Using the Unified Foundational Ontology (UFO) asa
Foundation for General Conceptual M odeling L anguages

Giancarlo Guizzard?, Gerd Wagnér

IFederal University of Espirito Santo (UFES), ViwiS, Brazil
2Laboratory for Applied Ontology (ISTC-CNR), Trenttaly
3Brandenburg University of Technology at Cottbusttas, Germany
Emails:gui zzardi @oa-cnr.it; G Wagner @u-cott bus. de

Abstract. In recent years, there has been a growing inté@respproaches that
employ ontological models as theoretical tools dmalyzing and improving
conceptual modeling languagés this paper we present a philosophically and
cognitively well-founded formal ontology which hagen developed with the
special purpose of serving as a foundation for ggrm@nceptual modeling lan-
guages. Furthermore, we demonstrate how this fdiom#d ontology named
the Unified Foundational Ontology (UFO) has beeadu® evaluate and redes-
ign the metamodel of the Unified Modeling LangudgéiL) for the purpose
of conceptual modeling.

1 Introduction

In recent years, there has been a growing intereéke use of foundational ontologies
(also known as upper level, or top-level ontolopifs: (i) evaluatingconceptual
modeling languages; (ii) developing guidelinestfair use; (iii) providing real-world
semantics for their modeling construchs. this paper, we present a fragment of a
philosophically and cognitively well-founded reface ontology namedFO (Unified
Foundational Ontology)UFO started as a unification of the GFO (GeneealiFor-
malized Ontology) [5] and the Top-Level ontology wiiversals underlying Onto-
Clean @t tp: // wamv. ont ocl ean. or g). However, as shown in [1], there are a number of
problematic issues related the specific objectivéeyeloping ontological foundations
for general conceptual modeling languages (e.gR,BEBML, ORM) which were not
covered in a satisfactory manner by existing fotiodal ontologies such as GFO,
DOLCE or OntoClean. For this reason, UFO has bemarldped into a full-blown
reference ontology of endurants based on a nunfiibeories from Formal Ontology,
Philosophical Logics, Philosophy of Language, Listos and Cognitive Psychology.
This ontology is presented in depth and formallgreloterized in [1]. In section 2, we
discuss the main categories comprising UFO.

Furthermore, we demonstrate in this paper howdhtslogy can be used in the
design and evaluation of conceptual modeling laggsaln section 3, we present a
general ontology-based framework that can be usexydtematically assess the suit-
ability of an artificial modeling language to moga#ienomena in a given domain. In



particular, this framework focuses on two propertd modeling languages [1]: (i)
domain appropriatenessvhich refers to truthfulness of a language tdoverydomain
in reality; (ii) comprehensibility appropriateneswhich refers to the pragmatic effi-
ciency of a language to support communication, demaderstanding and reasoning
in that domain.

In section 4 and 5, we employ UFO and the framewadriection 3 to analyze and
redesign the 2.0 version of the metamodel of thdiédhModeling Language (UML)
[12]. The fact that UML is ale factostandard considered in several sub-fields of
computer science (e.g., software and domain engimgedatabase and information
systems design) counts in favor or the practicalitgl relevance of this approach.
Section 6 presents some final considerations oattiele.

2 The Unified Foundational Ontology (UFO)

In the sequel, we restrict ourselves to a fragnaérilFO, depicted in the figure 2.
Moreover, due to space limitations and the focuhefpaper we present the ontologi-
cal categories comprising UFO superficially. Forimardepth presentation and corre-
sponding formalization, one should refer to [1].

2.1 The Core Categories. Object-Object Universal, Moment-M oment Univer sal

A fundamental distinction in this ontology is beamethe categories #farticular and
Universal. Particulars are entities that exist in realitysg@ssing a unique identity.
Universals, conversely, are pattern of featureschwhan be realized in a number of
different particulars. The core of this ontologyemplifies the so-calledristotelian
ontological squareor what is termed aFour-Category Ontolody[8] comprising the
category pairgObject-Object Universal, Moment-Moment Universal. From a meta-
physical point of view, this choice allows for thenstruction of a parsimonious on-
tology, based on the primitive and formally definsation ofexistential dependence
We have that a particularis existentially dependeiféd) on another particulay iff,

as a matter of necessity, y must exist whenevetiste Existential dependence is a
modally constant relation, i.e., if x is dependenty, this relation holds between these
two specific particulars in all possible worldswhich x exists.

The word Moment is derived from the germalMomentein the writings of E.
Husserl and it denotes, in general terms, whabisesimes namedrope, abstract
particular, individual accidentor property instanceThus, in the scope of this work,
the term bears no relation to the notion of timgant in colloquial language. Typical
examples of moments are: a color, a connectiorelestric charge, a social commit-
ment. An important feature that characterizesraimentss that they can only exist in
other particulars (in the way in which, for exampectrical charge can exist only in
some conductor). To put it more technically, we #zt moments arexistentially
dependenbn other particulars. Existential dependence ¢sm l3e used to differenti-
ate intrinsic and relational momentstrinsic moments are dependent of one single
particular (e.g., color, a headache, a temperatoegtors depend on a plurality of
particulars (e.g., an employment, a medical treatyree marriage). A special type of



existential dependence relation that holds betveesroment and the particulay of
which x depends is the relation ofherence (i). Thus, for a particulax to be a mo-
ment of another particulg; the relatiori(x,y) must hold between the two. For exam-
ple, inherence glues your smile to your face, erdharge in a specific conductor to
the conductor itself. Here, we admit that momeiats imhere in other moments. Ex-
amples include the individualized time extension,tltie graveness of a particular
symptom. The infinite regress in the inherencerci@prevented by the fact that there
are individuals that cannot inhere in other indiiits, namelypbjects

Objects are particulars that possess (direct) spatial-teaimualities and that are
founded on matter. Examples of objects includenangi entities of everyday experi-
ence such as an individual person, a dog, a hausammer, a car, Alan Turing and
The Rolling Stones but also the so-callgdt Objectssuch as the North-Sea and its
proper-parts, postal districts and a non-smokirgg af a restaurant. In contrast with
moments, objects do not inhere in anything and, esnsequence, they enjoy a higher
degree of independence. To state this preciselyayahat: an object x independent
of all other objects which are disjoint from x,.j.éhat do not share a common part
with x, whereindependent(x,y) =q¢ ~ed(X,y) O =~ed(y,x). This definition excludes
the dependence between an object andsigentialandinseparable part$l], and the
obvious dependence between an object and its edsentnents.

To complete the Aristotelian Square, we considee lihe categories afbject
universal andmoment universal. We use the term universal here in a broader sense
without making anya priori commitment to a specific theory of universals. fver-
sal thus can be considered here simply as some(hinghich can be predicated of
other entities and (ii) that can potentially beresgnted in language Ipyredicative
terms We also use the relation :: of classificationngn particulars and universals.
Object universals classify objects and moment usals classify moments. Examples
of the former include Apple, Planet and Person.niplas of the latter include Color,
Electric Charge and Headache. This distinctionlss @resent in Aristotle’s original
differentiation between what &id of a subjectde subjecto digj denoting classifica-
tion and what ixemplified in a subjedin subjecto e3t denoting inherence. Thus,
the linguistic difference between the two meaniofythe copula “is” reflects an onto-
logical one. For example, the ontological interptien of the sentence “Jane is a
Woman” is that the Object Jane is classified by @igect kind Woman. However,
when saying that “Jane is tall” or “Jane is laugfiiwe mean that Jarexemplifieghe
moment universal Tall or Laugh, by virtue of heesific height or laugh. Finally, we
define the relation ofharacterizationbetween moment universals and the particulars
that exemplify them: a moment universal M charaeésr a universal U iff every in-
stance of U exemplifies M. The categories of obj@esdment, object and moment
universals as well as the relations of classiftogtiinherence, exemplification and
characterization are organized in terms of theadled Aristotelian Square in figure 1.

characterizes

Object Universal Moment Universal

instantiatesT exemplifies T instantiates

Object «——nheresin__ poment

Fig 1. The Aristotelian Square



2.2 Qualities, Qualia and M odes

An attempt to model the relation between intrimaimments and their representation in
human cogpnitive structures is presented in therthebconceptual spacestroduced

in [3]. The theory is based on the notiongpfality dimensionThe idea is that for
several perceivable or conceivable moment univerdfare is an associated quality
dimension in human cognition. For example, he@id mass are associated with one-
dimensional structures with a zero point isomorgbiche half-line of nonnegative
numbers. Other properties such as color and taste regpresented by multi-
dimensional structures.

In [3], the author distinguishes betweategral andseparablequality dimensions:
“certain quality dimensions are integral in thessethat one cannot assign an object a
value on one dimension without giving it a valuetbe other. For example, an object
cannot be given a hue without giving it a brightealue (...) Dimensions that are not
integral are said to be separable, as for exanm@esize and hue dimensions.” He
then defines guality domainas “a set of integral dimensions that are separfatie
all other dimensions” and eonceptual spacas a “collection of one or more do-
mains” (ibid.). Finally, he defends that the noti@hconceptual space should be un-
derstood literally, i.e., quality domains are enddwwith certain geometrical struc-
tures (topological or ordering structures) thatstmain the relations between its con-
stituting dimensions. In [3], the perception or ception of an intrinsic moment can
be represented as a point in a quality domainoktig [4], this point is named here a
quale

An example of a quality domain is the set of in&glimensions related to color
perception. A color qualitg of an applea takes it value in a three-dimensional color
domain constituted of the dimensions hue, saturagiod brightness. The geometric
structure of this space (tlelor splinter[3]) constrains the relation between some of
these dimensions. In particular, saturation anghbmiess are not totally independent,
since the possible variation of saturation decreasebrightness approaches the ex-
treme points of black and white, i.e., for almoktck or almost white, there can be
very little variation in saturation. A similar cdraint could be postulated for the rela-
tion between saturation and hue. When saturatimeng low, all hues become simi-
larly approximate to grey.

We adopt in this work the tergquality structuredo refer to quality dimensions and
quality domains, and we define the formal relatidrassociationbetween a quality
structure and a moment universal. Additionally, wge the termsjuality universals
for those intrinsic moment universals that associated witta quality structure, and
the termquality for a moment classified under a quality univer$sle also assume
that quality structures are always associated witlmique quality universal, i.e., a
quality structure associated with the universal §fieicannot be associated with the
universal Color.

Following [4], we take that whenever a quality wersal Q is related to a quality
domain D, then for every particular quality x::(@th ardndirect qualitiesinhering in
x for every quality dimension associated with Dr kustance, for every particular
quality c instance of Color there are quality pardars h, s, b which are instances of
quality kinds Hue, Saturation and Brightness, reSpely, and that inhere in c. The



gualities h, s, lare namedndirect qualitiesof c's bearer. Qualities such as h, s, b are
namedsimple qualitiesi.e., qualities which do not bear other qualitiescontrast, a
quality such as c, is named:amplex qualitySince the qualities of a complex quality
x::Q correspond to the quality dimensions of thaliyy domain associated with Q,
then we have that no two distinct qualities inhgrincomplex quality can be of the
same type. For the same reason, since there amuitidimensional quality dimen-
sions, we have that complex qualities can only Is#aple qualities. Moreover, we
use the predicatgualeOf(x,y)to represent the formal relation between a qualéy
ticular y and its quale.x

Finally, we make a distinction between qualitied amother sort of intrinsic mo-
ment named hemaodes Modes are moments whose universals are not jiretated
to quality structures. In [3], the author makes fitleowing distinction between what
he callsconceptsandproperties(which at first could be thought to correspondtie
distinction between Object and Moment universaspectively): “Properties...form
as special case of concepts. | define this distindty saying that aropertyis based
on single domain while aconceptmay be based oseveral domairis We claim,
however, that only moment universals that are qotuedized w.r.t. a single domain,
i.e., quality universals, correspond to properirethe sense of [3]. There are, none-
theless, moment universals that as much as obj@atngals can be conceptualized in
terms of multiple separable quality dimensions. rapkes include beliefs, desires,
intentions, perceptions, symptoms, skills, amongwymathers. Like objects, modes
can bear other moments, and each of these momentsefer to separable quality
dimensions. However, since they are moments, difity from objects, modes are
necessarily existentially dependent of some pdaticu

2.3. Relations, Relators and Qua Individuals

Relations are entities that glue together other entitiesthin philosophical literature,
two broad categories of relations are typically sidared, namelymaterial andfor-
mal relations [5,6]. Formal relations hold between wvanore entities directly, with-
out any further intervening particular. In prin@plthe category of formal relations
includes those relations that form the mathemasoglerstructure of our framework
including existential dependenced], inherenceif, part-of (<), subset-gfinstantia-
tion, characterizationexemplification among many others not discussed here [1]. We
name these relations hebasic formal relationg5] or internal relations[7]. In this
case, in conformance with [7] we deem the tie @xus) between the relata as non-
analyzable.

However, we also classify as formal those domalatioss that exhibit similar
characteristics, i.e., those relationscomparisonsuch as is taller than, is older than,
knows more greek than. We name these relatimnsparative formal relationsAs
pointed out in [6], the entities that are immediegkata of such relations are not ob-
jects but intrinsic moments. For instance, thetiaisheavier-than between two atoms
is a formal relation that holds directly as soontles relata (atoms) are given. The
truth-value of a predicate representing this retatiepends solely on the atomic num-
ber (a quality) of each atom and the material aunté heavier-than is as it were dis-
tributed between the two relata. Moreover, to qudidligan and Smith, “once the



distribution has been effected, the two relatasgen to fall apart, in such a way that
they no longer have anything specifically to dohweach other but can serve equally
as terms in a potentially infinite number of compans”.

Material relations conversely, have material structure of their @md include ex-
amples such asorking at being enrolled gtandbeing connected tdVhilst a formal
relation such as the one between Paul and his lealgek of Greek holds directly and
as soon as Paul amxdexist, for a material relation dfeing treated irbetween Paul
and the medical unit MLto exist, another entity must exist whictediatesPaul and
MU;. We name these entitieslators Relators are particulars with the power of con-
necting entities. For example, a medical treatneennects a patient with a medical
unit; an enrollment connects a student with an atioical institution; a covalent bond
connects two atoms. The notion of relator (relalonoment) is supported by several
works in the philosophical literature [5,6,8] aride position advocated here is that
they play an important role in answering questiohshe sort: what does it mean to
say that John is married to Mary? Why is it truesdg that Bill works for Company X
but not for Company Y?

An important notion for the characterization ofaters (and, hence, for the charac-
terization of material relations) is the notionfefindation Foundation can be seen as
a type ofhistorical dependencp], in the way that, for example, an instancéeing
kissedis founded on an individu&iss,or an instance dbeing punched big founded
on an individuapunch an instance dfeing connected tbetween airports is founded
on a particular flight connection. Suppose thatnJshmarried toMary. In this case,
we can assume that there is a particular relatational moment) mof type mar-
riage that mediates John and Mary. The foundation afthliator can be, for instance,
a wedding event or the signing of a social conttetiveen the involved parties. In
other words, for instance, a certain eveninewhich John and Mary participate can
create a particular marriage; mhich existentially depends on John and Mary and
which mediates them. The eventie this case is the foundation of relatoy amd, m
is the so-called truthmaker of the propositionshfdes married to Mary”.

Using this example, we can further elaborate omttare of the relator mThere
are many moments that John acquires by virtue imigb@arried to Mary. For exam-
ple, imagine all the legal responsibilities thahddas in the context of this relation.
These newly acquired properties are intrinsic mdmefi John which, therefore, in-
here and are existentially dependent on him. Howeliese moments also depend on
the existence of Mary. We name this type of monexternally dependent moment
i.e., externally dependent moments are intrinsienemwts that inhere in a single par-
ticular but that are existentially dependent ons@iloly a multitude of) other particu-
lars: a momenx is externally dependent iff it is existentiallypmdent of a particular
which isindependen(in the technical sense of 2.1) of its bearer.

In the case of a material externally dependent nmbméhere is always a particu-
lar externalto its bearer (i.e., which is not one of its pantsntrinsic moments), which
is the foundation ok. Again, in the given example, we can think of gaia event ¢
(wedding event or signing of social contract) iniebhboth John and Mary participate
and which founds the existence of these exterrdglyendent moments inhering in
John. Now, we can define a particular that bedrexaérnally dependent moments of
John that share the same external dependencigbesdme foundation. We term this



particular aqua individual[10]. Qua individuals are, thus, treated here apecial
type ofcomplex externally dependent madesthis case, the complex mode inhering
in John that bears all responsibilities that Jotguaes by virtue of a given wedding
event can be namelhn-qua-husband

To continue with the same example, we can thinkualamother qua individual
Mary-qua-wifewhich is a complex mode bearing all responsibiitthat Mary ac-
quires by virtue of the same foundation and thiagiainhering in Mary are also exis-
tentially dependent on John. The qua individulsdhn-qua-husban@nd Mary-qua-
wife are existentially dependent on each other. Nowcare define an aggregate m
composedaf these two qua individuals that share the samedation, i.e.,John-qua-
husband< m,) and Mary-qua-wife< my). In this example, mis exactly the instance
of the relational propertynarriage that mediates John and Mary and that makes true
propositions such as “John is married to Mary”, tWi& married to John”, “John is
the husband of Mary”, and “Mary is the wife of Jbhn

In this example, a particular instance of the refet! property marriage (i.e., a par-
ticular marriage relator) is the sum of all instatetd responsibilities that the involved
parties acquire by virtue of a common foundationgéneral, a relator can be defined
as the aggregation of a number of qua individuads share the same foundation. A
relator is said to mediate (or connect) the retdta material relation. Formally we
have that: lek, y andz be three distinct individuals such that xa$ a relator; (b is
a qua individual ana is part ofx; (c) z inheres irny. In this case, we say thaimedi-
atesy, symbolized bym(x,y) Additionally, we require that a relator mediastdeast
two distinct particularsAgain, using the example above, we say that thdcpar
relator marriage mmediates the objects John and Mary and, for #ason, we can
say that John and Mary are married to each other.

Analogous to the relation of characterization, wéree a relation ofnediation that
can obtain between a set of object universal anelator universal in the following
way: If a relator universdlr mediates the object universalg.S5,, then every in-
stance ofUy is existentially dependent on a plurality of @ast namely, particular
instances of S..S,. Relator universals constitute the basis for dedgmaterial rela-
tions R. Material relations are themselves unidsradose instances are n-tuples of
particulars. We define the formal relation of datien derivation(R,Ug) holding be-
tween a relator univers@dr and a material relation R such that a n-tuple. o
instantiates R iff there is a relator tg such that r mediates every Xo employ once
more the example above, we have that as «John,>N&aan instance of botmarried
to andis the husband ofind <Mary,John> is an instance of bathrried toandis the
wife of because there is an individual marriage relatgrthat mediates John and
Mary.

2.4 Object Universals

Here we considered a fundamental distinction indhtgory of object Universals,
namely, the one betweeBortal and Mixin Universals Whilst all universals carry a
principle of application only sortals carry grinciple of identityfor their instances. A
principle of application is a principle for whichewcan judge whether a particular is



an instance of that universal. In contrast, a jplecof identity is a principle for which
we can judge whether two particulars are the saksean illustration of this point,
contrast the two universals Apple and Rétstantiated by two particulars x and vy:
both universals supply a principle for which we gatige whether x and y are classi-
fied under those types (i.e., whether they are dgppbr Reds). However, only Apple
supplies a principle for which we decide whetheand y are the same (i.e., merely
knowing thatx andy are both red gives no clue to decide whether ox#g).

Within the category of sortal universals, we makarther distinction based on the
formal notions ofigidity andanti-rigidity: A universal U is rigid if for every instance
x of U, x is necessarily (in the modal sense) ataimce of U. In other words, if x
instantiates U in a given world w, then x must amsiate U in every possible world
w'. In contrast, a universal U is anti-rigid if fewery instance x of U, x j{gossibly(in
the modal sense) not an instance of U. In othedsyaf x instantiates U in a given
world w, then there must be a possible world wiMmich x does not instantiate U. A
sortal universal which is rigid is named her&iad. In contrast, an anti-rigid sortal
universal is termed hereRhased-Sortal. The prototypical example highlighting the
modal distinction between these two categorieshés difference between the Kind
Person and the Phase-Sortals Student and Adolesstantiated by the particular
John in a given circumstance. Whilst John can céase a Student and Adolescent
(and there were circumstances in which John wasone}, he cannot cease to be a
Person. In other words, while the instantiatiorttef phase-sortals Student and Ado-
lescent has no impact on the identity of a paricuf a particular ceases to instantiate
the universal Person, then she ceases to exise @&ame particular.

John can move in and out of the Student univevgale being the same particu-
lar, i.e. without losing his identity. This is bers# the principle of identity that applies
to instances of Student and, in particular, thatlwa applied to John, is the one which
is supplied by the kind Person of which the phastat Student is a subtype. This is
always the case with Phased-Sortals, i.e., foryepkased-sortal PS, there is a unique
ultimate kind K, such that: (i) PS is a speciali@atof K; (i) K supplies the unique
principle of identity obeyed by the instances of HFS is a phased-sortal and K is
the kind specialized by PS, there isgecialization conditionp such thatx is an in-
stance of PS ifik is an instance of K that satisfig¢s A further clarification on the
different types of specialization conditions allous to distinguish between two dif-
ferent types of phased-sortalhases and Roles. Phases constitute possible stages in
the history of a particular. Examples include: Mdive and Deceased: as possible
stages of a Person; (b) Catterpillar and Butteoflya Lepidopteran; (¢) Town and
Metropolis of a City; (d) Boy, Male Teenager andukdVale of a Male Person. Roles
differ from phases with respect to the special@atonditiond. For a phase Pl
represents a condition that depends solely omaitriproperties of Ph. For instance,
one might say that if John is a Living Person theris a Person who has the property
of being alive or, if Spot is a Puppy then it iDag who has the property of being less
than one year old. For a role RI, conversélylepends on extrinsic (relational) prop-
erties of RI. For example, one might say that il a Student then John is a Person

IRed is used here as an object universal whosentestaare particulars like a red apple x, not asadity
universal whose instances are particulars sucheaspecific redness of x [1].



who is enrolled in some educational institutionPéter is a Customer then Peter is a
Person who buys a Producfrom a Suppliew, or if Mary is a Patient than she is a
Person who is treated in a certain medical uniather words, an entity plays a role in
a certain context, demarcated by its relation witier entities. This meta-property of
Roles is namefRelational Dependencand can be formally characterized as follows:
A universal T is relationally dependent on anotheiversal P via relation R iff for
every instance of T there is an instangeof P such thax andy are related via R. In
other words, instances of T and P must be medlaegh instance of the relator uni-
versal U that induces the material relation R.

Finally, in [1], we have formally proved a numbdramnstraints involving these
categories. These include (among a number of gth@)sa rigid universal cannot
have as its superclass an anti-rigid one (conseguarphase-sortal cannot subsume a
kind in our theory); (ii) every object must instiaté exactly one kind (i.e., exactly one
rigid independent sortal); (iii) a mixin cannot bebsumed by a sortal; (iv) a mixin
cannot have direct instances.

The discussion of this section is summarized dsvicl Kinds arerigid, inde-
pendent sortalshat supply a principle of identity for their insicesPhases areinde-
pendent anti-rigid sortalsRoles are anti-rigid and relationally dependensortals
Mixins arenon-sortals
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3 A Framework for Language Evaluation and (Re)Design

One of the main success factors behind the usembaeling language lies in the
language’s ability to provide to its target usersea of modeling primitives that can
directly express relevant domain concepts, commisihat we name hered®mmain
conceptualizationThe elements constituting @nceptualizatiorof a given domain
are used to articulate abstractions of certaire sthtaffairs in reality. We name the



latter domain abstractionsTake as an example the domain of genealogicatioak
in reality. A certain conceptualization of this daim can be constructed by consider-
ing concepts such aerson Man, Woman Father, Mother, Offspring being the
father of being the mother oBmong others. By using these concepts, we caruartic
late a domain abstraction (i.e., a mental modeBesfain facts in reality such as, for
instance, thah man named John is the father of another man ndPaadl
Conceptualizations and Abstractions are immatenidities that only exist in the
mind of the user or a community of users of a laggu In order to be documented,
communicated and analyzed they must be captueedepresented in terms of some
concrete artifact. This implies that a languageeesessary for representing them in a
concise, complete and unambiguous way. Figure Etethe distinction between an
abstraction and its representation, and their ioglship with conceptualization and
representation language. In the scope of this wioekrepresentation of a domain
abstraction in terms of a representation languagecalled anodeland the language
L used for its creation is calledr@deling language
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interpreted as Language
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Fig. 3. Relations between Conceptualization, Abstractiond®ing Language and Model

In order for a moded to faithfully represent an abstraction the modeling primi-
tives of the language used to produces should faithfully represent the domain con-
ceptualizationc used to articulate the represented abstractiohhe Domain Appro-
priatenessof a language is a measure of the suitability tdreguage to model phe-
nomena in a given domain, or in other words, ofriithfulness to a given domain in
reality. On a different aspect, different languages specifications have different
measures of pragmatic adequacy (dmprehensibility appropriatenessfers to how
easy is for a user a given language to recognizg thiat language’s constructs mean
in terms of domain concepts and, how easy is t@rgtdnd, communicate and reason
with the specifications produced in that languafjeese two quality criteria can be
systematically evaluated by comparing, on one harmhncrete representation of the
worldview underlying that language (captured byt thaaguage’smetamodglto, on
the other hand, a concrete representation of a itlooesceptualization, or domain
ontology The truthfulness to realityd¢main appropriatenessind conceptual clarity
(comprehensibility appropriatenessj a modeling language depend on the level of
homomorphism between these two entities [1]. Thenger the match between an
abstraction in reality and its representing modet easier is to communicate and
reason with that model.



The mapping from concepts-to-constructs and itersw (i.e., constructs-to-
concept) are named hergepresentatiorandinterpretation mappings, respectively.
In [1], we discuss a number of properties that &hdae reinforced for isomorphic
mappings to take place between an ontologgepresenting a domain and a lan-
guage’s metamodel. If isomorphism can be guaranteedmplication for the human
agent who interprets a diagram (model) is thatiftisrpretation correlates precisely
and uniquely with an abstraction being represergcdontrast, where the correlation
is not an isomorphism then there may potentiallabreimber of unintended abstrac-
tions which would match the interpretation. Thesapprties are briefly discussed in
the sequel and are illustrated in figure 4: $apundnessA languager is soundw.r.t.
to a domaino iff every modeling primitive in the language has iaterpretation in
terms of a domain concept in the ontolagyb) CompletenessA languager is com-
pletew.r.t. to a domairp iff every concept in the ontology of that domain is repre-
sented in a modeling primitive of that languagg; L(gcidity: A languagec is lucid
w.r.t. to a domaimp iff every modeling primitive in the language regpeats at most
one domain concept io. (d) Laconicity: A languager is laconicw.r.t. to a domairD
iff every concept in the ontolog® of that domain is represented at most once in the
metamodel of that language. In [1], we also proadmethodological framework for
systematically assessing these properties givangubge and a domain.

UnsoundnessNon-Lucidity Non-LaconicityandIncompletenessiolate what the
philosopher of language H.P.Grice [11] narnesversational maximthat states that
a speaker is assumed to make contributions in lagdia which areelevant clear,
unambiguousand brief, not overly informativeandtrue according to the speaker’s
knowledge Whenever models do not adhere to these convemsdtinaximstheycan
communicate incorrect information and induce therus make incorrect inferences
about the semantics of the domain.

Fe &

Abstraction Model Abstraction Model

@) (b)

Abstraction Model Abstraction Model
(© (d)

Fig. 4. Examples of Lucid (a) and Sound (b) representatiorapings from Abstraction to
Model; Examples of Laconic (c) and Complete (deiptetation mappings from Model to
Abstraction.

In regards to the property of completeness, whepping the elements of a domain
ontology to a language metamodel we must guarghtgethese elements are repre-



sented in their full formal descriptions. In othleosrds, the metamodelfT of language
L representing the domain ontologymust also represent this ontology’s full axioma-
tization. In formal, model-theoretic terms, thisane that these entities should have
the same set of logical models. In [1], we discihés topic in depth and present a
formal treatment of the idea. The set of logicaldels of O represent the state of af-
fairs in reality deemed possible by a given donminceptualization. In contrast, the
set of logical models ak/7 stand for the world structures which can be regesd by
the grammatically correct specifications of languagin summary, we can state that
if a domain ontology is fully represented in a language metamadelof £, then the
only grammatically correct models afare those which represent state of affairs in
reality deemed possible by the domain conceptuaizaepresented by (termed
intended world structurgs

In the beginning of this section, we have exemgifthe notions discussed above
by referring to the domain of genealogical relasionhis exemplifies what is named a
material domainin the literature. Accordingly, a modeling langaadgesigned to rep-
resent phenomena in this domain is namddoeain-Specific Modeling Language
However, take the case of a (domain-independgeieral conceptual modeling lan-
guage(e.g., EER, ORM, UML). What should be real-wortthceptualization that this
language should commit to? The position defended Iethat it should be a system
of general categories and their ties, which caruded to articulate domain-specific
common sense theories of reality. This meta-comedigation should comprise a
number of domain-independent theories (e.g., typed instantiation, taxonomic
structures, identity, existential dependence, ethith are able to characterize aspects
of real-world entities irrespective of their padiigr nature. The development of such
general theories of reality is the business of ghitosophical discipline oformal
Ontology in philosophy and a concrete artifact representimg of these meta-
conceptualizations is Boundational OntologyAn example of a Foundational Ontol-
ogy is the UFO Ontology presented in the section 2.

4  Evaluating and Re-Designing the UML 2.0 Metamodel

In the sequel we start by constructing represemtadind interpretation mappings be-
tween the concrete metaclasses of the UML metampiasented in [12] and the
ontological categories comprising the foundatiarablogy depicted in figure 2.

Class and Generalization: We begin by focusing on a special sense of the UML
metaclas<lass (see figure 5). By class hereby we mean the natioa first-order
class, as opposed powertypesand one whose instances are single objects, -as op
posed toassociation classesvhose instances are tuples of objects. In thises, if

we make a representation mapping from UFO to thé_WiMtamodel, we can map the
category oMonadicUniversalto the UML element of &lass However, by carrying

on this process, we realize that in UML there avamodeling constructs that repre-
sent the ontological categories specializidbject Universal in figure 2. In other
words, there are ontological concepts prescribedwyreference ontology that are
not represented by any modeling construct in thguage. This amounts to a case of



incompleteness. Moreover, as discussed in section 2.4, the thebopject universals

comprising UFO prescribes a number of constrainteming the relations between
these different types of universals. By not takihg into account, the UML meta-
model admits a number of grammatically correct gpations and logical models

which are not representations of valid state cdiedf(intended world structures) ac-
cording to the reference ontology.

Attributes, Attribute Values and Datatypes: If we now consider the other types of
monadic universals accounted in our theory, nanmatynentandrelator universals
we shall realize that they too lack representatioithe language metamodel. This
amounts to another casein€ompleteness in the modeling language.

As discussed at length in [1], quality universais gypically not represented in a
conceptual model explicitly but vegtribute functionghat map each of their instances
to points in a quality structure. For example, saggowe have the universal Apple (an
object universal) whose instances exemplify theensial Weight. We say in this case
that the quality universal Weigbharacterizeghe kind Apple. Thus, for an arbitrary
instancex of Apple there is a quality (instance of the quality universal Weight) that
inheres inx. Associated with the universal Weight, and in¢batext of a given meas-
urement system (e.g., the human perceptual systiv@e is a quality dimension
weightValue which is a set isomorphic to the half line of iiue integers obeying the
same ordering structure. Quality structures arertaiere to be theoretical abstract
entities modeled as sets. In this case, we camaefnattribute function(another
abstract theoretical entityyeight(Kg) which maps each instance of apple (and in
particularx) onto a point in a quality dimension, i.e., ¢fgale Thus, attribute func-
tions are the ontological interpretation of UMLr#dtites, i.e., UML Properties which
are owned by a given classifier (figure 5).

As any property, a UML attribute is a typed elemand, thus, it is associated to
Type. Type constrains the sort of entities thatlwamssigned to slots representing that
attribute in instances of their owning classifieimce Classifier is a specialization of
Type, we have that both Classes and Datatypesec#melassociated types of an UML
attribute. In other words, an attribute representt an attribute function and a sort of
arelational image functiohthat, for example, in binary relatiawnershipbetween
the classifiers Person and Car, maps a particiesdn p to all instances of Car that
are associated with p via this relation (i.e.,calts owned by p). From a software de-
sign and implementation point of view, an attribtgpresents a method implemented
by the owning class, and the type of the attrivafgesents the returning type of that
method. However, from a conceptual point of viewtie UML metamodel an attrib-
ute stands both for a monadic (instrinsic) andafoelational property and, thus, it can
be considered a casemdn-lucidity. On another perspective, UML offers an alterna-
tive notation for the representation of attributesinely,navigable end nameJ hat
is, the same ontological concepttfibute function is represented in the language via
more than one construct, which characterizes aafasen-laconicity.

2A relational image function is formally defined adidws: Let R be a binary relation defined for theot
sets X and Y. The functiohm with signaturdm(_,_): X x (X < Y) -0 (Y) is defined asm(x,R) = {y |
(xy) OR}



The DataType associated with an attribute A ofl@ds the representation of the
quality structure that is the co-domain of theilattie function represented by A. In
other words, a quality structure is the ontologiogrpretation of the UML DataType
construct. Moreover, we have that a multidimendianality structure (quality do-
main) is the ontological interpretation of the sdled Structured DataTypeRuality
domains are composed of multiple integral dimerssidrhis means that the value of
one dimension cannot be represented without reptiagethe values of others. The
fields of a datatype representing a quality don@id represent each of its integral
quality dimensions. Alternatively we can say thatlefield of a datatype should al-
ways be interpreted as representing one of thgriaitelimensions of the QD repre-
sented by the datatype. The constructor metholenflataType representing a quality
domain must reinforce that its tuples always hazkies for all the integral dimen-
sions. Finally, an algebra can be defined for aaDgpe so that the relations con-
straining and informing the geometry of represenfedlity dimensions are also suita-
bly characterized. As discussed in [1], accordingthhe UML specification, a
DataType is an abstract entity that collects o#iestract entities‘fure values”) that
can be multiply referred, i.e., a DataType is nohaltiply instantiated universal but
an abstract particular (set) with other particussnembers.

Associations: In UML, the association meta-construct is usedefaresent the onto-
logical concept oRelation Relations in UFO can bmaterial or formal. The latter in
turn can be subdivided imasic formal relationginternal relations) andomparative
formal relations Since class diagrams only represent univerdagsonly basic formal
relations among the ones we have considered tlatisthave a representation in
these models are the relationsobfaracterization mediationand derivation These
concepts have no representation in the UML metamedech characterizes another
case oincompleteness.

The association class construct in UML exemplifiesase ohon-lucidity, since
“an associaton class can have as instances eéharr(-tuple of entities which classi-
fiers are endpoints of the association; (b) a ni#iet containing the entities which
classifiers are endpoints of the association ptusistance of the objectified associa-
tion itself” [13]. This is to say that an assoaaticlass can be interpreted both as a
relation and what is termed in the literaturdaatual universal[1]. In short, if the
relator r connects (mediates) the entitigs. aa, then this yields a new particular that
is denoted byr: &,...,a,). Particualrs of this latter sort are calledterial facts

In addition to that, since th&nstance of the objectified association itseli
supposed to be an object identifier for the n-tuptee cannot represent cases in which
the same relator mediates multiple occurrencekeotame n-tuple. As an example of
the latter suppose the following situation. Suppodeeatment relator universal and a
TreatedIn material relation (derived from it) defihbetween Patients and Medical
Units. Now suppose that treatmeptediates the individuals John, and the medical
units MedUnif; and MedUnif,. In this case, we have as instances of Treatmaht b
facts(t;: John, MedUnjt) and(t;: John, MedUnj). However, this cannot be repre-
sented in such a manner in UML. In UML,i$ supposed to function as an object
identifier for a unique tuple. Thus, if the fagf: John, MedUnijt) holds therxt;:
John, MedUnit) does not, or alternatively, John and Medkjmiust be mediated by



another relator. These are, nonetheless, unsatisfasolutions, since it is the very
same relator Treatment that connects one patieat tamber of different medical
units. In conclusion, association classes on omel hepresent a case of non-lucidity,
on the other hand, allow for a case of construmiimpleteness at the instance level.

Interfaces: According to the UML specification, an interfacedsdeclaration of a
coherent set of features and obligations. It casd®n as a kind of contract that parti-
tion and characterize groups of properties whicktrbe fulfilled by any instance of a
classifier that implements that interface. In ateripretation mapping from the UML
metamodel to UFO, an interface qualifies as a casmsoundness. This means that,
being merely a design and implementation constthete is no category in the con-

ceptual modeling ontology proposed here that sasséhe ontological interpretation
for a UML interface.

5 Reinforcing the I somorphism between UFO and UML
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Fig 5. The Redesigned UML 2.0 metamodel

As demonstrated in the previous section, from atological point of view, UML
includes cases of ontological incompleteness, umwess, non-lucidity and non-



laconicity. In the sequel, we discuss briefly hdwde problems have been solved to
produce an ontologically well-founded version of Ukér conceptual modeling [1].

Incompleteness: In order to remedy this problem, we propose extessto the UML
metaclassClass that represent different types of monadic unistsAs shown in
figure 5, these extensions represent finer-gradtistinctions between different sorts
of object typess well as the notions aiodeandrelator universals andhaterialand
formal relations.

Another example of incompleteness identified in phevious section is w.r.t. the
representation of different types of basic formglations, namely, the relations of
characterizationmediationandderivation There are a number of common character-
istics shared by these relations. Firstly, theyarelirected relationsin the case of
characterization, the source is a class repregeatimode universal; in the case me-
diation, one representing a relator universalhm ¢ase of derivation, a material rela-
tion. In the first two cases, the target is a clegsesenting either an object or moment
universal, while in the case of derivation, thegédris necessarily one representing a
relator universal. Secondly, all these relatiores raapped in the instance level to an
existential dependencglation between the corresponding source paatiswdnd their
depended particulars. This has the following consages in the metamodel: (i) the
association end connected to the target class nawgt the cardinality constraints of
one and exactly one, since every moment or fagtdgpendent entity; (ii) the associa-
tion end connected to the target class must haventtta-attributésreadOnly = true
since existential dependency is modally constéiitekistential dependency relations
are always binary relations.

In order to account to all these requirements, wtersl the original UML meta-
model by extending the metaclass direct relatignstith the metaclasses direct bi-
nary relationship, dependency relationship, andlifinthe basic formal relations of
characterization, mediation and derivation (figije Finally, since a relator is de-
pendent (mediates) on at least two numericallyrdisentities, we have the following
additional constraint: (iv) Let R be a class repre®g a relator universal and let
{C;...C;} be a set of classes mediated by R (related taaRawnediationrelation).
Finally, letlowers; be the value of the minimum cardin"ality constraifithe associa-
tion end connected to, @ the mediation relation. Theny | lowerg) = 2.

i=1

Asides from incorporating metaclasses that reptebenmissing ontological con-
cepts, the extended UML metamodel must also includeimber of constraints de-
rived from the constraints in the ontology thattries the ways the introduced ele-
ments can be related (see constraints on secoas2well as (i-iv) above). The goal
is to have a metamodel such that all grammatieallyect specifications according to
this metamodel have logical models that iatended world structuresf the concep-
tualizations they are supposed to represenfl], asides from extending the UML
meta-model in order to represent the ontologicakepts discussed above, we define
aprofile that implements the metaclasses of this (extend&tl) metamodel, as well
as their interrelationships and contraints. By gginis profile, for example, the con-
creteobjectclassesin figure 5 are represented in conceptual modelstareotyped
classes representing each of the considered oitelodistinctions. Likewise, the



admissible relations between these ontologicalgceites, derived from the postulates
of our theory, are represented in the profile asagtical constraints governing the
admissible relations between the correspondingastgped classes. A fragment of this
profile is shown in table 1. For the complete diéfin of this profile as well as an in
depth discussion motivating its elements one shflet to [1].

Non-Lucidity: As discussed in the previous section, in UML, btités represent
both the ontological concepts of attribute funcsiand relational image functions,
which is case of non-lucidity. To eliminate thisoptem, we prescribe that attributes
should only be used to represent attribute funstiés consequence, their associated
types should be restricted to DataTypes only. TLtonstruct of association
classes amounts to a case of both non-luciditgésinrepresents a factual and relator
universal) and incompleteness (since one cannoesept cases in which the same
relator mediates multiple occurrences of the sasgle). We propose, therefore, to
disallow the use of association classes in UMLtf&r purpose of conceptual model-
ing. In contrast, we propose to represent relatipnaperties explicitly. We use the
stereotype «relator» to represent the ontologiadgory of relator universals. Relator
universals can induce material relations. A maktegkation induced by a relator uni-
versal R is represented by a UML association stgped as «material» (UML base
classassociatiol. The basic formal relatiotierivationis represented by a dashed line
with a black circle in one of the ends (see figbyeA derivation relation is a special-
ized type of relationship between the stereotypadaation representing the derived
«material» association and the stereotyped clgg®senting the founding «relator»
universal. The black circle represents the roldoohdation of the relator universal
side. Every «material» association must be thecéstson end of exactly one deriva-
tion relation. Still on figure 6, from the cardiitglconstraints of the two «mediation»
relations we can derive the maximum cardinalitytte# derivation relation (on the
material relation end) and the cardinality conssadbn both association ends of the
material relation itself. For instance, the uppenstraintd on the end connected to G
in the H relation is the result of ¢dh); the upper constraifitin the end connected to
F is the result of (k b). The upper constraigtin the end H of the derivation relation
is the result of (bx h). Likewise, we can calculate the derived minimcandinality
constraints in the following manney:= cx g; a = ex a, ande = ax g. We should
highlight that the relator particular is the actirsdtantiation of the corresponding
relational property (the objectified relation). Mgl relations stand merely for the
facts derived from the relator particular and iedmting entities. Therefore, we claim
that the representation of the relators of mateei@tions must have primacy over the
representation of the material relations themsellesther words, the representation
of «material» relations can be omitted but whenevematerial» is represented it must
be connected to an association end of a derivatiation.

«relator» «mediation»
c.d g e.f

«matdrial»

[ fF F—"7—"1 < |
MH

Fig 6. Representing Material Relations and their foundRegators.



Finally, we use the stereotype «formal» to represemparative formal relations.
Comparative formal relations and material relatians derived relations. Whilst the
former are derived from intrinsic properties of tldated entities, the latter are de-
rived from relators and their mediating entitiehieflefore, we prescribe that UML
associations stereotyped as «material» must haven¢ia-attribute (isDerived = true).
Mutatis Mutandis we use the same meta-attribute to represent foetaions which
are notinternal relations i.e., which are comparative.

Non-Laconicity: In the UML notation, the same ontological conceptatribute
functions has two representations in terms of #mgliage constructs, namely, the
textual notation for attributes and navigable asgimn ends. This situation could be
justified from a pragmatic point of view if navigabends were used to model only
structured DataTypesand if the textual notation for attributes wenelyoused to
model the simple ones. However, in the current UMé&tamodel, there is no con-
straint on using both notations for both purpo3eseliminate the potential ambiguity
of this situation, we propose to use navigable ¢éndspresent only attribute functions
whose co-domains anaultidimensional quality structure@uality domains). Con-
versely, those functions whose co-domains are tyudlimensions should only be
represented by the attributes textual notation.

Unsoundness: An example of a UML construct which lacks an ongidal interpreta-
tion is the construct dhterfaces For this reason, we propose that the use ottris
struct should be disallowed in an ontologically iWelinded version of UML. In fig-
ure 5, the metaclasses interface and associatissas which have been disallowed in
this metamodel according to our analysis appeanakured classes.

6 Final Considerations

The development of a well-grounded, axiomatizedeugevel ontology is an impor-
tant step towards the definition of real-world seties for conceptual modeling dia-
grammatic languages. In this paper, we use préiserdntologyUFO (Unified Foun-
dational Ontology), which has been designed with the specific purpdserving as
a foundational theory for conceptual modeling. Aiddially, we briefly present an
ontology-based framework for evaluating tthemain and comprehensibility appro-
priatenessof modeling languages. The framework defines desyatic method for
comparing thenetamodebf a language with a concrete representationaafreeptu-
alization of a given subject domain, termeference ontologyThe paper illustrates
the usefulness of the UFO ontology as a referemtelagy and application of the
method by evaluating and redesigning the UML metdehéor the purpose of concep-
tual modeling.

In [1], the re-designed UML metamodel discussect liexrs been used in the im-
plementation of a UML profile for Conceptual Modwgji The profile comprises of: (i)
a set of stereotypes representing ontologicalrtistins proposed by the theory (ii)
constraints on the possible relations to be estadsdi between these elements, repre-
senting the postulates of the theory. By using pinifile, we were able to propose a



number of sound engineering tools and principles, methodological guidelines for
the practice of conceptual modeling such asrtiee modeling design patterand the
visual patterns for delimiting the scope of traivat parthood relationsboth pre-
sented in [1].

Finally, it is important to emphasize that, in thigicle, only a fragment of UFO is
presented. In particular, a fragment of the Ontplo§ Endurants in UFO named
UFO-A. In [2,16], UFO is presented in three comptia sets, namely, UFO-A: an
Ontology of EndurantsUFO-B: anOntology of Perdurantsand UFO-C, which is
built upon UFO-A and B to compose @mtology of Social Conceptalthough UFO-
B and C do not enjoy the same level of maturity atability as UFO-A, they have
been recently employed with success in the anabysisther conceptual modeling
languages and frameworks such as REA (Resourcet-FAation) [2], Tropos and
AORML [14], EM-BRACE [15] and the ODE Software Pess Ontology [16].

Table 1. Fragmenbf the UML profile implementing the metamodel ajiire 5.

Metaclass Description
«kind» Kind represents rigid, relationally independent object universals that supply a
A principle of identity for their instances.

Constraints

1. Every object represented in a conceptual model using this profile must be an instance of a kind,
directly or indirectly. This means that every concrete element of this profile used in a class diagram
(isAbstract = false) must include in its general collection one class stereotyped as «kind»;

2. An object represented in a conceptual model using this profile cannot be an instance of more than
one kind. This means that any stereotyped class in this profile used in a class diagram must not in-
clude in its general collection more than one kind. Moreover, a kind must also not include another kind
in its general collection;

3. A Class representing a rigid object universal cannot be a subclass of a Class representing an anti-
rigid universal. Thus, a kind cannot have as a supertype (must not include in its general collection) a
member of {«phase», «role»}.

Metaclass Description
Derivation Dependency A derivation relation represents the formal relation of derivation
Relation Relationship  that takes place between a material relation and the relator
- ———— universal this material relation is derived from.
Constraints

1. A derivation relation must have one of its association ends connected to a relator universal (the
black circle end) and the other one connected to a material relation
(self.target.ocllsTypeOf(Relator)=true, self.source.ocllsTypeOf(Material Association)=true);

2. derivation associations are always binary associations;

3. The black circle end of the derivation relation must have the cardinality constraints of one and ex-
actly one (self.target.lower = 1 and self.target.upper = 1);

4. The black circle end of the derivation relation must have the property (self.target.isreadOnly = true);
5. The cardinality constraints of the association end connected to the material relation in a derivation
relation are a product of the cardinality constraints of the «<mediation» relations of the relator universal
that this material relation derives from. This is done in the manner previously shown in this section.
However, since «mediation» relations require a minimum cardinality of one on both of its association
ends, then the minimum cardinality on the material relation end of a derivation relation must also be =
1 (self.source.lower = 1).
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