malization has been carried out with an extensive re-use and re-formalization of theories from the
applied ontological literature.

FORT encompasses a minimal set of structural and spatial relations that are indispensable
for the representation-of and reasoning-over the composition of a tangible entity. These relations
cover our specified intended representations to models links between : an entity as a whole and
its different inseparable parts (i.e. parthood and dependence) ; an entity as collective whole and
the entities that it groups under certain semantics (i.e. membership) ; an entity and its consti-
tuents (i.e. constitution) ; an entity and the spatial region that locates it (i.e. location) ; and the
spatial constraints among entities (i.e. entity-location). Hence, we are concerned with parthood
(and connection), location, membership, and constitution relations, with the formal properties that
characterize them.

FORT has been presented at two levels : a group of microtheories of relations which exploit
the literature (e.g. mereology, mereotopology, and location) at a microlevel, a unified macrotheory
which interlinks the multiple microtheories at a macrolevel. The forte contributions of FORT have
been identified at the macrolevel as twofold.
First, FORT addresses the "requirements" specified for a meta-ontology of relations as being mo-
dular, meta, and of exclusive relations. The first requirement (modular) has been covered with
FORT encompassing a number of relation microtheories, each being intralinked, as well as inter-
linked among each other. The second requirement (meta) was achieved with FORT being a meta-
ontology specifying a meta-conceptualization (i.e. top-level abstractions) using a meta-modeling
language (i.e. generic modeling primitives). And the third requirement (exclusive relations) was
implemented during the formalization which does not account for ontological categories, yet en-
sures semantically well-formalized relation via axiomatic constraints on their domain and range.
Second, FORT offers a "minimal" set of foundational relations that is yet inclusive in its capabi-
lity in covering the different possible representations of the composition of an entity : its internal
structure, spatial conditions, and interrelations with other entities.

≫ Second, we have demonstrated the novelty and consistency of our proposed relations lan-

guage [micro-objective-2]. For that, we have analyzed the FORT reference ontology in view of
extant ontology relation theories and validated its consistency at an empirical level according to
[methodology-step-2]. This resulted in a CL-serialization of the FORT reference ontology - an
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empirical level.

For the analysis of FORT, we have specified the reasons behind proposing FORT and positio-
ned it in view of the literature. In the former, we elaborated on three arguments behind constructing
FORT based on our observations in the extant literature of meta-ontologies. These have argued the
absence of a modular theory of exclusive relations, the need for an inclusive incorporation of the
intended minimal set of relations, and the difficulties that arise with employing foundational onto-
logies for the particular use of foundational relations. In the latter, we elucidated a relation-based
comparison between each module in FORT and its corresponding aligned relation in selected foun-
dational ontologies.

For the validation of FORT’s consistency, we formalized FORT using Common Logic (CL)
as a CL-ontology, based on a CLIF serialization. We used the Hets online tool for checking the
consistency of the CLIF files, validating thus the existence of models for FORT. Additionally, we
translates FORT into other ontology serializations and ran automatic theorem proofs.

≫ Third, we have established a decidable lite formalization of our proposed language of

relations [micro-objective-3]. To do so, we have extracted a decidable fragment of the original
FOL-formalization as a lightweight version, based on a proposed systematic and generic proce-
dure [methodology-step-3]. This yielded in a SROIQ-formalization of the FORT lightweight onto-

logy - a theoretical level.

For retrieving the secondary SROIQ formalization, we built a generic procedure for trans-
lating FOL-theories into decidable SROIQ-Tboxes which is the most expressive, yet decidable
Description Logic (DL). The procedure computes, at each step, a particular logical formalism of
the initial theory by performing operations such as rewriting formulas, syntactic/semantic checks,
graph transformations, and rule-rolling techniques. The approach exploits the literature by re-using
convenient techniques, such as constructing graph rules and structuring a TBox.

Motivated by the task of translating FORT, we applied the procedure on the FORT reference
ontology (the FOL formalization) to obtain the FORT lightweight ontology as the SROIQ-Tbox.

≫ Fourth, we have supported the practice of the FORT lightweight ontology [micro-objective-
4]. This is by implmenting the SROIQ-Tbox obtained from the translation into the OWL2 DL Se-
mantic Web language [methodology-step-4] resulting in an a OWL2-ontology of the FORT light-

weight ontology - an empirical level.

For proving the applicability and convenience of FORT, we have designed two employment
methods, direct for single-ontology uses, and indirect for interdisciplinary application based on
either integration or aggregation purposes. These methods were presented only as proposals (due
to time and input limitations) in which further investigation and implementation is needed.

In conclusion, it is acknowledged that our response to the cultural heritage application, which
served as the foundation for this thesis work, may not be entirely comprehensive. Nevertheless,
we have taken incremental steps towards addressing their requirement for an entity-centric ap-
proach that emphasizes the materiality of the entity. Through this research, we have furnished the
necessary tools (the FORT ontology) encompassing ontology modeling and application design
proposals, laying the groundwork to for further advancements.
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9.2 Discussion : limitations and future directions

In the final section, we discuss some remarks regarding our approach and highlight certain
areas that could benefit from significant further exploration. These propositions serve as future
directions for both research and development, encompassing various aspects of our work.

— Regarding the FORT reference ontology at a theoretical level, further extensions of the
theory could be considered (Propositions 9.2.1 and 9.2.2).

— Regarding the FORT lightweight ontology at an empirical level, an ontological tool to sup-
port users could be modeled (Proposition 9.2.3).

— Regarding the practical application of the FORT lightweight ontology for cultural heritage
within the Semantic Web, an overall architecture involving both CIDOC CRM and CHARM
could be employed (Proposition 9.2.4).

— Regarding the procedure which has been designed for translating FORT (from the reference
to the lightweight ontology), a theoretical/empirical validation could be developed for ge-
neralization (Proposition 9.2.5).

9.2.1 From an atemporal to a temporal framework

One notable simplification made in Chapter 5 is the treatment of time, which is not explicitly
addressed in FORT. This decision has been made for that the ontological choices regarding time
should be approached after establishing framework for the theory’s fundamental elements : foun-
dational ontological relations. Additionally, temporal considerations are complex and need to be
taken in a separate step. Thus, a first perspective to our work is to extend FORT to a temporal

framework.

Indeed, expanding FORT with time would extend its capabilities from representing the com-
position of a tangible entity to representing the spatiotemporal evolution of this composition with
time. And thus, to draw insights on the lifeline of tangible structures. Additionally, we would be
able to study the behavior of each of FORT’s relations upon events that alter tangible structures.
Thus, drawing insights on the evolution of relations upon changes with time.

To achieve this, several aspects related to the incorporation of time need to be considered.
We outline these aspects below, accompanied by references to relevant literature that can serve as
starting points for further investigations.

Firstly, there is the question of incorporating time within the current FOL formalization of
FORT. This can be addressed by either (1) introducing a time variable using ternary relations 1, (2)
adopting an interval-based temporal logic such as the one proposed by Allen [Allen1983], or (3)
expressing temporal constraints using a subset of first-order temporal logic, such as the Description
Logics DLR extended with temporal operators like "since" and "until" [Artale2002, Artale2007].
These approaches would allow for the representation of entities (e.g. x and y, and the relation
holding between them (e.g. R) at different time points (e.g. t1, t2, etc.), providing a snapshot of
their state at each scenario.

Secondly, it is relevant to consider the events that can alter the structural and spatial represen-
tation of a tangible entity, and how to model these events. Examples of events can be drawn from

1. Note that in FORT’s FOL formalization, we restricted the use of predicates to unary and binary ones only i.e.
arity equal one and two. The choice goes back to facilitating that eventual shift from First-order Logic to the SROIQ
Description Logic. Hence, upon allowing for ternary predicates within FOL theories, further complications arise.
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the LODE ontology [Shaw2009], with a deep understanding of event modeling [Casati1997]. This
enables the representation of the continuous lifeline of an entity, demonstrating the changes that
have influenced its structural and spatial aspects.

Lastly, attention should be given to the behavior of entities linked by relation R at time t1 in
response to a change event E. Some valuable insights can be derived from the work of Artale et
al. [Artale2008]. This analysis allows for reasoning about the evolution of relations over time and
predicting the nature of relation R2 at time t2 following the occurrence of change event E.

As a result of this modelisation task, the extension of FORT with temporal constraints would

be a significant contribution within the applied ontology field. The application of this FORT+time

would make further contributions to fields where its is employed. The ability to represent the
spatiotemporal evolution of tangible entities would have implications in fields such as cultural
heritage preservation, architectural design, urban planning, and many others. By capturing the dy-
namic aspects of tangible structures, this extension would enhance our understanding and enable
inferences on the reasons and consequences of changes.

Furthermore, this could be closely examined in conjunction with causality theories, see [Slo-
man2005]. By considering the causal relationships between events and the resulting changes in
the structure and spatial aspects of entities, we can gain deeper insights into the underlying me-
chanisms driving these changes. This integration of temporal representation and causality theories
has the potential to enhance our understanding of how events shape the composition of tangible
entities over time.

9.2.2 Transitivity in multi-type relations

Within the FORT framework, we have successfully addressed the transitivity of each individual
relation, enabling reasoning on the composition of uni-typed relations, specifically R1◦R1→ R1.
A possible perspective regarding this topic, is to explicitly tackle the issue of multi-typed rela-

tion composition. For example, given R1(x,y)∧R2(y,z), it could be the case where the relation
holding between x and z could be further determined, if any.

Gaining insights into relations through relation composition offers several key benefits. Firstly,
it allows us to deduce new data that may not be explicitly stated within the knowledge base of re-
lationships. Secondly, it facilitates the discovery of patterns or regularities among relationships,
enabling us to observe their application to real-world data and utilize these insights for further
enhancement. These advantages have far-reaching implications across various domains, including
knowledge representation, ontology engineering, data analysis, and artificial intelligence.

To study the composition of relations, a commonly employed method would be constructing
a composition table for the different relations, analogous to the approach taken with RCC8 rela-
tions 1 as shown in Table 9.1. It could be possible to study the set constraints, say S1, projected
by R1 on y as its range, versus the set of constraints S2, projected by R2 on y as its domain. It is
possible that these constraints contradict, meaning the range of R1 is basically disjoint from that
of R2, and thus no possible composition relation exists, and so on.

Similar to Proposition 9.2.1, the outcome of this modeling task would add further value to

FORT within the applied ontology field. It will expand its capabilities by introducing additional
axioms that enable implicit reasoning about the relations existing between entities. This advance-

1. ❤tt♣s✿✴✴❡♥✳✇✐❦✐♣❡❞✐❛✳♦r❣✴✇✐❦✐✴❘❡❣✐♦♥❴❝♦♥♥❡❝t✐♦♥❴❝❛❧❝✉❧✉s
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Chapitre 9. Conclusion

R1\R2 SED(y,z) Component-of(y,z) Element-of(y,z) Located-at(y,z) Entity-located(y,z) Member-of(y,z) Constitutes(x,y)

SED(x,y) T

Component-of(x,y) T

Element-of(x,y) T

Located-at(x,y) ¬T

Entity-located(x,y) T

Member-of(x,y) ¬T

Constitutes(x,y) T

TABLEAU 9.1 – The composition table of FORT’s relations.

ment is particularly significant when explicit knowledge is available regarding the relations shared
by another common entity between them.

9.2.3 A (semi-)automatic decision procedure for directly importing FORT

In order to employ FORT as a robust and expressive language for representing relations, we
have discussed several employment scenarios in Section 8.3 of Chapter 8. And based on the direct
employment scenario, in which an ontology aims at importing FORT as a expressive language
of relations, one perspective of our work is to design and develop a tool to support the direct

employment method for FORT within domain ontologies.

Indeed, it would also be convenient for FORT to be easily imported into any domain onto-
logy to support the representation and reasoning of relations. this could be the case of OWL2DL
formalized ontologies whose modelers/user may not possess expertise in foundational ontologi-
cal relations. To facilitate the integration of FORT into user-based models, a decision procedure
can be developed to assist in selecting a relevant FORT relation between the categories of the
user’s ontology. This approach is similar to the work presented in [Morales-González2015]. The
objective would be to simplify the process of choosing the appropriate relation by abstracting the
complexity of logic formalization and presenting it as a series of steps in natural language.

From a modeling perspective, the decision procedure can leverage the semantics of relations,
specifically the constraints on the domain and range of relationships, to determine the most suitable
relation based on these characteristics. This can be achieved through the use of a tree diagram,
as exemplified in Figure 9.1. At each node, a binary question is formulated to address specific
attributes of the relations. Based on the output, a YES or NO answer, the procedure progresses
to the next node until a relationship is selected, if applicable. Given that users are generally more
familiar with the semantics of their own categories than those of FORT’s relations, the questions
can be designed to pertain to the user’s categories as the intended domain and range of the relation
to be selected, considering the relation’s axioms.

From an implementation standpoint, the tool can be realized as a user-friendly interface ap-
plication using a programming language such as C# with the Jena ontology API. The interface
would initially ask the user to load the OWL ontology file. Subsequently, the user would select
the categories between which a relationship is to be employed. The tool would then present the
corresponding questions based on the designed decision procedure, which could be accompanied
by examples to facilitate comprehension. Based on the user’s answers, a relationship from FORT’s
would be eventually suggested. Finally, the list of relationships to be imported, along with their as-
sociated domain and range categories in the user’s ontology, would be saved in a new ontology file.

This proposition encompasses both a modelisation task and an implementation task, which
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9.2. Discussion : limitations and future directions

9.2.5 An empirical validation of the translation procedure

We have developed in Chapter 7 a design of a very basic procedure described in natural lan-
guage for translating FOL theories into SROIQ Tboxes. However, it is acknowledged that further
research and development are necessary to refine its study at lower granularity. To address this,
a possible future work is to advance the procedure by formalizing it as an algorithm and

conducting empirical validation to investigate its properties.

The proposal raises an intriguing idea, as it offers practical implications for interpreting do-
main knowledge within logical theories using a relatively expressive yet efficient logic framework.
Nevertheless, there remains a need to establish a clearer understanding of the properties that can
be expected from such a procedure including termination, soundness, and maximality.

These properties could be studied at a theoretical perspective first, dealing with the procedure
P as a deductive system deriving a set of axioms A = {ai}∀0 ≤ i ≤ n, n ∈ N from a formula A0.
Taking into account the notions of truth "|=" and provability "⊢", soundness and termination could
be studied.

For the former, P can be assessed for soundness by examining if, A0 ⊢P A6 =⇒ A0 |= A6. This
means checking that if A6 is derived from A0 by P, then A6 is true in all models of A0.

For the latter, P can be assessed if complete by studying if A0 |= A6 =⇒ A0 ⊢P A6. This means
checking that if A6 is true in all models of A0, then A6 is derived from A0 by P.

As for maximality, it could be tested by considering the final step as a SAT problem using a
SAT solver to find all the possible subsets of the structured axioms and proving that the output of
P yields in the maximal structured set, following the work in [Botti Benevides2019].

In practical terms, additional validation can be achieved by implementing the individual steps
of the procedure as an algorithm per se. This implementation would enable testing using case stu-
dies such foundational ontologies and other meta-ontologies that have already been formalized in
FOL, as well as supplementary OWL2DL ontologies (i.e. the reference of inputs and outputs of
these case studies are available).

The result of this computational task would provide a valuable contribution by serving as a

practical tool for bridging two knowledge representation languages : FOL and SRROIQ. This
direction of bridging, specifically from FOL to SROIQ, is particularly important as it facilitates
the integration of logical theories into the semantic web framework. This contribution would be
highly valued within the semantic web communities, as it addresses the theoretical foundations of
semantic web technologies, such as the OWL2DL web ontology language.

These propositions provide valuable avenues for future exploration and development, encom-

passing both theoretical and practical aspects of our approach.
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