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ABSTRACT

Ontologies represent a shared conceptualizatiom lkafowledge community. They
are built from the description of the meaning ohoepts, expressed through their
attributes and their relationships. Concepts redethe object of conceptualization, the
universe of discourse. They are characterized &y #itributes and domains of possible
values. Relationships are used to describe howdheepts are structured in the world.
In ontologies all concepts are hierarchically dedin however there are other
relationships that are definitional, giving identib the concepts and meaning to the
world.

In addition to the subsumption relationships thaitdothe taxonomies of concepts,
other formal and material relations assist in $tmicg the domain and the conceptual
definition. The modeling tools, however, are d#ficient in differentiating the various
types of formal and material relationships in order assign the possibilities of
automated reasoning. In particular, mereologica partonomic relationships lack of
implementation options that allow extracting thenaatic potential when modeling.

This research project takes as a starting poinstilngy of the literature on ontologies
and relations, especially on formal and materiddti@ns, including mereological and
partonomic relations, reviewing the principles fduon ontologies. Furthermore, we
identify the theoretical foundations of the relagoand analyze the application of the
relations concepts to the main foundational ontegn use nowadays. Following,
from the raised proposals, this work proposes &mredtive for the conceptual modeling
of these relations in a visual domain ontology.sTéiernative has been made available
on the ontology building tool of the Obaita Projeghich is under development by the
Intelligent Databases Research Group (BDI) from GER

Key-words: Foundational Ontologies, Formal Relations, MateRelations, Ontology
Building Tools, Visual Domain Ontology.



MODELAGEM CONCEITUAL DAS RELACOES
FORMAIS E MATERIAIS APLICADAS A ONTOLOGIAS

RESUMO

Ontologias representam uma conceitualizacéo coitifzetth de uma comunidade de
conhecimento. S&o construidas a partir da descdo&osignificados dos conceitos,
descritos através de seus atributos e dos relan@mas entre os conceitos. Conceitos
se referem ao objeto da conceitualizagéo, o uroweosdiscurso. S&o caracterizados por
seus atributos e dominios de valores possiveisacRelamentos sao utilizados para
descreverem de que forma os conceitos se estrutuwamundo. Nas ontologias todos
0S conceitos sdo hierarquicamente definidos, pesdstem outros relacionamentos que
sao definicionais, dando identidade aos conceigengdo ao mundo.

Além dos relacionamentos de subsunc¢édo que constiegéaxonomias de conceitos,
outras relagbes formais e materiais auxiliam naiesacdo do dominio e na definicdo
conceitual. As ferramentas de modelagem, no entaimda séo falhas em diferenciar
0s varios tipos de relacionamentos formais e naasepara atribuir as possibilidades de
raciocinio automatico. Em especial, relacionamenteeoldgicos e partondmicos
carecem de opg¢Oes de implementacdo que permitamairextpotencial seméantico da
modelagem.

Este projeto de pesquisa tem como ponto de pastidatudo da literatura sobre
ontologias e relacdes, em especial sobre relagbesis e materiais, incluindo relacdes
mereoldgicas e partondmicas, revisando os prinei@ncontrados nas ontologias. Além
disso, nos identificamos os fundamentos tedricasrelacdes e analisamos a aplicacédo
dos conceitos das relagdes sobre as principaisogids de fundamentacdo em prética
na atualidade. Na sequéncia, a partir das proplestastadas, este trabalho propde uma
alternativa para a modelagem conceitual destagdetaem uma ontologia de dominio
visual. Esta alternativa foi disponibilizada nadenenta de construcéo de ontologias do
Projeto Obaita, a qual estd sendo desenvolvida @alpo de Pesquisa de Bancos de
Dados Inteligentes (BDI) da UFRGS.

Palavras-chave:Ontologias de Fundamentacéo, Relacées Formaiacttsd Materiais,
Ferramentas de Construcao de Ontologias, Ontottegl@2ominio Visual.
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1 INTRODUCTION

This work falls in the area of Conceptual Modelimgd Knowledge Engineering,
focusing on the ontological foundations and cone&ptnodeling of relations applied to
ontologies. Ontologies are used for knowledge pr&tion, providing a framework
for organizing and giving a general view of the laor

The concept of ontology was initially originatedrn the philosophical field and can
be traced back to ancient Greek philosopher AlesBC. It is defined in the philosophy
as the systematic description of the objectiveterie, namely ontology. It is meant as
a systematic explanation and illustration aboutdhjective existence (Du et al., 2010).

Studer defines ontology in (Studer, Benjamins aedsEl, 1998) as a formal and
explicit specification of a shared conceptualizatidn important distinction that we
have to emphasize is between foundational ontadoglydomain ontology.

A foundational ontology, sometimes also called upleeel ontology, defines a
range of top-level domain-independent ontologicatiegories, which form a general
foundation for more elaborated domain-specific tog®s. In other words,
foundational ontologies provide the basic concegisn which any domain-specific
ontology is built (Guizzardi and Wagner, 2005). Algdhe main existing foundational
ontologies we may include UFO, OntoClean/DOLCE, @G&rO, BWW, SUMO, BFO,
Cyc and Sowa.

Domain ontologies aim at capturing a consensuaileaige, not individual, to be
formalized and shared in a community of intereshimizing the domain ambiguities.
Thus, the ontological models describe abstracteoise but not domain instances. They
are strongly implementation independent and tlaigliages look for a formalism that
is rich enough to express the semantics of theegiachbeing able to be processed and
reused by many different types of systems (Abal.e2008).

Ontology represents a shared conceptualizationirichtdes concepts, its attributes
and the relationships between the concepts. Irtiaddp the subsumption relationships
that build the taxonomies of concepts, other formad material relations assist in
structuring the domain and the conceptual definitibhe main existing modeling tools,
such as Protégé, NeOn Toolkit, WebOnto, WebODE @ntbEdit, however, are still
deficient in differentiating the various types afrrhal and material relationships in
order to assign the possibilities of automatedamiag. In particular, mereological and
partonomic relationships lack of implementation iops that allow extracting the
semantic potential when modeling.

Knowledge Engineering has shown to be challengaeghrding to knowledge
modeling requirements. Part-whole relations, togwia and functional models,



different kinds of physical constraints and differgiews have to be taken into account.
(Tudorache, 2004).

Some ongoing researches are discussing the inteddssues. On his PhD Thesis
(Guizzardi, 2005), Guizzardi has proposed ontolgifoundations for structural
conceptual models and, a few years later, Guizzamti Wagner presented a
foundational ontology to provide real world semesitand sound modeling guidelines
using conceptual modeling. The approach found énliterature that is closest to this
last one presented here is the so called BWW (Biged-Weber) approach
(Guizzardi and Wagner, 2008).

The results concerning the formal ontological digibpns among unary and binary
relations have been recapped in (Guarino, 200@kckkg a basic ontology of meta-
level category representation languages and disgu#ise role of such distinctions in
the current practice of knowledge engineering.

We noticed that most of the available ontology dini tools do not provide enough
constructs for capturing knowledge about the meproh the concepts and their
relationships, therefore, they may induce the dgyeaknt of incomplete, ambiguous or
redundant knowledge models.

In order to capture the correct meaning of a retethip between the ontology
concepts, it is necessary to allow people to esptiesir understanding through the use
of properties that have concrete meaning to thems iE the role of the foundational
ontologies: they express the inherent propertias phovide identity to the objects and
their relationships. This work proposes to prosdeport to the ontological foundations
of the relations among the ontology concepts ireotd obtain better accuracy in their
formalization.

Among the human senses, sight constitutes the dirdt most important sense to
capture information from the external world in arde generate conceptualizations.
This becomes more evident when we deal with imiggiimains such as Geology and
Medicine, in which the recognition of visual patteris the initial process for capturing
information and supporting the problem solving.sTWwiork also proposes to support the
experts taking advantage of the visual represematnelping them to express the
complete meaning of the relations in visual domains

The use of metadata to describe the ontologicahioetstructs and the visual
representations of the relations, regardless of ailmmallows us to create an
environment for defining the domain ontology cortagations without requiring users
to have any prior knowledge about ontology repriedem languages (that is what
happens with most of the current solutions), pringjdnechanisms to work with visual
and symbolic information.

Obaita Portal is a tool for collaborative constrmctof visual domain ontologies
based on foundational ontology. In its previoussia@r, the Obaita portal did not
include any ontological consistency checking regardhe relationships. In this work,
we extend Obaita portal by including the requiratbtogical consistency checking and
by providing visual content support for the ontglaglations.

The main contributions of this work are:

- providing ontologically well-founded constructs gupport the ontological choices
of types of the binary relations, especially therfal and material relations, considering
the semantic expressiveness of a foundational @myol



- providing support to the inference of the ontidayj meta-type of the part-whole
relations based on the meta-types of the respeadiated concepts;

- providing visual components to represent the alistnowledge about the spatial
relations among the ontology concepts, supportisgal domains;

- providing an interface to support assistance, neguiring users to have prior
knowledge of ontological representation formal lzeges.

Following, in Section 2, we present a review on itien principles of ontology; in
Section 3, we present the foundations of partsvemales, studying mereology (theory
of parts) and integral wholes; in Section 4, wesprg¢ a discussion about relations,
analyzing their classification, meaning and impoectafor ontologies; in Section 5, we
present the application of relations to the maimfitational ontologies; in Section 6, we
present an analysis on the use of relations on sdérttee main ontology building tools;
in Section 7, we present a review on visual knog#gedn Section 8, we present the
Obaita Portal: the ontology building tool that wagended in this project; in Section 9,
we present the conceptual modeling of ontologie#htions that is proposed in this
work; in Section 10, we present the implementedtsm as part of the development of
this research project; in Section 11, we preseatpitoject case study; and finally, in
Section 12, we present our conclusions and somen quessibilities for future
improvement of this work.



2 ONTOLOGIES

Ontology (with-a-capital-O) is an ancient philosagath discipline which can be
traced back to the Ancient Greeks. It is a brarfanetaphysics and its subject matter is
the objective existence and its nature. On therdthed, central to an ontology (with-a-
small-0) is an inventory of the types of objectattéxist and their categorization by the
types of existence they have (Partridge, 2002a).

One of the first definitions of ontology was given(Neches et al., 1991), stating
that an ontology defines the basic terms and o#latcomprising the vocabulary of a
topic area as well as the rules for combining teamd relations to define extensions to
the vocabulary. Later on, Gruber defined ontology(Gruber, 1993a) as an explicit
specification of a conceptualization. Based on @rigb definition, Borst stated in
(Borst, 1997) that ontology is defined as a fornsgecification of a shared
conceptualization. Studer merged Gruber's and Borslkefinitions in (Studer,
Benjamins and Fensel, 1998) by defining ontologg &srmal and explicit specification
of a shared conceptualization. Conceptualizatidarseto an abstract model of some
phenomenon in the world by having identified thdevant concepts of that
phenomenon. Explicit means that the type of corscepéd, and the constraints on their
use, should be explicitly defined. Formal referghe fact that the ontology should be
machine-readable. Shared reflects the notion thabmtology captures consensual
knowledge, that is, it is not private of some indual, but accepted by a group (Du et
al., 2010).

In Artificial Intelligence, ontology refers to am@gineering artifact, constituted by a
specific vocabulary used to describe a certaintyeglus a set of explicit assumptions
regarding the intended meaning of the vocabularydaoThis set of assumptions has
usually the form of a first-order logical theoryh&re vocabulary words appear as unary
or binary predicate names, respectively called eptscand relations (Guarino, 1998).

From a knowledge-based systems point of view, ogipols defined in (Mizoguchi,
Sano and Kitamura, 1999) as a theory (system) méeqats/vocabulary used as building
blocks of information processing systems. In thetext of knowledge-based problem
solving, ontologies are divided into two types:ktamntology for problem solving
process, and domain ontology for domains wheredsieis performed.

The target of ontology is to study the knowledgeealéated domain, providing the
common understanding of the domain, determining th@mmon-recognized
vocabularies in this domain, and giving an explidéfinition of the interrelation
between vocabularies from different levels of folimaion. Ontology can determine
the precise meaning of the concepts through thet stefinitions and the relations
between the concepts, expressing the commonly needy and shared knowledge (Du
et al., 2010).



According to (Guarino, 1998), the philosophicalgpactive and the computational
perspective are related to each other. Howevepytgoses a terminological distinction
where the engineering artifact is defined as owfplwhile the philosophical point of
view is defined as conceptualization. Thus, twoolmgies may have different
vocabularies and share a common conceptualization.

2.1 Ontology Classification

In the literature there are some different typesmiblogy classifications.

In (Gémez-Pérez, Fernandez-Lépez and Corcho, 20a#)logies are basically
classified in four types as follow:

- Knowledge Representation ontology: aims to mquiehitives that can be used to
formalize the knowledge. Among the modeling priv@s there are classes, relations
and attributes; these primitives allow to builddagmies of classes, set properties of
relations, range of values, types of attributed, smon;

- Meta-ontology: describes the general concepts #ta common to various
domains. For this reason, sometimes meta-ontolagiesised for the construction of
domain ontologies;

- Linguistic ontology: aims to describe semantiaigtoucts instead of modeling a
specific domain, offering a set of features usedremoften in natural language
processing. This type of ontology is related to gnammar unit semantics, such as
words, nominal groups, adjectives;

- Domain ontology: it is a reusable vocabulary oheepts and their relationships
within a domain, including activities, theories gorihciples that belong to the domain.

Guarino proposes in (Guarino, 1998) a classificatid ontology kinds based on
their level of dependence on a particular taskoontpof view:

- Top-level ontologies: describe very general cpitedike space, time, matter,
object, event, action, etc., which are independéatparticular problem or domain;

- Domain ontologies and task ontologies: descriespectively, the vocabulary
related to a generic domain (like medicine or autbites) or a generic task or activity
(like diagnosing or selling) by specializing thens introduced in a top-level ontology;

- Application ontologies: describe concepts thatehel both on a particular domain
and task, and often combine specializations of lfeéhcorresponding domain and task
ontologies. These concepts often correspond te noll@yed by domain entities while
performing a certain task, like replaceable unismare component.

Different types of ontologies, according to thewel of generality, are shown in
Figure 1.
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Figure 1 A classification of different types of ontlogies (Guarino, 1998).

Core ontologies (Obrst, 2010), not present in thesification above, can be viewed
as mid-level ontologies, positioned between tol@nd domain ontologies, providing
a common definition for the main concepts in soargd domain, to which all other
concepts are usually related.

In recent years, there has been a growing intdaredhe use of foundational
ontologies (also known as upper level or top-lergblogies) for evaluating conceptual
modeling languages, developing guidelines for these and providing real-world
semantics for their modeling constructs (Guizzanmll Wagner, 2010). As one of the
main foundational ontologies in use nowadays, tilewing section presents UFO, the
Unified Foundational Ontology.

2.2 UFO

The Unified Foundational Ontology (UFO) was iniyaproposed by Giancarlo
Guizzardi and Gerd Wagner in (Guizzardi and Wagk@@4). UFO is derived from a
synthesis of two other foundational ontologies, GGEO (Section 5.2) and
OntoClean/DOLCE (Section 5.1). While their mainaar®f application are the natural
sciences and linguistics/cognitive engineeringpeetively, the main purpose of UFO is
to provide a foundation for conceptual modeling;luding agent oriented modeling
(Guizzardi and Wagner, 2005).

As summarized in (Carbonera, 2012), the most gengkO concept is Thing,
which is specialized in two fundamental entitiesteldment and Set (Figure 2).
Urelement is an entity that is not a set. The filistinction that is made between the
specializations of Urelement is the fundamentatirtiion between the categories of
Individuals and Universals. Individuals are ensitibat exist in reality, such as a person,
an apple, etc. Universals, in turn, are standaatufes that can be instantiated in a
number of different individuals; it can be undeostoas high-level abstractions that
characterize different classes of individuals. émeral, for each of the specializations
for Universals, UFO also provides a correspondpegilization for Individuals.

UFO Universals are specialized in Endurant and u?ard (Event). This distinction
can be understood in terms of the behavior of duviduals of these universals in



function of time. Endurant Universals are those sehandividuals are always fully

present whenever they are present, in the sensthéyapreserve their identity thru time
(e.g., Person, Chair, Planet). Moreover, Perdurdniversals are those whose
individuals extend in time accumulating temporaltgain the sense that they occur in
time (e.g., War, Party, Meeting).
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| Urelement | set
AN .
«  SubsetOf
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Figure 2 A Fragment of the Unified Foundational Onblogy (UFO) (Guizzardi, 2005).

The UFO ontology is divided into three incrementédlyered compliance sets:
- UFO-A defines the core of UFO, as a comprehensinelogy of endurants;
- UFO-B defines, as an increment to UFO-A, terntsteel to perdurants;

- UFO-C defines, as an increment to UFO-A and UFGdms related to the
spheres of intentional and social entities (Guideer al., 2007).

2.2.1 UFO-A: An Ontology of Endurants

UFO-A defines the core of UFO, presenting the s$tmireg concepts of the physical
objects. According to (Guizzardi, Falbo and Guidza2008), a fundamental distinction
in this ontology is between the categories of Il (Particular) and Universal
(Type). The former are real entities possessingique identity. The later are pattern of
features, which can be realized in a number oéckfiit particulars.

The distinction between universal and particularifalividual) is analogous to the
distinction between types (classes) and their mt&ts in conceptual modeling. Thus,
UFO provides a set of categories of particularsasdt of categories of universals. The
categories of universals can be viewed as metafygrce they are “types of types”.
These meta-types are organized in a taxonomy aogptd some ontological meta-
properties, such aslentity, rigidity, existential dependence, and so on. They are used
for classifying concepts in domain conceptual medatcording to its ontological



properties. That is, concepts in domain ontologies instances of the meta-types
provided by UFO. A domain ontology whose concepesdassified by the UFO meta-

types, and follow the ontological constraints pdad by UFO, complies with the well-

founded meta-conceptualization embedded in UFO.

Endurant Universals are specialized in Substantiaiversals and Moment
Universals according to their existential depengleneas presented in Figure 3
(Guizzardi, 2005).

Substantial Universals are those whose individaaés existentially independent,
having spatio-temporal properties and being foundednatter. Every instance of a
Substantial Universal is an instance of a singles&ance Sortal.

Substance Sortals are rigid, relationally indepahdeniversals that supply a
principle of identity to their instances; they aspecialized as kind, quantity or
collective.

Kind represents a rigid sortal that supplies pples of identity and
individualization to its instances; it represerits tlass of individuals whose instances
are functional complexes; for example: a persdre@ a chair.

Quantity represents individuals that refer to amewi matter; for example: water,
earth.

Collective represents collections of complexes tiate a uniform structure; for
example: a deck of cards, a forest, a group of lgeop

Subkind represents the class of individuals thaties the principle of identity
supplied by a Substance Sortal; for example: mahvasman are subkinds of person
(kind).

Phase represents part of a partition of a Subst&uwctal, where certain of its
properties may change during its existence whilmaiging the same entity; for
example: when a child (phase) becomes an adulsé@hthe person (kind) is still the
same person.

Role represents the class of individuals relatigrad¢pendent on a Substance Sortal;
for example: the role student is played by a pefgord) when she/he is enrolled in an
educational institution.

Category represents a dispersive universal thateggtes essential properties which
are common to different Substance Sortals; for gtana rational entity (category) is a
generalization of person (kind) and computer (kind)

RoleMixin represents a dispersive universal thajregates properties which are
common to different roles; for example: custome&igixin) is a generalization of
personal customer (role) and corporate customés)(ro

Mixin represents properties that are essentiabtoesof its instances and accidental
to others; for example: seatable (mixin) represenfgoperty that can be considered
essential to chair (kind) but accidental to bottigte (kind).

Moment Universals are those whose individuals aistentially dependent, so that
they only can exist in other individuals; they amberent to these other individuals.
Color, for example, whose individuals can only exisother individuals, is a Moment
Universal. Existential dependence can also be usedlifferentiate intrinsic and
relational moments. While intrinsic moments are efgfent of one single individual,
such as a color (quality universal) or a headaamedé universal), relational moments



(relators) depend on a plurality of individualsg(e.a medical treatment, a marriage).
Relators are individuals with the power of connegtimediate) entities. For example, a
medical treatment connects a patient with a medicél
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Figure 3 A Fragment of UFO-A (Guizzardi, 2005).

2.2.2 UFO-B: An Ontology of Perdurants

UFO-B, described in (Guizzardi, Falbo and Guizza2@08), discerns endurants and
perdurants, which are enduring and perduring indiis, respectively. This distinction
is made in terms of their behavior regarding tireedurants (e.g., a car, a person)
preserve their identity over time. Perdurants (eagousiness process, a conversation),
conversely, are individuals composed of temporatspavhich do not retain their
identity through time.

Events (Perdurants, Occurrents) are possible ckafigm a portion of reality to
another, i.e., they may transform reality by chagghe state of affairs from one pre-
state situation to a post-state situation. Evemés existentially dependent on their
participants in order to exist. Each participatientself an event that can be atomic
(with no improper parts) or complex (composed ofledst two events that can
themselves be atomic or complex), but that existydepends on a single substantial.
In this ontology, being atomic and being instantarseare orthogonal notions, i.e., the
former can be time-extended as well as the later be composed of multiple
(instantaneous) participations (Bai6co et al., 2009

2.2.3 UFO-C: An Ontology of Social Entities

UFO-C, presented in (Guizzardi, Falbo and Guizza2@08), is an ontology of
social entities (both endurants and perdurantd) baoitop of UFO-A and UFO-B. The
first distinction to be understood in this ontologythe one between Agentive and
Nonagentive substantial particulars, termed Agamd Objects, respectively. Agents
can be physical (e.g., a person) or social (erggrganization, a society). Objects can
also be further categorized in physical (e.g., @kpor social (e.g., money, language). A



Normative Description is a social object which de8 one or more rules/norms
recognized by at least one social agent. It aléo@®nominal universals such as social
moment universals (e.g., social commitment typssyial objects (the crown of the

gueen of UK) and social roles such as presiderantptes of normative descriptions

include the Brazilian Constitution, as well as acfedirectives on how to perform some
actions within an organization.

As cited in (Baibco et al., 2009), agents are sufiitls that can bear special types
of moments termed Intentional Moments. Every intral moment has a type (e.g.,
Belief, Desire, Intention) and a propositional @nit(an abstract representation of a
class of situations referred by that intentionalhmeat). It is important to highlight that
intentionality should be understood in a broadertext than the notion of “intending
something”, but as the capacity of some propeniesertain individuals to refer to
possible situations of reality. In this sense, €mding something” is a specific type of
intentionality, namely Intention. The propositior@ntent of an Intention is a Goal.
Beliefs can be justified by situations in realifyesires express a will of an agent
towards a state of affairs in reality. Intentiomsits turn, are desired state of affairs for
which the agent commits at pursuing (internal cotmmant). Therefore, intentions cause
the agent to perform Actions. Actions (e.g., a bess process, a communicative act)
can be understood as events which instantiate a (Mation Universal) with the
specific purpose of satisfying (the propositionaintent of) some intention. Thus,
actions are intentional events. As events, actc@amsbe atomic or complex (composed
of two or more participations). Participations che intentional (being, therefore,
themselves actions, named Action Contributionsjirantentional events. For instance,
carpenters collaborating to build a house include intentional participation of
carpenters and the unintentional participationhef house, as well as the tools and raw
materials used to create it, named Resources. riicydar, this example reflects an
Interaction, i.e., a complex action composed ofed&nt agents’ action contributions.
Objects can patrticipate in actions (Resource Raation) in different ways, i.e.,
Creation, Termination, Change or Usage.

Social moments are types of intentional momentsatecreated by the exchange of
communicative acts and the consequences of thedwamges (e.g., goal adoption,
delegation). A Social Relator is an example oflatoe composed of two or more pairs
of associated commitments/claims (social moments). internal or a social
commitment is fulfilled by an agent if this age®trforms an action that the post-state of
this action is a situation that satisfies that cotmmant.



3 PARTS AND WHOLES

In the previous sections we introduced the primgound on ontologies, relating
the philosophical and the computational perspestiaad then presented UFO, one of
the main foundational ontologies in use nowadayseHn the next sections, we change
our focus, presenting the foundations of partsahdles, in other words, studying the
theory of parts and integral wholes.

3.1 Mereology

Mereology is considered as a mature discipline will-defined and formally
characterized theories, which in fact form a lattd theories such that there is not one
single formal meaning of part in mereology, butesal alternative axiomatizations of
parthood that extend each other. Mapping modelmmgifives representing part-whole
relations to these theories can indeed providengoitant contribution to conceptual
modeling (Guizzardi, 2011).

According to (Varzi, 2007), the word “part” has myadifferent meanings in
ordinary language, not all of which correspondhe same relation. In a way, it can be
used to indicate any portion of a given entity,areliess of whether the portion itself is
attached to the remainder or undetached; cognytisalient or arbitrarily demarcated;
self-connected or disconnected; homogeneous oryrgandered; material or
immaterial; extended or unextended; spatial or tadpand so on.

The analysis of parthood relations (mereology, ftbmGreekluepoc, ‘part’) has for

a long time been a major focus of philosophicakstigation, beginning as early as with
atomists and continuing throughout the writingsontient and medieval ontologists. As
a formal theory, mereology is simply an attemptst&i out the general principles

underlying the relationships between a whole asdcdnstituent parts, just like set

theory is an attempt to set out the principles dyae the relationships between a class
and its constituent members. However, unlike ssbryy mereology is not committed to

the existence of abstract entities; the whole aajubt as concrete as the parts (Varzi,
1996).

Parthood is a relation of fundamental importancecamceptual modeling, being
present as a modeling primitive in practicallyrathjor conceptual modeling languages
(Guizzardi, 2011). Mereology provides a sound fdribasis for the analysis and
representation of the relations between parts dmales, and among parts that compose
a whole, regardless of their specific nature (Gandg 2005). It has shown itself useful
for many purposes in mathematics and philosophyziy996).

A theory elaborated by Leonard and Goodman in 1946, Calculus of Individuals,
describes relations among individuals, irrespectiVeheir ontological nature or the



meta-level category to which they belong. In oterds, the relata can be as different
as material bodies, events, geographical regionabetract entities. Mereologies are
formal (i.e., domain independent) theories, whiohrfally characterize the principles

underlying the relations between an entity andasstituent parts, just like set theory
formally characterizes the underlying relationshijggween a class and its members
(Guizzardi, 2005).

As underlined in (Artale et al., 1996), this thetsically introduces a proper-part-
of binary relation as a strict ordering relation tre domain, satisfying a set of
additional principles. The most important of themaynbe informally summarized as
follows:

- Supplementation (Minimal or Ground Mereology):aifi individual is a proper-
part-of a second individual, then a different thindividual exists which is the missing
part from that second individual;

- Extensionality (Extensional Mereology): two ingivals are identical if, and only
if, they have the same parts;

- Principle of Sum (Classical Mereology): there ay& exists the individual
composed by any two individuals of the theory, tlee mereological sum.

As discussed in (Guizzardi, 2005; Guizzardi, 20Ifgreology, the Minimal or
Ground Mereology, has been extended in differenyswauch as the Extensional
Mereology and the Classical Mereology, for dealimgh different perspectives of
reality. In practically all philosophical theorie§ parts, the relation of (proper) parthood
stands for a strict partial ordering, i.e., an as\gtric and transitive relation from which
irreflexivity follows. These axioms amount to whatreferred in the literature by the
name of Minimal Mereology, which is the core of ahgory of parts, i.e., the axioms
define the minimal (partial ordering) constraintsitt every relation must fulfill to be
considered a parthood relation.

An important relation in the theories of parts he &xistence of overlapping. Two
individuals overlap if they have a part in commtms includes the case in which one is
part of another, considering the case of ident@yerlapping is the mereological
counterpart of the intersect relation in set thedftyand only if, two individuals do not
overlap, they are said to be disjoint. In other dgprtwo individuals are disjoint if, and
only if, they have no parts in common.

The first extension to the Minimal Mereology hagib&reated by strengthening the
supplementation principle. Two objects are idemtiicand only if, they have the same
(proper) parts. This is the mereological countdrpathe extensionality principle in set
theory, which states that two sets are identicakifd only if, they have the same
members. The philosophical controversy of the Esitaral Mereology arises exactly
because of this axiom. To use an example, a stetde lump of clay can be composed
of the same parts. They are, nonetheless, diveirsee they possess incompatible meta-
properties. As pointed out in (Fiorini, 2014), thienilarity between wholes takes into
account which parts are actually similar and howtspare structured, on else a house
would be similar to a pile of bricks.

Although Extensional Mereology describes the bassaning of parthood for some
types of entities (e.g., quantities and eventdy ith not the case for entities of all
ontological categories. In particular for functibeamplexes, while some of their parts
are essential (some parts are inseparable), nof gllem are essential (some parts are
separable).



A second way that the Minimal Mereology has beeterded is with the aim of
providing a number of closure operations to theaolegical domain, known as the
Classical Mereology:

- Sum: also named mereological fusion. The suof two objectsx andy is the
entity such that every object that overlaps watloverlaps either witkx or with y (or
with both);

- Product: also named superposition. The produtivofobjectsx andy is the entity
z such that every part afis either part ok ory;

- Difference: the difference of two objectandy is the entityz such that every part
of zis part ofx and does not overlap with

- Complement: the complement of an enkitig the entityz such that every part af
does not overlap witk.

These operations are the mereological counterp#énecset theoretical operations of
union, intersection, set difference and complenoéiat set, respectively. In the presence
of the extensionality principle, thgs that are the results of these operations argueni
Thus, for example, in an extensional mereologywid objectsx andy overlap, then
there is a unique entig/that is composed of the common parts ahdy. Furthermore,
the classical mereological theories focus solelytlon relation from the parts to the
wholes.

3.2 Part-Whole Relations

On the basis of linguistic and cognitive studi¢ss iproposed in (Winston, Chaffin
and Herrmann, 1987) a distinction among varioudkiof specialized part-whole
relations in order to overcome the apparent traitsifparadoxes, which are ascribed to
the mixing of different kinds of part-whole relat® The main idea is to capture the
different ways in which parts contribute to theusture of the whole, by introducing six
different types of meronymic relations as follow:

- Component/Integral-Object: integral objects arfearacterized by having a
structure, while their components are separablehave a specific functionality. For
example, wheels are parts of cars;

- Member/Collection: captures the notion of membigrsn a collection. Members
do not play any functional role with respect to Wigole they are part of, but they can
be separated from it. For example, a tree is gatforest;

- Portion/Mass: the whole is considered as a homegées aggregate and its portions
are similar to it (homeomerous) and separable) éhis slice is part of a pie”;

- Stuff/Object: expresses constituency of thingsjra“the bike is partly steel” or
“the bike is made of steel”. Essentially, in orderdistinguish these part relations from
the other ones, the argument is that the stuff loickva thing is made of cannot be
separated from the object; it does not have angtiomal role nor it is homeomerous;

- Feature/Activity: designates a phase of an dgtii phase, like a component, has
a functional role, but it is not separable. Forregke, we can say that grasping is part of
stacking objects;

- Place/Area: it is a spatial relation among regiaccupied by different objects.
Like the portion/mass relation, the place/areaaméomerous since every part of a



region is similar to the whole region, but they mainbe separated. For example, we can
say that an oasis is part of a desert.

A notion of different views on the entities was addoy (Gerstl and Pribbenow,
1995) in the sense that from one viewpoint a corpiay be just a collection, which
can be a source of problems for semantic intertydéga Although they provide
linguistic motivations by showing various examptegporting the existence of three
types of meronymic relations, they do not providéotogically rigorous definitions for
them (Keet and Artale, 2008).

They present a common-sense theory of part-whtdéiors, which is motivated by
differences in the compositional structure of theolg, proposing three different types
of relations:

- a homogeneous mass with quantities;
- a collection of uniform elements;
- a complex of heterogeneous components.

Odell proposes in (Odell, 1998) a list of six tymdgart-whole relations, providing
descriptions and examples:

- Component-integral object: discrete type of pelnble relation with atoms;
- Material-object: constitution of objects;

- Portion-object: some amount of matter is part toé whole; Scale-based
partonomic relations;

- Place-area: where part-place cannot be sepdratedhe whole-area,;

- Member-bunch: whole bunch is generally denoteth \&i collective noun and its
members can change over time;

- Member-partnership: like member-bunch, but chaggh member destroys the
whole.

Guizzardi also proposes in (Guizzardi, 2005) foiffetent types of part-whole
relations, on which we present a deeper analysteation 4.1:

- Component-of: a car engine is part of a car;

- Member-of: a tree is part of a forest;

- Subcollection-of: the north part of the Black &siris part of the Black Forest;
- Subquantity-of: alcohol is part of wine.

These distinctions among different kinds of parbletrelations offer a reason to the
apparent lack of transitivity in examples like tbees cited in Section 3.4. The
particular behaviour of the different part-wholéat®mns may lie, among other things, in
the ontological nature of both the whole, includmaions like integrity, and the part
(Artale et al., 1996).

The distinction between essential and mandatoris pardiscussed in (Artale and
Keet, 2008), where they state that it can be inelif explained in terms of a specific
versus generic dependence relationship, respectbativeen the class that describes
the whole and the one that describes the part. Btanygl parts express a generic
dependence relationship in the sense that, althaughrt of a certain kind must be
always present when the whole exists, the partiqudat can be different at different



moments of time (the part can be replaced). Orother hand, essential parts express a
specific dependence relationship, that is, the eimalist be always associated with the
very same part, and the part must be the same #tengntire lifetime of the whole. As
an example of mandatory and essential parts, weneassthat each person has
necessarily a specific brain (essential part) whdenecessarily a specific heart, thanks
to heart transplantation (mandatory part).

Recollecting (Guizzardi, 2005) contribution on tleemalization of the difference
between mandatory and essential parts and whokesaw say that: a part is mandatory
if the whole cannot exist without it, which canalse verbalized as “the whole has a
mandatory part", i.e., a standard mandatory constoa the role played by the whole in
a part-whole relation. In a symmetric way we cafingemandatory wholes. A part is
essential if it is mandatory and cannot change aittdestroying the whole, i.e., “the
whole has an essential part”; in an analogous waycan define essential wholes.
Furthermore, we say that a part is exclusive iah be part of at most one whole,
similarly for exclusive wholes (Artale and Keet,02).

Simons underlined in (Simons, 1987a) that the ésdattributes of an object are
not a brute fact about it as a particular; an dbijes the essential properties it has in
virtue of being exactly the kind of object it ishdse essential parts may have parts
which are not essential to them, or to their wholeg an essential part of an essential
part is an essential part of the whole.

As pointed out in (Artale and Keet, 2009), consiigrthe possible interactions
between the part-whole relations and shareabilitye directly can note that if
something is physically a proper part of a wholghsas that a car engine is a proper
part of the car, then this proper part cannot gia#si be directly part of another whole
at the same time, and likewise for its subtypep@raontainment and proper location.
In contrast, a proper subprocess can be simultaheawvolved-in (part-of) several
grander processes; e.g., a key chemical reactiersactting in two metabolic pathways.

As elaborated in (Simons, 1987a), cases where jagetdims an essential proper part
are, as a consequence, cases of ontological depmnd®ntological or existencial
dependence concerns the relationship between sbjbere the dependence of one
object on another is a necessity, meaning thablject itself could not exist without
the existence of the other. The causal dependdneeeats and states on other events
and states seems to be less constraining, howvsryery common cases of causal
dependence which are also cases of ontological ndiepee in the strict sense.
Considering the distinction among the differentetymf relations, we have to consider
some other relevant properties, known as logicapenties.

3.3 Logical Properties

The logical properties of the relations have begbjext of extensive study in
philosophy, linguistics, knowledge representatiamong others. Binary relations and
their main basic logical properties are mathembgickefined in (Rajagopal and Mason,
1992).

Relations: LeU be a setlJ x U the product set dfJ andU. Any subseR of U x U
is called a relation ob. For any X, y) that belongs t&J x U, if (X, y) belongs toR, then
x has relatiorR with y and denotes this relationshipx. For anyx that belongs tdJ,
the set { belongs toU|xRy} is the right neighborhood of in R and it is denoted as
RNr(x). For anyx that belongs toU, the set ¥ belongs toUlyRx} is the left



neighborhood ofx in R and it is denoted akNr(x). When the definition is not
ambiguous, the lowercasg ‘may be omitted.

Reflexive relations: LeR be a relation ofd. If for any x that belongs tdJ, xRx,
thenR is reflexive. In other words, if for anythat belongs tdJ, x belongs toRN(X),
thenR s reflexive.

Symmetric relations: LeR be a relation otJ. If for anyx, y that belongs tdJ, xRy
— YRX, thenR is symmetric. In other words, if for amyy that belongs tdJ, y belongs
to RN(x) — x belongs taRN(Y), thenR is symmetric.

Transitive relations: LeR be a relation otJ. If for anyx, y, z that belongs tdJ,
xRy, andyRz — xRz, thenR is transitive.

Equivalent relations: LeR be a relation orJ. If R is reflexive, symmetric and
transitive, therR is equivalent relation od.

Reflexivity classifies the relations as reflexivaepnreflexive or irreflexive;
symmetry classifies the relations as symmetric, masgtric or antisymmetric;
transitivity classifies the relations as transitimentransitive or intransitive.

A relation is reflexive when every element is rethto itself; it is irreflexive when
no element is related to itself; and it is nonrafle if it is neither reflexive nor
irreflexive. A relation is symmetric when, for eyexlement, ifx is related tg, theny is
related tox; it is asymmetric when, for every elementxiis related toy, theny is not
related tox; and it is antisymmetric when, for every eleméhk is related toy andy is
related tox, thenx is equal toy. A relation is transitive when, for every elemadhtx is
related toy andy is related tag, thenx is related t; it is intransitive when, for every
element, ifx is related toy andy is related toz, thenx is not related te;, and it is
nontransitive if it is neither transitive nor insitive.

For instance, a person cannot be its own ancesiter gncestor-of relation is
irreflexive); if a persorx is an ancestor-of persgn theny cannot be an ancestor-of
(the ancestor-of relation is asymmetric); if a persis an ancestor-of persgrandy is
an ancestor-of persanthenx is an ancestor-af (the ancestor-of relation is transitive).

Some authors also discuss other relevant propdatigsart-whole relations, such as
the shareability and the supplementation properties

Shareability is evaluated in respect to the exekrsss of the part to the whole; if
the part is exclusive to its whole, then the relatis said to be nonshareable, but if the
part is not exclusive to its whole, then the relatis said to be shareable.

Supplementation may be classified as weak or strong

The weak supplementation, as defined in (Guizza2@05), is related to the
Minimal Mereology: ifx is part ofy, then there must bezadisjoint of x, which also is
part of y. According to the discussion in (Smith, 2009), theak supplementation
happens when an object with a proper panas another distinct proper part that does
not overlap. As formalized in (Sider, 2007), in the weak s@opéntation if an object
is part of an object, andx is not equal ty, theny has a part that does not overlapn
(Bittner and Donnelly, 2007), the relatiéhis said to have the weak supplementation
property if and only if, for alk, y that belongs td(R), if R(X, y) then there is & that
belongs toD(R) such thaR(z, y), but notRo(z, X). The weak supplementation property
tells us that if the spatial objextis a proper part of the spatial objgcthen there is a
proper pariz of y that does not overlap For example, since the left side of Joe’s body



is a proper part of his body, there is some prgaet of his body (e.g., the right side of
his body, such as his right hand) which does netlap the left side of his body.

The strong supplementation, as defined in (Guiaz&@05), is related to the
Extensional Mereology: the objects are completefingd by their parts. As proposed
in (Smith, 2009), in the strong supplementatioanfobjecix does not have an object
as part, then there is another objecthat is a part ofx and does not overlap.
According to (Sider, 2007), in the strong suppletaton if an objecy is not part of an
objectx, theny has a part that does not overlap

For instance, the partonomic component-of relai®montransitive, irreflexive,
asymmetric and weak supplementation; the partonomiember-of relation is
intransitive, irreflexive, asymmetric and weak slgppentation; the partonomic
subcollection-of relation is transitive, irreflegy asymmetric and weak
supplementation; the partonomic subquantity-of ti@ha is transitive, irreflexive,
asymmetric, strong supplementation and nonshareable

3.4 Problem of Transitivity

The problem of transitivity of part-whole relatiorssa much debated topic not only
in conceptual modeling, but also in the linguistitd cognitive science literature. In
many conceptual modeling languages (e.g., UML)t-waole relations are always
considered transitive. However, as presented inizgawdi, 2005; Guizzardi, 2006),
examples of fallacious cases of transitivity ampag-whole relations abound.

Among the algebraic properties peculiar to thearotf part, the most discussed one
Is transitivity. We can say, for example, that fimger is part of the hand, the hand is
part of the human body, and then inferring that fihger is also part of the human
body. However, transitivity does not always holsl;am example, consider the following
case: an arm is part of a musician, the musicigmars of an orchestra, but it would
sound a bit strange to state that the arm is gaheoorchestra (Artale et al., 1996). As
discussed in (Fiorini, 2014), one of the accept@dt®ns is to consider ontologically
distinct types of part-whole relations, which aratumally not transitive between
themselves.

Member collection relations are never transitive,, ithey are intransitive. This can
be understood in our analysis in the following way. say that a member must be a
singular entity coincides in this case with thigitgrbeing an atom of a given context.
Or to put it differently, the unifying relation uadying membership cannot be further
refined.

In (Guizzardi, 2006), it is presented (Figure 4jnaronymic relation between a
Human Heart and a Band Member, and the relatiowdsst a Band Member and a
Band. As this specification shows, the relationwleein a Human Heart and a Band
Member is one of indirect functional parthood (iahd the relation between a Band
Member and a Band is one of direct functional paoth(d1). Transitivity does not hold
across indirect and direct functional parthoodsusThn this particular specification, a
Human Heart is not part of a Band.
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Figure 4 A situation where transitivity does not hdd across functional parthood relations
(Guizzardi, 2006).

The particular behaviour of the different part-wdotlations may also present some
problems concerning the evolution of the objectsugh time, leading to an evaluation
on the categories of continuants and occurrents.

3.5 Continuants and Occurrents

Spatio-temporal objects fall into two major categer continuants and occurrents
(Simons, 1987a). Continuants (endurants) changetowe by, for example, gaining or
losing parts, growing older, changing their locatibut they still remain the same thing.
Occurrents (perdurants) do not change over timey jlist occur. The existence of an
occurrent always depends on the existence of soménaant (Bittner, 2002).

The ontological distinction between continuantg€ots which persist through time)
and occurrents (states or events which are boundéde) leads to some problems
when considering change, specifically over rigidrtpaor properties (Cohn and
Hazarika, 2001). This can even entail paradoxess phoblem may be solved by
considering all material objects as occurrentscesiproperties become relative to
temporal parts of these objects (Simons, 1987a).

As discussed in (Bittner, 2002), there are contsighat have different spatial
locations at different times. We say that thesedjchange their spatial location. If we
consider a temporal region (a period of time) dynvhich the spatio-temporal object
exists, then it may be either located in the saagen of space over a period of time, or
its spatial location may change by being locatedifierent regions of space at different
time-instants during this period.

There is a fundamental philosophical controversyceoning the evolution of
concepts in time, namely the perdurantist and thduentist approaches. This
controversy also applies to the generalized spatiggoral representation (Grenon and
Smith, 2004). It is related to issues such asdbatity of objects as they evolve in time
and, either they endure in time, although theirpprtes may change, implying a
fundamental distinction between objects and evemtthey perdure in time by relating
properties in time and space in a form of a geim@dlevent (perdurantist approach).



According to the perdurantist approach every objscin fact a generalized event
having specific spatial and temporal extensionsi(igs, 2011).

As underlined in (Salamat and Zahzah, 2012), sytatigporal relations can be
defined in the way that spatial relation holds docertain time interval, and it does not
change. In the spatio-temporal object theory, itléfined in the way that a spatial
relation is a relation holding between all tempaiales of two entities during a relevant
period of time.

Bittner described in (Bittner, 2002) the relatioipstbetween occurrents and
continuants as very complex in the sense thatgesotcurrent may depend on multiple
continuants, and the set of continuants it depemrd€an change, losing or gaining
members. Considering the relationship between oeots and the continuants they
depend on, we can distinguish two major categarfi@ccurrents: events and processes.
Events are spatio-temporal objects that correspondhe occurrence of a certain
continuant in a certain state, e.g., the occurtéolin’s childhood” corresponds to the
continuant John in the state of being a child. Bsses, on the other hand, correspond to
the occurrence of the change of some continuamtekample, the process of “John’s
growing up” corresponds to certain patterns of gearof the continuant John.

Simons discusses in (Simons, 1987a) the principfeparts for occurrents and
continuants. The interaction of part-whole issuéb wose of time varies according as
we consider occurrents on the one hand or contteu@anthe other hand.

Occurrents comprise events, processes, happerongsrrences and states. They
are, like continuants, in time, but they are dmtiished from continuants precisely for
having temporal parts. A continuant, at any time/aich it exists, is present as a whole,
and not just in part. In general, neither occuserdr continuants have any ontological,
epistemological or referential priority over théaet, we need both.

The relation of occurrents to time is direct antiniate. Their relation to space is
usually less direct, in that their location is givby that of the continuants which
participate in them. By virtue of involving extermbleontinuants, occurrents may be
scattered and have spatial and temporal partslota¢ion of an occurrent can be only
determined from the location of the related cordimts.

Where occurrents have both duration and spatiangst they may have some parts
which are neither purely spatial nor purely tempoira addition to their spatial and
temporal parts. A temporal part of an occurren igart including all simultaneously
occurring parts of it.

Occurrents are not mere occupiers of space-timie ctbntinuants, they may be
natural or artificial, which rules out their cla@sation in pure mereological or spatio-
temporal terms.

Typical continuants come into existence at a aent@ment, continue to exist for a
period of time and then cease to exist. Not evargtthat is a continuant is a material
thing, object or substance. In particular, theeeraxmerous continuants, such as smiles
and waves, which are disturbances in substancesrrdtan substances. Nevertheless,
typical continuants, those which do not exist omlgmentarily, display an important
formal property.

Many material objects may gain or lose parts withmejudice to their identity and
continued existence; these objects are called rogieally variable. In contrast,



objects which cannot gain or lose parts withoue@fhg their identity and continued
existence are called mereologically constant.

As described in (Sowa, 2000), a continuant haslestattributes or characteristics
that enable its various appearances at differenégito be recognized as the same
individual. An occurrent is in a state of flux thaevents it from being recognized by a
stable set of attributes. Instead, it can onlydaaiified by its location in some region of
space-time.

3.6 Integral Wholes

A particular kind of whole, which is called an igtal object, is divided into
components. Integral objects all exhibit some kiold patterned organization or
structure. Their components are also patterneduandlly bear specific structural and
functional relationships to one another and towim®les which they compose. These
structural relations define the particular natwemtegral wholes and their components
(Winston, Chaffin and Herrmann, 1987).

For every whole there is a set of (possibly potgnparts; for every specifiable set
of parts (arbitrary objects) there is, in princiecomplete whole, its mereological sum,
or fusion (Varzi, 1996). The integrity of somethimgsome respect is clearly a matter of
certain specific relations among the parts of tHged, these relations being
characteristic of the respect in which the objedhiegrated (Simons, 1987a).

As stated in (Guizzardi, 2005), one of the majanaeptual problems with Classical
Extensional Mereology comes from the generalizeibfuaxiom, which allows for the
existence of a sum (or fusion) for any arbitrarp@&mpty set of entities. For example, it
allows for the definition of an aggregate compobgdhe state of California and the
number 3. According to (Simons, 1987b), the difficee between purely formal
mereological sums and integral wholes is an ontcddgne, which can be understood
by comparing their existence conditions. For suthese conditions are minimal: the
sum exists just when the constituent parts exist.cBntrast, for an integral whole
(composed of the same parts of the corresponding $o exist, a further unifying
condition among the constituent parts must belliedfi

Deciding what is the integral whole that shouldsgsris therefore the very task of
the principle of application. This supports thesikethat the principle of unity of an
individual is also strongly related to its prin@plof application and identity. In order to
individuate something we must decide what its parts i.e., we must see it as an
integral whole. Thus counting presupposes indiviidana individuation presupposes
unity and unity presupposes application. Therefareis no coincidence that the
universals that carry principles of identity, pstence, individuation and counting are
also exactly those that also carry a principle oityy namely sortal universals
(Guizzardi, 2005).

As discussed in (Gangemi et al., 2001), a concéfteary of parthood should also
countenance a theory of wholes in which the reatatithat tie the parts of a whole
together are also considered. The composite objactshich we are interested in
conceptual modeling are not mere aggregations bitrary entities, but complex
entities suitably unified by proper binding relaso(Guizzardi, 2011).

The kind of integration of integrated wholes maywa centralized whole is one
where the integrating relation consists in all plagts having a common relation to some



part, whereas a network of relations may be with&uth a center. Between these
extremes there is a variety of intermediate caSesdns, 1987a).

Rescher and Oppenheim analyze the meaning of aewkabgesting three basic
conditions for its existence (Rescher and Oppenh&dh5):

- The whole must have some peculiar and charatiteasiribute in virtue of its
status as a whole;

- The parts of the whole must stand in some spexgidl characteristic relation of
dependence with each other, satisfying some speamalition in virtue of their status as
parts of a whole;

- The whole must have some kind of structure itueirof which certain specifically
structural characteristics pertain to it.

As underlined in (Simons, 1987a), the relative proty in time of parts of a
temporal whole, even if it is not temporally coniirus, may be crucial in holding it
together. For temporal wholes, as for spatial woléhe variation of these
determinables produces different degrees of terhjptegrity. The kind and degree of
integrity which an individual continuant has afrad is a matter of the interrelations of
the parts of the object which exist at that timer &ccurrents, integrity over time has
exactly the same concerning about which parts @leg place at different times.

The conceptualization of parts and wholes are aggk in knowledge models and
ontologies through relations, which express théedht connections between a whole
and its parts. Following, in the next sections, pvesent, in a more general view, a
discussion about relations, analyzing their clasaion, meaning and importance for
ontologies.



4 RELATIONS

Ontology represents a shared conceptualizationiricatdes concepts, its attributes
and the relationships between the concepts. Re#dtips are used to structure the
concepts in the ontology. In ontology, all the cepts are hierarchically defined.
Without the relationships, ontology has no meanthgy help the system to achieve a
better understanding about what the concepts drey @lso represent the dependency
between concepts in the domain (Tudorache, 2004).

The importance of relationships is highlighted Bglgé and Aghila, 2011) when they
state that relationship plays a vital role in trevelopment of ontology for a domain.
Relationships are fundamental to express semaitiositology in order to associate
concepts and their instances. Relationships armegkfaccording to their properties
(Section 3.3), like symmetry (symmetric, asymmetrantisymmetric), reflexivity
(reflexive, irreflexive, nonreflexive), transitiyit(transitive, intransitive, nontransitive).
In addition, there are functional, inverse funcéiband ordering (total order, partial
order, no order) characteristics. Most of the fdrretations satisfy transitive relations,
but materialized relations depend on semantichefélation.

As addressed in (Cardefiosa et al.,, 2008), ontabgielations describe the
interaction between two or more concepts. Theycssified into two types: vertical
relations, which organize concepts into a hieramahiree (a concept is a subclass, a
specialization of another concept), and horizorgkdtions, which link concepts along a
tree of hierarchies. Some horizontal relations edas are meronymic, location in
space and time, and causal relations.

In (Guizzardi, 2005), relations are defined astestithat glue together other entities.
Every relation has a number of relata as argumeititish are connected or related by it.
Relations are divided into two broad categorieBedanaterial and formal relations.

Formal relations hold between two or more entitl@gctly, without any further
intervening individual. Examples includler than, heavier than, older than, etc.

Material relations, conversely, have material strcee on their own and include
examples such aamployments, enrollments and flight connections. The relata of a
material relation are mediated by individuals tlaa¢ called relators. Relators are
individuals with the power of connecting entities.

Guarino also assumes a distinction between fornmal mnaterial relations in
(Guarino, 2009), where a formal relation is saidyteld just because of the very
existence of its relata, while a material relatioeeds another “grounding” entity.
Suppose, for example, that John is older than MadyJohn loves Mary; the Older-than
relationship is a formal one, while the Loves relaghip is a material one, since,
besides the existence of John and Mary, it requregxtra entity, namely the event
consisting of the love between John and Mary.



Grenon distinguishes between internal and mateeiations in (Grenon, 2003b).
Internal relations (named as formal relations byBw and Guizzardi) are grounded in
their relata, they are such that no extra entityeisded in order for them to be obtained.
Material relations require additional entities lim their relata, they are grounded in an
extra relational entity.

As addressed in (Guizzardi, 2005), perhaps a stroagd more general way to
characterize the difference between formal and madteclations is based on their
foundation. There is a fundamental distinction lestw formal and material relations.
While the former hold directly between two entitiegthout any further intervening
individual, the latter are induced by mediating iteeg¢ called relators. Moreover,
material relations are founded by material entitnegeality, typically perdurants, which
are external to their relata. Comparative formddtrens, in contrast, are founded in
qualities which are intrinsic to their relata ardnce, can be reduced to relations
between these qualities.

Comparative formal relations are completely foundadcertain intrinsic moments,
and material relations are founded on relatorghéncase of formal relations, they are
derived from the meta-properties of relations amguaglia in the underlying conceptual
space. In the case of material relations, theylarved from their founding relators and
mediated entities (Guizzardi, 2005).

In Figure 5, an example of a formal relation giver{Guizzardi and Wagner, 2008)
shows the relation of temporal precedence betwegnpms. In this model, the
classes Patient and Medical Unit represent objetteusals; the quality universal
Symptom is represented by a class with the correipg stereotype. Finally, the
intrinsic property start date of a symptom (a ursaéwhose instances are qualities of a
quality) is not represented directly, but, instedédis represented by its associated
quality structure, the DateDomain. Formal relatiars discussed in Section 4.1.

For material relations, take for instance the refatreatedin between Patient and
Medical Unit in Figure 5. This relation requireethxistence of a third entity, namely
an individual Treatment, mediating a particulari®#tand a particular Medical Unit in
order for the relation to hold. Material relaticar® discussed in Section 4.2.
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Figure 5 Representing Formal and Material RelationqGuizzardi and Wagner, 2008).

Grenon summarizes relations based on their eiglst metevant points in (Grenon,
2007):

- Relations are entities;
- Relations are particulars;
- Relations relate entities which are not relations

- Relations are not related to themselves (neitberelated entities nor to other
relations);



- Relations may or may not instantiate universaig {f they do, these universals are
not relations);

- Relations are specific to the entities they eelat
- Relations are existentially dependent on theiestthey relate;
- Relations are essentially directed.

The main relation ontological elements, which aiscussed in the following
sections about formal and material relations, amaed in Figure 6.
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Figure 6 Formal and material relations structure (Quizzardi, 2005).

4.1 Formal Relations

Formal relations hold between two or more entitl@gctly, without any further
intervening particular. In principle, the categafyformal relations includes part-whole
(part-of, parthood, partonomic), taxonomic (is-ahdass-of, subsumption), existential
dependence, inherence, subset-of, instantiatiorgracterization, exemplification,
among others. These relations are named basic lfoataions or internal relations.
However, those domain relations that exhibit singlaaracteristics are also classified as
formal, i.e., those relations of comparison suchisasaller than, is older than, knows
more Greek than. These relations are named compafatmal relations. As pointed
out in (Mulligan and Smith, 1986), the entities ttteae immediate relata of such
relations are not objects, but intrinsic moments. iRstance, the relation heavier-than
between two atoms is a formal relation that holdsatly as soon as the relata (atoms)



are given (Guizzardi and Wagner, 2010). The trthie of a predicate representing this
relation depends solely on the atomic number (ditguaf each atom and on the

material content of heavier-than as distributedvieen the two relata (Guizzardi and
Wagner, 2008).

Figure 7 exemplifies a formal relation between h@doand wine, where alcohol is
part of wine.

Alcohol Wine
Is subquantity of

Figure 7 An example of formal relation.

In (Guizzardi, 2006), the comparison relations ateo described as logical
constructions which are completely reducible teimsic moments, to the values these
moments take in a certain quality structure, antherelations between these values
induced by the properties of these structures.dmegpl, we can state that the meta-
properties of a comparative formal relation cardbaved from the meta-properties of
the relations between the qualia associated wighghalities founding this relation
(Guizzardi, 2005).

As illustrated in (Guarino, 2009), within formala#gons there are some distinctions
between the internal and the external ones. Fernat relation there is an existential
dependence relationship between the relata, wbilexternal relation the relationship
is not essential for the relata.

The basic kinds of internal relationships are paoth constitution, quality
inherence, and participation, shown in Figure 8er€hare, however, some technical
problems concerning parthood and constitution (shewth an asterisk), since, if we
take time into account, a specific parthood or tari®n relationship can be
understood as an internal relation only if it hofdcessarily (concerning an essential
part), otherwise we cannot simply say that suchtigiship holds without specifying
the time frame (the event) where this happens (G0,a2009).
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Figure 8 Basic distinctions within binary relations(Guarino, 2009).



As defined in (Guizzardi et al., 2007), a formdat®n is either an internal relation
holding directly between two entities (e.g., inst@ion, parthood, inherence), or it is
reducible to an internal relation between intringioments of the involved relata. As
examples of formal relations of the latter typeseLlis older than” Mike, and John “is
taller than” Mary. In both cases, these relatiores r@ducible to comparative formal
relations between intrinsic moments of the involveldta (individual ages and heights).

Relations are defined with different semantics atiogy to the ontological
categories of the objects, which are the basiogyoaites of existence. In other words, it
is possible to distinguish the type of the relatitvased on the type of entities that they
relate.

As formalized in (Partridge, 2002b), the most basategories are types and
elements; types are also called universals or etasshile elements are also called
particulars. They are connected by the formal i@mtahstance_of.

Elements and types are disjoint and an elemegpisdlly an instance_of a type but
cannot have instances, whereas types typically havember of instances. This gives
rise to a classical characterization of types agabb that can have instances, and
elements as objects that cannot have. Types algdbenmstances of types; for example,
George is (an instance_of) an Accountant, and Aaemi (a type) is (an instance_of)
profession. Profession, whose instances are typas, example of higher-order type.

The identity for the instance_of relation is depamtdupon its two relata and the role
they play in the relation: in other words, if twesdriptions refer to instance_of
relations with the same relata in the same rofes) they refer to the same relation.

As well as these basic categories of existencee thee three structural hierarchies
built from basic formal relations into which objganust fit: typonomy, taxonomy and
partonomy.

Typonomy is the hierarchy generated by the instayjpe (instance_of) relation.
Instances instantiate types; instances are in stanpe-type relation with types. For
example, my pet Fido is an instance_of the typesddfyery object fits into the
typonomy.

Taxonomy is the hierarchy generated by the supetyge (sub-type_of) relation.
The sub-type_of relation is extensional; in otherdg, saying that typd is a sub-
type_of typeB means that all possible instances_of tyyare also instances_of tyge
and vice versa, if all possible instances_of tmae also instantiations of tyfg A is a
sub-type_ofB. For example, “dog is a sub-type of animal’ metnad every possible
instance_of a dog is also an instance_of an aniamal;if every possible instance_of a
dog is also an instance_of an animal, then dog sstatype_of animal. As with the
instance_of relation, the identity of the sub-typierelation is dependent upon its two
relata and their roles. Every type fits in the taxay.

Partonomy (or mereonomy) is the hierarchy generbtethe whole-part (part_of)
relation. Wholes are composed of parts; the whalke & whole-part relation with the
part. Partonomy, in the first instance, is the dmehny created by the whole-part relations
between elements: for example, Fido’s foot (an el#nis part_of his leg (another
element) and Fido’s leg is part_of his body. The g4 relation is transitive, so Fido’s
foot is part_of his body. It is possible to genemlthe part_of relation from the
“element” to its “type”; in this example, it is pgble to generalize that dog’'s bodies
typically have legs as parts, and the legs typidadive feet as parts.



As addressed in (Bittner, Donnelly and Smith, 2004 distinguish three categories
of entities: individuals, universals and collecpmproviding an axiomatic theory that
formalizes relations between the entities in thesegories in such a way as to make
explicit their different temporal behavior.

Individuals, universals, and collections have ddfé temporal properties.
Individuals can gain and lose parts (for exampleganisms gain and lose cells);
universals gain and lose instances (for exampke,uthiversal human being gains or
loses instances every time a person is born or);d&=l collections are identified
through their members and thus cannot have differembers at different times.

While individuals are tied to universals througle timstantiation relation, certain
collections are tied to universals through the resiten-of relation. The extension of a
universal at a given time is the collection of mltlividuals which instantiate that
universal at that time. Not every universal hagxstension at every time, such as some
extinct species.

Besides the extensions of universals, other importallections are those that
consist of disjoint parts of an individuglwhich jointly sum up toy. We call such
collections partitions of. An example is a partition of a human body insocbnstituent
cells. Many partitions consist of fiat parts likeethead, neck, torso, and limbs of a
human body or the right and left hemispheres atinb

Given the three categories, individuals, universalsd collections, we can
distinguish the following relations according te tkinds of entities they relate:

Relation between Individual and Individual: indivel-part-of; for example, my
heart is part of me.

Relation between Individual and Universal: instantefor example, | am an
instance of human being.

Relation between Individual and Collection: membgrfor example, this finger is a
member of the collection of my fingers.

Relation between Universal and Universal: taxonomatusion (is-a); for example,
human being is-a mammal.

Relation between Universal and Universal: partomomclusion of universals; for
example, every instance of the universal humannbigipart of an instance of the
universal human being.

Relation between Collection and Universal: extemsify for example, the collection
of all instances of the universal human being givan time is the extension of the
universal human being at that time.

Relation between Collection and Collection: partoiminclusion of collections; for
example, the collection of my hands is part ofdblection of my arms.

Relation between Collection and Individual: paotitiof (subdivision-of); for
example, the collection of the subdivision of mydpdhead, neck, trunk, legs, arms)
forms a subdivision of me.

According to (Guizzardi, 2005), every instance ofSabstantial Universal is an
instance of a Substance Sortal: Kind, CollectiveQmiantity, as presented in Section
2.2.1. In other words, the related entities pgytiting in the partonomic formal relations
are functional complexes, collectives or quantities



Functional complex:

a) if the universal is a “sortal universal”’, themiust be a “kind” or a subtype of a
ukindn;

b) if the universal is a subtype of a “mixin unisal’, then it cannot be a “quantity”,
a subtype of a “quantity”, a “collective”, or a sype of a “collective”.

Collective:

a) if the universal is a “sortal universal”, thénmust be a “collective” or a subtype
of a “collective”;

b) if the universal is a subtype of a “mixin unisal’, then it cannot be a “kind”, a
subtype of a “kind”, a “quantity”, or a subtypeafquantity”.

Quantity:

a) if the universal is a “sortal universal”, thémmust be a “quantity” or a subtype of
a “quantity”;

b) if the universal is a subtype of a “mixin unisal’, then it cannot be a “kind”, a
subtype of a “kind”, a “collective”, or a subtypéa*“collective”.

Given these categories, we can distinguish thewatig relations according to the
kinds of entities they relate:

Relation between Functional Complex and Functi@@iplex: component-of; for
example, a car engine is part of a car. This mfais nontransitive, irreflexive,
asymmetric, weak supplementation.

Relation between Collective and Collective: sulemilbn-of; for example, the
Brazilian part of the Amazon Forest is part of #heazon Forest. This relation is
transitive, irreflexive, asymmetric, weak suppletagion.

Relation between Functional Complex or Collectigerisidered as a unity” (as part)
and Collective (as whole): member-of; for exampldtee is part of a forest, the group
of students from this class is member of the usiter This relation is intransitive,
irreflexive, asymmetric, weak supplementation.

Relation between Quantity and Quantity: subquaiatitfor example, alcohol is part
of wine. This relation is transitive, irreflexivesymmetric, strong supplementation,
nonshareable.

4.2 Material Relations

Unlike formal relations, material relations havetemnil structure of their own and
include examples such as working at, being enr@tednd being connected to. While a
formal relation between Paul and his knowledge &e& holds directly as soon as Paul
and knowledge of Greek exist, for a material relatof being treated in between Paul
and a medical unit to exist, another entity musstewhich mediates Paul and the
medical unit. These entities are named relatoriat®s are particulars with the power
of connecting entities (Guizzardi and Wagner, 2010)

Figure 9 depicts an example of material relatiotwben employee and company,
where, if an employee works for a company, anogmity (employment) must exist in
order to mediate them.
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Figure 9 An example of material relation.

Material relations are not founded on intrinsic nemts of the involved relata.
Material relations are induced by mediating ergitgalled relators. Thus, in order to
define a material relation between two entitietafeg, another entity must exist, namely
an instance of a relator (relational moment), whkexistentially dependent on both
related entities, hence, connecting these two iddals (Guizzardi, 2006). Material
relations hold their material structure; some exasinclude working-at, has-contact,
is-connected-to (Guizzardi and Wagner, 2008). heotvords, the relata of a material
relation are mediated by relators (Guizzardi, 20@%)other example is the relation
being married to between John and Mary. This @katannot be reduced to intrinsic
properties of John and Mary. For this relation atdha certain wedding event involving
John and Mary must have taken place which createmdividual relator marriage
connecting the two. It is important to emphasizat th relator such as the marriage
between John and Mary is considered here a gerantwogical entity and can be
thought as the aggregation of all social rights eegponsibilities that John and Mary
acquire by virtue of their participation in thataton (Guizzardi, 2006).

As underlined in (Guizzardi et al., 2007), momesda be specialized into intrinsic
moments and relators. The former refers to a moithentis existentially dependent on
one single individual. In contrast, a relator ismament that is existentially dependent
on more than one individual (e.g., a marriage, mmlénent between a student and an
educational institution). A relator is an individuzapable of connecting (mediating)
entities. For example, we can say that John isiethto Mary because there is an
individual marriage relator that existentially dagde on both John and Mary, thus,
mediating the two.

Relators are special types of (relational) momeneés, particularized relational
properties that are composed of certain exterrd@lyendent modes (Guizzardi, 2005).
An externally dependent moment is a special kindnoinsic moment that although
inhering in a specific individual, it also existely depends on another one. The
employee identifier is an example of externally efggent moment, since although
inherent to the employee, it is also dependenthenotganization where this employee
works (Guizzardi et al., 2007).

In (Guizzardi and Wagner, 2008)alator is said to mediate (or connect) the relata
of a material relation. Mediation is a special tygeexistential dependence relation or,
more specifically, a sort of nonexclusive inhererites required that a relator mediates
at least two distinct individual3.he notion of relator (relational tropes) is sugpdrby
several works in the philosophical literature, afey play an important role in



answering questions such as: what does it meaaytdhat John is married to Mary?
Why is it true to say that Bill works for Compakybut not for Company?

An important notion for the characterization of aters (and, hence, for the
characterization of material relations) is the aotof foundation. Foundation can be
seen as a type of historical dependence (FerradoQitramari, 2004) in the way that,
for example, an instance of being kissed is fourmtedn individual kiss, an instance of
being punched by is founded on an individual purehinstance of being connected to
between airports is founded on a particular fligbtinection. Suppose that John is
married to Mary; in this case, we can assume tiettis a particular relator (relational
moment) of type marriage that mediates John and/Mbe foundation of this relator
can be, for instance, a wedding event or the sggoiiha social contract between the
involved partiegGuizzardi and Wagner, 2010)

In other words, for instance, a certain event inclwldohn and Mary participate can
create an individual marriage which existentialgpdnds on John and Mary, and which
mediates them. The event in this case is the fdiordaf the relator (Guizzardi and
Wagner, 2008).

Using this exampleGuizzardi and Wagnezlaborate on the nature of this relator in
(Guizzardi and Wagner, 2010)here are many moments that John acquires hyevaot
being married to Mary. For example, imagine all gl responsibilities that John has
in the context of this relation. These newly acediproperties are intrinsic moments of
John which, therefore, inhere and are existentiddigendent on him. However, these
moments also depend on the existence of Mary. Type of moment is named
externally dependent moment, i.e., externally ddpahmoments are intrinsic moments
that inhere in a single particular but that aresexitially dependent on (possibly a
multitude of) other particulars.

In the same way, there are also a number of indalidjualities (e.g., rights and
responsibilities) that Mary acquires by virtue @iy married to John (Guizzardi and
Wagner, 2008).

Now, it is possible to define a particular thatdseal externally dependent moments
of John that share the same external dependenuictha same foundation. We term
this particular a qua individual (Masolo et al.08). Qua individuals are, thus, treated
as a special type of complex externally dependemdas. In this case, the complex
mode inhering in John that bears all responsieditihat John acquires by virtue of a
given wedding event can be named John-qua-hugléandzardi and Wagner, 2010)

Qua individuals (special types of externally demmmdmodes) are defined in
(Guizzardi, 2005) as instances of a rigid classiid as one-side existentially
dependent of objects, which are related to thelaygrs” via a contingent sort of
existential dependence relation. Furthermore, a ouhvidual is a complex of
externally dependent modes (e.g., in Figure 10destu id and average grade)
exemplifying all the properties that an individins in the scope of a certain material
relation, which, by definition, depends also on éxéstence of another object extrinsic
to its bearer. Qua individuals stand in parthoddti@ship with a unique relator in the
scope of a material relation. Since relators conefs at least two distinct qua
individuals, we conclude that the qua individuatenposing a relator are existentially
dependent on each other.
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Figure 10 Example with Role and Role Player Univewrds (Guizzardi, 2005).

In order to continue with the same example(@uizzardi and Wagner, 2010) is
presentedcanother qua individual Mary-qua-wife, which is @mplex mode bearing all
the responsibilities that Mary acquires by virtuetloe same foundation and that,
although inhering in Mary, are also existentialgpéndent on John. The qua individuals
John-qua-husband and Mary-qua-wife are existentilpendent on each other.

Now, it is possible to define an aggregate compaseithese two qua individuals
that share the same foundation, i.e., John-quaamasiand Mary-qua-wife. This is
exactly the instance of the relational propertynage that mediates John and Mary and
that makes true propositions such as “John is pttio Mary”, “Mary is married to
John”, “John is the husband of Mary”, and “Marythe wife of John”. In this example,
a particular instance of the relational propertyrnage (i.e., a particular marriage
relator) is the sum of all instantiated respongibsg that the involved parties acquire by
virtue of a common foundation. In general, a rel@i@n be defined as the aggregation
of a number of qua individuals that share the stouadation (Guizzardi and Wagner,
2010). The material relation entities interrelasibip is exemplified in Figure 11.
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Figure 11 Material Relation entities interrelationship (Guizzardi, 2005).



Following our discussion about relations, the nedtion describes in which way
the concepts presented in this chapter are beiregl us modeling ontologies,
constructing a comparative analysis about the useelations among the main
foundational ontologies.



5 RELATIONS IN FOUNDATIONAL ONTOLOGIES

In the previous sections we have studied the piesi found on ontologies,
followed by the identification of the theoreticauindations of the relations. Now we
analyze the application of the relations concepthé main foundational ontologies in
use nowadays.

Relations in UFO are defined within the same apgrcas described in Section 4
(Relations). In the next sections we analyze thdiegtion of relations to some other
important foundational ontologies.

5.1 Relations in OntoClean/DOLCE

OntoClean is a methodology for ontology-driven aptaal analysis proposed by
Nicola Guarino and Chris Welty, which has been deed in (Guarino and Welty,
2002; Guarino and Welty, 2009).

OntoClean is a methodology for validating the oogatal adequacy and logical
consistency of taxonomic relationships. It is basedhighly general ontological notions
drawn from philosophy, like essence, identity, yrihd dependence, which are used to
elicit and characterize the intended meaning operies, classes, and relations making
up an ontology. These aspects are representedingifoneta-properties, which impose
several constraints on the taxonomic relationshgig/een concepts.

According to (Gangemi et al., 2002), the first vemsof OntoClean was based on an
ontology of properties (unary universals), chanaogel by means of meta-properties. In
the sequence, OntoClean was complemented with #wloggy of particulars called
DOLCE (Descriptive Ontology for Linguistic and Cotive Engineering).

DOLCE has been constructed with a clear cognities:lthe categories have been
explicitly characterized as cognitive artifacts imlitely depending on human
perception, cultural imprints and social convergigMasolo et al., 2003).

DOLCE belongs to the WonderWeb library of foundasibontologies. It is intended
to act as a starting point for comparing and eliigd) the relationships with other
ontologies of the library and also for clarifyinget hidden assumptions underlying
existing ontologies or linguistic resources suchWasrdNet. It has been successfully
applied in different domains, such as law, biomed@icand agriculture (Oberle et al.,
2007).

DOLCE is based on the fundamental distinction betwenduring and perduring
entities. The main relation between Endurants @bjer substances) and Perdurants
(events or processes) is that of participationEadurant lives in time by participating
in a Perdurant. For example, a natural person,wisi@an Endurant, participates in his
or her life, which is a Perdurant. DOLCE introdu€@salities as another category that



can be seen as the basic entities we can perceineeasure: shapes, colors, sizes,
sounds, smells, weights, lengths, electrical clar§gpatial locations (a special kind of
physical quality) and temporal qualities encodegpatio-temporal attributes of objects
or events. Abstracts do not have spatial or temppralities and they are not qualities
themselves. As example, Regions used to encodentfasurement of qualities as
conventionalized in some metric or conceptual sg&aagemi et al., 2002).

The main basic ontological relations in OntoCleddITE between domain
categories are described in (Masolo et al., 2003):

Is-A: This primitive describes a hierarchical re@aship that occurs between a
super-class (entity) and a sub-class (entity), llysoacurring in taxonomies, where the
sub-class inherits the properties of the supeisclas

Inherent-in: A physical quality is inherent in aygical endurant.
Has-quality: A temporal quality is inherent in agrant.

Part-of: A parthood relation applies to a pair atlerants, or a pair of perdurants.
For pairs of endurants the relation of parthootémsporalized, having a third argument
for time objects since an endurant may lose anadl ggits throughout its existence.

Temporary-part-of: Temporary parthood is a relati@ween two endurants where
one is part of the other at a particular time.

Generic-constituent: Constitution depends on sawering of the world described
by the ontology. A constituent is an entity belonggto a lower layer. Constituents are
not properly classified as parts, although thigéff can be intuitive for common sense.
Example of specific constant constituents are theties constituting a setting (a
situation), while the entities constituting a cotien are examples of generic constant
constituents.

Has-participant or participant-in: This relationlds between the endurants and the
perdurants. Participation is time-indexed in order account for varieties of
participation in time. Participation can be constam temporary. A functional
participant is specialized for those forms of mapation that depend on the nature of
the participants, processes or intentionality af #gentive participants, constraining
participation within the scope of a descriptiomttls, a perdurant is participated by an
object according to a description and its companent

Use-of or used-in: A functional participation beemean action and an endurant that
supports the goals of a performer. It catches theyeay language notion of being
exploited during an action by something that ingsaor leads it.

Product or product-of: A functional participatiohat assumes a meet relation
between an activity and the life of an enduranisTalation is hard to be formalized, in
general, because it is sensible to the particulgept that drives the action.

Generically-dependent-on: A particubais generically dependent on a particuylar
whenevely is presenk will also be present. In other words, the generatif x depends
on the presence gf

Specifically-constantly-dependent-on: This pringtivelation is dependent on both
modality and time, that is, a particubars specifically constantly dependent on another
particulary if, at any timex cannot be present unlegalso is present at the same time.

References or referenced-by: A relation holdingMeen nonphysical objects and
entities whatsoever, thus including nonphysicakoty themselves. An intuition for the



references relation could be that a nonphysicataladds information to an entity. In
fact, nonphysical objects depend on a communicaédting. In most cases, this is the
characteristic relation that provides a unity crite to objects, events, etc.

Classifies or classified-by: The referencing relatbetween concepts defined by
descriptions, and constituents of situations. h ba understood as a reification of a
relation holding between elements of theories dedhents of models. It has a time
index, but time only refers to a part of the clasdiparticular life or extension.

Sequences or sequenced-by: This is the immedi#atore between courses and
perdurants. A course can be either atomic, beisgnple perdurant role, or it can be
complex, thus creating an abstract ordering oveéemaporal or causal sequence of
processes or actions.

Plays or played-by: This is the immediate relato@mtween roles and endurants. A
role classifies the position of an endurant witlincontext. Roles can be ordered,
interdependent at different layers.

Setting or setting-for: The relation between aaitn and the entities that are
referenced by it. At least some, or all, of suchites must be classified by concepts
defined by the description that the situation igpsased to satisfy.

Causes or caused-by: A perdurantauses another perduranto happen. This is
usually related to a temporal precedence & y, and a common temporal border. A
causal relationship is usually defined by expemgndhich gives evidence thatusually
follows afterx.

5.2 Relations in GOL/GFO

As described in (Heller and Herre, 2004), GOL (Gah®ntological Language) is a
formal framework for representing and building doges. The purpose of GOL is to
provide a system of formalized and axiomatizedley@! ontologies which can be used
as a framework for building more specific ontolagisuch as domain ontologies. GOL
is part of the work of the research group OntolsgreMedicine (Onto-Med) (Heinrich
Herre, Barbara Heller and collaborators) at thevesity of Leipzig which is based on
collaborative work of the Institute of Medical Imfoatics (IMISE) and the Institute for
Computer Science. GOL consists of a syntax andkemmatic core which captures the
meaning of the introduced ontological categoridge $ystem of top-level ontologies of
GOL is called GFO (General Formal Ontology).

GFO has a three-layered meta-ontological architectomprised of a basic level
consisting of all relevant GFO categories, a met&ll called abstract core level,
containing meta-categories over the basic leval, an abstract top level including set
and item (urelement) as the only meta-meta-categd@Herre et al., 2006).

Relations in GOL/GFO, in general, are defined withhe same approach as
described in Section 4 (Relations). These relatmessummarized in (Guizzardi, Herre
and Wagner, 2002) and (Herre et al., 2006).

There are relations between sets, between indiladaad between universals, but
there are also cross-categorical relations, fomgte, between urelements and sets, or
between sets and universals.

Relations are divided into two broad categorieBedanaterial and formal relations.
The relata of a material relation are mediatedrajviduals, which are called relators.



Relators can be classified with respect to thedenrA relator is said to be of first order
if it connects substances exclusively. Examplegstforder relators are those relational
moments, for example flight connections or purchag#ose arguments are substances.
A relator universal is a universal whose instararesrelators.

A formal relation is a relation which holds betwe®o or more entities directly,
without any further intervening individual. A forinaelation may be either an
extensional relation (i.e., a set) or it may beegi\by a relation universal (having an
intension and an extension). Extensional relatemaessets (or set-theoretical classes) of
lists. Every extensional relation is formal.

There are many different part-whole relations betwedividuals, which can be
classified by means of the axioms they satisfy.atidition to formal part-whole
relations, there are also material part-whole iehst

We can distinguish a number of basic ontologicitiens which form an important
part of the upper level ontology of GOL/GFO. Thrstfiand most familiar one is the set-
theoretic membership. Further basic relations theline:

- proper part-of relations;

- contextual part-of relation, where a universalates the context;
- holding relation;

- inherence relation;

- instantiation relation;

- existential dependency;

- property relations;

- role-of relation.

With regard to the relationship between individuatsl time and space, there is the
well-known philosophical distinction between endusaand processes. An endurant is
an individual that exists in time, but cannot beatded as having temporal parts or
phases; hence it is entirely present at every bowdary of its existence and it persists
through time. Processes, on the other hand, aem@ad in time; they unfold in time.

5.3 Relations in BWW

The development of the BWW (Bunge-Wand-Weber) agpl has its roots in
fundamental problems of conceptual modeling. Wand &/eber recognized that the
guality of conceptual models is always dependenthencorrespondence between the
model and what the model is about. They assumedhtgcorrespondence is greatly
supported by using a conceptual modeling languaageprovides the constructs that are
nearly the same as the concepts people use tdusgubeir conceptions of the world
(Weber, 1997).

Wand and Weber in (Wand and Weber, 2002), by reagoathat ontology is a
theory that articulates the constructs neededgortte the structure and behavior of the
world in general, suggested that the ontologicapressiveness of a conceptual
modeling grammar could be evaluated by comparirsy cabnstructs against the
constructs in an ontology. They chose the ontolpgged by Mario Bunge as their
basis. Bunge ontology is concerned with represgritie material world: the world of



material objects that possess physical propertiestimy independently from human
perception (Allen and March, 2006).

Equipped with a comprehensive work on scientifitotogy, Wand and Weber set
out to develop a formal foundation for modelingommhation systems (Wand and
Weber, 1990). In doing so, they adapted a numbenotibns conceived by Mario
Bunge, developing a rather formal ontology. Wandl aeber also adopted the
formalism used by Bunge for the formalization otadagical notions (Rosemann and
Wyssusek, 2005).

Rosemann and Green describe the main BWW relatio{Rosemann and Green,
2002) according to their properties.

Things possess properties. A property is modeladaviunction that maps the thing
into some value. For example, the attribute weightesents a property that all humans
possess. In this regard, weight is an attributedstey for a property in general. If we
focus on the weight of a specific individual, howevwe would be concerned with a
property in particular. Other properties are prtipsrof pairs, or many things. Such
properties are called mutual. Nonbinding mutualpprties are those properties shared
by two or more things that do not “make a diffe®nhto the things involved; for
example, order relations or equivalence relati&yscontrast, binding mutual properties
are those properties shared by two or more things“tnake a difference” to the things
involved. A property of a composite thing that r&e to a component thing is called a
hereditary property. Otherwise it is called an eyeat property. Some properties are
inherent properties of individual things. Such pdies are called intrinsic.

Two things are said to be coupled (or to interdabne thing acts on the other and
vice versa. Furthermore, those two things are teagthare a binding mutual property (or
relation), that is, they participate in a relattbat “makes a difference” to the things.

Things can have interrelationships in that oneglaan influence another thing, and
vice versa (i.e., they can act on each other)hé dntological BWW model, such a
situation is called coupling and it can be modelsd recursive relationship. A system
must be defined by things and their couplings.

Figure 12 shows that properties can be propemiggeneral if they belong to more
than one thing. In contrast to this situation, @mies in particular belong exactly to one
thing. If a corresponding property in general exisin is-instance-of relationship exists
between these two subtypes. This fact causes aiquesth regard to the nature of the
is-instance-of relationship in terms of whether tve involved elements are disjoint.
At this time, this generalization/specializatiomusture is classified as disjoint. It is
difficult to envisage a situation where a propertyparticular is also a property in
general. In this way, any property that can be emad must be either a property in
particular or a property in general, i.e., a tosplecialization. Having determined
whether a property is a property in particular mmgeneral, Figure 12 indicates that it
can then be classified as intrinsic, mutual, héaegi and/or emergent. The categories
of intrinsic, mutual, hereditary, and emergent ao¢ mutually exclusive and so this
specialization is characterized as nondisjoint.

As noted in (Guizzardi and Wagner, 2005), the BW\Wtual property corresponds
to the category of relational moments in UFO, aondthe concept of relator in
GOL/GFO.
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Figure 12 Subtypes of BWW property (Rosemann and Gzen, 2002).

5.4 Relations in SUMO

The Suggested Upper Merged Ontology (SUMO) is greufevel ontology that has
been proposed as a starter document for The Sthiggrer Ontology Working Group,
an IEEE (Institute of Electrical and Electronicsgifreers) sanctioned working group of
collaborators from the fields of engineering, pkdphy, and information science.
SUMO provides definitions for general-purpose teand acts as a foundation for more
specific domain ontologies (Niles and Pease, 2Q01b)

SUMO is designed to be useful for a large varidtpurposes, such as integrating
domain ontologies, design of new knowledge base®rntrancing the applications
interoperability. The standardization effort is tsised by specialists from various
domains like information science, philosophy andieeering, both from academia and
from industry. SUMO has not started from scratalt, iy merging publicly available
(fragments of) upper-level ontologies into a singlemprehensive and cohesive
structure (Niles and Pease, 2001a).

As stated in (Oberle et al., 2007), as a resulisatharacteristic of merging different
ontology modules and theories, SUMO is actually mfluenced by any specific
theoretical approach. Rather, it tends to adopt geeeral categories from various
ontology proposals. However, the axiomatizatiorfesaffrom several shortcomings. A
lot of information is represented as instances edepther modules use concepts on the
same level, concepts are instances at the sameri@fagons are instantiated between



concepts, and some relations are even modeled reems (e.g., there is a concept
Binary Relation).

As pointed out in (Ratiu, 2009), relations are usedepresent tuples of elements.
Relations are classified according to their artyg(, Binary Relation, Ternary Relation).
Binary Relations are relations defined between spair Entities and are the most
common relations encountered in the knowledge sgmtation formalisms (e.g., binary
relations are represented as slots in the framedbdshowledge representation
paradigm). For temporal relations, the SUMO uppetology incorporates Allen's
influential axiomatization (Pease, Niles and Lip2]

SUMO contains a large number of instances of Bifelations defined between its
concepts. A subset of these relations is presentédjure 13.

| Relation Source (§)  Target (T) Description
PROPERTY ENTITY ATTRIBUTE S has an attribute T
INSTANCE ENTITY SETORCLASS  Sisincluded in T
PART OBJECT OBJECT Sispartof T
EXPLOITS OBIECT AGENT S is used by T for performing a PROCESS
MEASURE OBJECT PHYS.QUANT. S is measured by the constant quantity T
AGENT PROCESS AGENT T determines S
MANNER PROCESS ATTRIBUTE Sis qualified by T
INSTRUMENT PROCESS OBIECT T is an instrument in performing S
RESOURCE PROCESS OBIECT T is used and changed by S
CAUSES PROCESS PROCESS S causes T
RESULT PROCESS ENTITY T is the output of §
SUBPROCESS PROCESS PROCESS S implies the execution of T
PATIENT PROCESS ENTITY T is a patient of S
SUBCLASS CLASS CLASS S is @ subordinate of T
LESSTHAN QUANTITY QUANTITY Sislessthan T
GREATERTHAN QUANTITY QUANTITY S is greater than T

Figure 13 SUMO relations between the top-level Coepts (Ratiu, 2009).

5.5 Relations in BFO

Basic Formal Ontology (BFO) was developed by B&@rmgith and Pierre Grenon,
which has been described in (Smith and Grenon, ;28€@hon, 2003a; Grenon, 2003b).

BFO is a theory developed at the Institute for Far®ntology and Medical
Information Science (IFOMIS) at the University aéipzig.

The complete framework rests on an ontology of isgatnporal reality which
recognizes both enduring entities, such as petpé, smiles, tables and their colors or
the regions of space they occupy, and perduringiestprocesses and happenings,
such as the smiling of a person, the tarnishing table or the “reaching the wall” of the
table which has been moved from the center of doenrnext to the wall. Enduring
entities are continuants in time, they persist bytinuing to exist at different times or
during periods of time. They preserve their idgntitrough change. Perduring entities
are bound in time, they occur or happen at a timdar@ughout a period of time. They
persist in time by having successively existingnfteral) parts. Entities of each type
have a specific relation to time. Endurants exist aime while occurrents are located in
time.



BFO distinguishes between universals and partisulproviding a hierarchy of
upper-level abstract classes. It is intended asnaptete ontological theory of reality
and, therefore, it is divided into two componertsaading to the distinctions between
modes of existence of the entities in reality. SNIBRa specific type of ontology of
enduring entities (continuants in time) and SPANaispecific type of ontology of
occurring and perduring entities (occurrents thhmud time).

Mereology, the theory of the part-whole relatiops{®imons, 1987b) is a basic tool
in BFO. In most cases, BFO has an extensional rognean each of its categories. The
relation of (proper) part-to-whole is a primitivelation which is used in order to define
more mereological terms: relations (e.g., imprgmathood, partial overlap), operators
(e.g., sum, difference), and kinds or pseudo-caiegde.g., whole, part, aggregate) on
the one hand, and terms and relations which areposed of another primitive and a
mereological primitive on the other hand.

There are a number of relations and types of oelatin the framework that are
being putting forward for BFO. In as much as thienfework comports two ontology
types, it recognizes two kinds of intra-ontologioaations: those which obtain between
SNAP entities which are constituents of the samé&BNntology, and those which
obtain between two SPAN entities which are constits of the same SPAN ontology.
Besides the intra-ontological relations, BFO alsgmognizes the trans-ontological
relations: those which obtain between SNAP and SBAiMies.

5.5.1 SNAP Relations

Each SNAP ontology is an inventory of the contirtaaxisting at some given time,
and is accordingly indexed by the correspondingtinstant. Note that to be a SNAP
entity it is neither necessary nor sufficient thatentity be instantaneous. Most SNAP
entities themselves endure for extended periodisnef.

The SNAP portion of the BFO is used to -categorizbjeds, their
properties/attributes, the spaces which containmth@nd numerous kinds of
instantaneous (immediate) relations between thesitétems are spatial items only, thus
they contain no temporal parts. Time is represeime8NAP only as instantaneous
snapshots of reality taken at some infinitely tivime slice (Little and Rogova, 2005).

Spatial Locational Relations

Exact location in space: it is the primitive locatal relation. It holds between an
entity and the portion of space that it fully andlyooccupies, i.e., with which it is
coincident, or co-extended in the case of extemdgibns. The location of an entity is
thus a part of space at which any part of theergtitocated (possibly an improper part).
This is precisely the meaning of the boundednespate of SNAP entities.

Partial location in space: it is the relation bedgwean entity and a region of space at
which a part of the entity is exactly located.

Whole location: it is the relation between an gnaimd a spatial region which has the
entity exact location as a part.

Spatial Relations
Topological relations: relative connectedness.

Distance relations: the most primitive relations qualitative (being far of, between
two entities).



Orientation relations: above, left-of, south-ofdao on.

Spatial part: it is a more specific form of partdod spatial part of a SNAP entity is
that part which fills a part of the location of taetity. Categories are dissective via the
relation of spatial part (a spatial part of a sabsal is a substantial, a spatial part of a
trope is a trope, and so on).

Inherence

The most salient form of dependence in SNAP ig¢teion which holds between a
trope (a dependent SNAP entity) and an indepeneletity (typically a substance) in
which it inheres, for instance, the relation betwéee redness of the ball and the ball.

5.5.2 SPAN Relations

In SPAN time exists as part of the domain of tholmgy. Instantaneous temporal
boundaries of processes fall within the scope @MBntologies.

The SPAN portion of the BFO is used to categorizeely temporal items,
independent of their spatial properties. SPAN iteamsount to processes, events,
functions, and the unfoldings of such items overeti In this sense, SPAN items are
purely processual items, whose only parts andneéations are temporal in nature.

While it is apparent that space and time do nasteseéparately, it is important that
they be distinguished from one another within theolmgy framework. The partitioning
of spatial and temporal items within the ontologpyides clear means for analyzing
their distinct formal relations, since the item tsgdgproperties do not necessarily stand
to one another in the same way that their tempom@perties do (Little and Rogova,
2005).

Temporal Relation

The basic primitive relations are between timeant (before, after) in order to
account for the temporal order between momentsna. t

Complex relations are based on mereological andtitmtal relations: temporal
overlap (sharing of a moment of occurrence), aigdarérsion of this relation, temporal
subsumption (an entity occurs during a part oftitme of occurrence of another), and so
on.

Spatio-Temporal Relations

It is possible to introduce a number of spatio-teraprelations holding between
processuals in virtue of their respective relatiorSpacetime and of its structure. It is
also possible to introduce further mereological areteotopological relations such as
spatio-temporal co-location, parthood, overlap, sman.

Mereology and Mereotopology
Spatio-temporal parthood:

A spatio-temporal part occupies a part of the spgi@mporal region occupied by the
entity that it is a part of. In other words, spagoporal parthood implies subsumption
of spatio-temporal extents.

Temporal Parts:

SPAN entities are bound in time. Those entitiesciipersist through time do so by
perduring (having successive temporal parts). Teallyoextended SPAN entities are



perdurants and have temporal parts. Temporal padttadso implies subsumption of
temporal extents.

Temporal Slices:

Typically, if a perduring existent is extendedime, its temporal parts are extended.
However, when this does not happen, then we hawengtantaneous temporal parts
(the temporal slices). This relation is a spedticn of temporal part, inheriting most of
its structural features. The difference here ig tha time at which the slice exists is a
moment of time.

Boundaries:

In the case of connected spatio-temporal wholesethre two temporal boundaries:
a beginning and an ending. When the SPAN entisgadtered in spacetime, it has twice
as many temporal boundaries as it has maximallypeced parts (components). The
beginning is its earliest temporal boundary (thgifr@ng of its earliest component) and
the ending is its latest temporal boundary (therendf its latest component).

5.5.3 Trans-Ontological Relations

One way of representing SNAP and SPAN trans-onicdébgelations in BFO is
through spatio-temporal projection. When we tal&whlohn having lived from 1908 to
1988, then we are projecting John onto a certanpteal interval. There is a range of
such relations of projecting, including the relaganvolving regions in space and time,
such as temporal projection and spatial projection.

For temporal projection, processes are clearlyggtidyle onto the axis of time, while
substances are projectible onto a period of timeutjh the mediation of the processes
in which they are involved.

For spatial projection, processes are also prdyectonto the (SPAN) spatio-
temporal regions in which they occur, as also dht (SNAP) spatial regions where
they start and end. Some processes occur in a gilase or area, such as the
Revolution took place in Paris; the wind blows asrthe desert.

The different varieties of projection yield criterior characterizing processes. Thus
a process projects onto:

- its temporal duration;

- the spatio-temporal region it occupies;

- the spatial region it occupies at a given time;

- the sum of its participants at a time;

- the sum of the dependent entities realized thHrougt a time.

Temporal projection provides the fundamental medansnterrelating SNAP and
SPAN entities. Each has its own variety of tempgrajection: SPAN entities project
directly, while SNAP entities project indirectlyiavtheir lives, onto temporal intervals.
Although co-temporality (the relation which holdetlveen entities with identical
temporal projections) is a prerequisite for obtagnithe most of the SNAP-SPAN
relations (participation, realization, etc.), them® some exceptions, such as memory
and, more generally, all trans-temporal relatiogisveen one existing entity and another
entity which is either no longer existing or not g&isting.



5.6 Relations in Cyc

Cyc ontology was developed by Cycorp, a private. 4@tware company. Lenat
and Guha describe the Cyc ontology in (Lenat ankaiz990; Lenat et al., 1990).

The Cyc ontology is a high level ontology compobgda representation language
(CycL), an inference engine and an ontology ofkihewledge base.

CycL is a frame-based language embedded in an ssipee predicate calculus
framework along with features for representing dkéa for reification and for
reflection. The inference engine is an optimizegso®ing engine about actions, events,
and other activities in a dynamic world. The knatge base has more than one million
assertions, many of which are general rules, ¢lea8ons, constraints, and so on; some
of them are specific facts dealing with particudajects and events.

The Cyc ontology is organized around the conceptadégories, also referred as
classes or collections. The categories are orgdnizea generalization-specialization
hierarchy. The Cyc predicates relating a categoiystimmediate supersets and subsets
are, respectively, “genls” and “specs”. The insemnof a category are its elements or
members; the inverse of this relation is instanceOf

The universal set is called Thing. Some of its ipanings are into the sets
RepresentedThing, IndividualObject and Collectidn. addition to collections of
individuals, also there are collections of collens. The hierarchy folds into itself at
this level; that is, it does not have collections collections of collections, and
Collection is an instanceOf itself.

Larry Stephens and Yufeng Chen discuss the Cytaetain (Stephens and Chen,
1994).

The Cyc knowledge base has two fundamental pergpscthe knowledge level
and the symbol level. At the knowledge level, kneatge is characterized functionally
in terms of how it is used for reasoning. At thenbypl level, the organization of a
knowledge base focuses on how a user expressesnatfon in a representation
language. A knowledge-based system should do, etsgmbol level, the same
inferences that humans do at the knowledge level.

The knowledge-level view has two separate viewg dngument-type and the
association-type views. The argument-type viewaisell on the types of concepts being
related, while the association-type view is basedimguistic studies and emphasizes
the nature of the semantic relations themselves.

The association-type view can be understood andnazgd by the nature of their
associations, and the specialization of classesbeabased on the properties of the
associations. The association-type view uses Hagroapings, such as classes for
temporal, spatial, and part-whole relations. Theadic-relation classes that fall into
two higher-order classifications, intensional amdgonatic, were identified in (Bejar,
Chaffin and Embretson, 1991). Intensional relatioas be understood on the basis of
the meaning of the words being related withoutrezfee to other concepts. Pragmatic
relations require knowledge that goes beyond thenig of the words being related.

Intensional Relations:
- Class Inclusion (animal : horse, country : Russia
- Similarity (car : auto);



- Attribute (glass : fragile);

- Contrasts (old : young, alive : dead);

- Nonattribute (reticent : talk, immortal : death).
Pragmatic Relations:

- Case Relations (artist : paint);

- Cause-Purpose (joke : laughter);

- Space-Time (school : learning, summer : harvest);
- Part-Whole (engine : car);

- Reference (red-light : stop).

Relation elements and the categories of refereregh@ basis for the knowledge
level in which the Cyc class structure is reorgadiso that the classes are consistently
specialized on the basis of the types of underlysggnantic relations and their
properties.

The argument-type view, at the knowledge levelfgrers the classifications based
on the types of the concepts being related. Thenaegt-type view does not, however,
organize classes into a class hierarchy.

Cyc has also a language-feature view at the syrdvel. While the knowledge-
level classes are based on real-world interpretatior relational concepts, the symbol-
level classes are based on the representationdgedeatures implemented within the
knowledge-representation system. Thus, the speataln relationship between classes
represents a specialization in the inferencingtionc

5.7 Relations in Sowa

Sowa ontology is a knowledge representation ontolbefined by John F. Sowa,
which has been described in (Sowa, 2000).

Summarizing the top levels of the Sowa KnowledgerBsentation Ontology,
Figure 14 shows a lattice of the top-level categgori
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Figure 14 Hierarchy of top-level Categories (Sow&000).

A continuant has stable attributes or charactesstihat enable its various
appearances at different times to be recognizeédeasame individual. An occurrent is
in a state of flux that prevents it from being rgwized by a stable set of attributes.
Instead, it can only be identified by its location some region of space-time. The
continuant categories are characterized by a p&dithat does not involve time or a
time like succession, while occurrents are charaete by a predicate that depends on
time or a time like succession.

From the categories in Figure 14, nine primitiveegaries have associated axioms:
T (universal type), L (absurd type), Independent, Relative, Mediating)ysikial,
Abstract, Continuant, and Occurrent. Each subtgpaefined as the infimum (greatest
common subtype) of two supertypes, whose axionishirits. For example, the type
Form inherits the axioms of Independent and Abstrac

The primitive categories of any theory are inddfieain terms of anything more
primitive. The axioms associated with the categoaiee not closed-form definitions, but
constraints on how instances of those categoriesrelated to instances of other
categories, many of which are not primitives. The/dwo categories whose axioms are
completely formalized are T and

The main basic ontological relations in Sowa orgglare defined according to their
categories. Sowa distinguishes between physicalabsttact entities. Abstract entities
do not have a location in space or in time. In @stf physical entities are located in
space and time. The relation that holds betweersipaly and abstract entities is
characterization and representation (instantiatiém)abstract entity characterizes, and
IS represented, in zero or more physical entitid®e same physical object may be
characterized by more than one abstract entitys, tthe relation of characterization and
representation is a many-to-many relation.



In natural languages, roles are usually represdmatbuns, such as mother, but in
predicate calculus they are often represented laglidyrelations, such as motherOf.
This representation makes the mapping from langtadegic unsystematic, since the
noun woman is mapped to a type or a monadic predieaman, but the noun mother is
mapped to a dyadic predicate motherOf.

In order to make the mapping more systematic, tvvaXnowledge Representation
Ontology uses a primitive dyadic relation Has, viaheonverts roles into relations. The
noun mother is represented by the role type Mothkose types can be used as type
labels in a typed logic, such as conceptual graptigped predicate calculus, and they
can be used as monadic predicates in untyped ptedt@lculus. The corresponding
dyadic relations, in any typed or untyped versibtogic, can be defined in terms of the
role and the relation Has.

Figure 15 divides the type Actuality into three types: Phenomenon, Role and
Sign. A phenomenal entity is an actual entity cdesed by itself, a role is considered in
relation to something else, and a sign is consttlaserepresenting something to some
agent. The trichotomy in Figure 15 is applied te tay entities are viewed by some
observer. The same person, for example, mightdssified as a woman by appearance
(phenomenon) or as a mother by role.

An intrinsic prehending entity, called Compositeeals a relationship to each
component within itself. Its subtypes are distirstpeid by the kind of prehension: a
whole is made up of its parts, and a substratbasunderlying material that supports
dependent properties, such as size, weight, skafue,

An extrinsic prehending or prehended entity, calladrelative, bears a relationship
to something outside itself. Examples include motaed child, lawyer and client,
employer and employee.

An intrinsic prehended entity, called Componentarbea relationship to the
composite in which it inheres. Its subtypes inclysets (piece, participant, stage),
whose existence is independent of the whole, aopepties (attribute, manner), which
cannot exist without some substrate.

Actuality
/ \
Phenomenon Sign
/ \
PrehendingEn ntity
/ \ / \
Composite Correlat mponent
/N / N\
Whole Substrate Property
JIN TN
Piece Stage Attribute Manner
Participant

Figure 15 Classification of Roles (Sowa, 2000).



These categories, which are defined by purely seémdistinctions, have a strong
correlation with the syntactic categories of ndtulanguages. Continuants are
commonly expressed by nouns, and occurrents bysvétiributes are expressed by
adjectives, and manners by adverbs. Participast®x@rressed by the case relations or
thematic roles associated with verbs. Stages &e@ ekpressed by nouns derived from
verbs, such as retirement, or by suffixes on radeds, such as infancy and motherhood.
The roles derived from the participants associatitl verbs form a linguistically class
that is described as thematic roles.

5.8 A Comparison about the Use of Relations on Onto  logies

In order to construct a comparative analysis altlbetuse of relations among the
main foundational ontologies, here we define sonter@ that we have selected as the
most relevant. For this, we take some relationagtimal classification such as: formal,
material, spatial and temporal relations, which moaysider continuants and occurrents,
and individuals and universals.

As summarized in Table 1, ontologies that meet espécific criterion were
classified as "yes", while ontologies that do noitably meet these specific criteria
were classified as "no".

Table 1 Comparison about the use of relations amongntologies.

Ontology/ UFO | UFO | OntoClean | GOL | BWW | SUMO | BFO | Cyc Sowa
Criterion A B/C DOLCE GFO

Formal YES | YES YES YES YES YES YES YES YES
Material YES | YES NO YES YES NO NO NO NO
Spatial YES | YES YES YES YES YES YES YES YES
Temporal NO YES YES YES YES YES YES YES YES
Continuants YES | YES YES YES YES YES YES YES YES
Occurrents NO YES YES YES YES YES YES  YES YES
Individuals YES | YES YES YES YES YES YES YES YES
Universals YES | YES NO YES YES YES YES YES YES

Through this comparison, we note that all the nfaumdational ontologies meet
most, or all, of the selected relevant criteria.

Formal relations, the ones that hold between twanore entities directly without
any further intervening individual, are met by #fle studied ontologies. Material
relations, conversely, have material structure logirtown. The relata of a material
relation are mediated by relators. The BWW mutuadpprty corresponds to the
category of relational moments in UFO, and to tbacept of relator in GOL/GFO,
therefore, characterizing the material relationgtiese ontologies.



Spatial relations are met by all these foundatiooalologies, while temporal
relations are not met by UFO-A. They are both adergd to be very relevant because
every coherent part of the world has a locatiorspace and in time, and thus they
capture a certain spatial region and a certain ceahfnterval.

While UFO-A defines the core of UFO, as an ontolofjyendurants (continuants),
UFO-B and UFO-C define, as an increment to UFOeAms also related to perdurants
(occurrents). DOLCE is based on the fundamentalndison between enduring and
perduring entities; the main relation between Eadts (objects or substances) and
Perdurants (events or processes) is the partioipaBOL/GFO distinguishes endurants
and processes: an endurant is an individual thatsex time but cannot be described as
having temporal parts or phases, and processdbearther hand, are extended in time.
The BWW history of a thing captures the relatiopsiietween endurants and
perdurants; endurants participate in perdurantd, emdurants have histories which
consist of perdurants. In SUMO, objects are physitteat exist in full at any instant at
which they exist at all and, on the other handcesses are the complement of physical
objects, subsuming all entities that happen in tiptecesses are only partially present
at any time at which they are present. BFO is digithto two components according to
the distinctions between modes of existence ottitdies in reality: SNAP is a specific
type of ontology of enduring entities (continuaimgime) and SPAN is a specific type
of ontology of occurring and perduring entities docents throughout time). In Cyc
there are two types of intrinsicness: a property loa spatially intrinsic or temporally
intrinsic; anything that is spatially substanceelils also temporally substance-like, but
the converse is not true; the parts of an instafteomething occurring” include all the
instances of the involved “something existing”. Sowa, a continuant has stable
attributes or characteristics that enable its weriappearances at different times to be
recognized as the same individual, while an ocoiniein a state of flux that can only
be identified by its location in some region of epdime; the continuant categories are
characterized by a predicate that does not invdivee, while occurrents are
characterized by a predicate that depends on time.

Most of the above foundational ontologies consighviduals and universals.
DOLCE is the only of the studied ontologies thaésloot consider universals. DOLCE
is an ontology of particulars (individuals) consted with a clear cognitive bias.

After researching on ontologies, parts, wholes r@tations in the previous sections,
here, in this section, we have performed an aralysithe application of relations on
the foundational ontologies. Following, we presamtanalysis about the application of
relations considering the perspective of the omplouilding tools.



6 RELATIONS IN ONTOLOGY BUILDING TOOLS

Here, in this section, we present an analysis erafiplication of relations on some
of the main ontology building tools, such as PrétéfleOn Toolkit, WebOnto,
WebODE and OntoEdit.

6.1 Protégé

Protégé (Horridge et al., 2007) is one of the nmaitology editors, consisting of an
open source project. Its knowledge base framewak developed by Stanford Medical
Informatics. This framework allows the knowledgpresentation in several formalisms
like the traditional frames and languages like RIBEsource Description Framework)
and OWL (Web Ontology Language), offering a coliabwe environment.

Protégé can compute subsumption relationships leetwelasses, and detect
inconsistent classes. It can be computed autonfigticy a reasoner. Binary relations,
linking two individuals together, are representgdshots. There are three slot widgets
for loading and displaying images, which work bethh Protégé-OWL and Protégé
frames.

Properties describe binary relationships. Theretae main types of properties:
datatype properties and object properties. Datapoperties describe relationships
between individuals and data values, and objecpeties describe relationships
between individuals.

Object properties can be described according toesciraracteristics, such as
functional, inverse functional, transitive, symnegtasymmetric, reflexive, irreflexive.

If a property is functional, for a given individyghere can be at most one individual
that is related to the individual via the propeltfya property is inverse functional, then
it means that the inverse property is functionak & given individual, there can be at
most one individual related to that individual & property.

If a propertyP is transitive, and the property relates individa#b individualb, and
also individualb to individual c, then we can infer that individua is related to
individual c via propertyP.

If a propertyP is symmetric, and the property relates individadab individual b
then individualb is also related to individua via propertyP. If a propertyP is
asymmetric, and the property relates individaato individual b then individualb
cannot be related to individualvia propertyP.

A propertyP is said to be reflexive when the property musatesindividuala to
itself. A propertyP is said to be irreflexive when the property must relate individual
ato itself.



Properties may present some restrictions, whichcries the constraints on
relationships that the individuals participateon & given property. Restrictions fall into
three main categories: quantifier, cardinality &dadValue restrictions.

The quantifier restrictions effectively put congtta on the relationships that the
individual participates in. It does this by eithgpecifying that at least one kind of
relationship must exist (existential restrictions}, by specifying the only kinds of
relationships that can exist (universal restrictjon

Existential restrictions describe classes of irdinals that participate in at least one
relationship along a specified property to indiatiuthat are members of a specified
class.

Universal restrictions describe classes of indiglduhat for a given property only
have relationships along this property to individutnat are members of a specified
class.

The cardinality restrictions are used to talk altbetnumber of relationships that an
individual may patrticipate in for a given properyardinality restrictions may specify
the minimum and the maximum cardinality restricion

The hasValue restrictions describe the class oividdals that have at least one
relationship to another specific individual.

6.2 NeOn Toolkit

The NeOn Toolkit (NTF, 2007) is a multi-platform v@mmnment for ontology
engineering. Based on methodology for ontologyding, the environment intends to
provide understanding and support for the wholestigament cycle of an ontology. The
tool is built on the Eclipse platform (Java develgmt platform) and has a modular
architecture, providing features such as ontologyository, distributed components,
inference and collaboration. The focus of the tedhe lifecycle of the ontology.

The concept graph displays the taxonomic relatipn&letween concepts of the
ontology. When selecting a concept, its attribiaed relations are shown within the
concept detail tree. Relations describe the depmmnele between concepts, being
inherited to sub-concepts.

There are two main types of properties: datatypgpenties and object properties.
Datatype properties relate individuals to data eslWbject property is a binary relation
between two individuals that lets you assert gdrfacas about the members of classes
and specific facts about individuals. Object proper can be organized into a
superproperty-subproperty hierarchy, also knowtaasnomy.

A property axiom, besides defining the existenceagbroperty, may define the
property characteristics, such as domain, rangsjiradity, inverse of, functional,
inverse functional, transitive, symmetric.

Properties may have a domain and a range specifiatjs, they link individuals
from the domain to individuals from the range slpossible to map an attribute value to
a relation by creating an instance of the targé&dtio;m range with a corresponding
attribute value.

Cardinalities are used to define how many valugsraperty can have at least
(minimal cardinality) and in maximum (maximum canality).



The "Inverse" relations are inverse to the actalation.

If a property is functional, for a given individyghere can be at most one individual
that is related to the individual via the propeltfya property is inverse functional, then
it means that the inverse property is functionak & given individual, there can be at
most one individual related to that individual & property.

If a propertyP is transitive, and the property relates individa#b individualb, and
also individualb to individual c, then we can infer that individua is related to
individual c via propertyP.

If a propertyP is symmetric, and the property relates individaab individualb,
then individuab is also related to individual via propertyP.

6.3 WebOnto

WebOnto (Domingue, Motta and Garcia, 1999) was giesl to support the
collaborative browsing, creation and editing ofaogies. It is implemented as a Java
Applet, and includes both a graphical user interfdor coarse-grained browsing, and
fine grained inspector windows. WebOnto also presia@ set of options to customize
the presentation of information to navigate largeotmgies. OCML (Operational
Conceptual Modelling Language) provides the undenj representation for WebOnto
models.

OCML defines the various notions associated witlatiens. These include the
universe and the extension of a relation, the da&fim of reflexive and transitive
relations, partial and total orders, etc. Relatiaflsw users to define labeled n-ary
relationships between entities. The relation oighay both a specification and an
operational role.

The relation specification options have the purposéelping to characterize the
extension of a relation, specifying:

- both “sufficient” and “necessary” conditions fitre relation to hold for a given set
of arguments;

- a “sufficient” condition for the relation to hofdr a given set of arguments;

- an expression which follows from the definitiointloe relation and must be true for
each instance of the relation;

- a constraint which is also meant to provide digladefinition of a relation;

- a statement which mentions the relation to whicls associated, providing a
mechanism to associate theory axioms with spemfations.

Relation options also play an operational role.c8jally, some relation options
support constraint checking over relation instanedsile others provide proof
mechanisms which can be used to find out whetherobra relation holds for some
arguments. The various types of relation optiomns lma used concurrently to specify a
relation and to support constraint checking anitieffit proofs.

The set of relation options aims to provide a tdiand versatile range of modeling
constructs supporting various styles of modelindnilé/the emphasis is on operational
modeling, WebOnto OCML also supports formal speatfon. Moreover, it provides
facilities for integrating a specification with gfient proof mechanisms.



A relation mapping provides a mechanism to asseaiales and procedures to a
relation. Its main purpose is to ensure that thasisbency between domain and
task/method levels is maintained.

6.4 WebODE

The WebODE environment (Arpirez et al., 2001) fesusn the whole ontology life
cycle, providing a scalable infrastructure for tbevelopment of other ontology
development tools, or applications based on oniesog

WebODE is not just a development environment, buomplete structure with
various services related to ontology. It allows plest-processing of the ontology, using
the OntoClean methodology for identifying incorresctonomic (is-a) relations.

WebODE works with both built-in relations and adzhelations.

Built-in relations are predefined relations in iIMebODE knowledge model, related
to the representation of taxonomies of conceptsraackology relationships between
concepts. They are divided into three groups: tarunal relations between concepts,
taxonomical relations between groups and concaptsmereological relations between
concepts.

The taxonomical relations between concepts have predefined relations:
subclass-of and not-subclass-of. Single and malirgheritance are allowed.

The taxonomical relations between groups (a greupset of disjoint concepts) and
concepts have two predefined relations: disjoittetass-partition and exhaustive-
subclass-partition.

A disjoint subclass partitioty of classX defines the seY of disjoint classes as
subclasses of class. This classification is not necessarily compldteere may be
instances oK that are not included in any subclass of the to@mnti

An exhaustive subclass partitidhof classX defines the sét of disjoint subclasses
as subclasses of the clagswvhereX can be defined as the union of all the classeiseof
partition.

The mereological relations between concepts have predefined relations:
transitive-part-of and intransitive-part-of.

Ad-hoc relations are characterized by their narhe,tame of the origin (source)
and destination (target) concepts, and its cantijnabhich establishes the number of
facts (instances of the relation) that can holdveen the origin and the destination
term. Their cardinality can be restricted to onalfoone fact) or N (any number of
facts).

WebODE allows just binary ad-hoc relations to beated between concepts. The
creation of relations of higher arity must be mageeification (creating a concept for
the relation itself and n binary relations betwé®n concepts that appear in the relation
and the concept that is used for representingela¢ion).

Additionally, there is some optional informatioratican be provided for an ad-hoc
relation, such as its NL (natural language) desiorpand its properties (they are used
to describe algebraic properties of the relati®®gferences and formulae can be also
attached to the ad-hoc relations.



6.5 OntoEdit

OntoEdit (Ontoprise, 2003) is an ontology enginmagr®nvironment supporting the
development and maintenance of ontologies by ugiaghical means. OntoEdit is built
on top of a powerful internal ontology model. Tipgradigm supports representation-
language neutral modeling as much as possibleofacapts, relations and axioms.

Several graphical views onto the structures coathim the ontology support
modeling the different phases of the ontology eegiing cycle. OntoEdit focuses on
combining the ontology development based on metlogtes in three main steps:
requirement specification, refinement and evaluatiOntoEdit provides the ontology
post-processing functionality, using the OntoClearethodology for identifying
incorrect taxonomic (is-a) relations.

Concepts are abstract terms that are organizeakonbmies (hierarchical concepts
are linked with an “is-a” relation), relations limonhierarchical concepts to each other,
and attributes are relations of predefined datasyp

In order to define a relation of a concept, firg hhave to select the desired concept
and then insert the new relation for the selectettept.

When inserting a relation, the relation identifioatcan be given, the relation range
can be specified and the relation cardinalities lmannformed. The range of a relation
can be either a built-in concept (string, booleannteger) or a set of new datatypes
(concepts, relations or file) or another concepthaf ontology. The cardinalities of a
relation specify the minimum and the maximum numbérindividuals that may
participate in.

The relation axioms have some predefined axiond) a8 inverse, symmetric and
transitive axioms. A new relation axiom may alscadeed.

An inverse relation is a relation inverse to thevacrelation.

If a propertyP is symmetric, and the property relates individadb individualb,
then individualb is also related to individual via propertyP.

If a propertyP is transitive, and the property relates individa#b individualb, and
also individualb to individual c, then we can infer that individua is related to
individual c via propertyP.

6.6 Remarks about the tools

Analyzing the application of relations on some bé tmain available ontology
building tools, we noticed that most of them hawehbimplementation and user
interface oriented to formal languages of repregent, such as OWL, making it harder
for users who do not have this expertise to use thperly, besides being against the
principle of the minimal encoding bias proposeddiyber in (Gruber, 1993b). We also
noticed that most of these tools do not includ®logical foundations, and just Protége
supports visual knowledge domains.

Most of the analyzed tools do not provide adeqgsapport to the ontological choice
problem, that is, how to choose the best primititesepresent the needed relations in
order to create models better anchored in realityese issues may produce many
different specifications for the same conceptualdehoor result in many different
interpretations of the same model by different siser



The use of metadata based on foundational ontaogigedes the choice of the
representations, consequently reducing the numbepen possibilities in the model
specification. More uniform models result in morefarm interpretations.

Furthermore, the lack of system assistance mayecausunderstanding about the
meaning of the concepts and their relationshipgyltie@g in ambiguous and redundant
modeling.

Likewise, the vocabulary sharing is presently asged with the use of images and
visual constructs as a result of the increasingd n&fevisual support by the visual
domains. The construction of the spatial relationghe user mind is strongly based on
visual knowledge, but this topic is still incipiefior most of the main ontology building
tools.

In this work, besides the interest in the ontolabfoundation of relations, there is
also a strong interest in supporting visual domainsthe next section we present a
review on visual knowledge.



7 VISUAL KNOWLEDGE

The formally defined and partially implemented seprimitives of representation in
ontological languages has proved to be insufficitnmt representing many of the
concepts and relationships necessary for expredsiogvledge in natural domains.
Spatial relationships and visual objects are egdewbmponents for geological
knowledge. Parthood relationships are especiallpomant for modeling visual
knowledge, since the object recognition by cogeitsystems that support vision is
strongly based on composition and decompositiomatioas.

Lorenzatti describes visual knowledge in (Loreriz&®10; Lorenzatti et al., 2010)
as the set of mental models of real or imaginagnes manipulated by the brain in
order to deal with image-based tasks, such as inrdgegpretation or recognition of
patterns or shapes in the reality.

There are domains in which visual knowledge plagsugial role in the process of
problem solving. These visual domains, such as éggolmake constant use of visual
representation to facilitate the acquisition angseimination of knowledge. In the case
of Geology, for example, visual representation gegst knowledge and information that
geologists could not express explicitly through egr Without the proper visual
support, it would be difficult for geologists topresent the necessary information and to
communicate this information to each other. Thusnsaering only textual
representation in these domains can cause lossiaatinformation for the problem-
solving process.

Through the construction of alternative ontologiteldels, it is possible to represent
visual knowledge in imagistic domains. Several ey approaches seek to capture the
visual knowledge like neural networks, case-basadaning and image processing. It is
important to underline that the focus of the visdalowledge acquisition and
dissemination is not in the images themselves,rbtite mental model created by the
expert to express his/her theoretical and practieperience.

In order to understand these distinctions, Stephlémann presents the Ullmann’s
triangle in (Ullmann, 1972), as seen in Figure déscribing the relation among an
Object in the reality, a Concept in some concemaabn and a Symbol in some
language. An Object is supposed to be a real objdtie world, although its existence
only can be referred through the process of pelme@nd abstraction by someone.
Concepts, by their side, are abstract mental @aterepresentation of portions of the
external world, which are created in order to reasdout and to act upon the
environment. Symbols are one of the many posséslitn which concepts can be
externalized in a process of communication in orieishare the conceptualization
among the community.
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Figure 16 The Ullmann’s triangle (Ullmann, 1972).

Consequently, when we mention visual knowledge, ave referring to the
conceptualization vertex of the Ullmann’s trianglehe human mind scope. A pictorial
representation of a scene, like a picture, a map draw, is related to the language
vertex, i.e., it refers to some external represemtaof the internal conceptualization.
Propositional and visual concepts are both patti@itonceptualization and appear to be
manipulated in mind in some indistinct way. The ickoof one instead of the other is
defined by their use, for example, spatial problénas demand visual representation or
communication problems that require shared concepistorial representations of
visual knowledge are, then, produced by people iideroto express the visual
knowledge. They are symbols that cannot be traetsiat propositional representations.
Thus, Lorenzatti has added a new dimension intoUhmann’s triangle (the new
vertex: “Pictorial representation in a Visualizatipin the base of the triangle in Figure
17) in order to separate the symbolic represemistiof propositional and visual
concepts and their visualizations. Therefore, #@asentation of a concept is its label
in some language, while the same concept can bietdépas an image, a draw, a
graphic or an icon. The correspondence betweerpittterial representation and the
symbol in a language, when both refer to the sasneeapt is called anchoring.

Conceptin a
Conceptualization

Object in the

Reality Pictorial
Seea ~"Sfers oo ees reprgsenl_atiqn ina
.. Al e = Visualization
-‘.L - -
Symbol in a
Language

Figure 17 The extended Ullmann’s triangle (Lorenzdt et al., 2010).



A representation of an idea is a sign that connantgther idea. When someone
intends to communicate an idea to another perdunjdea is embodied through an
image which directly connects the idea; then theeioperson, perceiving that image,
gets the idea. Two persons may agree upon a caoorahsign which results to them an
idea that would not result to anybody else. Buframing the convention they must
have resorted to the primitive diagrammatic metldbdembodying the idea in an
outward form, a picture (Peirce, 1967).

In order to embody a visual representation, a syimlamd graphical language was
created by Charles K. Bliss in 1949. As illustraiad(O’Donnell et al., 2010), like
words and unlike ordinary pictures, the Bliss sylabare abstract and schematic,
depicting only some characteristics of the conctpy represent. In particular, it has a
vocabulary for abstract concepts and the potetdialombine symbols to express new
and complex meanings. There are also symbols tatiors between individuals or
things, that is, symbols for events of differenpdy and static relationships; for
example, a symbol for an individual may be combiméth a symbol for an action.
Thus, events involving the same individuals in ehéint thematic roles can be
distinguished explicitly by using symbols and vispeoperties. Locative relations, as
exemplified in Figure 18, are expressed by comigiritre symbol for what is located
(e.g., box) with a symbol combination expressingpacific spatial relation (e.g., on)
and the reference object for that relation (e logirg.

Dox

hox on

b an chair

Figure 18 Example of symbol combinations expressingcative relations (O’'Donnell et al.,
2010).

A core vocabulary of spatial relations also is preed visually in (Bennett,
Chaudhri and Dinesh, 2013) as a set of topologglations. The significance of holes
and cavities in spatial information is widely renaged and has received considerable
attention from the ontological point of view. Thalso consider a number of formal
definitions of precise spatial relationships thaptare spatial conditions relevant to
notions of surrounding, enclosure and containmenEigure 19 are represented some
examples of images involving open and closed caeitgtions; the images (a) thru (e)
are all special cases of the relation is-in-closadty-of, whereas the image (f) is a case
of is-in-open-cavity-of. Each of these relationsy\damany others, can easily be
distinguished simply by looking at the images.
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Figure 19 Some images of relations (Bennett, Chaudland Dinesh, 2013).

As presented by Shimon Ullman in (Ullman, 1984j,tfee human visual system, the
perception of spatial properties and relations #rat complex from a computational
standpoint, nevertheless often appears immedialeeffortless as, for example, the
ones seen in Figure 20. The proficiency of the huregstem in analyzing spatial
information far surpasses the capacities of curaetificial systems.

Visual perception requires the capacity to extrsichpe properties and spatial
relations among objects and their parts. This agpas fundamental to visual
recognition, since objects are often defined viguay abstract shape properties and
spatial relations among their components.

The role of establishing properties and relatioissially is not confined to the task
of visual recognition; they require the visual as& of shape and spatial relations
among parts. Spatial relations in three-dimensiamace play an important role in
visual perception. The perception of inside andioetrelationships, as shown in Figure
20, is performed by the human perceptual systerh eiticiency. In (a) and (b) the
perception is immediate and effortless, but int({demands some effort.

[b c

Figure 20 Perceiving inside and outside (Ullman, B31).

Concerning the visual and spatial relations, Knaafid Johnson-Laird (2002)
formalize three sorts of relations: the visual-gpatelations, which are the relations
such as above and below that are easy to envigagally and spatially; the visual
relations, which are the relations such as cleaner dirtier that are easy to envisage



visually but hard to envisage spatially; and thetad relations, which are the relations
such as better and worse that are hard to envisathevisually and spatially.

Winn and Holliday (1982) stated that the proper aisspatial displays is to present
concepts in a way that enables people to use #s& Emount of mental effort to
understand the relations among those conceptsfféctige denoting relation should be
a structure preserving correspondence betweenaastiaicture and a visual structure
where the visual structure is required to be pduzdly motivated (Dastani, 1997).
Visual characteristics can also be formed by thegwation of image elements
according to both position and relative spatiahtiehships (Silva et al., 2005). The
importance of images for relations is illustrated (Guizzardi, Pires and Sinderen,
2002), as seen in Figure 21. The relation amoregtbbjectsA, B andC, is represented
using propositional language in (a), while (b) esants the same relation using visual
language. However, the same conclusion as (iii))(ah is achieved in a more
straightforward way when exploring the visual reyargation in (b). Therefore,
semantic information can be captured directly fpictorial representation.

(i) EveryAisB
(ii) EveryBisC @B ®B 3
(iii} Then, every AisC

(a) (b)

Figure 21 Propositional language (a) and visual laguage (b) (Guizzardi, Pires and Sinderen,
2002).

In some domains, the recognition of key featureslements and the identification
of the visual-spatial relations among them is apdrtant research issue (Ericsson and
Smith, 1991). As a general example of visual pagiesomeone could be interested in
describing relationships among objects on a hunaae,fsearching to annotate and
interpret a set of visual patterns to describe @nst or semantically describe visual
objects being captured from different frames ofewdallowing the annotation and
interpretation of temporal facts and events (Sétval., 2004). Cibelli, Nappi and Tucci
(2001) address visual domains where the physicalbates are insufficient to
recognize, classify and describe objects and tiwamplex relations. As an example of a
complex relation, Figure 22 shows a functionaltrefeship between the locker and the
key.

3 ° » The locker and the key
locker l expresses a functional relation.

B key

Figure 22 An example of a complex relation (CibelliNappi and Tucci, 2001).



As discussed in (Santin, 2007), in imagistic dormainly textual and numerical data
may not result in useful information, therefore thee of images is essential; the
visualization and interpretation of an image camdrimportant information for
supporting the decision making processes. In Medjctliagnostics are heavily based
on image analysis, where medical images are ardhiyzerder to identify pathologies.
Figure 23 displays an image of a human knee raajpdgrFrom this image we can
identify three objects. The two main objects in thage are those identified by the
lettersA andB. The third object is the background of the imadentified by the letter
C. From these objects we may extract some attribigtes, color, texture, shape, size)
that, in a particular domain, assist in identifyiitng object. In addition to the attributes,
we can establish relationships between objectdatwleen their edges.

Figure 23 Artificial image of a human knee (Santin2007).

As underlined in (Mastella et al., 2005), in theldi of Geology, geologists examine
images of rocks in order to identify the qualityapetroleum reservoir rock based on
the identification of the constituents that fornme thock and their relationships. For
instance, a geologist identifies visual-spatiahtiehs among rock constituents (called
paragenetic relations), as does a physician whalyzng medical images to identify a
pathology.

Paragenetic relations are visual-spatial relataananged among rock minerals at the
time of its formation, presenting the physicochahigrocesses that formed the rock.
These processes affect the rock porosity and pdiilitgavith great impact on the
predictability in oil well production. Many of thgaragenetic relations, like growth or
dissolution of grains, among others, can be detexthby the topological relationships
among the grains (Santin, 2007).

The visual-spatial relations among rock constitsaeflect the changes undergone
by the rock as a result of diagenetic events. fjufe 24 an example of rock sample and
the visual-spatial relations between minerals, Whace the paragenetic relations that
were identified, such as (1) hematite covering gugrains (Qz), (2) quartz covering
the hematite, and (3) quartz being covered byjllithich is covering the hematite.



Figure 24 An example of rock sample and the visuapatial relations between minerals
(Mastella et al., 2005).

In this work, we have investigated the ontologimalndations of relations and the
visual knowledge in order to enforce ontologicalngistency and provide visual
component support into the ontology relations & @baita ontology building tool. In
the next section we present the architecture ofCthaita Portal, which is the ontology
building tool where the outcomes of this reseandjeet have been made available.



8 OBAITA PORTAL

Obaita Portal is an ontology building tool which usder development by the
Intelligent Databases Research Group (BDI) from GBR It has been developed
through previous continuous work (Lorenzatti, 20C@rbonera, 2012; Torres, 2012), as
described in this section; now it is being evolmdthis research project, as described
in Sections 9 and 10. Its long-term goal is to @& environment for ontological
specification of concepts, allowing the definitioh terms, qualities, quality domains
and relationships that define a particular conceptGeology, particularly in the
Stratigraphy domain. The complexity of this domaequires the development of
modeling tools that extend the knowledge engingestate of the art.

Our intention in developing the ontology for stgaéiphy is to provide a defined
vocabulary to be shared and used by geologisteandescription of well cores and
outcrops. In order to achieve an acceptable omyolag provide a tool that allows
geologists to consult, be aware of, and negotiaeammgs of the vocabulary of
sedimentary concepts, sharing drawings and pictukebkieving a shared accepted
vocabulary formally defined provides the adequatsid for developing knowledge
systems for stratigraphic documentation and in&tgpion.

One of the most difficult tasks in the developmeifitontologies is to balance
properly the lack of knowledge of the human expent the ontology semantic
constraints with the lack of knowledge of the kneede engineer about the domain. In
other words, it is desirable that domain specmlitectly evolve the ontology, keeping
the semantic consistency, without the need of avauige engineer help in all phases
of the updating process.

There are some knowledge domains where it is fuedssh to have the expert
knowledge for problem solving. Considering thistéacand taking the characteristic of
conceptualization sharing present on ontologiesBidl Research Group is developing,
on the Obaita Project, a tool for collaborative stauction of visual domain ontologies
based on a foundational ontology (UFO-A). This tpabdvides an interface where the
domain expert may collaboratively build an ontologljpng other experts within the
same area.

The project falls in the area of knowledge manageraed engineering, researching
on ontologies applied to stratigraphic interpretatbased on facies analysis for the
petroleum exploration. It aims at studying the khemlge engineering techniques for
capturing and modeling knowledge based on new rsotledt share their meaning
through web environments.

We address the issue of the convergence of voagbulghin a community of
geologists, supporting collaboration in ontologysiouction. The tool allows geologists
to negotiate the meaning of a particular geologieah with the support of foundational



ontology meta-types. Users can modify the terms smav their interpretation on the
geological term. It is intended to have as a prbdac domain ontology of
sedimentological description able to support trekgeof facies analysis for geological
interpretation along advances in the state of théenahe acquisition and modeling of
the domain knowledge.

The Obaita Portal presents a knowledge model basadeta-ontology in order to
allow both domain ontology and collaboration repreations. It includes a web system
for collaborative ontology building, which is based a set of metadata that provides
specialized constructs for creating the domain loggoelements. This model specifies
meta-constructs for enabling the system to undmistéhe domain ontology
components, manipulating and storing the corresipgnchanges and discussions that
may occur during the collaboration process.

The knowledge model uses the concepts of two ogiedothat were developed for
allowing the manipulation of ontological objectsartollaborative environment:

- Representation meta-ontology: specifies the siracof the domain ontology
components;

- Collaboration meta-ontology: specifies the stnoetof the collaboration ontology
components in order to obtain a consensual andedhaonceptualization by a
community.

The meta-ontologies structure the manipulationhaf ontological objects of the
domain ontology that is being constructed collabeety by users. The domain
ontology specifies the domain structure, thattis the artifact which is manipulated by
users. Every change on the domain ontology is dbragh the structure defined by
the meta-ontologies, which provide constructs farpporting the ontological
foundation.

The representation ontology defines how the apijpticainterprets the ontological
components, helping the collaborative system tealeivhether they were correctly
defined by users. Therefore, the domain ontologated by users is formalized in
terms of the representation ontology by instamtgaiis concepts.

The collaboration ontology defines which collabomtactivities can be done on the
domain ontology. The collaboration process focusesmanaging and storing the
changes made on the domain ontology componentsughrthe web application, users
may create changes and annotations directly ondtimaain model by including,
updating or removing the ontology components. @altatively, they have access to the
history of changes that were done by other useszusising about them through
annotations, and making new changes whenever ragesantil achieving
collaboratively a steady domain model. The sethainges is stored in a structured way
in order to allow the mapping of the ontology evmn, which happened during the
interactions done in the collaborative process.

This tool consists of an online system, allowingmssto interact with the system
through the internet. The application has been Idped in a structured way, using a
layer based model (MVC - Model View Controller). élfapplication contains an
additional data access layer, which has the redpotysof abstracting and handling the
triple structure, besides other low-level functidoishelping manipulating the ontology.

The system architecture, as proposed by Torres2j204 composed by layers as
seen in Figure 25:
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Figure 25 The system architecture layers (Torres,®@2).

- The User Interface Layer is responsible for tieual components, the ones that
users interact, such as buttons, lists and fornestMf these components are provided
by the JBoss Seam framework, which is integrated thie business layer components;

- The Model Layer includes the classes that defiree basic components of the
system. In this layer, the components of the domatology are defined based on the
structure that has been specified in the representaeta-ontology;

- The Business Layer includes the classes thatfgdhie business rules responsible
for the functionalities of the system. The intediige of the system belongs to this layer.
This layer uses the models that are defined irMbéel Layer;

- The Data Access Layer is responsible for abstg&nd performing the database
access;

- The Database Layer consists of a Postgres da&talvelsere the ontologies
persistent data is stored in the form of triplets.

The application stores the persistent informatiamf the system ontologies on the
database by structuring it in the form of Triplei®t This form of storage enables a



more general and flexible manipulation of datarebg allowing the expansion of the
knowledge model without requiring changes in thecttre of the database.

The stratigraphy domain ontology is under contiguilevelopment, where there are
some details in the domain that require refinenoétiie constructed model. Continuing
the development of the Obaita ontology buildingl,taéong with the domain ontology,
we describe in the next section the solution tlzst leen modeled in order to achieve

the goals of this research project.



9 ONTOLOGY RELATION MODELING

We have noticed in the area of knowledge engingeanlack of an ontology
building tool based on well-founded ontology detkdato support modeling about
visual domains. This tool should allow experts &ndwledge engineers constructing
more expressive and precise domain ontologies wibpper representations, especially
in visual domain areas such as Geology.

Continuing the development of the Obaita ontologyiding tool, this research
project provides support to the ontological fourmizd of therelations among the
ontology concepts in order to obtain better acouractheir formalization, expressing
richer semantic models. This work proposes anratese for the conceptual modeling
of these relations, enforcing ontological consisyerproviding inference and visual
component support into the ontology relations.

9.1 Ontological Relations

Relations are used to structure the concepts imbhaogy, being divided into two
broad categories, called formal and material reteti While formal relations hold
directly between the related entities, materialatrehs, conversely, need another
individual, that is called relator, in order to nmegd the related entities. The main formal
relations include the taxonomic relations (alsdechbubclass-of, is-a, or subsumption
relations), part-whole relations (also called mdrtparthood, or partonomic relations),
existential relations, spatial relations, amongecgh

Here, in this modeling, we focus on the enduraotsitfnuants) objects, the ones
that persist through time. This research projeatsughe foundation ontological
constructs for supporting the ontological choicéshe binary relations through the
semantic expressiveness of a foundational ontolegyecially the formal and material
relations, where a relation is defined as a unaletisat has existential dependence of
two entities to which it establishes some assamat some conceptualization. Besides
the material relations, this work focuses on threnf existential, part-whole and spatial
relations.

The material relations are formalized such thdt,'R¢ be a Material Relation on
universe “U”, and “x”, “y” and “z” be elements thékelong to universe “U”, and“z”
representing a relacional moment, then for evefythat is related to “y” via relation
“R” having “z” as a relator, the relation is repeaged as “xR(z)y".

On the other hand, the formal relations are fornealisuch that, let “R” be a Formal
Relation on universe “U”, and “x” and “y” be elentsrthat belong to universe “U”,
then for every “x” that is related to “y” via relah “R”, the relation is represented as
“XRy”_



The existential relations, as proposed in this quipjare classified based on the
nature that the concept is conceived with respe@nbther concept, as coexist-with,
constituted-by, correlated-with or polymorphic-witiations.

The part-whole relations, which in this project apecialized according to UFO-A,
are classified based on the type of entities thay trelate, as component-of, a part-
whole relation which relates individuals that ammdtional complexes; member-of, a
part-whole relation which relates individuals thate functional complexes or
collectives (as part) and a collective (as a whdebcollection-of, a part-whole relation
which relates individuals that are collectives;sobquantity-of, a part-whole relation
which relates individuals that are quantities.

The spatial relations, as proposed in this proj,classified based on the concept
physical location with respect to another concest,cross-cut, inside-of, overlay or
surrounded-by relations.

Following this approach, the Portal Obaita impleteerthe meta-concept
OntologyRelation and its specializations as preskint Figure 26.

v © OntologyRelation
v FormalRelation
v ExistentialRelation
CoexistWithRelation
ConstitutedByRelation
CorrelatedWithRelation
PolymorphicWithRelation
v PartWholeRelation
ComponentOfRelation
MemberOfRelation
SubCollectionOfRelation
SubQuantityOfRelation
g SpatialRelation
CrossCutRelation
InsideOfRelation
OverlayRelation
SurroundedByRelation
MaterialRelation

Figure 26 The meta-ontology relation structure.

These specializations increase the expressiveméss cesulting models, generating
more accurate constructs to describe the objectheofdomain ontology. The well-
founded relation classification facilitates thealagical choices and avoids ambiguities
and modeling errors, achieving as a result a veelitied domain ontology.

The domain ontology relations are instances ofntle¢a-concept OntologyRelation
from the representation meta-ontology.

The relations are specialized as formal or mateektions. The material relations
associate two connected entities (association emkjhey are materialized by a relator
universal. The formal relations contain two conedcéntities. The connected entities



are existing concepts (Substantial and Moment Usals) from the domain ontology.
The relator is a Relational Moment in the domaimotogy. The formal relations are
further specialized as existential, part-wholepatil relations.

The existential relations are further specializexd caexist-with, constituted-by,
correlated-with or polymorphic-with relations.

Coexist-with relations:

The classes connected to both association ends mapisgsent universals whose
instances are evaluated in respect to each othendans of their coexistence. They
have to be irreflexive, symmetric and transitive.

Constituted-by relations:

The class connected to the association end rel&titee constituted object must
represent a universal whose instances are coestitty an instance of the universal
connected to the association end relative to thestitating object. They have to be
irreflexive, asymmetric and transitive.

Correlated-with relations:

The classes connected to both association ends mapistsent universals whose
instances are stratigraphic units which are locatedifferent places, but demonstrate
equivalence. They have to be irreflexive, symmetnd transitive.

Polymorphic-with relations:

The classes connected to both association ends mapistsent universals whose
instances are minerals that have the same chegvoabosition, but different crystal
structures. They have to be irreflexive, symmednd transitive.

The part-whole relations are further specialized casnponent-of, member-of,
subcollection-of or subquantity-of relations.

Component-of relations:

The classes connected to both association ends mapitsent universals whose
instances are functional complexes. They have toirtedlexive, asymmetric and
nontransitive; and they have weak supplementation.

Member-of relations:

The class connected to the association end relgtitiee whole individual must be a
universal whose instances are collectives, whitedlass connected to the association
end relative to the part can be either a univerdalse instances are collectives, or a
universal whose instances are functional compleXé®y have to be irreflexive,
asymmetric and intransitive; and they have wealplaupentation.

Subcollection-of relations:

The classes connected to both association ends mapisgsent universals whose
instances are collectives. They have to be irrafeexasymmetric and transitive; and
they have weak supplementation.

Subquantity-of relations:

The classes connected to both association ends mapisgsent universals whose
instances are quantities. They have to be irrefeexasymmetric and transitive; they
have strong supplementation; and they have to hehaweable.



The spatial relations are further specialized asssecut, inside-of, overlay or
surrounded-by relations.

Cross-cut relations:

The class connected to the association end relabivihe crossing object must
represent a universal whose instances are geolofgatures that cut through an
instance of the universal connected to the associand relative to the crossed object.
They have to be irreflexive, asymmetric and intraes

Inside-of relations:

The class connected to the association end relgtitiee inner object must represent
a universal whose instances are stratigraphic uhas can be found inside of an
instance of the universal connected to the associand relative to the outer object.
They have to be irreflexive, asymmetric and transit

Overlay relations:

The class connected to the association end reladivbe superposing object must
represent a universal whose instances are geologatiments deposited over an
instance of the universal connected to the assogiand relative to the superposed
object. They have to be irreflexive, asymmetric tadsitive.

Surrounded-by relations:

The class connected to the association end relgtitiee inner object must represent
a universal whose instances are geological formatsurrounded by an instance of the
universal connected to the association end relativitbe outer object. They have to be
irreflexive, asymmetric and transitive.

9.2 Visual Representation

In some domains, such as the field of Geology, tetyual and numerical data may
not result in useful information, where geologistay examine images of rocks in order
to identify the quality of a petroleum reservoickobased on the identification of the
constituents that form the rock and their relatiops.

Visual perception requires the capacity to extrslchpe properties and spatial
relations among objects and their parts. This dgpas fundamental to visual
recognition, since objects are often defined vigull abstract shape properties and
spatial relations among their components.

Visual characteristics can also be formed by thegmation of image elements
according to both position and relative spatiabtiehships. The visualization and
interpretation of an image can bring important infation; the use of images is
essential for the recognition of key features @nednts and the identification of the
visual spatial relations.

Besides the traditional symbolic representatiora dinguistic term, we enable the
use of pictorial representation by using visual starcts along the relations in the
environment, allowing the representation of visdamains, associating images to the
spatial relations in the domain ontology.

In this work, we have modeled visual representaiiorthe sense that, unlike
concrete sortals, we do not have photographs daitioekships, since relations are
abstract concepts. Nevertheless, due to their phlysharacteristics, the spatial relations



may be associated to icons, as presented in Settigk visual representation of a

binary spatial relation should present both comcodjects, expressing the relationship
between them, as shown in Figure 27, where the ibinject is presented in red and the
outer object is presented in white.

Figure 27 Visual representation of a binary spatiatelation.

9.3 Inference Features

This research project provides inference and viswmhponent support into the
ontology concept relations based on the conceptuadleling and the definitions
proposed in Sections 9.1 and 9.2.

The support to the inference of the relation orgmal meta-type is provided based
on the meta-types of the respective related coeceicording to UFO-A. We use
pictorial representations, allowing the represémtabf visual domains, associating
images to the ontology concept relations. We alse an interface which provides
assistance, not requiring users to have any priomkedge of ontological representation
formal languages.

When editing a universal, in order to help usersléfine the universal meta-type,
the system guides them by asking questions. ILfiee answers the question telling the
system that an individual from this universal isseentially dependent and acts as a
mediating entity in the relationship among othetites (e.g., an enroliment is
existentially dependent and acts as a mediatingyentthe relation between a student
and an educational institution), then the systefarenthat the universal meta-type is
“relator”.

On the other hand, in order to help users to detterelation type, the system
guides them by asking questions. If the user arsstier question telling the system that
the relation needs the existence of a mediatingyeimt order to connect the related
entities (e.g., the relation between a student amaducational institution needs the
existence of an enrollment), then the system irtfeasthe relation type is “material”.

The system also has the ability to infer the refatype based on the meta-types of
the respective related entities. For a part-whelation, if the meta-type of both related
entities, the part and the whole, is “quantity’g(e.alcohol is part of wine), then the
system infers that the relation type is “subqugsuit'.



In the case of inferring that the relation typénsaterial”’, the system requires the
existence of a “relator” to be connected to thatreh; then, the user has to inform the
mediating entity, selecting it from a list, compdg®y entities with meta-type “relator”,
provided by the system.

In the case of inferring that the relation typéf@mal”, the system suggestome
possible relation types in order to help users dtieb specialize it as an existential
relation, such as coexist-with, constituted-by,related-with or polymorphic-with; a
part-whole relation, such as component-of, memibestdcollection-of or subquantity-
of; or a spatial relations, such as cross-cutdasif, overlay or surrounded-by.

For the part-whole relations, the source conceptesents the “part”, while the
target concept represents the “whole”; the systefers the suggested possible part-
whole relation types based on the meta-types op#re and the whole, as defined in
Section 4.1, which are summarized in Table 2.

Table 2 Possible types of part-whole relations.

Source/ Kind Collective Quantity other

Target

Kind component-of

Collective | member-of member-of
subcollection-of

Quantity subquantity-of | ---

other --- ---

As a result, for the formal relations, the systaferns the suggested possible relation
types as follows:

When the meta-type of the source concept is “collet; and:

- the meta-type of the target concept is “collextivthen the inferred possible
relation types are “coexist-with”, “constituted-hy*correlated-with”, “polymorphic-
with”,  “member-of’, “subcollection-of’, “cross-cuf” “inside-of’, “overlay”,
“surrounded-by” and “formal” (users may choose teospecialize the relation);

- the meta-type of the target concept is not “@cbiNe”, then the inferred possible
relation types are “coexist-with”, “constituted-by*correlated-with”, “polymorphic-

with”, “cross-cut”, “inside-of”, “overlay”, “surronded-by” and “formal” (users may
choose not to specialize the relation).

When the meta-type of the source concept is “kiadd:

- the meta-type of the target concept is “kindgriithe inferred possible relation
types are “coexist-with”, “constituted-by”, “coregkd-with”, “polymorphic-with”,
“component-of’, “cross-cut”, “inside-of”, “overlay” “surrounded-by” and “formal”
(users may choose not to specialize the relation);



- the meta-type of the target concept is “collextivthen the inferred possible
relation types are “coexist-with”, “constituted-by*correlated-with”, “polymorphic-

with”, “member-of”, “cross-cut”, “inside-of”, “ovday”, “surrounded-by” and “formal”
(users may choose not to specialize the relation);

- the meta-type of the target concept is neithendk nor “collective”, then the
inferred possible relation types are “coexist-wjtt¢onstituted-by”, “correlated-with”,

“polymorphic-with”, “cross-cut”, “inside-of”, “ovday”, “surrounded-by” and “formal”
(users may choose not to specialize the relation).

When the meta-type of the source concept is “qtyéinand:

- the meta-type of the target concept is “quantitigen the inferred possible relation
types are “coexist-with”, “constituted-by”, “coregkd-with”, “polymorphic-with”,
“subquantity-of’, “cross-cut”, “inside-of”, “overl, “surrounded-by” and “formal’
(users may choose not to specialize the relation);

- the meta-type of the target concept is not “gixntthen the inferred possible
relation types are “coexist-with”, “constituted-by*correlated-with”, “polymorphic-
with”, “cross-cut”, “inside-of’, “overlay”, “surronded-by” and “formal” (users may
choose not to specialize the relation).

When the meta-type of the source concept is ndieive”, “kind” and “quantity”,
then the inferred possible relation types are “cdexith”, “constituted-by”,
“correlated-with”,  “polymorphic-with”,  “cross-cut”, ‘“inside-of’,  “overlay”,
“surrounded-by” and “formal” (users may choose tacgpecialize the relation).

In the next section, as part of the developmerthisfresearch project, we describe

how the solution proposed here in this sectiondssen implemented accordingly in the
Obaita ontology building tool.



10IMPLEMENTED SOLUTION

This section presents the required implementatiororder to add our proposed
alternative for the ontology relation conceptual deling into the Obaitd ontology
building tool, enforcing ontological consistencyroyding inference and visual
component support for the Sedimentary Stratigragdngain ontology relations.

The user access to the tool is based on autheaticata username and password.
After logging in, the user is taken to the are@afaboration, where he/she can choose
the domain ontology (the system is able to suppunte than one domain ontology).
The user selects the domain ontology he/she wargdit, and then the system displays
the tree of universals from the selected domaiwology, as partially seen in Figure 28,
where the branches of the tree represent the sydtgumrelationship. From the
universal tree view, the user selects the domaiolagy universal he/she wants to
visualize or edit.

Ontology: | Sedimentary Stratigraphy ¥ | Load

Tree of Universals

W
- Universal
Contact
- Rock
Metamorphic Rock
3 Sedimentary Rock
3 lgneous Rock
- Sedimentary Sfructure
3 SurfaceFeaturesOnBedsOrSiratification
3 BiogenicSiructure
3 DepositionalStructure
r DeformationStructure
3 ChemicalDiageneticStructure
- Fossil
Microfossils

Sedimentary Facies
- Paortion of Rock
Core
Cutcrop

Figure 28 The domain ontology universal tree view.



When editing the universal details, the user islgdiby the system such that the
universal meta-type is defined in an ontologicalbnsistent way. If the user answers
the question telling the system that an individeatension from this universal is
existentially dependent and acts as a mediatindgyeantthe relationship among other

entities, th
Figure 29.

Metadata

en the system infers that the univensata-type is “relator”, as shown in

Current Meta-Type: Relator.

Meta-Properties:

Existential
Dependence:

Rigidity:

Relational
Dependence:

Supply
ldentity:

carry
Identity:

Unity:

Is &n individual frem this universal existentislly dependent and acts a5 8 mediating entity in the relationship among other entities? Example:
An "Enroliment” is existentislly dependent and acls 85 3 mediating entity in the relstion between s "Student” snd an "Educstional Institution™.

YES = Dependent E

Can an individual from this universal stop existing (in crder to become ancther one) at some given moment™ Example: A "Teacher”, because
an individusl from this universal can stop being 2 “Teacher” in order to become a "Principal™.

Select |Z|

Can an individual from this universal only exist if there is an individual giving it identity, and there is snother relsted individual defining it as
being from this universal? Example: & "Student” only exists if he'she is related to an "Educational Instituticn™ (defining him/her as 8 "Student™)
and a "Person” (giving him/her identity).

Select E

Coes an individual from this universal have essential properties distinguishing it from other individuals, even in different times® Example: A
Dog” supplies identity because it holds its pr = through time, while s "Puppy” does not, because it loses some of its properties sfter some
time. Likewise, 8 "Student” does not supply identity because its properties change through time. The universal "Person” supplies identity to the
universal "Student”.

Select E

DCoes an individusl from this universal camy the identity from snother universal which defines its essentisl properties? Example: "Teacher” and
Student” do not supply identity, they just camy the identity supplied by the universal "Ferson™.

Select E

Does an individusl from this universal camy unity®

Examples:

A "STRIP OF SAND™ has unity; it consists of several objects and it HAS limits. All cbjects have the same oitericn of unity.
A TGRAIN OF SAMD™ has unity: it consists of a single cbject and it HAS limits.

An "AMCUNT OF SAND" has anti-unity; it consists of several ohjects, but it DOES NOT HAVE limits.

A "QUADRUPELD™ has no unity; it consists of several objects, but they DO NOT HAVE all the same oriterion of unity.

Select E

Suggested Meta-Type: Relator (suggested bazed on the Meta-Properties)

Along t

Figure 29 The universal meta-type definition.

he universal details, the system displayes bimary relations in which the

universal is participant (Figure 30), from wheree thser may edit the universal
relations, create new relations (or attach alreadgting relations) to the universal, or

remove rel

Relations

ations from the universal.

Relation Type Target Concept Relator (+

SedimentaryFacies_InContactWith_SedimentaryFacies Material Sedimentary Facies Contact g] 7

Figure 30 The universal relations.

When editing a relation, it is possible to choote name, the relation visual
representation, the source concept, the sourcéneditg, the target concept, the target



cardinality, the relation type, the relator, andrtform a change description, as seen in
Figure 31.

Edit Relation

Update Mame: SedimentaryFacies_InContactWith_SedimentaryFacis:

Yisual Representation: g] (%]

F A

Sowurce Concept: Sedimentary Facies

Cardinatity; Zero or More ¥
Target Concept: ---=> Sedimantary Facies r
Cardinality: Zero or More v

Does this relation need the existence of a mediating entity in order fo connect the
relafed entities? Example: An "Enroliment” acis as a mediating entity in the. refation
between a "Student” and an "Educaticnal Institution”

YES = With Belator ¥
Relation Type: Material ]

Relator: == Contact r

Change Description:

Save Cancel

Figure 31 Editing a universal relation.

The relation name is composed by a textual term.

An image may be associated to the spatial relaiiomsder to connect their visual
representation, increasing the communication anderstanding by experts. The
relation image is selected from a list of imagedil



The source concept is automatically selected asrhersal that is being viewed in
detail in the system.

The source cardinality is selected from a listhsas “zero or more”,
“‘one” or “one or more”.

Zero or one”,

The target concept is selected from a list comagirthe existing Substantial and
Moment Universals from the domain ontology.

The target cardinality is selected from a list,lsas “zero or more”,
“‘one” or “one or more”.

Zero or one”,

In order to define the relation type, besides gudisers by asking questions, the
system also evaluates the meta-types of the regpeetated concepts.

If the user answers the question telling the systhat the relation needs the
existence of a mediating entity in order to conrtbetrelated entities, then the system
infers that the relation type is “material’, othéses the system infers that the relation
type is “formal”. In other words, as seen in Algom 1, if the user selects the item
"YES = With Relator" from the select menu, then tieation is assumed to be
“material”’, otherwise, if the user selects the it8RO = Without Relator" from the
select menu, then the relation is assumed to bendl.

Algorithm 1 - With or Without Relator

: Does this relation need the existence of a niedintity in order to connect

: the related entities?

: Example: An "Enrollment" acts as a mediatingtgmt the relation between
a "Student" and an "Educatidnatitution”.

1

2

3

4:

5: <h:selectOneMenu
6: value="#{relationWithRelator}">

7. <fiselectltem itemLabel="YES = With Relat@@@mValue="yes" />
8. <fiselectlitem itemLabel="NO = Without ReldtdemValue="no" />
9

: </h:selectOneMenu>

After the selection showed in Algorithm 1, if theew informed that the relation
needs the existence of a mediating entity (witlatog), the system directly applies
Algorithm 2, infering that the only possible retatitype to be selected is “material”.

Algorithm 2 - Material Relation

1: <h:selectOneMenu
2: rendered="#{if relationWithRelator == 'yes'}
3. value="#{relationType}">




4. <f:selectltem itemLabel="Material" itemVaki®aterial" />
5: </h:selectOneMenu>

On the other hand, after the selection showed godihm 1, if the user informed
that the relation does not need the existencemédiating entity (without relator), the
system infers that the relation type is “formal”.

Consequently, by infering that the relation typéfasmal”, the system suggestise
corresponding possible relation types, further @ppgl Algorithms 3 to 10, where the
possible specializations for the part-whole relai@re based on the meta-types of the
respective related entities. Therefore, while §stesn enforces ontological consistency,
the user may select the desired relation type frmrsuggested menu.

If both the source concept meta-type and the targatept meta-type are defined as
collective, then the system presents the suggestegible relation types such as
“formal” “coexist-with”, “constituted-by”, *“correlged-with”, “polymorphic-with”,

“member-of”, “subcollection-of”, “cross-cut”, “inde-of”, “overlay” and “surrounded-
by”, as seen in Algorithm 3.

Algorithm 3 - Formal Relation

1: <h:selectOneMenu
rendered="#{if relationWithRelator == 'naich
relationSourceCaqotdepe == 'Collective’ and
relationTargetCoptde/pe == 'Collective'}"
value="#{relationType}">

2

3

4

5

6: <f:selectltem itemLabel="Formal" itemValuétmal" />

7. <f:iselectltem itemLabel="CoexistWith" itema="CoexistWith" />

8: <fiselectltem itemLabel="ConstitutedBy" it¥aue="ConstitutedBy" />

9: <f:selectlitem itemLabel="CorrelatedWith" iteraMe="CorrelatedWith" />
10: <f:selectlitem itemLabel="PolymorphicWith" m&/alue="PolymorphicWith" />
11: <f:selectltem itemLabel="MemberOf" itemValti&emberOf" />

12: <f:selectltem itemLabel="SubCollectionOf'ni&alue="SubCollectionOf" />
13: <f:selectltem itemLabel="CrossCut" itemValt€rossCut" />

14: <f:selectltem itemLabel="InsideOf" itemValué3sideOf" />

15: <f:selectlitem itemLabel="Overlay" itemValu&erlay" />

16: <f:selectltem itemLabel="SurroundedBYy" itenty&="SurroundedBy" />

17: </h:selectOneMenu>




If the source concept meta-type is defined as cidlie and the target concept meta-
type is not defined as collective, then the sygpeesents the suggested possible relation
types such as “formal” “coexist-with”, “constitutdy”, “correlated-with”,
“polymorphic-with”, “cross-cut”, “inside-of’, “ovday” and “surrounded-by”, as seen
in Algorithm 4.

Algorithm 4 - Formal Relation

1: <h:selectOneMenu
rendered="#{if relationWithRelator == 'naich
relationSourceCqrtdgpe == 'Collective' and
relationTargetCaopitde/pe != 'Collective’}"

2

3

4

5: value="#{relationType}">
6: <f:iselectltem itemLabel="Formal" itemValuédrmal” />

7. <f:selectltem itemLabel="CoexistWith" itemMa="CoexistWith" />

8. <f:selectltem itemLabel="ConstitutedBy" it¥¢aue="ConstitutedBy" />

9: <f:selectltem itemLabel="CorrelatedWith" iteraMe="CorrelatedWith" />

10: <f:selectlitem itemLabel="PolymorphicWith" it&/alue="PolymorphicWith" />
11: <f:selectltem itemLabel="CrossCut" itemValt€rossCut" />

12: <f:selectltem itemLabel="InsideOf" itemValué3sideOf" />

13: <f:selectlitem itemLabel="Overlay" itemValu&erlay" />

14. <f:selectltem itemLabel="SurroundedBYy" itenis="SurroundedBy" />

15: </h:selectOneMenu>

If both the source concept meta-type and the targatept meta-type are defined as
kind, then the system presents the suggested pmssihtion types such as “formal”
“coexist-with”, “constituted-by”, “correlated-with”“polymorphic-with”, “component-

of”, “cross-cut”, “inside-of”, “overlay” and “surranded-by”, as seen in Algorithm 5.

Algorithm 5 - Formal Relation

1: <h:selectOneMenu

2. rendered="#{if relationWithRelator == 'naich
relationSourceCqrtdgpe == 'Kind' and
relationTargetCaopideype == 'Kind'}"

value="#{relationType}">

<f:selectltem itemLabel="Formal" itemValué=imal" />




7. <f:selectltem itemLabel="CoexistWith" itemda="CoexistWith" />

8: <fiselectltem itemLabel="ConstitutedBy" it¥aue="ConstitutedBy" />

9: <f:selectlitem itemLabel="CorrelatedWith" iteraMe="CorrelatedWith" />

10: <f:selectlitem itemLabel="PolymorphicWith" mé&/alue="PolymorphicWith" />
11:. <f:selectlitem itemLabel="ComponentOf" itemdet"ComponentOf" />

12: <f:selectltem itemLabel="CrossCut" itemValt€rossCut" />

13: <f:selectltem itemLabel="InsideOf" itemValué3sideOf" />

14: <f:selectlitem itemLabel="Overlay" itemValu&erlay" />

15: <f:selectltem itemLabel="SurroundedBYy" iteniMs="SurroundedBy" />

16: </h:selectOneMenu>

If the source concept meta-type is defined as kimd the target concept meta-type
is defined as collective, then the system prestr@suggested possible relation types
such as “formal” “coexist-with”, “constituted-by*correlated-with”, “polymorphic-

with”, “member-of”, “cross-cut”, “inside-of”, “ovday” and “surrounded-by”, as seen in
Algorithm 6.

Algorithm 6 - Formal Relation

1: <h:selectOneMenu
rendered="#{if relationWithRelator == 'naich
relationSourceCagtédepe == 'Kind' and
relationTargetCopide/pe == 'Collective'}"
value="#{relationType}">

2

3

4

5

6: <f:selectltem itemLabel="Formal" itemValuétmal" />

7. <f:iselectltem itemLabel="CoexistWith" itema="CoexistWith" />

8: <fiselectltem itemLabel="ConstitutedBy" it¥aue="ConstitutedBy" />
9: <f:selectlitem itemLabel="CorrelatedWith" iteraMe="CorrelatedWith" />
10: <f:selectltem itemLabel="PolymorphicWith" mt&/alue="PolymorphicWith" />
11: <f:selectltem itemLabel="MemberOf" itemValti&emberOf" />

12: <f:selectltem itemLabel="CrossCut" itemValt€rossCut" />

13: <f:selectltem itemLabel="InsideOf" itemValué3sideOf" />

14: <f:selectltem itemLabel="Overlay" itemValu&erlay" />

15: <f:selectlitem itemLabel="SurroundedBYy" itenis="SurroundedBy" />

16: </h:selectOneMenu>




If the source concept meta-type is defined as kimdl the target concept meta-type
is neither defined as kind nor defined as collegtithen the system presents the
suggested possible relation types such as “forrf@éxist-with”, “constituted-by”,
“correlated-with”, “polymorphic-with”, *“cross-cut”, “inside-of’, *“overlay” and
“surrounded-by”, as seen in Algorithm 7.

Algorithm 7 - Formal Relation

: <h:selectOneMenu
rendered="#{if relationWithRelator == 'naich
relationSourceCqrtdgpe == 'Kind' and
relationTargetCaopitde/pe = 'Kind' and

1
2
3
4
5: relationTargetCopidg/pe != 'Collective'}"
6: value="#{relationType}">

7. <f:selectltem itemLabel="Formal" itemValuétmal" />

8. <f:selectltem itemLabel="CoexistWith" itema="CoexistWith" />

9: <f:selectltem itemLabel="ConstitutedBy" item\Me="ConstitutedBy" />

10: <f:selectltem itemLabel="CorrelatedWith" itelaue="CorrelatedWith" />

11: <f:selectlitem itemLabel="PolymorphicWith" mté&/alue="PolymorphicWith" />
12: <f:selectltem itemLabel="CrossCut" itemValt€rossCut" />

13: <f:selectltem itemLabel="InsideOf" itemValué3sideOf" />

14. <f.selectlitem itemLabel="Overlay" itemValu&erlay" />

15: <f:selectltem itemLabel="SurroundedBYy" itenty&="SurroundedBy" />

16: </h:selectOneMenu>

If both the source concept meta-type and the targetept meta-type are defined as
guantity, then the system presents the suggesssihb® relation types such as “formal”
“coexist-with”, “constituted-by”, “correlated-with™polymorphic-with”, “subquantity-
of”, “cross-cut”, “inside-of”, “overlay” and “surnonded-by”, as seen in Algorithm 8.

Algorithm 8 - Formal Relation

1: <h:selectOneMenu

2:  rendered="#{if relationWithRelator == 'naich

3 relationSourceCagrtdepe == 'Quantity’ and
4: relationTargetCoptde/pe == 'Quantity'}’

5. value="#{relationType}">




6: <f:iselectltem itemLabel="Formal" itemValué=rmal" />

7. <f:selectltem itemLabel="CoexistWith" itemMa="CoexistWith" />

8. <f:selectltem itemLabel="ConstitutedBy" it¥¢aue="ConstitutedBy" />
9: <f:selectltem itemLabel="CorrelatedWith" iteraMe="CorrelatedWith" />
10: <f:selectlitem itemLabel="PolymorphicWith" it&/alue="PolymorphicWith" />
11. <f:selectltem itemLabel="SubQuantityOf" iterm\e="SubQuantityOf" />
12: <f:selectltem itemLabel="CrossCut" itemValt€rossCut" />

13: <f:selectltem itemLabel="InsideOf" itemValué3sideOf" />

14. <f:selectltem itemLabel="Overlay" itemValu&erlay" />

15: <f:selectltem itemLabel="SurroundedBYy" itenty&="SurroundedBy" />
16: </h:selectOneMenu>

If the source concept meta-type is defined as dyaantd the target concept meta-
type is not defined as quantity, then the systeesgnts the suggested possible relation
types such as “formal” “coexist-with”, “constitutdy”, “correlated-with”,
“polymorphic-with”, “cross-cut”, “inside-of’, “ovday” and “surrounded-by”, as seen
in Algorithm 9.

Algorithm 9 - Formal Relation

1: <h:selectOneMenu
rendered="#{if relationWithRelator == 'naich
relationSourceCqutdgpe == 'Quantity’ and
relationTargetCaopide/pe = 'Quantity'}”

2

3

4

5: value="#{relationType}">
6: <f:iselectltem itemLabel="Formal" itemValuérmal" />

7. <f:selectltem itemLabel="CoexistWith" itemMa="CoexistWith" />

8. <f:selectltem itemLabel="ConstitutedBy" it¥¢aue="ConstitutedBy" />

9: <f:selectltem itemLabel="CorrelatedWith" iteraMe="CorrelatedWith" />

10: <f:selectlitem itemLabel="PolymorphicWith" it&/alue="PolymorphicWith" />
11: <f:selectltem itemLabel="CrossCut" itemValt€rossCut" />

12: <f:selectltem itemLabel="InsideOf" itemValué3sideOf" />

13: <f:selectlitem itemLabel="Overlay" itemValu&erlay" />

14. <f:selectltem itemLabel="SurroundedBYy" itenis="SurroundedBy" />

15: </h:selectOneMenu>




If the source concept meta-type is not definedadieative, kind and quantity, then
the system presents the suggested possible relgfi@s such as “formal” “coexist-
with”, “constituted-by”, “correlated-with”, “polymiphic-with”, “cross-cut”, “inside-
of”, “overlay” and “surrounded-by”, as seen in Alghm 10.

Algorithm 10 - Formal Relation

: <h:selectOneMenu
rendered="#{if relationWithRelator == 'naich
relationSourceCagrtdeype !='Collective' and
relationSourceCaqrtdgpe != 'Kind' and

1
2
3
4
5: relationSourceCagrtdg/pe = 'Quantity'}”
6: value="#{relationType}">

7. <f:iselectltem itemLabel="Formal" itemValuédrmal" />

8: <f:selectltem itemLabel="CoexistWith" itemMa="CoexistWith" />

9. <f:selectltem itemLabel="ConstitutedBy" itemMWe="ConstitutedBy" />

10: <f:selectlitem itemLabel="CorrelatedWith" it¢alue="CorrelatedWith" />

11. <f:selectlitem itemLabel="PolymorphicWith"mt&/alue="PolymorphicWith" />
12: <f:selectltem itemLabel="CrossCut" itemValt€rossCut" />

13: <f:selectltem itemLabel="InsideOf" itemValué3sideOf" />

14: <f:selectlitem itemLabel="Overlay" itemValu&erlay" />

15: <f:selectltem itemLabel="SurroundedBYy" itenis="SurroundedBy" />

16: </h:selectOneMenu>

When the relation type is “material”, the systemuiees the existence of a relator to
be connected to the relation in order to mediate ridated entities. The relator is
selected from a list containing the existing Reladl Moments from the domain
ontology.

The change description is composed by a free taximent inserted by the user.

Next, we present our proposed validation case stusing a real domain ontology
from the Sedimentary Stratigraphy area, in orderevaluate our research project
proposed approach.



11CASE STUDY

This section describes the case study used as ahl@aton approach for the
proposals of this work, where the tool has beerd use the improvement of the
Sedimentary Stratigraphy domain ontology, aiming dohieve as a result an
ontologically consistent structure for the relaicamong the concepts of the original
ontology.

In order to validate the system in a real environinee brought a case study in the
Sedimentary Stratigraphy domain, an area from @gotesponsible for studying the
formation processes of sedimentary rocks. The stagly has been validated along with
a geologist, a user from the Sedimentary Stratlgragarticipating in the project.

Sedimentary Stratigraphy is the study of sedimgnt@rrains in surface or
subsurface in order to define the geological hystofr their formation based on the
visual description of well cores and outcrops. Tdescription of cores and analog
coexisting outcrops provides essential informafamthe understanding of depositional
environments and systems, as well as of theirigtegthic evolution, basis for the
construction of realistic reservoir models.

The main concepts for rock description implementethis study were previously
formalized in (Lorenzzatti, 2010) and further imyped in (Carbonera, 2012). They are
Sedimentary Facies, Sedimentary Structures and ditepwl Processes, which will be
described in this section. The ontological relati@among these concepts have been
studied in this work, where the proposed modeling contribution of this thesis.

A Sedimentary Facies is a particular organizatiba oock in a spatial arrangement
that, along with the preserved fossil content, iidies the depositional environment in
which the existing sediment has been depositedcandolidated in that rock. It is a
region in a well core or outcrop, visually distimgluable of adjacent regions. Each
Sedimentary Facies is assumed as a direct resutteobccurrence of a Depositional
Process; they group together a set of diagnostiualiaspects of sedimentary rocks
strongly connected with the depositional conditionwhich this rock has been created.

Sedimentary Structure is the external visual aspEctsome internal spatial
arrangement of the rock grains that, along withgireserved fossil content and the rock
type, identifies the depositional environment inishhthe existing sediment has been
deposited and consolidated in that rock. They @afobnd inside of sedimentary rocks.
They were formed at the moment of deposition thptesent multiple manifestations of
the biological as well as the physical processes tiperate within any type of
depositional environment. It is the main visualeabjrecognized in the domain, and the
first one used for interpretation hypotheses.



Depositional Processes are events that involvectimeplex interaction of natural
forces and sediments; they are responsible forfahmation of sedimentary rocks
through transportation and deposition of sedimenéssedimentation place.

This domain has been chosen because it presents isgportant aspects for our
focus; its structure is complex, therefore our eysintends to help experts in solving
many domain natural structural problems through ¢beect use of the ontological
foundation of the relations; on the other hands thomain is strongly based on visual
knowledge, therefore our system also intends t@ heperts in interpreting and
describing the domain knowledge; another importsyect is that this domain has
scientific and economic relevance, it studies taeegation and depositional conditions
of important mineral deposits, such as coal andAddo, the domain is representative
for many other visual domains and we suppose thatapproach, once validated for
modeling sedimentary facies, can be applied fanalighterpretation tasks in Medicine,
Biology and several other scientific problems.

This work has taken as a starting point the ontolagxonomy of the sedimentary
structures along with their set of descriptiveibttres. While evaluating the case study
over the original domain ontology, we have ideatifisome problems which we have
worked on accordingly along with the developmentta$ research project. We have
noticed that there were no foundation ontologicahstructs for supporting the
ontological choices of the relations through themaetic expressiveness of a
foundational ontology; the ontological meta-typéshe relations were not based on the
meta-types of the related concepts; it was notiples® use pictorial representations in
order to associate images to the ontology relatitres interface did not release users
from having some knowledge of ontological repregeon formal languages when
interacting with the ontology.

Following, as the result of the proposed contrigmsgi from this research project,
some important improvements into our domain ontplag presented.

The main concepts and relations which are fundamhé¢atour domain ontology
activities include Rock, Portion of Rock, Sedimeynt&acies, Sedimentary Structure,
Fossil, Contact and their subtypes, which are ypa#len in Figure 32 (the complete
domain ontology may be seen in Appendix A). Evearts not in the scope of this
research project, therefore Depositional Processéde covered by a future Obaita
Project. We also emphasize that the hierarchyioelatwere not considered in our
analysis because these relations are inherenét@tonomy instead of to the semantics
of the domain.
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Figure 32 Partial view of the domain ontology.

Rock is considered as an amount of matter becavspresents individuals that lack
individuation and counting principles. In our domaintology, it is represented by
Quantity, even if UFO considers that Quantitiesrespnt “portions” of matter and,
therefore, are countable objetcs. Since, in thiquéar implementation, the countable
principle has no effect of inference and UFO doasaffer a meta-type for uncountable
objects, we have decided to use this approximahoour model. The Rock concept
subsumes three direct specific subtypes, such aanhbephic Rock, Sedimentary Rock
and Igneous Rock. Additionally, Sedimentary Roclkd dgneous Rock are further
specialized in more specific subtypes.

Portion of Rock is considered as a Kind becauseptesents a rigid sortal that
supplies principles of identity and individualizati to its instances; in our domain
ontology, it presents two specific subtypes, suclare and Outcrop.

Sedimentary Facies is a functional complex (Kinkattis composed by other
functional complexes (Kind). Therefore, the relaidoetween Sedimentary Facies and
its parts are defined as ComponentOf. The SedimeRacies parts comprise each of
the specific subtypes of Sedimentary Structures plossil.

Sedimentary Structure is considered as a Categmguse it represents a dispersive
universal that aggregates essential propertieshadmrie common to different Substance
Sortals; in our domain ontology, it presents fivieect specific subtypes, such as
Surface Features on Beds or Stratification, Biog&tructure, Depositional Structure,
Deformation Structure and Chemical Diagenetic $tm&; which are all defined as
Kind. Additionally, each of them is further specald in more specific subtypes.



Fossil is considered as a Kind; in our domain agg] it may be specialized as
Microfossils.

Contact is considered as a Relator because itsteetially dependent and acts as a
mediating entity in the relationship among otheitis.

Aiming to achieve an ontologically consistent stawe for the relations among the
concepts of the domain ontology, our tool enfortles ontology relations to be
ontologically well founded; consequently, we hawsfprmed the identification of the
set of the existing relations among the concepth®Sedimentary Stratigraphy domain
ontology accordingly using the support of the foatiwhal ontology meta-types in order
to ensure semantic consistency in the domain ogyolo

Portion of Rock is constituted by Rock, as seekigure 33. Metamorphic Rock,
Sedimentary Rock and Igneous Rock are SubkindsoskRconsequently, Portion of
Rock is constituted by Metamorphic Rock, Sedimgntaock or Igneous Rock. In
cascade effect, this is also true for the relatibesveen Portion of Rock and every
Subkind of Metamorphic Rock, Sedimentary Rock agniebus Rock, their Subkinds,
and so on, resulting in a total of 20 (twenty) GaotedBy Relations.
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Figure 33 Portion of Rock is constituted by Rock.

Igneous Rock, which is a Subkind of Rock, cross G&#dimentary Rock, which is
also a Subkind of Rock, as seen in Figure 34. stade effect, this is also true for the
relations between Igneous Rock and every SubkindSedimentary Rock, their
Subkinds, and so on, resulting in a total of 14i(feen) CrossCut Relations.

CrossCut is a specialization of the spatial refetjaherefore we may associate a
visual representation to this relation.



Edit Relation
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Figure 34 Igneous Rock cross cuts Sedimentary Rock.

Core, which is a Subkind of Portion of Rock, coexigith Outcrop, which is also a
Subkind of Portion of Rock, as seen in Figure 35.
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Figure 35 Core coexists with Outcrop.

Sedimentary Facies is constituted by SedimentargkRas seen in Figure 36. In
cascade effect, this is also true for the relatiogisveen Sedimentary Facies and every
Subkind of Sedimentary Rock, their Subkinds, andosp resulting in a total of 14
(fourteen) ConstitutedBy Relations.
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Figure 36 Sedimentary Facies is constituted by Sedentary Rock.

Sedimentary Facies, which is a Kind, has Fossilclwvis also a Kind; therefore, the
relation between Sedimentary Facies and Fossifinetl as a ComponentOf Relation,
as seen in Figure 37. Microfossils is Subkind ofdtlp consequently, Sedimentary
Facies has Microfossils, which is also defined &mponentOf Relation.



Edit Relation
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Figure 37 Sedimentary Facies has Fossil.

Sedimentary Facies, which is a Kind, has Sedimgn&tructure, which is a
Category; therefore, the relation between Sedimmgitacies and Sedimentary Structure
is defined as a Formal Relation, as seen in Fig8re

Surface Features on Beds or Stratification, BiogeSitructure, Depositional
Structure, Deformation Structure and Chemical Dm&fje Structure, which are
subtypes of Sedimentary Structure, are considesefiirad; consequently, the relations
between Sedimentary Facies and its component Earth, as Sedimentary Facies has
Surface Features on Beds or Stratification, SediamgrFacies has Biogenic Structure,
Sedimentary Facies has Depositional Structure,nSatary Facies has Deformation
Structure and Sedimentary Facies has Chemical DedigeStructure, are all defined as
ComponentOf Relations. In cascade effect, thislse &ue for the relations between



Sedimentary Facies and every Subkind of SurfacéuFesaon Beds or Stratification,
Biogenic Structure, Depositional Structure, Defadiiora Structure and Chemical
Diagenetic Structure, their Subkinds, and so osyltimg in a total of 190 (one hundred
and ninety) ComponentOf Relations.

Edit Relation
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Visual Representation g] ¥ i
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Figure 38 Sedimentary Facies has Sedimentary Struate.

Sedimentary Structure is inside of Sedimentary R@k seen in Figure 39. In
cascade effect, this is also true for the relatibaveen Sedimentary Structure and
every Subkind of Sedimentary Rock, their Subkirashel so on, resulting in a total of 14
(fourteen) InsideOf Relations.



InsideOf is a specialization of the spatial relasiptherefore we may associate a
visual representation to this relation.
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Figure 39 Sedimentary Structure is inside of Sedinmeary Rock.

Sedimentary Facies is in contact with Sedimentagids; this relation needs the
existence of a mediating entity, a Contact as at@elin order to connect the related
entities. Therefore, the relation Sedimentary Fagge in contact with Sedimentary
Facies is defined as a Material Relation, as seéigure 40.
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Figure 40 Sedimentary Facies is in Contact with Séaientary Facies.

As a result from our case study, a total of 257o(twundred fifty-seven) binary
relations have been identified in the domain orgglas seen in Table 3. From these
relations, 256 (two hundred fifty-six) have beeffied as Formal Relations, while one
has been defined as Material Relation.



Table 3 Domain ontology relations.

Formal Material Total

Relations 256 1 257

Among the Formal Relations, 35 (thirty-five) haveeh defined as Existential
Relations, 192 (one hundred ninety-two) have bedmed as Part-Whole Relations, 28
(twenty-eight) have been defined as Spatial Relatiavhile one relation has not been
specialized, as seen in Table 4.

Table 4 Domain ontology Formal relations.

Existential Part-Whole Spatial Formal Total
(not specialized)

Relations 35 192 28 1 256

From the Existential Relations, one has been slmminas CoexistWith Relation,
while 34 (thirty-four) have been specialized as €ltatedBy Relations, as seen in
Table 5. The specialized CoexistWith Relation hesnbcreated by relating two entities
defined as Subkind of a Kind. Among the specialigemstitutedBy Relations, one has
been created by relating an entity defined as Kind an entity defined as Quantity,
while 33 (thirty-three) have been created by retatan entity defined as Kind and an
entity defined as Subkind of a Quantity.

Table 5 Domain ontology Existential relations.

Relata/Relation CoexistWith ConstitutedBy | Total
Kind x Quantity 1 1
Kind x Subkind of Quantity 33 33
Subkind of Kind x Subkind of Kind 1 1
Total 1 34 35

From the Part-Whole Relations, 192 (one hundredtpitwo) have been specialized
as ComponentOf Relations, as seen in Table 6. Antlbagpecialized ComponentOf
Relations, 6 (six) have been created by relatinmg éwtities defined as Kind, while 186
(one hundred eighty-six) have been created byimglain entity defined as Kind and an
entity defined as Subkind of a Kind.



Table 6 Domain ontology Part-Whole relations.

Relata/Relation ComponentOf | Total
Kind x Kind 6 6
Kind x Subkind of Kind 186 186
Total 192 192

From the Spatial Relations, 14 (fourteen) have bepeacialized as CrossCut
Relations, while 14 (fourteen) have been specidla® InsideOf Relations, as seen in
Table 7. Among the specialized CrossCut RelatibAqfourteen) have been created by
relating two entities defined as Subkind of a QitgnAmong the specialized InsideOf
Relations, 14 (fourteen) have been created byimglain entity defined as Category and
an entity defined as Subkind of a Quantity.

Table 7 Domain ontology Spatial relations.

Relata/Relation CrossCut InsideOf Total
Subkind of Quantity x Subkind of Quantity 14 14
Category x Subkind of Quantity 14 14
Total 14 14 28

In order to evaluate the improvements resultingnfrthis research project, we
defined some metrics for analyzing the results ead by the application of the
relations according to our proposals, comparing dage study original Sedimentary
Stratigraphy domain ontology against the resulwmmain ontology. Therefore, we
defined metrics for scope, quantitative, visual \klealge, inference, assistance to the
user, and ontological consistency analysis.

Considering the scope analysis metric, we obsemad the original domain
ontology presented 7 (seven) different types aditr@hs, while the resulting domain
ontology presents 17 (seventeen) different typeslafions, as seen in Table 8.

Table 8 Metric: Scope.

Relation types

Original ontology 7

Resulting ontology 17




Considering the quantitative analysis metric, weersbed that the original domain
ontology presented 15 (fifteen) relations, while tiesulting domain ontology presents
257 (two hundred fifty-seven) relations, as seehahle 9.

Table 9 Metric: Quantitative.

Relations

Original ontology 15

Resulting ontology 257

Considering the visual knowledge analysis metrie, ebserved that the original
domain ontology presented no relation with visiggresentation, while the resulting
domain ontology presents 28 (twenty-eight) rela&iaith visual representation, as seen

in Table 10.

Table 10 Metric: Visual knowledge.

Relations with visual representation

Original ontology —

Resulting ontology 28

Considering both the inference and the assistamdbet user analysis metrics, we
observed that the original domain ontology presémie relation defined based on
question provided by the system, while the resgltiomain ontology presents all the
257 (two hundred fifty-seven) relations defined dzhon question provided by the
system, as seen in Table 11.

Table 11 Metric: Inference / Assistance to the user

Relations defined based on question
provided by the system

Original ontology —

Resulting ontology 257

Also considering both the inference and the assistdo the user analysis metrics,
we observed that the original domain ontology pmeesk no relation defined based on
the meta-types of the related entities, while #sulting domain ontology presents 192
(one hundred ninety-two) relations defined basedtlon meta-types of the related

entities, as seen in Table 12.



Table 12 Metric: Inference / Assistance to the user

Relations defined based on the
meta-types of the related entities

Original ontology

Resulting ontology 192

Considering the ontological consistency analysigrimewe observed that the
original domain ontology presented 9 (nine) ontaally consistent relations,
representing 60% (sixty percent) of the relatiombkile the resulting domain ontology
presents 257 (two hundred fifty-seven) ontologicalbnsistent relations, representing
100% (one hundred percent) of the relations, as ise€able 13.

Table 13 Metric: Ontological consistency.

Ontologically consistent relations

Original ontology 9 (60%)

Resulting ontology 257 (100%)

The system has been validated by a geologist, a fuse1 the Sedimentary
Stratigraphy, featuring the importance of the aggtlility of the ontology built in the
real world due to the generation of a modeling vhidher consistency; this benefit has
been achieved as a result of the assistance prbbigéhe system for helping users to
select the precise relation type while creating hlationships between the domain
concepts. Furthermore, the geologist emphasizedhhasystem presents an interactive
and clear language such that the user interactitim thve system flows easily and
smoothly. The user also underlined the gains obthidue to the relevance of the
information added through the use of visual repreg®sn in the domain of geology.

The current state of the ontology can be unders&sod refinement of the original
ontology developed in previous stages of the Oliitgect. After these evaluations, we
have identified more clearly the benefits from thesearch project regarding the
ontological consistency of the domain ontology tieles. As a result, it was possible to
extract by inference the meta-type of the relatiGupport the representation of visual
objects and provide an environment for knowledgelefing for users that have only
initial training in ontology representation formianguages. In the next section, we
present our conclusions and some open possibilitieguture improvement of this
work.



12CONCLUSIONS

Ontology is a formal and explicit specification @fshared conceptualization. An
important distinction that we have to emphasizbasveen foundational ontology and
domain ontology. Foundational ontologies define thp-level domain-independent
ontological categories, creating the general fotioda for the domain-specific
ontologies. Foundational ontologies provide the idbasoncepts allowing the
construction of consistent domain-specific ontadsgiDomain ontologies acquire the
consensual knowledge, allowing it to be formalized shared among a community of
interest, minimizing the domain ambiguities.

Relationships are used to describe how the con@ptstructured in the world. In
ontologies all concepts are hierarchically defineat, there are other relationships that
are definitional, giving identity to the conceptelaneaning to the world.

Mereology provides the foundational basis for thelgsis and representation of the
relations between parts and wholes, and among plaats compose a whole. The
conceptual theory of parthood must also considerttieory of wholes in order to take
into account the relations that bind the parts whale together. The composite objects
are not just an aggregation of entities, but comgletities suitably unified by proper
binding relations.

The subsumption relationship allows structuring tdseonomy of concepts; besides
the main hierarchical organization, other formald amaterial relations assist in
structuring the domain and the conceptual definitleormal relations hold between two
or more entities directly without any further intening individual. Material relations
need another mediating entity; the relata of a nateelation are mediated by
individuals that are called relators.

In our study, we noticed that the analyzed ontolbgilding applications do not
provide both relationship ontological foundationsdavisual knowledge, and most of
them require users to understand the main conedyatst formal modeling in order to
build applicable models.

Aiming the creation of more cohesive diagrams,ube of a foundational ontology
plays an important role in achieving the commonsemsus, reducing the possibilities
of interpretation on the domain through the sencac#tegorization of the concepts,
properties and relations of the ontology. A fourmlal ontology aims to establish a
basis in order to obtain consistency in the meanaygptiation on a conceptual model.

There are information domains where visual knowdedg crucial for its
completeness. On these imagistic domains, visutierparecognition is the initial
process for capturing information and supportingbpgm solving. The use of visual
communication, as images, allows a better undedstgnof the domain where the
linguistic symbolic representation is not enoughr fexplaining certain kind of



knowledge. One of the goals of our research pragdb provide components for
representing visual knowledge and support imagtimains in the definition of the
relations among the ontology concepts. Thus, tb@d &ims to provide support to
specialists that need to build a conceptual motieisnal knowledge, taking advantage
of the visual representation in order to help theraxpress the complete meaning of the
concept relations.

As a result of our researches, our ontology bujdinol is constantly under
improvement; we keep adding important featurest®nrmplementation, which many of
them we do not find on most of the other tools. §ithis specific research project has
fundamental importance, continuing the evolutionaof innovative tool focusing on
enabling the ontology construction richer and mapelicable for both academic and
commercial purposes.

The benefits of the modeling of the relationshigsti®e domain ontology have
become explicit through the conceptual and intaitapproach added to the tool. The
capabilities of the proposed metadata model haen lassessed through a practical
application case study by the construction of atology for describing sedimentary
facies in the Sedimentary Stratigraphy domain. Assalt from this research project,
we have obtained a robust domain ontology, presgmmiecision in the specification of
the meaning of the ontology concept relations.

The main contributions of this work include the id#fon of the ontological
relations based on a set of metadata that progpesialized ontological constructs for
creating the domain ontology relations, supportmgontology building environment
which is independent of the representation forrmaglages, providing assistance so
that users do not need any previous knowledge iol@yy representation in order to
interact with the ontology. Some constructs areliegpto support the ontological
choices supported by the semantic expressivitheffoundational ontology primitives.
Other constructs allow the association of visugdresentation in order to obtain a
higher domain understanding. This work takes insateration the importance of the
ontological foundation and the visual knowledge@sporting instruments.

This project can be considered as a basis fordutark in order to complement the
ontological foundation of relations into the Obagatology building tool, such as:
creating a catalog of images for structuring theual representation of the domain
ontology relations; considering the possible speeton of the taxonomic relations;
and considering the occurrence of temporal relatiaiong with the existence of
perdurants.

The definition of a catalog of images in order tettér structure the visual
representation for the ontology relations has towweked accordingly along with
geologists familiar with the domain.

Taxonomic relationship is based on highly generdblogical notions drawn from
philosophy, which are used to elicit and charazeetihe intended meaning of properties,
classes, and relations making up an ontology. Thepects impose several constraints
on the taxonomic relationships between concepte dimalysis of these constraints
helps in evaluating and validating the choices makteler this topic, we may deal with
important issues such as inheritance.

In the literature, depending on the point of viewlations may be structured
according to different kinds of classification; s formal and material relations,
there is another orthogonal category addressingsgiaio-temporal relations. The



foundational ontology has to be extended in orderconsider the occurrence of
temporal relations. Under this topic, we may dedghwmportant issues such as the
existence of perdurants.
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APPENDIX A - SEDIMENTARY STRATIGRAPHY
DOMAIN ONTOLOGY

First level:

Ontology: | Sedimentary Stratigraphy ¥ | Load

Tree of Universals

- Universal
Contact
- Rock
Metamorphic Rock
3 Sedimentary Rock
3 lgneous Rock
- Sedimentary Structure
r SurfaceFeaturesOnBedsOrSiratification
3 BicgenicStructure
3 DepositionalStructure
* Deformation Structure
r ChemicalDiageneticStructure
- Fossil
Microfossils

Sedimentary Facies
- Paortion of Rock
Core
Outcrop



All levels (except Sedimentary Structure):

Ontology: | Sedimentary Stratigraphy ¥ | Load

Tree of Universals

- Universal
Contact
- Rock
Metamorphic Rock
- Sedimentary Rock
- Chemical Rock
Siliceous Rock
Evaporite Rock
- Carbonate Rock
Limestone
Dolomite
Phosphate Rock
- Clastic Rock
Sandstone
Mudstone
Shale
Conglomerate
Silistone
- lgneous Rock
“olcanic Rock
Pyroclastic Rock
Plutenic Rock
3 Sedimentary Structure
- Fossil
Microfossils
Sedimentary Facies
- Portion of Rock
Core
Outerop



Sedimentary Structure / SurfaceFeaturesOnBeds@ifisaaon:

Ontology: Sedimentary Stratigraphy ¥ | Load

Tree of Universals

- Universal
Contact
r Rock
- Sedimentary Structure
b SurfaceFeatures0nBedsOrStratification
PinchAndSwellStructures
ErosienalSurfaces
SoleMarks
W_ScouriMarks
GrooveCasts
FrendescentCasts
Channel
Scours
W _Ripple
ArmoredMudstoneClasts
% _PartingLineation
W3hapedScours
Flutes
ObstacleScours_CreccentMarks
PebbleMadeGrooveCasts
ScourAndFill
ChevronCast
RoundedChannelForm_ScourfndFil
FluteCasts
ClusteredFluteCasts
W_Rilllarks
MudstoneClasts
W _ToolMarks
CometShapedObstacleMarks
BounceCasts



Sedimentary Structure / SurfaceFeaturesOnBeds@fisaton (continued):

Ontology: | Sedimentary Stratigraphy ¥ | Load

ChevronCast -
RoundedChannelForm_ScourAndFill
FluteCasts

ClusteredFluteCasts

YW _RillMarks

MudstoneClasts

W_ToolMarks
CometShapedObstacleMarks
BounceCasts

ToolMarks

Delicate Scourfarks
EresicnalSurfaceAtBase OfACrevasseD
ProdCasts

W_ScourfndFill

CurrentMarkings

FluidDragCasts

Y_RainDroplmprint

DendriticPattern
DendrificRidgeCasts

Mested ScourfndFillWithPelific
UZhapedChannelForm

BrushCasis
GutterCasis
W_MudCracks
RibAndFumrow

2 BicgenicStructure

3 DepositicnalStructure

3 DeformationStructure

3 ChemicalDiagensticSiructure

3 Fossil
Sedimentary Facies
r Portion of Rock



Sedimentary Structure / BiogeneticStructure:

Ontology: Sedimentary Stratigraphy ¥ | Load

Tree of Universals

- Universal
Contact
r Rock
- Sedimentary Structure
r SurfaceFeaturesOnBedsCrSiratification
- BicgenicStructure
Marcas de pe de passaro (in Porfuguese)
Cicatrizes de deslizamento {in Portuguese)
Montes {in Porfuguese)
Bioturbacdo (in Porfuguese)
Stromatactis (in Porfuguese)
2 Estromatalitos (in Porfuguese)
Mecnereites (in Fortuguese)
3 Tracos fasseis (in Porfuguese)
Laminitos micrebiais {in Portuguese)
Recifes {in Porfuguese)
Tapete bacteriano {in Porfuguese)
Condritos (in Porfuguese)
Trombalitos (in Portuguese)
2 DepositionalStructure
3 DefermationStructure
3 ChemicalDiagenetic Structure
¥ Fossil
Sedimentary Facies
* Portion of Rock



Sedimentary Structure / BiogeneticStructure / Esatblitos (in Portuguese):

Ontology:| Sedim entary Stratigraphy ¥ | Load

- Universal i
Contact
r Rock
- Sedimentary Structure
3 SurfaceFeaturesOnBedsCrSiraiification
g BiogenicSiructure

Marcas de pé de passaro (in Porugues: |
Cicatrizes de deslizamento {in Portugue -
Montes {in Perfluguese)

Bioturbacdo (in Porfuguese)
Stromalactis (in Porluguese)

- Estromatolites {in Portuguesse)
3 Formas laminares {in Poruguese)
* Formas de coluna e estruturas de mi
k Bicherma (Bioconstrugaa) (in Fl:rrlug;

Laminacdo estromatolitica (in Portug
k Estromatalitos ndo colunares (in Pail
Estromatalito colunar {in PDHUQUESE?
r Ramificagdes e cealescéncias (in P
3 Biostrome (in Portuguese)
Meonereites (in Portuguese)

k Tragos fosseis (in Porfuguese)
Laminiios microbiais {in Portuguese)
Recifes {in Poruguese)

Tapete bacteriano {in Porluguese}
Condritos (in Portuguese)
Trombalites (in Portuguese}

] DeposifionalStructure

r Deformation Structure

k ChemicalDiageneticStructure
r Fossil

Sedimentary Facies
v Partion of Rock



Sedimentary Structure / BiogeneticStructure / Esatlitos (first and
types):

Ontolegy:| Sedimentary Stratigraphy * | Load

- Universal
Contact
r Rock
- Sedimentary Structure
r SurfaceFeatures0nBedsOrStratification
- BiogenicStructure

Marcas de pé de pass=are (in Porfuguese
Cicatrize= de deslizamento (in Portugues
Montes (in Portuguese)
BioturbacAo (in Portuguesze)
Stromatactiz (in Portuguese)

- E=tromatalitos (in Portuguese)

- Formas laminares (in Portuguese}
Enrugada (in Portuguese)
Parabolica (in Portuguese)
Rdmbica (in Portuguess)
Suavemente convexa (in Portugu
Tuberoza (in Portuguese)
Retangular {in Portuguese)
Ondulada (in Portuguese)
Wicro-discorddncia (in Portugues:
Acentuadamente convexa (in Por

- Formas de coluna e estruturas de ma
Ponte (in Portuguese)

Cornijas (in Portuguese)
Picos (in Portuguese)
Prolongamentes (in Portuguese)
Costelas (in Portuguese)
Michog e prolengamentos (in Porti
Saliéncias (in Portuguess)
r Bicherma (Bioconstrugde) (in PortugL
Laminacdo estromatolitica (in Pertugu
r Estromatdlitos ndo colunares (in Portt

second sub-



Sedimentary Structure / BiogeneticStructure / Esawlitos (third and fourth sub-
types):

Ontelegy:| Sedimentary Stratigraphy * | Load

- Universal
Contact
¥ Rock
b Sedimentary Structure
3 SurfaceFeatures0nBedsOrStratification
- BiogenicStructure

Marcas de pé de passare (in Porfuguese
Cicatrize= de deslizamento (in Portugues
Montes (in Portuguese)

Bioturbacdo (in Portuguese)
Stromatactis (in Portuguese)

- E=tromatdlitos (in Portuguese)
3 Formas laminares (in Portuguese}
r Formas de coluna e estruturas de ma

4

Bicherma (Bioconstrucde) (in PortugL
Tonguing (in Portuguese)
Tabular {in Pertuguese)
Subesférica (in Portuguese)

Em forma de doeme (in Portuguese

Laminacdo estromatolitica (in Pertugu
- Estromatoltos ndo colunares (in Porty

Horizontalmente laminado (in Port

Pseudo colunar (in Portuguese)

Colunar em camadas (in Portugue

Acumulado (in Portuguese)

Ondulatorio (in Portuguese)

Estromatdlite colunar (in Pertuguese)
r Ramificacies e coalescéncias (in Pol
3 Biostrome (in Portuguese)
Neonereites (in Portuguese)

3 Tracos fosseis (in Portuguese)

Laminitos microbiais (in Portuguese)

Recifes (in Pertuguese}



Sedimentary Structure / BiogeneticStructure / Esalitos (fifth and sixth sub-types):

Ontology: Sedimentary Stratigraphy ¥ | Load

- Universal
Contact
* Rock
- Sedimentary Structure
r SurfaceFeatures0nBedsOrStratification
- Biogenicstructure

Marzas de pé de passaro (in Pertuguese
Cicatrizes de deslizamento (in Portugues
Montes (in Portuguese)

Bioturbacde (in Portuguese)

Stromatactis (in Pertuguese)

- Estromatolites (in Portuguese)
3 Formas laminares (in Portuguese)
¥ Formas de coluna e estruturas de ma
3 Bicherma (Bioconstrucdo) (in Portugt

Laminacdoe estrematoltica (in Portugu
C Estromatolites ndo colunares (in Poriy
Estromatolito colunar (in Portuguese)
- Ramificacies e coalescéncias (in Pol
Colunas coalescentes (in Portugu
Levemente divergente (in Porfugu
Paralela {in Portuguese)
lMarcadamente divergente (in Por
- Biostrome (in Portuguese)
Biostrome tabular (in Porfuguese)
Biostrome em forma de domo (in
Mecnereites (in Portuguese)
3 Tracos fosseis (in Portuguese)
Laminitos microbiais (in Portuguese)
Recifes (in Portuguese)
Tapete bacteriano (in Portuguese)
Condrites (in Portuguese)
Trombalitos (in Portuguese)



Sedimentary Structure / BiogeneticStructure / Tsdgsseis (in Portuguese):

Ontology: Sedimentary Stratigraphy ¥ | Load

- Universal
Contact
3 Rock
- Sedimentary Structure
3 SurfaceFeatures0nBedsOrStratification
- Biogenicstructure
Marcas de pé de passaro (in Porfuguese
Cicatrizes de deslizamento (in Portugues
Montes (in Portuguese)
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