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Abstract

Abstract

% 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.

v






Résumé

Résumé

C\Z/a) matérialité des entités du patrimoine culturel tangible a suscité 1’intérét des sciences du
patrimoine en raison de son rdle dans le maintien de 1’identité unique de I’entité a travers diverses
interprétations en tant qu’objet fronticre. 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 a une approche interdisciplinaire dans un domaine multi-
disciplinaire tel que le patrimoine culturel, centrée sur une entité cross-disciplinaire telle que 1’ ob-
jet frontiére, un objectif commun est nécessaire. En considérant la matérialité de 1’entité comme
le point commun a 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 étre encouragée.

Pour représenter efficacement la matérialité et la composition des entités tangibles du patri-
moine culturel, I’utilisation d’un modele 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 I’hétérogénéité de multiples disciplines et de pro-
mouvoir I’interopérabilité entre les modeles des différents domaines.

Dans cette theése, nous abordons I’objectif de représenter et de modéliser la composition de
toute entité tangible & 1’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 concue 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 reégles sont considérées.

Pour formaliser FORT et illustrer son utilisation, nous construisons et adhérons a une méthodo-
logie d’ingénierie ontologique. Cette méthodologie aborde différents choix de spécification pour
FORT, notamment 1’expressivité et la décidabilité, et aboutit a deux versions : FORT [’ontologie
de référence et FORT [’ontologie légéere. De plus, la méthodologie formalise chaque spécification,
I’ontologie de référence et I’ontologie 1égere, a 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 I’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 I’ontologie 1égere. En outre, la méthodologie
fait le lien entre les deux spécifications grace a une traduction systématique de la théorie FOL de
référence vers le fragment SROIQ Iéger.

Les contributions de notre approche sont les suivantes : premieérement, nous proposons un
langage expressif et bien fondé des relations et des contraintes de regles de FORT a travers une
formalisation FOL ; deuxiemement, nous démontrons la nouveauté de FORT, ainsi que sa consis-
tance de a travers une sérialisation CLIF; troisiemement, nous établissons une formalisation légere
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 I’utilisation pratique de cette ontologie.

vi
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Introduction

In this Chapter, we provide a general introduction of the thesis, fol-
lowed by a Preliminaries section offering the essential background
information.




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 Frontiere" which initiated in the late
1980s by Star and Griesemer. "L’objet frontiere 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" I [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".




1.1. Context

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 [Sgrensen2009].

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 ', 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 > 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 Chateau" in the valley of Bessans, and the applied brocades

AN

found on the "Vierge de Pitié¢" and "Saint évéque 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, Drome ; Grotte du Loup, St-Laurent-sous-coiron, Ardeche ; Rocca di Cavour,
Cavour; Balma dei Cervi, Valle Antigorio; le Rocher du Chateau, Bessans, Savoie ; Faravel, Fressiniéres, Les Hautes
Alpes.
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compose them" [David2018,Defrasne2019]. These parietal paintings were produced (i) by a cultu-
ral group at a time that is to specified ; (ii) on a site chosen from the environment for characteristics
that is be to found and whose long-term evolution must be studied; (iii) in interaction with other
social practices that are to be highlighted ; (iv) in a particular cognitive register depending on the
purpose of the graphic act (schematic forms and figurative representations probably used for com-
munication purposes) ; (v) with coloring materials whose nature, origin, preparation and evolution
are to be analyzed to shed light on cultural choices and social practices and the uses of territories.
Thus, understanding the "rock art site" entity requires understanding each of the preceding ele-
ments, and their links, within an integrated approach. Using physio-chemical tools, it is possible
to precisely identify the compounds and components of matter [Chalmin2019]. From geology, it
is possible to correlate the use of geological materials with a source of supply [Salomon2022, de
Kergommeaux2021], and so on.

.
Trou de la Féclaz

.
Rocher du Chateau

FIGURE 1.1 — The distribution of sites with schematic paintings and engravings in southern
France and the western Alps, with examples of their graphic representations. Location of study
sites : Trou de la Féclaz (Massif des Bauges, St Jean d’Arvey) and Rocher du Chdteau (Haute
Maurienne, Bessans). In purple are mentioned the sites surveyed since 2014. Photo credit : Clau-
dia Defrasne®.

For polychrome sculptures, a corpus of Savoyard sculptures related to the western part of the
duchy (Val d’Aoste in Italy and departments of Savoie and Haute-Savoie in France) present "ap-
plied brocades" patterns. "Applied brocade" is a decorative technique in relief based on molded
and applied tin foil. The technique of pewter reliefs (cast relief) has existed since the 13th cen-
tury [Brickhouse2016]. The decorations of "applied brocade" are intended to imitate, in volume,
fashioned silk fabrics (velvet, lampas, damask), comprising motifs made of gold or silver threads
in an edging weft (threads that run on the entire width of the woven piece) or stitched (which only
run the width of the woven pattern) [Pinto2022]. These fabrics have been commonly described
since the 19th century under the generic name of "brocades", and this term has been used since the
middle of the 15th century in a non-specific way to designate silks woven with metallic threads. '

1. The first examples of "applied brocades" appeared in Northern Europe, around Hamburg, Berlin, Cologne, Brus-
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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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a)

FIGURE 1.2 — (a) Location of the juxtaposed "applied brocades" of the "Vierge de Pitié¢" sculpture
group. In green : "applied brocade"” juxtaposed with the tunic of Saint John. In yellow : "applied
brocade" juxtaposed with the dress of Saint Mary Magdalene. In orange zoomed : details of the
"applied brocade" of Saint Mary Magdalene.

(b) Location of the "applied brocades" of "Saint évéque Claude" sculpture. In yellow : "applied
brocades" juxtaposed with the bishop’s dalmatic, in red "applied brocades" dotted with the bi-
shop’s cope. In orange zoomed : detail of an "applied brocade" dotted with the tread.

Photo credit : Florian Bouquet, Ariane Pinto, and ARC-Nucléart®.

integration causing (a) poor communication between researchers from different fields and bet-
ween their organizations (people-level), (b) difficulties in identifying the common requirements
which define the necessary specification for a possible common shared system (systems-level),
and (c) lack of interoperability between the disparate modelings approaches of each organization,
which yields in limiting the potential re-use and sharing of information across them (models-
level) [Uschold1996].

To overcome syntactic and semantic heterogeneity, and achieve an interdisciplinary approach,
we need to arrive to a shared, common and formal understanding that allows the bridging of disci-
plinary boundaries [Pohl2007]. A shared understanding ensures that the multiple disciplines agree
on a consensus regarding the intersection of their interests, in view of their common shared goal. It
is the foundation of a shared model that provides a common language (concepts, relationships, and
rules) and a conceptual framework that allows the researchers from different disciplines to com-
municate and collaborate effectively [Klein1996]. Resolving the semantics of an interdisciplinary
field via a shared model allows for semantic interoperability [Noy1997] and a semantic based data
integration of the different knowledge sources via the common conceptual framework.

Ontologies address the need for a shared model in interdisciplinary fields by providing a for-
mal and standardized way of representing and communicating knowledge, such as for Data Inte-
gration [Lenzerini2002] and the Semantic Web [Heflin2001]. Vice-versa, in [Guarino1995a, Gua-
rino1997a], Guarino stresses the importance of an interdisciplinary approach in the practice of
ontological engineering, underlying in particular the role played by formal ontology. An ontology
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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]. ' 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.

10
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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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phases, modelisation and employment, at the intersection between (AO and KRR), and (CH and
OBDI) respectively.

Applied R Knowtlet(.ige Modelisation:

Ontology @ gglﬁsen Ao, » Applied Ontology approach

(AO) i an ea(sonmgi (using KRR languages)
Employment:

Cultural i Ontology-Based Direct & Indirect

: 3 : —»  (using a GaV approach for
Heritage Data Integration . L
(CH) (OBDI) CH interdisciplinary
integration)

FIGURE 1.3 — The four fields of study (AO, KRR, CH, and OBDI) and the corresponding posi-
tioning of our thesis’s two phases, modelisation and employment, at the intersection between (AO
and KRR), and (CH and OBDI ).

1.3 Contributions

In order to address the aforementioned challenges, we have established an applied ontological
approach and an ontology engineering methodology, which serve as the fundamental pillars of this
thesis.

From a modelisation standpoint, we propose a meta-ontology at a metalevel defining a meta-
conceptualization using a meta-modeling language. This meta-ontology follows the formalization
principles of meta-ontologies in the field of applied ontology [Guarinol1998a, Guizzardi2007].
Our interpretation of this concept is as follows : a meta-conceptualization represents high-level
abstractions of the world, encompassing the identification of concepts, relationships, objects, and
more. On the other hand, a meta-modeling language employs generic vocabularies as modeling
primitives to represent specific real-world examples.

For the employment method, we recommend two possible employment methods based on the
application setting : direct and indirect. In the case of a single ontology application, the employ-
ment method is referred to as "direct". Conversely, in situations involving multiple ontologies,
as commonly encountered in interdisciplinary integration approaches, the employment method is
deemed "indirect" and accompanied by GaV paradigm for ontology-based data integration (OBDI)
to facilitate interdisciplinary integration based on the analysis in [Ekaputra2017].

To formalize the meta-ontology and design the proposed employment approach, we construct
and adhere to a comprehensive ontology engineering methodology consisting of six distinct steps.
Each step is designed to accomplish specific micro-objectives and ultimately overcome the chal-
lenges at hand. Our methodology encompasses four primary contributions, all of which revolve
around a key deliverable presented by our approach, namely the Foundational Ontological Relations
Theory (FORT).

12
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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 fo 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 fo 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 fo support the practice of FORT and demonstrate its applicability and convenience
for real world applications.
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Chapitre 1. Introduction

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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Preliminary Remarks

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, Gangemil998], 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 Al 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 Al, 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 Al, 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-

non

tology", "conceptualization" and "metamodel”, as well as on the relations between these notions,
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is presented in [Guizzardi2007]. In the latter, the authors present these notions at different le-
vels ; domain-level and meta-level. We explain these different notions in view of figure 1.4, based
on [Guarino2009b] and [Guizzardi2007].

represented by

Conceptualization ) interpreted as Modeling
Language
used to . . used to I . .
instance of instance of
compose compose
represented by
interpreted as Model

FIGURE 1.4 — Relations between Conceptualization, Abstraction, Modeling Language, and Mo-
del. Source : Figure from Giancarlo Guizzardi in [ Guizzardi2007].

A Conceptualization and a Modeling Language

Conceptualizations and abstractions are entities that exist only in the mind of a community
using some language. A conceptualization refers to the abstract representations of knowledge,
which can be used to reason, make decisions, or solve problems [Gruber1993, Gruber1995]. This
is by identifying and defining "the objects, concepts, and other entities that are assumed to exist
in some area of interest and the relationships that hold among them". These elements constituting
a conceptualization are used to articulate abstractions of certain state of affairs in reality i.e. a
conceptualization is used-to-compose abstractions of reality. This refers to the used-to-compose
relation in figure 1.4 between the conceptualization and an abstraction.

In order for the conceptualization to be documented, communicated and analyzed, a language
is necessary to capture it. Thus, to concretize a conceptualization, concepts and their relationships
are represented-by vocabularies (names) of a certain modeling language [Buccell2005]. This re-
fers to the represented-by relation in figure 1.4 between the conceptualization and the modeling
language. These vocabularies makeup the primitives of the modeling language that can directly
express the conceptualization. In [Quine1969], Quine refers to the real world entities that the pri-
mitives of the modeling language commits to the existence of, as the ontological commitments of
this language i.e. its commitment to the representation of reality that the domain conceptualization
abstracts. In [Guarino1998a], this is referred to as the ontological commitment of the language L
to a conceptualization C, where the authors formally specify it in terms of L and C.

Moreover, the primitives of a modeling language are used to form rules as valid combinations
of these symbols, called models. These models that can be made with the primitives are based
on some interpretations of the language. This refers to the used-to-compose relation in figure 1.4
between the modeling language and a model. The models also called (language models) resemble
the context conditions that constraint the use of the language’s syntax. Language models are enri-
ched by context-conditions given in some constraint description language, such as the higher order
logic named first-order logic (FOL) [Smullyan1995].
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And finally, models are used to represent the abstractions of reality which are instances of
the conceptualization that the modeling language’s syntax represent. This refers to the used-fo-
compose relation in figure 1.4 between the modeling language and a model.

The preceding elements can be summarized following [Guizzardi2007] as : a model M can
represent an abstraction A, only if the modeling primitives of the modeling language L used to
produce M, represent the conceptualization C, which is used to articulate A.

An ontology : a conceptual specification within a logical rendering

Now what is an ontology in terms of what preceded ? An ontology is a model that can ade-

quately specify the conceptualization using the modeling language. In fact, the language models
which we mentioned earlier as the result of interpretations of the modeling language, resemble
all the possible models that can be built using the modeling language. An ontology is a model,
from the possible language’s models, whose interpretation is approximated to target the intended
models which are to represent the intended abstractions.
In [Guarino2009b], the interpretation under which the ontology model is built is called the ontolo-
gical commitment of the model (ontology) towards the primitives of the modeling language. Figure
1.5, shows how an ontology is basically a model within the possible models of the language’s mo-
dels. And according to its specification, and the intended models, an ontology is approximated to
be good or bad depending on its coverage of the intended models.

Ontological Commitment K
Conceptualization Modeling
Language

instance of Interpretations

v
represented by Models(L)
Intended \\
Models of K A
Ontology

FIGURE 1.5 — The relationships between Abstractions, their Conceptualization, the Modeling
Language, its Intended models, and an Ontology. Figure adapted from the figure proposed by
Nicola Guarino in [Guarino2009b].

Consider the conceptualization C, and the vocabulary V used to intentionally represent the
universe of discourse of C using the modeling language L. An ontology O is defined in terms of
a conceptual specification X, as a concrete representation of the universe of discourse which C
abstracts in terms of V, and a logical rendering T, as the logical theory that explicates the specifi-
cation X in terms of a formal language.

The conceptual specification X of the ontology describes knowledge about a domain in a man-
ner that is independent of epistemic state of affairs [Guizzardi2007]. It intends to constraint the
possible interpretations of a language’s vocabulary so that its logical models approximate the set
of intended world structures of a conceptualization C of that domain.
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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. ! 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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characterization of domain-specific languages and the production of domain ontologies.

For that, the primitives of the meta-modeling language representing the world space of the meta-
conceptualization shall define the general laws that describe reality. This falls under the field of
formal ontology in philosophy.

-

/‘ ] Interpretations ~

represented by

Meta-Conceptualization:
formal ontological categories
and relationships

interpreted as Meta-modeling Meta-
Language Ontology

used to I

instance of
compose

represented by

Archaeology
Domain interpreted as Archaeology

Conceptualization Domain
Ontology

FIGURE 1.6 — The relations between Domain Conceptualization, Domain Ontologies, Meta-
modeling languages, their Meta-conceptualization, and a Meta-Ontology.

Moreover, some meta-ontologies that are developed using the theories from formal ontology,
are referred to as foundational ontologies (sometimes top-level ontologies or upper-ontologies) in
the literature. These are : DOLCE (A Descriptive Ontology for Linguistic and Cognitive Engi-
neering) [Masolo2003, Borgo2022a], BFO (the Basic Formal Ontology) [Smith2002], UFO (the
Unified Foundational Ontology) [Guizzardi2015,Guizzardi2022], GFO (the General Formal Onto-
logy) [Herre2010], GUM (the Generalized Upper Model) [Bateman2010, Bateman1995], SUMO
(the Suggested Upper Merged Ontolog) [Niles2001], and YAMATO (the Yet Another More Ad-
vanced Top-level Ontology) [Mizoguchi2022] (as the next version of YATO [Mizoguchi2009].
Foundational ontologies are comprehensive meta-level (or top-level) ontological theories of cate-
gories (aka concepts) and relations.

Meta-level ontological theories provide a common framework not only for representing know-
ledge from different domains, but also for integrating their corresponding data based on the seman-
tics of the shared common ontology. For example, in [Gangemi2002], the authors conclude how
foundational ontologies (which are meta-ontologies) act not only as a reference for users providing
a set of formal guidelines for domain modeling, but also as a tool for making heterogeneous on-
tologies interoperate or merge. Also, [Gomez-Pérez2006] discusses the challenges of integrating
knowledge from different domains, and demonstrate how meta-ontologies can help to overcome
these challenges by providing a shared framework for representing and exchanging knowledge.

Figure 1.7 shows the different ontology levels that we have described. For our work, due to
generalizing our approach to be applicable to an entity across any domain (domain-independent),
we are interested in meta-ontologies. And following [Guizzardi2007], in this manuscript, we pre-
fer the use of the notion ""meta-ontology'' to refer to an "ontological theory at a meta-level i.e.
specifying a meta-conceptualization using a meta-modeling language". We believe that the term
"meta-ontology" or "top-level ontology" is more generic than "foundational ontology". This is
because ontological theories can be comprehensive in terms of categories, relationships and their
rules, as is the case of foundational ontologies, or not. The latter includes ontological theories
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META (Foundational - Top-level —

Upper) Ontologies Less specific
& ) g More generic

Mid-level Ontologies

Core ontologies

Domain/Task
Ontologies

Application
Ontologies

More specific
Less generic

FIGURE 1.7 — The different ontology levels starting from specific to generic levels as follows : Ap-
plication, Domain/Task, Core, Mid-level, and Meta (Foundational - Top-level - Upper) ontologies.

of sole relationships such as mereology ' [Varzi2003]. Both cases are ontological theories at a
meta-level (i.e. meta-ontologies), while presenting different approaches.

Applied ontology, and its links to other fields in computer science

The study and development of ontological theories at a meta-level as meta-ontologies has some
roots in philosophy, and is referred to as the Applied Ontology field in Al. Applied Ontology builds
on philosophy, cognitive science, linguistics and logic with the purpose of understanding, clari-
fying, making explicit and communicating people’s assumptions about the nature and structure of
the world [Guarino2012]. This orientation towards helping people understanding each other dis-
tinguishes applied ontology from philosophical ontology, and motivates its unavoidable interdis-
ciplinary nature. In contrast, the study of the content (of these assumptions) as such independently
of their representation is the Ontological analysis [Guarino2008], upon which an interpretation
(ontological commitment) can be built.

Building meta-ontologies, or more generally ontologies, is not exclusive to the Applied On-
tology field. Other Al fields intersect around ontologies, namely Knowledge Representation and
Reasoning (KRR) and the Semantic Web (SW).

For KRR, ontologies provide a structured and formal way to represent, integrate, and share
knowledge about a domain, and across different domains. Thus, ontologies are used to represent
and reason with complex knowledge in a structured manner (i.e. Ontologies’ impact on KR). But
also, ontologies use formal logical languages as machine-understandable languages, to make expli-
cit the conceptual specification of an ontology. These are indeed knowledge representation forma-
lisms within the field of KRR [Grimm2009] (i.e KR’s impact on ontologies). In [Guarino2009a],
Guarino introduces the notion of "ontological level" to the four extant knowledge representation

1. Mereology is the study of parts, wholes, and part-whole relations in logic, philosophy, and formal ontology.
A comprehensive exploration of this term will be undertaken in Chapter 3, where a more detailed analysis will be
provided.
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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 /s — 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] ' and OWL [Be-
chhofer2004], are explicitly logical underlying Description logics. For instance, the OWL?2 lan-
guage [Krotzsch2012a] 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 https://www.w3.org/RDF/ and https:
//www.w3.org/2001/sw/wiki/0WL 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 ¢g; ~~ ¢», where ¢g; and g, are two queries of the same arity, expressed in a query
language over a schema. !

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 € § of source, in the form s ~~
qc - 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 ~~ ggs. 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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languages) have been proposed to express complex mappings such as [Abiteboull1998, Calva-
nese2000] for both approaches.

Ontology-based data integration approaches

Moreover, data integration systems can be based on an ontology as the global schema in both
LaV approaches [Gruninger2002] and GaV ones [Cali2001].
Using ontologies as shared conceptualizations for data integration is referred to as ontology-based
data (or information) integration (OBDI). Sometimes the term "ontology-based data integration”
is confused with the "ontology mediation" where the distinction between these two terms can be
blurry, and different authors may use the terms interchangeably or with slightly different mea-
nings. Basically, the difference lies in the following. Ontology mediation involves using an on-
tology to mediate between different data sources by resolving semantic heterogeneities and inte-
grating data on the fly [De Bruijn2006]. It is a broad term that encompasses ontology mapping,
ontology merging, and ontology alignment. While ontology-based data integration is method ex-
clusively focused on integrating data from different sources possibly using a common ontology as
a basis depending on the approach followed. During the process of data integration, the mapping
task (mentioned above) between the global and local schemas becomes an ontology mapping task
when the schemas are ontologies. The integrated data can be used for various purposes, including
analysis, querying, and decision making.

Within OBDI systems, different approaches are introduced based on a criteria other than of
data integration in general (which is highlighted above based on the specification of the mapping).
This criteria is based on the number and level of abstraction of the ontologies used within an
integration system. This was investigated in [Wache2001], in which the authors distinguish three
variants reflecting the number and type of ontologies used for data integration : single ontology
approaches, multiple ontology approaches, and hybrid approaches. These variants were identified
by studying available OBDI systems examples from various domains in 2001. Figure 1.8 shows
the three possible ways of using ontologies within an integration system :

global
ontology

a)

single ontology approach multiple ontology approach

c)
< shared vocabulary >

hybrid ontology approach

FIGURE 1.8 — The three possible ways for using ontologies for content explication. Source : Figure
from Holger Wache et al. in [Wache2001].
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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 [V06gele2003]. 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 O; = (C1,A}) to O, = (C2,A7) can be expressed
as a morphism f : C1 — C2 to semantically relate concept C; to Cy, such that, Ay + f(A}), i.e., all
interpretations that satisfy O,’s axioms also satisfy O1’s translated axioms. And a partial ontology
mapping form O, = (C},A) to O, = (C2,A,) if there exists a sub-ontology O} = (C},A|) with
(C} € Cy and A} C A;) such that there is a total mapping from O)r00,. 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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FIGURE 1.9 — An Ontology-Based Data Integration Architecture. Source : Figure from Michel
Gagnon in [Gagnon2007].
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FIGURE 1.10 — Three variants of OBDI : (1) single-ontology, (2) multiple-ontology, (3) hybrid,
and an additional OBDI variant (4) Global-as-View (GaV). Source : Figure adapted from Fajar J.
Ekaputra et al. [Ekaputra2017].

rogeneity thanks to its global ontology, which is similar to the hybrid case although it does not
encompass an ontology but a vocabulary, (2) providing access to data at both local and global
ontology levels, and (3) supporting simple and complex mappings using queries which is proba-
bly the most important characteristic in an integration system. Concerning the dynamics of data
sources, GaV approaches are noted to acquire a slight limitation of an additional ontology level :
the definition of local ontologies. This leads in costly implementation efforts (at several levels)
which appear to be a major limitation, especially in cases where all ontologies are made from
scratch.

However, the GaV approach for OBDIs has demonstrated its utility and has been successfully
applied and implemented in notable studies [Dubinin2014, Ekaputra2016, Lin2007].
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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

requires modifications in

needs to provide a new local ontology

only requires a local ontology

requires a new local ontology

(& data source types) the global ontology & map it to other local ontologies based on the shared vocabulary and mappings to the global ontology
supports simple mappings supports simple mappings supports simple and complex
Mapping Complexity N/A pp P! pping pp P! ppIng pp B P
(semantic relations) (vocabulary refinement) mappings (queries and rules)
Ontology Implementation .
straightforward costly reasonable Rather costly

effort

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 Al 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

SECTION A :
Rekk

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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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 aresult, 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 Opverall 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 1SO21127 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. ! 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.) [Mikela2012]. 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 !, 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 ?) (several committees form the ICOM, one of which is the
CIDOC committee), the International Federation of Library Associations (IFLA %), and the Inter-
national Council of Archives (ICA ).

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?, 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 © 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.

. https://icom.museum/en/resources/standards-guidelines/museum-definition/
. http://icom.museum/en/

. https://www.ifla.org/

. https://www.ica.org/en

. https://ariadne-infrastructure.eu/

. https://www.getty.edu/research/

AN AN
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— The Bibliothéque 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 '.

— The Bibliotheques 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 °.

— The Institut national de I’information géographique et forestiere (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 >.

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. * 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 [Vifias2002]. 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 > 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 ° 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 ®. 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. https://www.bnf.fr/fr/francois-mitterrand

2. https://bbf.enssib.fr/

3. https://www.ign.fr/institut

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. https://ishtar-archeo.net/

6. Downloadable from their public GitLab repository : https://gitlab.com/iggdrasil/ishtar.

7. https://en.wikipedia.org/wiki/Affero_General Public_License

8. https://ishtar.readthedocs.io/fr/main/index.html
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analysis, QR-code labeling, etc. Multiple levels of users are possible, from a public access (or not)
to access for researchers, operations managers, warehouses managers, GIS connection, etc., with
precise reading and writing rights, defined by geographical area or at the scale of the archaeolo-
gical excavation, or by module. As for its functionalities, Ishtar allows for the entry of excavation
data, context records, and archaeological finds data, as well as media management (pictures, re-
ports, etc.), among others.

The software does not impose a particular workflow and adapts to multiple purpose entities such
as research/preventive excavations (data management, data pooling, etc.), research/restoration la-
boratory (close management of treatments, traceable records), archaeological warehouses (mana-
gement of archaeological findings inventories, operations, planning files, reports, etc.), students
(access to a free standardized database), and other possible users and uses of the archaeological
data.

o [ operation - | > | Modification - |2 1 Demo

Opérations - Ancenis

Modifier une opération

Rechercher une opération

(3] - CIOIIEAE

Afficher | 10 j ékements

Code Type Date de Date de fin
Anné Cor Nor né:
patriarche € mmunes ™ generique dopération début de chantier
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-

Affichage de I'élement 1 2 9 sur 9 aucune ligne

Agrandir le tableau * CSVsimple  Ishtar - Opérations  MCC - Opérations
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Précédent n Suivant

Valider Annuler

FIGURE 2.1 — The desktop interface of the Ishtar software. Source : hittps://ishtar.
readthedocs. 10/ fr/main/ interface-utilisateur. html.

Other online databases and online resources which handle CH (related) data include (a) Ar-
tefacts | ; an online collaborative Encyclopedia of archaeological small finds, (b) Webminira”; a
website representing a database for describing and presenting information about minerals and their
composition, (c) the Romanian Database of Raman Spectroscopy * (RDRS); a database for mate-
rials and composition, (d) the EarthChem “; an online tool that provides open data services to the
geochemical, petrological, mineralogical, and related communities. Services include data preser-
vation, discovery, access, and visualization, (e) the Enluminures > database offering free consulta-
tion of more than 120,000 images, in the form of of vignettes and full screen, digital reproductions
of illuminations and elements of decoration of more than 5,000 medieval manuscripts preserved
in a hundred French municipal libraries, (f) Chelabs ©; an open libratory innovative system for the
CH safeguard and valorization promoting an approach based on open access and shared culture,

. https://artefacts.mom.fr/

. http://webmineral.com/

. http://rdrs.uaic.ro

. https://www.earthchem.org/

. http://wuw.enluminures.culture.fr/documentation/enlumine/fr/
. http://chelabs.idasc.cnr.it/
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(2) the Symogih ! 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 ”; 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. > 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. Symogih.org

2. https://www.archesproject.org/

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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FIGURE 2.2 — The types of knowledge organization systems (KOS), arranged according to the
degree of controls introduced (from natural language to controlled language) and the strength
of their semantic structure (from weakly structured to strongly structured), corresponding to
the major functions of KOS. Source : Figure from hittps: //nkos. dublincore. org/K0S_
tazonomy. him after [Zeng2008].

A name authority file is a type that acts as intermediate files linking names to bibliographic
information by controlling the variants of personal names and serve as tools for catalogers and
indexers. These ensure that the proper form of the name, rather than an unapproved variant, is
used and bring together all works by or about the entity whose name is represented. For instance,
for a digital library of images of artists’ works, name authority files contain integrated variant
names which can be searched according to the name appearing in the digital library collection,
and allows for displaying and providing a wide range of contextual material about the artist to the
user [Hodge2000a].

VIAF. The Virtual International Authority File (VIAF) is an example of a directory that combines
multiple name authority files into a single OCLC-hosted name authority service '. The goal
of the service is to lower the cost and increase the utility of library authority files by mat-
ching and linking widely-used authority files and making that information available on the
Web.

CONA. The Cultural Objects Name Authority (CONA) focuses on names and terminology re-
lated to cultural objects. It provides controlled vocabulary for describing and accessing
cultural objects, including art objects, artifacts, archaeological finds, and historical items.
CONA supports the cataloging and retrieval of cultural heritage data, ensuring consistency
and precision in object descriptions.

ULAN. the Union List of Artist Names (ULAN) contains more than 293,000 names with bio-
graphical and bibliographic information on artists and creators across different disciplines,

1. OCLC, referring to Ohio College Library Center, is an nonprofit organization providing shared technology ser-
vices, original research, and community programs.
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Library Museum Archives
The Revised Nomenclature
Library of Congress Name A Glossary of Archival
for Museum Cataloging,
Controlled Vocabulary Authority File, Authority and Records
Gazetteer of British Place
List for Journal Titles Terminology
Names
Dewey Decimal Traditional Biological
Taxonomy
Classification Taxonomy
Thesaurus LCSH AAT UKAT
Core Data Index to Historic
Dublin Core, Buildings and Monuments
Metadata and Data Schema EAD
UniMARC, METS of Architectural Heritage,
MIDAS Heritage, CDWA

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 (LLCC) 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 '

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” used by national organizations and local authority Historic
Environment Records.

1. The Getty vocabulary data is available on the Getty Vocabulary page online at https://www.getty.edu/
research/tools/vocabularies/index.html, through online tools e.g. a SPARQL end point http://vocab.
getty.edu/, in LOD formats at https://www.getty.edu/research/tools/vocabularies/lod/index.html,
in addition to other formats e.g. XML and relational tables at the download center : https://www.getty.edu/
research/tools/vocabularies/obtain/download.html

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.

44



2.3. Managing and organizing CH data

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' Conceptual Reference Model (CIDOC CRM) [Doerr2003a] is a
formal ontology intended to facilitate the integration, mediation and interchange of he-
terogeneous CH information. > 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 [[SO211272014] 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].
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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 '.

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 >.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 >,
(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 * as a guide for providers on how to map their data
to EDM, (d) the EDM profiles and mappings > gathering works by Europeana and partners
which yield in adapting EDM to the needs of specific domains and applications and making
domain systems interoperable, (¢) the EDM Object Templates © 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 ’ and the EDM validation guideline ®.

1. https://CIDOCCRM. org/versions-of-the- CIDOCCRM

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 https://pro.
europeana.eu/page/edm-documentation.

4. https://europeana.atlassian.net/wiki/spaces/EF/pages/987791389/EDM+-+Mapping+
guidelines

5. https://pro.europeana.eu/page/edm-profiles

6. https://github.com/europeana/corelib/wiki/EDMObjectTemplatesProviders

7. https://wuw.europeana.eu/schemas/edm/EDM. xsd

8. https://pro.europeana.eu/files/Europeana_Professional/Share_your_data/Technical_
requirements/EDM_Documentation//EDM/,20Schematronj20validation’20in%200xygen’20XML%
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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 (LLIDO) 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 ', 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 IFLLA Functional Requirements
for Bibliographic Records [Plassard1998], the current updated version [Lagoze2002] has

20editor.pdf
1. https://www.lido-schema.org/schema/v1.0/1lido-v1.0.xsd
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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 haslnstance 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 [Hyvonen2006a, Hyvonen2008, Hyvonen2010]. 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 '. 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 [Hyvonen2006b, Hyvonen2009a] and MuseumFinland [Hyvo-
nen2005] for eCulture, HealthFinland [Hyvonen2007] 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 [Hyvonen2009b].

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 %, 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 [Mikeld2012].

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 [Hyvo-
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. https://seco.cs.aalto.fi/ontologies/
2. https://protege.stanford.edu/
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FIGURE 2.3 — The KOKO system of mutually mapped cross-domain ontologies. Source : Figure
from Eero Hyvonen et al. in [Hyvonen2009b].

Culture

using the timeline o event list. You can gst more information by clicking on ths name of the event.

Event list

91850 JL Runeberg: The stories of Vanrkki Stool @ The trads ur

©Z Topelus, Vaiskar's stories
ar @ The WetterhoffCollege of Home Industry was.
°

the gold standard ©The county’s

@ The first commercial bank, Suomen Yhyspankki, O The Finns started missionary work inAmbomaa @ Law on equal inheritancs rights @ Ateneum was completed according to CT oThefisti
@Finlands fistlocal museum was established in @ Aleksis Kiv, from Seven Brothers @ The Conscription Act entered into force
ny WSOV is sstablished

@ We switched to the metric system o

@ The Turku Historical

© The country's first electic ighting was installed @ Finland's own postal service was abolished
oThe
@Regulation on municipal self-government n ciies ©The Helsinki School of Music and the countiy’s @ The Historical Association was foundsd

oThe

@ Topelius, Zacharias; Travel in Finiand @ The Helsinki Workers Association was founded @ The Ta
°
@ Hanko was founde

 town hall was completed accor

@ Saatytalo was completed architect Gustaf
founded

@ The Public Education Society was foundet @ The Finnish Women's Associ

@Svenska itteratursaliskapet i Finland grundades

@A school board was established @Tram servica begins in Turku and Helsinki 1890
©The new order of parliament @ The first icsbreaker, Murtaja, was completed

@ Wemeiére allowet 16 compléte théir

FIGURE 2.4 — A snapshot of the "Finnish History" thematic perspective of the CultureSampo
portal, showcasing a timeline with corresponding event resources spanning the years 1853 to 1895
in Finland. Source : http: //www. kulttuurisampo. fi/historyTheme. shtml? itemUri=
httpl 347 2F) 2Fwuww. kulttuurisampo. fi} 2Fuserview/ 23Suomen_ historia.

Inspire. The Infrastructure for Spatial Information in Europe (INSPIRE) is a framework initiated
by the European Union to enhance the accessibility and interoperability of spatial/geogra-
phical information [Parcero-Oubifia2013]. Integrating CH into the INSPIRE framework is
crucial for incorporating heritage information into the broader domain of spatial data. The
spatial component of heritage elements plays a significant role in their characterization and
subjective value as cultural assets.

While the CH field is considered in INSPIRE to some extent, its treatment within the frame-
work is not extensively developed. Therefore, there was a need to further develop a concrete
data model for CH within INSPIRE to promote the development of CH Spatial Data Infra-
structures (SDIs) within an interoperable framework. This would acknowledge the spatial
nature of CH data and enhance their role in territorial governance, protection management,
and public accessibility.

INSPIRE primarily focuses on the representation of data about natural protected sites, and
only a specific subset of CH related to geographically protected locations is included. To
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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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valorizations, which represent the values attributed to these entities; and representations,
which encompass accounts or depictions of other entities, encompassing both the preceding
pillars.

Within the realm of valuable entities, Figure 2.5 provides an overview of the two categories :
PrimaryEntity and DerivedEntity. The distinction lies in the fact that primary entities do not
necessitate an explicit interpretive process to ascribe value to them, for example, a sculpture
housed in a museum can be classified as suchy by anyone. Conversely, derived entities rely
on external explicit explanations of their value, such as an archaeological site requiring an
archaeologist to classify it as such.

ValuableEntity (A) | 1.* - T

Name: 0..* Text[L)

Made OfUnderstanding Q

PrimaryEntity (A)

DerivedEntity (A)

A Nature l 0.*
TangibleEntity [A) [T] Occurrence (A)
[5] Agent [A) AbstractEntity (A)
0.1 ParformativeEntity (A) : Valorization [A) 1 4 |zAn0utcomeCf
_0 — -
I Source Generates
T > Manifestation (A} VirtualEntity
e 0.*

FIGURE 2.5 — CHARM'’s topmost view showing the most abstract concepts.

GVP. The Getty Vocabulary Program (GVP) Ontology ! includes various classes, properties and

individuals (values) used in the GVP LOD [Alexiev2015]. It is designed to provide a stan-
dardized framework for representing the concepts, terms, and relationships found within the
Getty vocabularies 2, which include AAT, ULAN, TGN, and CONA (all of which are men-
tioned earlier). The GVP ontology serves as a semantic model for expressing the structure
and semantics of the concepts and relationships within these vocabularies. It is complete
regarding the AAT, TGN and ULAN vocabularies and will be extended in time with more
elements needed for other GVP vocabularies (CONA). It also uses popular namespaces of
extant ontologies such as SKOS, SKOS-XL, ISO 25964, DC, DCT, BIBO, FOAF and PROV.

The GVP ontology enables users to explore and navigate the rich semantic relationships
within the Getty vocabularies, facilitating enhanced search, discovery, and analysis of CH
resources. It supports the description and classification of artistic works, artists, geographic

1. http://vocab.getty.edu/ontology
2. http://vocab.getty.edu/
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locations, and cultural objects, among other aspects of CH information.

OAIS. The Open Archival Information System (OAIS) ' [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 ?, 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. http://www.oais.info/
2. http://wuw.is016363.0rg/
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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
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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 ! :

— 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 Y SA 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 '. 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 .

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 > 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. https://cidoc-crm.org/crmarchaeo/fm_releases
2. https://cidoc-crm.org/html/cidoc_crm_v7.1.1.html
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E1 CRM Entity & & OB (show all properties)

SubClass Of:

SuperClass Of:
E2 Temporal Entity
E52 Time-Span
ES3 Place
E54 Dimension
E59 Primitive Value
E77 Persistent Item
E92 Spacetime Volume
Scope Note:
This class comprises all things in the universe of discourse of the CIDOC Conceptual Reference Model.

It is an abstract concept providing for three general properties:

« Identification by name or appellation, and in particular by a preferred identifier
« Classification by type, allowing further refinement of the specific subclass an instance belongs to
« Attachment of free text and other unstructured data for the expression of anything not captured by formal properties

All other classes within the CIDOC CRM are directly or indirectly specialisations of E1 CRM Entity.

Examples:

« the earthquake in Lisbon 1755 (E5) (Chester, 2001)
In First Order Logic:

« E1(x)

Properties:
P1 is identified by (identifies): E41 Appellation
P2 has type (is type of): E55 Type
P3 has note: E62 String
P48 has preferred identifier (is preferred identifier of): E42 Identifier
P137 exemplifies (is exemplified by): ES5 Type

FIGURE 2.7 — Figure showing the user interface of the online navigation tool after selecting
the E1 CRM Entity class. Source : https: //cidoc-crm. org/html/cidoc_ crm_v7. 1. 2.
html# E1.

of references highlighting its application can be found in the dedicated use-cases section of their
site |. Moreover, the CRM’s coverage of CH data and CH data structures has been extensively
validated through mappings from various sector-specific data structures to the CRM, including the
mapping from Dublin Core to the CRM [Doerr2000, Kakali2007]. This observation demonstrates
the seamless integration of the well-defined common semantics of CIDOC CRM with prevalent
metadata formats. As in terms of the implemented RDFS ontology, the mappings can be seen as a
specification for Local as View (LaV) schema integration, as referred by Doerr in [Doerr2009].

And as discussed in Section 2.3.2, some CH ontologies align with established traditional KOS,
including CIDOC CRM. The data structure of these ontologies, i.e. the classes and properties, are
compliant with renowned online thesauri such as the Getty AAT and TGN. In the following, we
illustrate this synergy :

— an E32 Authority Document is a subclass of E31 Document and it comprises encyclopedia,
thesauri, authority lists ad other documents that define terminology or conceptual systems
for consistent use. Examples of instances of E32 are Webster’s Dictionary, the Getty AAT
[Petersen1990], and the CIDOC CRM [Gergatsoulis2010].

— an Information Object which comprises immaterial items, such as texts and multimedia ob-
jects, has a recognizable structure and could refer to the Getty AAT pieces of data published
as Linked Open Data.

— the property P71 lists links an E32 Authority Document (domain) and a E1 CRM Entity

could refer to the AAT as a thesauri containing lists of CRM entities e.g. the list of alcazars’.

— the property P189 approximates which takes place between two places i.e. E53 Place, uses

1. https://cidoc-crm.org/useCasesPage
2. https://wuw.getty.edu/vow/AATFullDisplay?find=&logic=AND&note=&subjectid=300006897
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FIGURE 2.8 — Figure showing the user interface of the online navigation tool after selecting the
E1 CRM Entity class’s hierarchy graph. Source : https: //cidoc-crm. org/html/ cidoc_
crm_v7.1.2. html#E1.

the TGN thesaurus, in addition to other online databases such as the GeoNames geogra-
phical database ', to approximate the declarative places with point shapes. For example,
[403100.1”N2116'00.1”E] which is a E53 instance approximates Kastoria, Greece, which
is another E53 entity, based on the TGN ID : 7010880 °.

Moreover, in [Navigli2006a, Navigli2006b], the authors present a pattern-based method to auto-
matically enrich a core ontology with the definitions of a domain glossary with an application on
the enriching the CIDOC CRM core ontology using the resources in the AAT glossary, Wordnet,
and the Dmoz taxonomy for named entities and other types of entities (based on the examples in
CIDOC's specification).

In addition to the aforementioned aspects, CIDOC CRM encompasses a wide range of object
properties that cover various types of relationships. These properties enable the identification of
items through names and identifiers, describe the participation of items in temporal entities, spe-
cify the spatial and temporal location of entities, capture observation and assessment relationships,
represent part-decomposition and structural properties, account for the influence of things and ex-
periences on human activities, and facilitate the reference of information objects to other entities.

When it comes to temporal and event-based relationships, CIDOC CRM is particularly note-
worthy for its comprehensive representation which enables the capture of the historical context
of CH entities e.g. [Binding2010a]. This capability allows for a more nuanced understanding of
the temporal dimensions associated with CH data and facilitates the analysis of complex historical
narratives and dependencies. Consider the historical event of the signing of the Declaration of In-
dependence in 1776. The CIDOC CRM employs the concept of temporal entities and relationships
to capture the temporal aspects of events. In this example, the event itself can be represented using
the CRM E4 Period which represents a cultural manifestation occurring in time and space, with
the appropriate temporal attributes. Additional properties can be used, e.g. P7 took place at, to
make links to the other entities, e.g. the specific location in which this event took place with the
corresponding range being an instance of the CRM E53 Place. Also, the historical context can be
modeled by incorporating relationships between events and other entities that contextualize them.
For instance, one can establish a P9 consists of relationship between the event of signing the De-

1. GeoNames is a well-known geospatial dataset providing geographical data and metadata of around 7 million
unique named places from all over the world collected from several sources.

2. https://wuw.getty.edu/vow/TGNFullDisplay?find=&place=&nation=&english=Y&subjectid=
7010880
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claration of Independence and the specific document that was signed, such as E31 Document.

Furthermore, the CRMgeo model [Hiebel2017] is a global schema consistent with CIDOC
CRM for integrating spatiotemporal properties of temporal entities and persistent items using the
conceptualizations, formal definitions, encoding standards and topological relations defined by
the Open Geospatial Consortium (OGC) . Thus, linking the CIDOC CRM to the OGC standard
of GeoSPARQL through a spatiotemporal refinement [Doerr2013]. Figure 2.9 shows the property
hierarchy of the CRMgeo including classes and properties; specific to the CRMgeo model, also
referred to as "Spatiotemporal Model", with the prefix "SP" and "Q"; those referring to CIDOC
CRM entities and relationships with the prefix "E" ; and some classes of the GeoSPARQL ontology
e.g. SpatialObject and Feature.

P.id  Property Name Entity — Domain Entity - Range

Q1 occupied E4 Period SP1 Phenomenal Spacetime Volume

Q2 occupied E18 Physical Thing SPI Phenomenal Spacetime Volume

Q3 has temporal projection SP1 Phenomenal Spacetime Volume SP[3 Phenomenal Time-Span

Q4 has spatial projection SP1 Phenomenal Spacetime Volume SP2 Phenomenal Place

Qs defined in E53 Place SP3 Reference Space

Q6 is at rest in relation to SP3 Reference Space E18 Physical Thing

Q7 describes SP4 Spatial Coordinate Reference System SP3 Reference Space

Q8 is fixed on SP4 Spatial Coordinate Reference System E26 Physical Feature

Q9 is expressed in terms of E94 Space Primitive SP4 Spatial Coordinate Reference System
Q10 defines place E94 Space Primitive SP6 Declarative Place

Q11 approximates SP6 Declarative Place ES53 Place

Q12 approximates SP7 Declarative Spacetime Volume E92 Spacetime Volume

Q13 approximates SP10 Declarative Time-Span ES52 Time-Span

Ql4 defines time SP14 Time Expression SP10 Declarative Time-Span

Q15 is expressed in terms of SP14 Time Expression SP11 Temporal Reference System

Ql6 defines spacetime volume SP12 Spacetime Volume Expression SP7 Declarative Spacetime Volume

Q17 is expressed in terms of SP12 Spacetime Volume Expression SP11 Temporal Reference System

Q18 is expressed in terms of SP12 Spacetime Volume Expression SP4 Spatial Coordinate Reference System
Q19 has reference event SP11 Temporal Reference System ES Event

FIGURE 2.9 — The property hierarchy of the CRMgeo model. Source : Figure from the CRM-
geo model’s documentation available at https: //www. cidoc-crm. org/ crmgeo/sites/
default/ files/ CRMgeol_2. pdf.

Besides CRMgeo, the CRMarchaeo model is a schema intended to provide all necessary
tools to manage and integrate existing documentation in order to formalize knowledge extrac-
ted from observations made by archaeologists, recorded in various ways and adopting different
standards [Doerr2018]. Figure 2.10 shows the property hierarchy of the CRMarchaeo which en-
compasses classes and properties; specific to the description of archaeological excavations pro-
cesses and entities, also referred to as "Excavation Model", with the prefix "A"; those referring to
CIDOC CRM entities and relationships, with the prefix "E" ; and those referring to the Scientific
Observation Model entities and relationships with the prefixes "S" and "O".

As mentioned earlier, all CIDOC CRM compatible models are provided as RDF graphs avai-
lable online, including the CRMgeo > and CRMarchaeo .

During our examination of CIDOC CRM, we have identified two aspects that warrant further
consideration regarding its composition relationships (object properties).
First, for structural relationships, its modeling capabilities are not highly detailed when it comes
to representing composition relations. Indeed, the relations which can cover the structural compo-
sition between physical entities are (merely) parthood and constitution shown in Table 2.8, and
explained below :

1. OGC is a consortium of experts committed to improving access to geospatial or location information by produ-
cing standards and specific means to describe at high level geographic data in the the Semantic Web such as W3C Geo
Vocabulary and GeoSPARQL [Query2012].

2. https://cidoc-crm.org/crmgeo/sites/default/files/CRMgeo_v1_2.rdfs

3. https://cidoc-crm.org/crmarchaco/sites/default/files/CRMarchaeo_v1.4.1.rdfs
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Property id Property Name Entity — Domain Entity-Range

APl produced (was produced by Al Excavation Process Unit ~ S11 Amount of Matter

AP2 discarded into (was discarded by) Al Excavation Process Unit S11 Amount of Matter

AP3 excavated (was excavated by) Al Excavation Process Unit ES3 Place

AP4 produced surface (was surface produced by) Al Excavation Process Unit S20 Physical Feature

APS removed part or all of (was partially or totally removed by) Al Excavation Process Unit A8 Stratigraphic Unit

AP6 intended to approximate (was approximate) Al Excavation Process Unit A3 Stratigraphic Interface
AP7 produced (was produced by) A4 Stratigraphic Genesis A8 Stratigraphic Unit

AP8 disturbed (was disturbed by) AS Stratigraphic Modification A8 Stratigraphic Unit

AP9 took matter from (provided matter to) A4 Stratigraphic Genesis S10 Material Substantial
AP10 destroyed (was destroyed by) Al Excavation Process Unit S22 Segment of Matter

AP11 has physical relation (is physical relation of) Al Stratigraphic Unit A8 Stratigraphic Unit

AP12 confines (is confined by) Al Stratigraphic Interface A2 Stratigraphic Volume Unit
AP13 has stratigraphic relation (is stratigraphic relation of) Al Stratigraphic Modification A5 Stratigraphic Modification
AP14 justified by AP13 has stratigraphic relation AP11 has physical relation
AP15 is or contains remains of (is or has remains contained in) AR Stratigraphic Unit E18 Physical Thing

AP16 assigned attribute to (was attributed by) A6 Group Declaration Event A8 Stratigraphic Unit

AP17 is found by (found) E7 Embedding S19 Encounter Event

API18 is embedding of (is embedded) E7 Embedding E18 Physical Thing

AP19 is embedding in (contains embedding) E7 Embedding A2 Stratigraphic Volume Unit
AP20 is embedding at (contains) E7 Embedding ES3 Place

FIGURE 2.10 — The property hierarchy of the CRMarchaeo model. Source : Figure from the CR-
Marchaeo model’s documentation available at https: //www. cidoc-crm. org/ crmarchaeo/
sttes/default/ files/ CRMarchaeo_vl1. 5. 0_draft. pdf.

— P45 consists of : This property resembles constitution i.e. identifies the instances of E57
Materials of which an instance of E18 Physical Thing is composed, allowing the different
materials to be recorded e.g. a silver cup (E22 Human-Made Object subclass of E18)
consists of silver (E57).

— P46 is composed of : This property resembles parthood between physical entities i.e. asso-
ciates an instance of E18 Physical Thing with another instance of physical thing that forms
part of it, while the spatial extent of the composing part is included in the spatial extent of
the whole e.g. the Royal carriage (E22) forms part of the Royal train (E22). If a component
is not part of a whole from the beginning of its existence or until the end of its existence,
the classes E79 Part Addition and E90 Part Removal can be used to document when a com-
ponent became part of a particular whole and/or when it stopped being a part of it. P46 is
composed of is transitive and asymmetric.

ObjectProperty domain range

P45 consists of (is incorporated in) | E18 Physical Thing | E57 Material

E18 Physical thing

P46 composed of E18 Physical Thing

TABLEAU 2.8 — The compositional structural relationships in CIDOC CRM.

However, CIDOC CRM does not explicitly incorporate two significant structural relations :
membership and dependence. These relations play a crucial role in representing the connections
between parts and their (integral) wholes.

For membership, representations such as artwork being part of a specific exhibition, or a col-
lection of artifacts belonging to a particular CH category, are not supported. In general, expressing
the inclusion of a physical entity within a larger group/collection is missing such as grouping of
a number of entities under a physical characteristic e.g. the brocades that have vertical juxtaposed
patterns on the sculpture.

For dependence, the ontology does not provide explicit support for representing dependencies
between entities. Dependencies capture the reliance or interconnectedness between different ele-
ments in a system. For instance, in the context of CH, a manuscript being dependent on its pages or
an archaeological artifact being dependent on one part. The absence of these structural relations in
CIDOC CRM limits its ability to fully capture and represent certain types of relationships between
entities in the cultural heritage domain.
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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)

P54 has current permanent location E18 Physical Thing | E53 Place

(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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edm:WebResource
[identifier for web resource]
edm:ProvidedCHO
[identifier for "real" object]

FIGURE 2.11 — The three core classes : an Aggregation with a Provided CHO and
a Web Resource. Source : Figure from the documentation of the "EDM Mapping Gui-
delines" available at https://europeana. atlassian. net/wiki/ spaces/EF/pages/
987758622/ EDM+ Core+ classes.

ore:Aggregation
[aggregation identifier]

However, if we are to use the EDM for representing the composition of a CH entity (as is the
fundumental objective of this thesis), EDM will not fulfill that requirement adequately. Basically,
the relationships that EDM encompasses which allow for covering part of our representation are
the following :

— ore :aggregates : an ORE re-used property, expressing that an object resource is member
of the set of aggregated resources of the subject i.e. hold between an Aggregation and its
Aggregated resources

— dcterms :hasPart (dcterms :isPartOf) : a DC terms re-used property, expressing a related
resource that is physically or logically included in the described resource.

— edm :currentLocation, and EDM specific property that is a sub property of the dcterms :spa-
tial, exressing the geographic location, i.e. the range that is an instance of the EDM class
edm :Place, of the object whose boundaries include the resource being described, i.e. the
domain that is an instance of the EDM class edm :ProvidedCHO. It is equivalent to CIDOC
CRM’s P55 has current location

It is worth highlighting that EDM does encompass relationships other that enable the descrip-
tion of the composition of entities such as edm :incorporates. However this is not between tangible
entities. We can use EDM as a complementary data model for describing CH specific properties
such as edm :isRelatdTo, edm :isSimilarTo, edm :isDerivativeOf.

Despite the fact that EDM may not fulfill our specific objectives in terms of representing the
composition of a tangible entity using structural and spatial relationships, it can still be utilized
as a complementary data model for describing other types of representations that center around
objects as descriptive properties. For instance, EDM offers CH-specific properties such as edm :is-
RelatdTo, edm :isSimilarTo, and edm :isDerivativeOf which can be used to capture and convey
relationships around the CH entity as well.

The Cultural Heritage Abstract Reference Model (CHARM) :

The CHARM ontology is expressed in ConML ; a conceptual modeling language [Gonzalez-
Perez2012] developed for humanities and social sciences. It is designed to be affordable for end
users with no previous exposure to information technologies, and is based n object-oriented pa-
radigm. The language is composed of a "types" package allowing for the creation of type models
to represent the world with classes (i.e. categories), attributes (i.e. properties of categories), and
associations (i.e. relationships), and an "instances" package allwing for the creation of instance
models represnting real world entities in terms of the types package.

Both, CHARM and ConML, are research outcomes of the Incipit lab of Spanish National Re-
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search Council (CSCI)'. CHARM is expressed in ConML. ConML is also used to facilitate the
extension mechanisms that allow users to extend CHARM into particular models that best suit
their particular needs.

As presented in Section 2.3.2 and in figure 2.5, CHARM distinguishes between a PrimaryEn-
tity and a DerivedEntity. Among the sub-types of primary entities is the TangibleEntity category,
on which we focus. Tangible entities are defined as primary entities that are fundamentally percei-
ved in a direct fashion and through their materiality, i.e. composed of matter and can be touched.
Figure 2.12 further explores the different types of tangible entities in CHARM including places
e.g. a valley, structures e.g. a building, objects e.g. a pebble, stratigraphies and samples. Further
browsing through the list of classes and enumerated types is available at the CHARM website °.

TangibleEntity (A)

I 1

jalEnti . Methodological
o MaterialEntity (A) 1. TangibleEntity (A)
Material: 1..* enum Material (T) Support I Code [Name]: 0..1 Text (K)
oundaries ‘{F Nature f Nature
0.
o [ I ]
NonMateria lPlace StructureEntity () ObjectEntity () Depasit ialAspect SgraphicEntity (A) Sample

7o

LandDiision

[Name]: 1..* Text (L)

FIGURE 2.12 — A combination of snapshots of CHARM’s hierarchy of tangible entities including
Places, Material Entities, and Methodological Entities with some of their sub-classes. Source :
Figures from hitp: // charminfo. orq/Resources/ Training. aspz.

Regarding relationships, multiple types are provided that encompass different semantics, with
many bearing similarities to UML relationships observed between entities.

The first type is the subsumption relationship, represented in a conceptual model through a ge-
neralization/specialization relationship. An illustration of subsumption can be observed in Figure
2.13, where a chair is a sub-type of PieceOfFurniture.

The second type is the classification relationship, depicted by means of an instantiation rela-
tionship in ConML, specifically avoiding the term IsA, as it may cause confusion between clas-
sification and subsumption, as pointed out by Guarino [Guarino1998b]. Figure 2.14 exemplifies a
classification relationship, where an individual chl :Chair is classified as an instance of the class
Chair.

The third type encompasses any intricate relational characteristic of classes, which is represen-
ted through association relationships, serving as semantic links connecting classes. An association
comprises two semi-associations that are inverse of each other. Each semi-association belongs to a
class referred to as the participant class, and connects to another class known as the opposite class.
Each semi-association possesses a name and a cardinality constraint that describes the number
of instances of the opposite class allowed for each instance of the participant class. Figure 2.15
demonstrates an example of an association named IsLocatedIn between the participant class Chair
and the opposite class Room, with a cardinality of 0..*, indicating that 0 or any number of Chair
instances can be located within a Room instance.

1. https://www.incipit.csic.es/
2. http://charminfo.org/Reference/Browse.aspx
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abstract class

PieceOfFurniture (A)

Colour: 1..* enum Colours
Description: 0..1 Text
Manufacturer: 17

generalization/
specialization

Chair

NumberOfLegs: 1 Number
HasArmrests: 1 Boolean

FIGURE 2.13 — A snapshot of ConML’s (version 1.5) Basic Graphical Notation Summary sho-
wing the generalization/specialization relationship between two classes. Source : http: // www.
conml. org/Resources/ Training. aspzc.

Chair

NumberOfLegs: 1 Number
Colour: 1..* enum Colours
HasArmrests: 1 Boolean
Description: 0..1 Text
Manufacturer: 1 ?

dassification
Jinstantiation

chi: Chair

NumberOfLegs =5

Colour = Black, Blue

HasArmrests = Yes

Description = "My favourite chair."

FIGURE 2.14 — A snapshot of ConML’s (version 1.5) Basic Graphical Notation Summary depic-
ting the instantiation relationship between an individual and a class. Source : http: // www.
conml. org/ Resources/ Training. aspc.

Lastly, a special type of association in ConML, extensively employed in CHARM, is the ag-
gregation relationship, utilized to express the semantics of a part-whole relationship. Within the
context of ConML, an aggregation relationship between two classes implies that an instance of
class A, representing the whole, is composed of, consists of, or contains several instances of class
B, signified by the star cardinality annotation .

As we are interested in representing the composition of tangible entities (following our objec-
tive), we proceeded with inspecting the aggregation associations between the tangible entities in
CHARM, those of Figure 2.12.

And thus, we found around 14 aggregation relationships in CHARM between the following
tangible entities |, among which are the following between :

— SubPlace between a Place and itself, as a self-association, resembling spatial containment

1. For additional information on the class hierarchy in CHARM and the corresponding aggregations holding
between them, please refer to the book [Gonzalez-Perez2018], and/or to the ConML diagrams available at http:
//charminfo.org/Reference/Browse.aspx.
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cardinality name and reading direction
Chair
Room

NumberOfLegs: 1 Number | o+ IsLocatedin P> 0.1
Colour: 1..* enum Colours Area: 1 Number
HasArmrests: 1 Boolean Location | paintColour: 1 enum Colours
Description: 0..1 Text HasWindows: 1 Boolean
Manufacturer: 1 ?

role

association

FIGURE 2.15 — A snapshot of ConML’s (version 1.5) Basic Graphical Notation Summary sho-
wing an example of an association between two classes. Source : http: //www. conml. org/
Resources/ Training. aspzc.

Chair

NumberOfLegs: 1 Number
Colour: 1..* enum Colours
HasArmrests: 1 Boolean
Description: 0..1 Text
Manufacturer:17?

1 whole

1.* Leg

Length: 1 Number

FIGURE 2.16 — A snapshot of ConML’s (version 1.5) Basic Graphical Notation Summary sho-
wing the aggregation relationship between two classes. Source : http: //www. conml. org/
Resources/ Training. aspc.

of a place entity in another place entity i.e. a place can be subdivided into subplaces, e.g.
areas and regions contained in continents.

— SubDivision between a LandDivision and itself, as a self-association inherited from places
(based on Figure 2.12, we can see that a LandDivision is a sub-class of Place and thus it
inherits relations from it) with redefined cardinalities, e.g. states, provinces, and municipa-
lities.

— Support between a MaterialEntity and a Material Aspect, referring to a constitution relation.
The class MaterialEntity is a tangible entity that is defined by its materiality through its
association with the matter which consititutes it. In CHARM, this is represented through the
class MaterialAspect, i.e. the matter, in its aggregation with the entity which it constitutes
such as ceramic, bone, wood, etc.

— Content between a StructureEntity and a MaterialEntity, referring to the containment of
material entities in a structure, e.g. a house being inside an enclosure.

— Content between an ObjectEntity and itself, as a self association to refer to the containment
of an object inside another object, e.g. a basket containing tools.

— Fragment between a CompleteStructure and a StructureFragment, referring t a part-whole
relation between a structure having altered its material integrity, e.g. broken, and a fragment
of it, e.g. an ashlar block from a wall.

Similarly, a Fragment relation holds between CompleteObject and an ObjectFragment, e.g.
a shard from a broken clay beaker.

— SubStructure between a CompleteStructure and itself as a self-association, referring to the
containment of structures in larger frame structures, e.g. a farm containing a house, a trench,
and a barn as as complete structures too.
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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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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 .
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. https://en.wikipedia.org/wiki/Primitive_notion
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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 Cognitive Sciences The meddling of both < mereology >and
studies studies <meronomy >in formal taxonomies
. ) . ) (Part-Whole) Conceptual modeling Knowledge representation
Spatial Location | Spatial Connection | Formal Parthood
Relation Taxonomies languages languages
<Location> <Topology> <Mereology> <Meronomy> UML ER/ORM DL FOL
[Randel11992] [Odel11998]
. [Simons1987] X [Schulz2000]
[Varzi1996] [Randell1989] [Iris1986] [Opdah]2001] [Guizzardi2005]
. [Varzi2003] [Sattler2000]
[Casati1999] [Cui1993] [Motschnig-Pitrik1999] | [Keet2006b]
[Varzi2007] X . [Artale1996b]
<Mereotopology> [Winston1987] [Barbier2003] [Keet2008]
[Artale1996a]
[Shanks2004]
[Varzi1993] [Varzil996] [Gerst11995] ) .
[Berardi2005] [Bittner2005]
[Casati1999] [Varzi2007] [Gerst11996]

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. !

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 [Lesniewski1991, 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 [Ferndndez-
L6pez2008], 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. 1t is a denoted using the primitive P(x,y), standing for "x is part of y", as a partial order
relation : reflexive (Pal), antisymmetric (Pa2), and transitive (Pa3).

(Vx)P(x,x) (Pal)
(V%,¥)(P(x,y) AP(y,x)) = x =y (Pa2)
(Vx,y,2)(P(x,y) AP(y,z)) — P(x,2) (Pa3)

Using P, other mereological predicates are built for a wider semantic range ; proper-part (PP)
which is asymmetric and irreflexive I 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.°

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 http://journal.b-pro.
org/article/the-ultimate-parts/.
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(VX,y)PP(x,y) > (P(x,y) A =P(y,x)) (Pd1)
(VX,¥)EQ(x,y) > (P(x,y) AP(y,x)) (Pd2)
(VX,y)O(x,y) <> 3z(P(z,x) AP(z,y)) (Pd3)
(VX,y)U(x,y) <> 3z(P(x,2) AP(y,z)) (Pd4)
(Vx,y)OC(x,y) <> (O(x,y) A—=P(x,y)) (Pd5)
(Vx,y)UC(x,y) < (U(x,y) A=P(y,x)) (Pd6)
(VX,y)PO(x,y) <+ (OC(x,y) ANOC(y,x)) (Pd7)
(Vx,y)PU(x,y) +> (UC(x,y) AUC(y,x)) (Pd8)
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FIGURE 3.1 — A visual representation of some mereological predicates. Source : Figure from "The
ultimate parts" blog artcile.

Based on ground mereology, other mereological theories are generated by adding axioms to
M to allow for finer grained relations or/and permit intransitivity in some cases. As illustrated
in figure 3.2, starting from M, one can add assumptions of decomposition and/or composition
principles. For each axiom, we clarify its meaning based on the explanations from [Ferndndez-
L6pez2008].

The principle of decomposition introduces the argument that if some y has a proper part x,
then there should be a remainder because x is less than y. This can be added either using weak
supplementation Pa4 resulting Minimal Mereology MM, or strong supplementation Pa5 resulting
in Extensional Mereology EM.

— Pa4 : Every object y with a proper part x has another part z (different than x) that is disjoint
of x. For example, given that Spain is a proper part of the Europe, then Europe has other
parts that are disjoint of Spain : Portugal, France, Italy, etc.

— Pa5 : If y is not part of x, then there is a part of y that does not overlap with x. For example,
given that Spain is not part of Africa, there is a part of Spain (e.g. Madrid) that is not part of
Africa

81



Chapitre 3. Foundational ontological relations

Composition General Extensional Mereology
Principles +(Pas) .= (GEM)
General Mereology - i + (Pa8)
(GM) Extensional Closure Mereology
+ (Pag) i + (PaS‘)/,/‘/ ,’/ (CEM)
' | + (Pa6, Pa7
Closure Mereology - / ! (Fa6, Pa7)
(CM) +(Pa6.Pa7)”  Extensional Mereology
/4 (Pas) .~ (EM)
+ (Pas, P‘ﬂ)i Minimal Mereology Decomposition
| (Pad)..-~ (MM) Principles
Ground Mereology <
(M)

FIGURE 3.2 — Hasse’s diagram for mereological theories (from weaker to stronger).

Note that in EM, the theorems Pt1 and Pt2 are implied upon the addition of the supplementation
axioms, and therefore the theorem Pt3 [Varzil1996].

The principle of composition introduces the argument that a mereological domain shall be
closed under various operations. This done either via finitary operations, i.e. finitary sum Pa6 and
finitary product Pa7, resulting in Closure Mereology CM, or via unrestricted fusions Pa8 i.e. the
fusion of all objects satisfying the formula ¢ in which x is a free variable, resulting in General
Mereology GM.

— Pa6 : (Sum principle)If x and y underlap, then there is a z such that, for all w’s, w overlaps
z if and only if w overlaps x or w overlaps y. That is, if two objects underlap, then it may
be assumed that there is a smallest object of which they are part (an object that exactly and
completely exhausts both)

— Pa7 : (Product principle) If x overlaps y, then there is a z such that for all w’s, w is part
of z if and only if w is part of x and w is part of y. That is, if two objects overlap, then it
may be assumed that there is the largest object that is part of both (the common part at their
junction). For example, Spain and Africa overlap, and it may be assumed that there is the
largest object overlapped by both : Canaries, Ceuta, Melilla, etc.

— Pa8 : (Unrestricted fusion principle) For every satisfied property or condition ¢ (if there
exists an entity x that satisfies ¢ ), then there is a z such that for all y’s, y overlaps z if and
only if there is an x such that it satisfies ¢ and overlaps y. That is, there is an entity consis-
ting of all those things that satisfy ¢. For example, suppose that ¢ means "country with more
than 10 million inhabitants", then there is an object that consists of all the countries with
more than 10 million inhabitants.

Similarly, the result of adding Pa6 and Pa7 to MM/EM yields in CMM/CEM i.e. Closure
Minimal/Extensional Mereology. However, Pa7 implies Pa5 by means of Pa4, thus making CMM
the same as CEM [Varzi2003]. Moreover, to ensure the unicity of the entities that are held by
means of Pa6 (the sum entity) and Pa7 (the product entity) under the presence of extensionality,
it is possible to add the axioms Pa9 and Pal0, respectively. These last two axioms Pa9 and Pal0
ensure both, the existence of the sum/product entity, and the unicity (uniqueness) of this entity.
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(Vx,y)PP(x,y) = 3z(P(z,y) A=0(z,x)) (Pad)
(Wx,y)—P(y,x) = 3z(P(z,y) A =0(z,x)) (Pa5)
)
(

PP(x,y) — 3z(PP(z,y) A =0(z,x) (Ptl)
(3z(PP(z,x)) AVz(PP(z,x) — PP(z,y))) — P(x,y) (Pt2)
(3zPP(z,x) AV(PP(z,x) <+ PP(z,y))) = x=y (Pt3)
(Vx,y)U(x,y) — Fz¥w(O(w,z) <> (O(w,x) V O(w,y))) (Pa6)
(Vx,y)O(x,y) — Fz¥w(P(w,z) <> (P(w,x) V P(w,y))) (Pa7)
(3x)¢(x) = F2¥y(O(y,z) > Ix(¢(x) AO(y,x))) (Pag)
(Wx,y)3z(0(z,x) AO(z,y)) — Fz(Vw(O(w,z) <> (O(x,w) vV O(y,w))) (Pa9)
(Wx,y)3z(P(z,x) AP(z,y)) — Jz(Vw(P(w,z) <> (P(x,w) V P(y,w))) (Pal0)

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 (Pal0) 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.

83



Chapitre 3. Foundational ontological relations

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) ', 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 (£), homeo-
merous (H), and separable (S5). 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. https://en.wikipedia.org/wiki/Meronymy_and_holonymy
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Member/Collection (—F, —=H, S) e.g. tree-forest
Portion/Mass (—F, H, S) e.g. slice-pie
Stuff/Object (—F, =H, —S) e.g. steel-car
Feature/Activity (F, =H, —S) e.g. paying-shopping
Place/Area (—F, H, —S) e.g. Everglades-Florida

A

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. ' 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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H (F-S-H)
s <
~H (F-S-—H)

F
H (F-—S-H)
-S <
—~H (F-—S-—H)
-
H (~F-S-H)
S <
—~H (—~F-S-—H)
~F

H (—F-—S-H)
e
-H (—F-—§-—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-

88



3.3. Studies on structural (part-whole) relations

wing for intransitive in some cases |, 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-Pitrik 1999,
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.
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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 (A, R) : a structures consisting of a non-empty domain (A ) resembling the entity types,
and a binary relation (R) for denoting relationships and holding between entities whose types are
indicated in (A\). 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.
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In a subsequent work [Keet2012], the taxonomy was extended to include some mereotopolo-
gical relations (specifically, PP and EQ) within a DL-formalized ontology. This extension aimed
to overcome limitations in expressing the semantics of these relations in OWL.

Part-whole relation

parthood — T mpart
[mereology] [in discourse only]
/ AN
membership constitution
s-parthood / involvement (object/role- (stuff-object)
(objects)  spatial  (processes) collective)
parthood stuff part portion participation
(different stuffs) (same stuffy  (object-process)
containment location
(3D objects) (2D objects)

FIGURE 3.4 — Keet and Artale’s taxonomy of meronymic and mereological part-whole relations.
source : Figure from Maria Keet in [Keet2020].

While it is commendable to specialize ((part-whole)) relations to account for different types
and consider intransitivity in certain cases, we have some concerns regarding Keet’s taxonomy,
particularly with its second level of distinction that utilizes DOLCE categories for further classi-
fication of sub-types of part-of and mpart-of. It should be noted that DOLCE is a foundational
ontology that presents a formal and well-defined axiomatic system of categories and relations.

When DOLCE is employed to annotate the relata (i.e. the domain and range) of the relation, it
essentially involves projecting the axioms of DOLCE’s classes onto the domain and range entities
of the relation. Consequently, the use of DOLCE’s axiomatization to define these relations seems
to rely heavily on leveraging the semantics already provided by axiomatized classes. As a result,
apart from the naming of the relations, the taxonomy does not appear to offer significant additio-
nal value beyond the exploitation of existing semantic associations derived from the axiomatized
classes of DOLCE.

3.3.4 Some properties of part-whole relations discussed in the literature
Granularity :

Some approaches have taken the steps to relation mereology to granularity ; a concept which
involves organizing information a hierarchical manner, guided by specific criteria known as the
granular perspective. It involves the differentiation of levels, where lower levels encompass more
detailed knowledge or data, while higher levels simplify or generalize finer details. Each granular
level, also referred to as grain size, consists of one or more entities or instances. Examples of these
approaches include [Bittner2001, Bittner2003, Rector2006a, Keet2006c] in which authors use me-
reology as the theory for formalizing granularity, partition entities (wholes) based on granularity,
and propose a taxonomy of types of granularity and discussing how entities in each granularity
level relate.

Ontological dependence :

The exploration of the concept of dependence traces back to 1970 with Husserl in the realm of
classical philosophy. In this context, a dependence relation is established between two individuals,
wherein x depends on y if the existence of x (necessarily) implies the existence of y. The for-
malization of dependence has been approached in various ways, including as a primitive relation
i.e. not defined in terms of any other relation, but through axioms, such as in [Fine1983], or as a
non-primitive relation i.e. defined in terms of another primitive, often the existence or persistence
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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-
$0102003]. 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, Plantingal975] 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 (/IFD(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, Cuil993] is intended for qualitative spatial representation and reasoning, based on the
"connection" relation, denoted as C. For instance, RCCS8 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 (Cal) and the symmetric axiom (Ca2) make up
the proper/sufficient axioms of the connection relation C. The basic theory defined by the minimal
axioms (Cal) and (Ca2) is referred to as Ground Topology (T) [Varzil996], in analogy to the
theory of parthood (M).

(Vx,y)C(x,x) (Cal)
(Vx,¥)(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
Cal and Ca2 of (T) to Pal, 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.

(Vx,y)P(x,y) = C(x,y) (Integrity axiom)
(Vx,y)O(x,y) — C(x,y) (Unity axiom)
(Vx,y)P(x,y) = E(x,y) (Monotonicity axiom)
(Vx,y)E(x,y) <> Vz(C(z,x) — C(z,y)) (Monotonicity)

The first principle (Integrity axiom) indicating that everything must be connected to its parts.
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