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Abstract. In this paper we present and discuss a meta-ontological archi-
tecture for ontologies which centers on abstract core ontologies (ACOs).
An ACO is the most abstract part of a foundational ontology. It is useful
for an ontologically founded description of ontologies themselves, there-
fore ACOs are lifted to the meta-level. We propose a three-layered meta-
ontological architecture which distinguishes an object level comprising
foundational, generic or domain-specific ontologies, a meta-level with
abstract core ontologies, and a meta-meta-level employing abstract top
ontologies for the formalization of the underlying levels. Moreover, two
axiomatic fragments for ACOs are provided, one of which is applied to
formal concept lattices [1]. This demonstrates the use of ACOs for the
ontological foundation of representation formalisms and illustrates ad-
vantages in comparison to the usual direct formal reduction to set theory.
Finally, related work with respect to the architecture is briefly discussed.

1 Introduction

There is a rapidly growing body of work on ontologies in information systems
over the last 10 to 15 years, which has been boosted by the vision of the Seman-
tic Web. Likewise, research in formal tools and techniques related to ontology
development (or ontological engineering) is very active. By Grubers definition
of ontologies as sharable conceptual specifications [2], their development is an
issue closely related to the field of conceptual modeling.

From the very beginning, ontologies were distinguished according to their
intended range of applicability. In particular, foundational ontologie were con-
sidered to provide the most general kinds of entities as a basis for more specific
ontologies. However, work on foundational ontologies has resulted in rather large
and complex systems. This is problematic if foundational ontologies are to be
applied to identify and express ontological commitments of representation for-
malisms.

L Also referred to as top-level ontologies in the literature; examples are: DOLCE 3],
GFO [], SUMO [5], and Seibt’s [6], Sowa’s [7] and West’s [8] ontologies
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Furthermore, like conceptual models ontologies face the problem of meta-
modeling, i.e., the question of which basic vocabulary should be used to define
and explain ontologies, especially their entities as well as constraints and logi-
cal interdependences among them. Of course, there are already efforts like [9],
many of which are inspired by meta-modeling experience in conceptual model-
ing. Nevertheless, we intend to contribute to a clear and comprehensible meta-
architecture for ontologies. This is largely due to the fact that most ontology
languages are directly reduced to an underlying set-theoretical model in order
to provide a formal semantics, which especially holds for logic-based formalisms
like the Web Ontology Language (OWL, [10]).

The aim of this paper is to provide a clear analysis of meta-language aspects
of ontologies and ontology languages in order to develop a comprehensible, yet
comprehensive meta-ontological architecture. In particular, a clearly arranged
core of entity types is to be extracted from current foundational ontologies,
which will be called an abstract core ontology (ACO). On the one hand, ACOs
are to be used as a meta-level for ontologies. On the other hand, they can be
employed for the ontological foundation of representation formalisms in an easier
way compared to rich foundational ontologies.

According to these aims, the organization of the paper is as follows. In section
we analyze the use of meta-languages in general as well as the role of set
theory for modeling and modeling formalisms. On this basis our meta-ontological
architecture is presented. Section [3] introduces the central notion of ACOs in
detail. First, a number of entities and relations for ACOs are identified and
informally described. Following an approach which admits variants of ACOs,
two particular ACOs are presented as formal fragments. The first of these is
applied to Formal Concept Analysis (FCA) [I] in section @l The final section
concludes the paper with a summary, a brief comparison with related work, and
future directions.

2 Meta-ontological Analysis and Architecture

For every formalism there is the need to explain the relationship between its syn-
tax and semantics. In particular, this task comprises the determination of the
ontological commitments of the formalism itself or in conjunction with its appli-
cation to a certain task. Thus, we start with considerations of meta-languages.

2.1 Meta-languages

Let W be a world of objects. A formal language £ whose expressions refer to
the objects in W is called an object-level language for W. In order to specify
and communicate the meaning of these expressions, a meta-language M for the
pair (£, W) is required. That means, M is a language whose expressions refer
to the items included in £ or in both, £ and W, but which also refer to relations
between £ and W. A formal language £ has a semantics if there is a class Sem of
objects and a relation den(zx,y) relating expressions of £ to the objects of Sem.



1400 H. Herre and F. Loebe

The denotation relation den(z,y) stipulates a connection between a symbol x
and a semantic object y.

The first point to note is that the notions of symbol and denotation are
at the heart of the transition from informal to formal languages, but equally
relevant for the explanation of natural language semantics. These notions have
been puzzling philosophers of logic and language ever since (cf. [11]-[14]), but
herein we restrict to a simplified view.

According to this, one may assume a basic relation which associates the
symbols of a language to the objects of the real world. For example, we may say
that the phrase “the moon” denotes a certain real object in the sky. We take
denotation as an interface between the informal and the formal treatment of
an ontology. Therefore, the notions around denotation are used in informal ex-
planations of meta-language aspects, but in the formal treatment of meta-levels
these entities are not taken into account. Further, it is assumed that only natural
language can be used as a meta-language for any kind of language, including it-
self. However, an infinite regress arises if every expression is to be defined within
language. For instance, if one claims that the word “moon” denotes a certain
real thing in the sky, then the phrase “a certain real thing in the sky” is another
expression which requires a certain meaning. This regress can only be avoided
if we assume that there is an original anchoring relation relating symbols to ob-
jects, which has to be assumed as a basic intuition without further specification
in language, neither formal nor informal.

2.2 The Role of Set Theory

Set theory is a convenient mathematical tool to describe and model things and
structures. One may speak about sets (collections) of things, about graphs, alge-
bras, operations etc. Sets are abstract atemporal entities; for example, consider-
ing a set {a} of an apple a does not change anything on that apple. Mathematical
objects may be founded on set theory, and hence, in describing parts of the world
we may construct a set-theoretical structure which is associated to these parts
of the world and which models them. For describing the language of set the-
ory we need an appropriate meta-language; to simplify the matter we assume
that in any case natural language is available as a (non-formal) meta-language.
As is well-known, the meta-account of set theory includes the notions of sets,
urelements, and the membership relation.

Moreover, set theory is intimately tied to logical languages due to the fact
that the commonly accepted approach of Tarski-style model-theoretic semantics
(cf. [19]) is based on set-theoretical constructions. The relationship between such
languages and their meta-theoretical treatment is well established. At present
many ontology languages are logical languages with model-theoretic semantics
(cf. [IOLI6LO7LIR]). Therefore, a sufficiently rich fragment of set theory should
provide an appropriate basis for a formal account of a meta-language, i.e., set
theory then serves as a meta-meta-language for object-level ontologies.

On the other hand, we do not intend to restrict ourselves to set theory alone,
of which distinct variants exist. Instead, a more generic route is taken in the next
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section, generalizing the role of set theory as a meta-meta-language for ontologies
to the notion of an abstract top ontology. This allows for other formalisms to be
used as the meta-meta-account. For example, a minor deviation from set theory
would be to consider variants of it, like hypersets [I9]. But more radical choices
are conceivable, for instance in favor of mathematical category theory [20]. In
every case, any of these have to be chosen with great care as they lay the formal
foundation for analyses of ontologies.

2.3 Meta-ontological Architecture

In our work on the General Formal Ontology (GFO, cf. [4]), which is a founda-
tional ontology, the need for a meta-ontological level arose, which is not already
a set-theoretical reduction. In striving towards such an approach we emphasize
generality and comprehensibility as requirements. Note that herein we focus on
a basic vocabulary for entities within ontologies, whereas ontologies as a whole
or complex components of ontologies are not discussed.

In figure [l a three-layered meta-ontological architecture is proposed. As in-
troduced in section 2.J] natural languages form a universally applicable, but
informal approach to every level. The three layers on the right-hand side of
figure [ provide a well-founded formal approach.

Meta-Meta-Level

Abstract Top Ontology
(Set Theory)

= formal
= reduction

Meta-Level
Abstract Core Ontology

Natural Language
(Symbols, Denotation)
|

(meta-level)
instantiation

General Informal Level

|

Object Level

Foundational, Generic, or
Domain-specific Ontology

Fig. 1. Meta-ontological Architecture

The lowest level refers to the objects of the meta-architecture, viz. to ontolo-
gies with varying degrees of their range of applicability. The meta-level provides
the notions to work with object-level ontologies. In section B.1] the most gen-
eral basic entities are specified which can be included in the meta-level. Based
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on these notions several abstract core ontologies may be constituted, which are
determined by a selection of basic notions and by axioms stated about them.
Hence we admit different variants of ACOs, two of which are presented in sec-
tions and In this respect our work is inspired by conceptual modeling,
cognitive linguistics, philosophy, and by our work on the foundational ontology
GFO, expounded in [4].

In order to be able to treat ACOs in a formal manner, there is a need for a
formal meta-account of them. This leads to the introduction of the notion of an
abstract top ontology (ATO), which generalizes the role of set theory as described
in section

Often set theory itself is viewed to take the role of an ACO instead of an
ATO. However, our experience shows that in many cases representation lan-
guages are ontologically richer than set theory (cf. [21]). Hence the introduction
of an intermediate layer appears reasonable. Looking at ACOs from the opposite
side, namely from the object level, formerly the notion of foundational ontolo-
gies was considered to fill this role already. However, the growing body of work
on foundational ontologies shows that these are too rich already to integrate
all their features into formalisms directly. Thus, we introduce the distinction
between ACOs and foundational ontologies.

Some remarks on the relationships between object, meta- and meta-meta-
level need to be made. Frequently, the relations between these levels are con-
sidered to be of the same character, often a vague notion of instantiation (cf.
section [B.2]). This is not the case for the levels above. From our point of view,
the ontological notion of instantiation is preserved only between the object and
the meta-level, since they provide ontological content. However, the transition
from the ACO level to the ATO level is different. For example, in the case of
set theory as an ATO one may speak of a set-theoretical reduction of the en-
tities on the meta-level. Again, the mere intention behind the ATO level is to
provide a rigorous mathematical framework in order to study formal properties
of ontologies on the lower levels.

These issues may become clearer by example. In section [3.1] several entities
and relations will be introduced, among them the notion of category and (object-
level) instantiation. These belong to the meta-level, i.e., they are ontological
entities whose interconnections to other entity types need to be clarified. Later
then, when it comes to formalizing these interconnections, these notions are
expressed in the vocabulary of the meta-meta-level. More precisely, category will
be modeled as a set Cat whose elements are set-theoretical urelements, whereas
instantiation is modeled as a set denoted by :: with pairs of urelements as
its elements. In contrast to this reduction on the meta-meta-level, the relation
between meta- and object level is different. Categories and instantiation are not
merely “implementation devices” for ontologies. In fact, it is debatable whether
some or even all of the meta-entities should be reflected on the object level.
However, in contrast to a fully self-reflective ontology and for the sake of clarity
and simplicity, the separation into meta- and object level is preferred herein (cf.
also [22]).
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3 Abstract Core Ontologies (ACOs)

This section elaborates the meta-level of the architecture which is formed by
abstract core ontologies. Let us first introduce and discuss the pragmatic and
functional aspects of ACOs. An abstract core ontology captures such entities
which are built — implicitly or explicitly — into the semantics of a wide number
of general representation formalisms and which commonly occur in foundational
ontologies. Examples for foundational ontologies are given in section [I hence
it remains to clarify the term “general representation formalism”. It refers to
such formalisms which are not adapted to particular domains of discourse, but
which can be applied to a broad scope of modeling and representation problems.
Examples range from first-order logic over Semantic Web languages like the Web
Ontology Language (OWL, [10]), frame-based approaches as in [23], to modeling
languages like UML [24].

Apart from pragmatic aspects, ACOs need to be determined firstly by their
main entity types and relations among them, for which a certain vocabulary
is proposed below. Secondly, logical interdependences of those entities and re-
lations need to be specified. After an informal description of these connections
formal accounts are elaborated in sections and The latter exemplify the
formalization of several types of interdependences by axioms of first-order logic.
Note that this approach relies on the meta-meta level, where in our case set
theory is employed as the abstract top ontology.

3.1 Entities for ACOs

In identifying entities for ACOs we pursue a pragmatic approach which is further
based on philosophical considerations, in particular on the work of J. Gracia
[25,26]. We will not insist on a single ACO, but we specify a set of entities (cf.
table D)), of which certain subsets may suffice for a particular ACO.

Before we go into details of this vocabulary, let us once more mention the
strict separation between the levels introduced in section 2.3l We stipulate that
none of the meta-level relations are available as objects on the object level.
This requirement implies that infinite regresses like Bradley’s infinite regress of
instantiation (cf. [27]) can be avoided. The same requirement is assumed for
most of the meta-level entities, although reflections of them on the object level
may be less complicated. For example, one could include the meta-level entity
“Individual” also as an entity of the object level.

Our starting point is that the entities of the world may be divided into cate-
gories and individuals, i.e., everything in an ontology is either a category or an
individual. Categories are entities which may be predicated of or instantiated by
other entities; in the opposite, individuals essentially cannot be instantiated or
predicated of other entities [26]. Note, however, that there are also categories
which cannot have instances, e.g. due to their logical structure, like a “round
square”. Nevertheless, such categories are distinct from individuals. The most
natural individuals are related to time and space, whereas categories are atem-
poral, abstract entities.
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Table 1. Basic Entity Types and Relations

Meta-Level Entity Types (Sets of urelements)

Name Symbol Name Symbol

Category Cat Individual Ind
Object Category  OCat Object Obj
Property P Attribute Att
Role Category RCat Role Rol
Relation R Relator Rel

Meta-Level Relations (Sets of pairs of urelements)

Name Symbol Argument Restrictions

identity =y -

instantiation xy Cat(y)

inherence inh(z,y) Att(z) or Rol(x)

role-of role(z,y) Rol(z), Rel(y)

categorial part-of catp(z,y) Cat(z), Cat(y)

Moreover, among individuals we distinguish objects, attributes, roles and re-
lators. Objects are “complex” entities which have attributes and which play
certain roles in respect to other entities. Objects are to be understood as simi-
larly general as the notion of “object” in object-oriented analysis. In particular,
objects comprise animate and inanimate things like humans, trees or cars as well
as processes like this morning’s sunrise?. Examples of attributes are particular
weights, forms, colors, etc. A sentence like “This rose is red.” refers to a partic-
ular object which is a rose, and to a particular attribute which is a red. Another
basic relation is needed to connect objects and attributes. The phrases “having
attributes” and “playing a role” above are captured by the basic relation of in-
herence, which is such that an attribute or a role inheres in some object. This
relation expresses the dependence of attributes and roles on entities in which
they can inhere 3

The difference between attributes and roles consists in the fact that roles
are interdependent with other roles [28]. Examples of roles are available through
terms like parent, child or neighbor. Here, parent and child would be considered
as a pair of interdependent roles. Apparently, these examples easily remind one
of relations like “is-child-of”. Indeed, a composition of interdependent roles is
a relator, i.e., an entity which connects several other entities. The formation of
relators from roles further involves the basic relation of role-of.

Thus far we have explained the right-hand side of the upper part of table[I]
i.e., the subdivision of individuals and the interrelations among them. However,
in explaining roles by reference to terms like parent and child, there was already

2 More fine-grained distinctions among objects do not belong to the ACO level, but
appear as object-level instances of ACO notions, e.g. within some foundational on-
tology.

3 This commonality allows one to generalize attributes and roles to qualities. Note
that this notion of quality differs from the term as used in [4].
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a transition to the realm of categories. Actually, parent and child refer to role
categories. As is obvious from the table, for all specializations of individuals
introduced above there are categorial counterparts.

Two basic relations have not been discussed thus far: identity and categorial
part-of. We will not dwell on the intricacies of identity, only to mention that we
refer to it as a notion in the interface between natural and formal languages. We
expect a full account of identity to involve denotation, possibly along the lines of
the Peircean notion of co-reference (cf. [7]). Categorial part-of is more in the focus
of the present work. Its arguments are categories; it directly reflects dependencies
among categories and uncovers how one category may be constructed out of
others. For example, the property of being round may be a categorial part of the
category of round glasses. Another example is the category apple, of which one
may consider categorial parts like a certain form or color and the like. There are
two intricate issues regarding categorial part-of. Firstly, a categorial part must
not be misinterpreted to apply to a category directly. For example, a category
with the property red as categorial part is not red itself. This problem is easily
avoided in the formalization. Secondly, it should be noted that inherence and
categorial part-of are irreducible with respect to each other. Section @ will provide
further applications of categorial part-of.

3.2 Categories, Properties, and Objects

In this section we consider an abstract core ontology, denoted by CPO, which
is based on categories and properties only, together with their individual coun-
terparts and the corresponding meta-level relations. Object-level relations and
role categories as well as relators and roles are not included. Formally this cor-
responds to the following signature:

»OPO — (Cat,OCat, P, Ind, Obj, Att, =, ::, inh, catp) (1)

Several languages can be used to formalize such systems. In the following, a
type-free first-order language is assumed, although others may be appropriate
as well (e.g. typed languages). We present axiomatic fragments pertaining to the
signature introduced above.

First of all, implicit assumptions need to be explicated, which are often taken
for granted by human readers on the basis of natural language descriptions, like
the one given in section 3.1l First, there are disjointness and coverage conditions
for entities. Concerning (), remember that CPO omits relators and roles.

-3z (Cat(z) A Ind(z)) (2)
Vz (Cat(z) V Ind(x)) (3)
Vz (Ind(x) — Obj(x) V Att(x)) (4)

Meta-level subsumption relations need to be expressed, which are indicated in
table [ by indentation.

Vz (Obj(x) — Ind(x)) (5)
Va (P(x) — Cat(z)) (6)
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Regarding the meta-level relations, similar axioms have to be stated (). In
addition, an account of the argument restrictions from table [Il is needed (). In
an opposite manner, claims of existence can be expressed ([@).

=(Fzy (z:y Ainh(z,y))) (7)
Voy (inh(z,y) — Att(x) A Obj(y)) (8)
z (Obj(z) — Jy(Att(y) Ainh(y,z))) (9)

Moreover, definitions may reveal “reducible” entities or new, definable notions
which are also interesting from an ontological point of view. In the case of CPO,
categories can be used to define their individual counterparts (IOHLT), but not
vice versa due to the possibility of categories without instances.

Vi (Ind(z) < —Cat(z)) (10)
Vx(Obj(x) < Jy(OCat(y) Az ::y)) (11)
Va(Att(z) < Jy(P(y) Ax::y)) (12)

Vz(PrimCat(x) « Cat(z) A Jy(y:x) AVz(z 2 — Ind(2))) (13)
Ve (AttCat(z) « Cat(x) A Jy(y:: z) AVz(catp(z,z) — P(z))) (14)

Note that (IQ) already follows from (B and (2)). The newly defined notions of
a primitive category ([I3) and an attributive category ([Idl) are relevant for sec-
tion @l They reveal branching points for the ACO. For instance, the question
arises whether one should assume that all categories are primitive. On the other
hand, categories of higher types may be admitted. Similarly, attributive cate-
gories allow for new constraints: the equality of attributive categories may be
defined ([I3)), and, as we decided for CPO, attributive categories may be the only
admissable categories (I6]). From the latter follows that catp is constrained to
properties in its first argument.

Vay (AttCat(z) A AttCat(y) — (z = y < Vz(catp(z, z) < catp(z,y)))) (15)
x (Cat(z) — AttCat(x)) (16)

3.3 Categories, Relations, and Objects

The second abstract core ontology herein is denoted by CRO, and it comprises
all notions which were introduced in table[I] in particular roles and object-level
relations. This yields the following signature:

YORO — (Cat,OCat, P, RCat, R, Ind, Obj, Att, Rol, Rel, =, ::,inh, role, catp) (17)

To make our approach to relations clear, we insert an example that illustrates
the formalization of an object-level relation. On the object level, let John be
a parent of Mary. According to the framework described, John and Mary are
objects, and there is a relator which instantiates the parent-of relationship and
which connects John and Mary. This connection is established via two roles, one
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of which being a role of John, the other being a role of Mary. Let j, m, po, p, ¢
be constants for John, Mary, the parent-of relationship, and the parent and the
child role categories, respectively. Then, the following formalizes the example:

Obj(j) A Obj(m) A R(po) A RCat(p) A RCat(c) (18)

Aqrgar(r=poAqrpAgacA
inh(gq1,7) Ainh(g2, m) Arole(gi,r) A role(ga,r)) (19)

Of course, similar axioms as those presented for CPO belong to the axioma-
tization of CRO, where not all of those specified for CPO can be reused directly.
For instance, @) and (&) need to be modified to include roles. We will not specify
these modifications as they are easily found. Rather, we introduce some further
axioms pointing to advantages and problems with this role-based account of re-
lations. A discussion of these issues beyond that is available in [2§], including an
analysis of the advantages of this approach in comparison to viewing relations
as having tuples of entities as instances.

Vz (Rel(x) — Jyz(y # z A Rol(y) A Rol(z) A role(y, z) A role(z,x))) (20)
Vzyz (inh(z,y) Ainh(z,2) — y = 2) (21)

Axiom (20)) enforces that relators are really mediating entities, i.e., more than
one role is involved, which is even the case if an object is related to itself. [21]) is
known for attributes as the non-migration principle. However, note that in CRO
it also refers to roles which can inhere in a single entity only. This is not to be
confused with an entity in which several roles of the same role category inhere.
For example, John can be a parent of Mary as well as of Fred. Another question
concerns the arguments of relations, i.e., whether one should restrict the second
argument of inherence. For the sake of simplicity one would often restrict it to
objects ([22).

Vay(inh(z,y) — Obj(y)) (22)

However, in a more expressive system, relators between other entity types may
be required. In that case, it would be a common approach to classify relators
according to the types of entities their roles inhere in. An equivalent classification
could be done for the corresponding relations. Before we can give an example,
we need to enforce that every relation is bound to certain role categories (23+
24), (cf. also [28], sect. 3.3.3). Then, for example the parent-of relation can be
claimed to satisfy (26]).

Vzy (R(y) A catp(z,y) — RCat(x)) (23)
vz (R(z) — Jy(catp(y, 7)) (24)
Va (ObjRCat(x) < Vyz(y::x Ainh(y, z) — Obj(z))) (25)

Vay (ObjR(z) < Vy(catp(y,z) — ObjRCat(y))) (26)
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The introduction of axiomatic fragments for two ACOs, CPO and CRO,
shows that there are many branching points even for these fairly small ontolo-
gies. In connection with a formal account of ACOs, these subtleties need to be
explicated and related to each other. This is one of the reasons why we expect
that it is more appropriate to start with a restricted number of primitives on
the ACO level of our meta-ontological architecture.

Apart from the use of ACOs as meta-ontology for object-level ontologies,
their application to general representation formalisms has been mentioned. In
the next section we show by example how CPO is employed for the ontological
foundation of one such formalism, namely formal concept lattices. A stronger
evaluation of the work presented here in quantifiable terms remains as future
work.

4 Formal Concept Lattices

Formal Concept Analysis (FCA, [I]) is a mathematical formalism with a central
notion of concept lattices which can be used for conceptual data analysis and
knowledge processingH It has gained wide spread from its earliest beginnings in
the late 1970s. We show that the theory of concept lattices can be interpreted
in our framework of abstract core ontologies, thus giving them an ontological
foundation. Moreover, concept lattices can be applied in diverse ways which can
be clarified by explicit reference to ACOs. Accordingly, we believe that each use
of formal concept analysis should be coupled with an appropriate ontological
analysis in order to gain clarity and to use the results of these formal techniques
adequately.
The following are the basic definitions of FCA [I] to which we refer herein.

Definition (Formal Context and Concept)

A formal context K = (G, M, I) consists of two sets G and M and a relation I
between GG and M. The elements of G are called the objects, and elements of M
are called the attributes of the context. I(g, m) means that the object g has the
attribute m.

For a set A C G of objects and a set B C M of attributes, the set of attributes
common to A is Attr(A), the set of objects with all attributes in B is Objt(B):

Attr(A) = {m|m € M and I(g,m) for all g € A}
Objt(B) ={g| g € G and I(g,m) for all m € B}

(27)
(28)
A formal concept of K is a pair (C, D) with C C G, D C M, and C = Objt(D),
D = Attr(C). C is called the extent and D the intent of the concept (C, D).

This definition is an example for the specification of a formalism by direct
reference to the meta-meta-level of our approach, where set theory serves as ab-
stract top ontology in this case. However, the use of terms like attribute, object,

* See also http://www.math.tu-dresden.de/$\sim$ganter/fba.html
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intent and extent exemplifies hidden ontological assumptions. As examples in [I]
indicate, there are several possibilities of interpreting the formalism on the ACO
level. That means, it can be used with different ACO level readings which we will
now analyze. In the sequel it is assumed that CPO is sufficiently expressive for
every of these interpretations. The adequacy of this assumption is reconsidered
at the end of this section.

In the first interpretation, G is a set of objects (in the sense of section B.1] i.e.,
understood as individuals with attributes), M is a set of properties (categories
whose instances are attributes). Then the relation I is interpreted by a relation
I defined in terms of inherence and instantiation as follows:

I(g,m) < Jx(z::m Ainh(z, g)) (29)

However, in most examples in the applications of concept lattices the objects
are not individuals, but themselves categories. For instance, one example states
“A frog needs water to live” for an object “frog” and an attribute “need water
to live”. Then frog is an object category whose instances are individual frogs,
where every individual frog needs water to live. “Needs water to live” has to be
understood as a property in the terms of CPO. Hence, in the second interpre-
tation of I, denoted by I, the expression “A frog needs water to live” reads as
“For every instance of the ‘category frog’ (¢ € G) there is an instance of the
property ‘to need water to live’ (m € M) which inheres in that individual frog.”
This ontologically correct reading of that sentence can be formalized as:

Iy(g,m) < Yy(y:: g — Jx(z::m Alinh(z,y))) (30)

A third interpretation of I is given by I3, which in the example corresponds to
“the category frog has as a categorial part the property ‘to need water to live’”:

I3(g,m) « catp(m, g) (31)

Apparently, it is not the category frog which needs water to live but the indi-
vidual frogs. Thus, the right-hand side of [BI]) may entail the right-hand side of
B0). In order to achieve this, a suitable ACO should include to following axiom:

Vay(catp(z,y) — Yu(u::y — Jw(w =z Ainh(w,u)))) (32)

Moreover, if the third reading (I3) is assumed, one may claim that for concept
lattices all expressable categories are attributive categories, i.e., axiom (I6) of
CPO applies. Altogether, CPO provides at least three exact and ontologically
adequate interpretations of the relation I defined for concept lattices.

The analysis continues with the question for the nature of the notion of a
formal concept (C, D), which depends on the relation between formal objects and
attributes. Assuming the third reading (I3) from above, the extent C of (C, D) is
a set of attributive categories, whereas the intent D is a set of properties. More
precisely and following the definition of a formal concept, every property in D
is a categorial part of each category in C. Ontologically, it seems that (C, D) is
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best understood as a category ¢ with all properties in D as its categorial parts
and subsuming all categories in C:

x € C — AttCat(x) AVy(y::xz — y:: é) (33)
x € D < P(x) A catp(z, ¢) (34)

Notice here that the membership relation between the set C' and its elements
requires an ontological interpretation which differs from the one required for D
and its elements, and either differs from the naive view of membership. The latter
would assume instantiation as its ontological counterpart (Vzy(z € y < z::y)),
but then (C, D) would refer to a higher-order category. Instead, we propose to
understand the set C' as reflecting a category ¢ which subsumes C’s elements
without C' being exhaustive regarding all subcategories of ¢ (hence the impli-
cation in ([33)). D may either be viewed as a property d which subsumes D’s
elements, or as an object category d determined by D’s elements as categorial
parts. Looking at formal concepts, the way in which these are ordered to form
concept lattices seems to suggest the latter interpretation (J) In this case, the
duality of formal concepts by extent and intent can be explained by the require-
ment that ¢ and d are two categories with the same extension. Furthermore, this
explains the Duality Principle for Concept Lattices [IFp. 22] which states that
an exchange of formal objects and attributes induces the dual concept lattice.
In the ACO reading this could mean that object categories may be categorial
parts of properties, or that a reinterpretation of formal objects and attributes
as one type of category is needed.

Discontinuing the analysis, we need to return to the initial assumption that
CPO is sufficiently expressive for every ontological interpretation of formal con-
cept lattices. Even considering the examples in [I], this does not appear to be
adequate for all of these. For instance, one example introduces countries as for-
mal objects and organizations of countries as formal attributes. Another deals
with business services as formal objects and types of business machines to which
such services apply as formal attributes. Here, we admit that the ontological in-
terpretations can be much more specialized. Moreover, the assignment to object
categories and properties alone may not be suitable for all cases. Nevertheless,
analyses like those above should be worthwhile for at least two reasons. Firstly,
abstract core ontologies are more widely applicable, and one may refer to an
existing ontological scheme when using a formalism, such as one of those above.
Secondly, in the future one may expect that the small size and the applicability
of abstract core ontologies leads to more extensively formalized and implemented
versions than those which are available for very specialized domains. Then ACOs
may be used in the very best sense of an ontology: to contribute to the interop-
erability of distinct formalisms.

Finally, one may ask whether an understanding of such precision is needed in
applications. In our opinion, hidden imprecisions or ambiguities may cause prob-
lems or unexpected “behavior” of a formalism. For instance, the consequences of
mixing the three initial interpretations I 29)), I (80), and I3 BI) from above
remain unclear if they are not analyzed in terms of the underlying ACOs.
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5 Conclusion

5.1 Summary and Discussion

Based on an analysis of meta-language issues we have provided a three-layered
meta-ontological architecture which can be supported on every level by means
of natural language. The architecture centers on the notion of an abstract core
ontology (ACO), which has been discussed in detail, comprising a selection of
entities and including some axiomatic fragments for two ACO variants. Roughly
speaking, the CPO variant is based on objects and attributes only, whereas the
CRO ontology in addition includes relations.

The last part of the paper uses CPO for the ontological foundation of basic
notions of Formal Concept Analysis [I] and thus demonstrates an application
of the framework apart from meta-ontological considerations. In particular, due
to their limited number of selected categories ACOs are well suited for the on-
tological foundation of general representation formalisms, whereas rich founda-
tional ontologies may provide too many or too special distinctions for this task.
Nevertheless, the main application of the presented framework is to provide a
meta-account for ontologies, including foundational ontologies.

Three important aspects of our proposal should be emphasized. Firstly, our
architecture provides a clear border between ontological and formal contents.
This border is situated in the transition from the meta-level to the meta-meta-
level, due to which the relations between the three levels are different. In many
approaches this distinction is not made, leaving it unspecified to which extent
ontology plays a role on each level.

Secondly, the overall architecture is laid out with a strong interest in clar-
ity and, in some sense, minimality in the number of notions. It is our hope
that this will be beneficial in two respects. On the one hand, conceptual trans-
parency may promote the use of the architecture in its intended areas of ap-
plication. On the other hand, this shall allow for an extensive formal treat-
ment, where experience suggests that many overlooked subtleties appear in the
process of the formalization of natural language specifications. For the latter
reason the formalization itself is considered valuable, as yet independent of
computational applications or automated reasoning with ACOs as a primary
concern.

Thirdly, during the formalization various branching points become explicit
which give rise to different ACOs (with differences beyond their underlying entity
types). Thus far it is not intended to promote exactly one of these ACOs. Instead,
for distinct cases we expect several ACO variants to be appropriate, which can
be formally related within the architecture, however.

5.2 Related Work

Two meta-level architectures shall be compared with ours. We start with the
SUO Information Flow Framework (SUO IFF; formerly known as IFF Founda-
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tion Ontology) which appears closest in its motivation, viz. the provision of a
meta-architecture for the Standard Upper Ontology (SUO) initiativef]

The IFF Foundation Ontology represents metalogic. It provides a prin-
cipled foundation for the metalevel (structural level) of the Standard
Upper Ontology (SUO). The SUO metalevel can be used as a logical
framework for manipulating collections of object level ontologies.

This quote from [29] already shows some rather strong differences between the
SUO IFF and our work. First, SUO IFF pursues a meta-logical approach rather
than a meta-ontological. The objects it refers to and which are manipulated on
the meta-level are theories and logics, rather than single categories@

SUO IFF offers a sophisticated structure which is divided into three interior
levels, called lower, upper and top metalevel. It integrates a large number of
mathematical concepts and appears to be based on category theory. Though
this may be a powerful approach, it is fairly hard to comprehend. Overall, the
SUO IFF is rather a deeply elaborated ATO than an ACO. We are not aware of
a level between the SUO IFF and the proposals for SUO itself, i.e., there is no
ACO level in the SUO framework.

The second meta-modeling approach to be discussed is the Meta Object Facility
(MOF, [31]) which provides the meta-modeling architecture for UML [24]. The
MOF meta-modeling architecture is derived from the “classical framework for
metamodeling” [3TFp. 2-2], based on four layers:

1. The information layer comprises data which are to be described.

2. The model layer describes the data which may occur in the information
layer in terms of meta-data, i.e., it defines a language for some information
domain. Specific UML models belong to this layer.

3. The meta-model layer provides descriptions of meta-data, i.e., the structure
and the semantics of meta-data on the model layer. The specification of UML
itself belongs to this layer.

4. The meta-meta-model layer describes meta-models and relates to the meta-
model layer just as the meta-model layer relates to the model layer. This
layer is commonly used to close by convention the regress of meta-levels.

Assuming these layersm, the MOF approach appears fairly similar to ours, at
least from an architectural point of view. In this connection it is relevant that
the lowest level of our approach is concerned with ontologies, which comprise
entities of both the model and the information layer of MOF. This is due to the

® Cf. http://suo.ieee.org/IFF/| and http://suo.ieee.org) respectively.

5 With this focus, it reminds one on other works using category theory for relating
different logics, in particular the institutions of Goguen [30].

" Note that in MOF these layers are considered as conventions for understanding
rather than being of any definitive character, i.e., the interpretation of the MOF
architecture (e.g. the number of levels) may vary in dependence of the environment
in which it is applied.
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understanding of ontologies as specifications of conceptualizations [2], and it is
also apparent from works discussing UML and ontology languages (cf. [32] and
section 6 of [9]). Accordingly, the ACO level corresponds to the MOF meta-model
layer, whereas the ATO level matches the MOF meta-meta-model layer.

However, there are also a number of differences compared to our approach.
First, the relationships between the levels are different in the two approaches. In
particular, in MOF the relations between the levels appear to be equal, namely
some form of “instantiation”, in contrast to the relationships between the lev-
els as described in section 23 Secondly, differences originate from the object-
oriented approach taken in MOF, which assumes objects with object identity,
state and behavior. As far as we are aware of ontologies, in particular the dy-
namic aspects in the sense of software systems are not yet integrated in ontolo-
gies. A third source of differences are the details with respect to static aspects,
i.e., entities and their characteristics in the formalism. For instance, MOF only
allows for binary relations and has a built-in inheritance mechanism for MOF
classes, whereas we have a more flexible approach regarding relations (sect. B.1)),
but no inheritance. Moreover, there is a greater number of MOF entities (cf.
[Bllp. 3-12]), but a less formal approach is taken as regards logical formal-
izations. A detailed technical comparison with MOF remains to be elaborated
elsewhere.

In summary, there appear to be more commonalities between our architecture
and MOF than compared to the SUO IFF. Nevertheless, a closer analysis reveals
rather strong differences to either of the approaches discussed, some of which
seem to be justified regarding differences in scope and historical development.

5.3 Future Work

The paper concludes with indicating various ways of extending the present work.
From a theoretical and philosophical point of view, further analysis of the in-
terface between the informal and the formal levels of the architecture is needed,
for which one may draw on the existing body of philosophical literature. Fur-
ther, the comparison to other meta-modeling approaches as started in section
should be extended. Within the ACO level, the axiomatic fragments are to
be enlarged and put into relation to each other, for which purpose the SUO IFF
[33] may be used.

A major field of application which is not discussed herein are ontology lan-
guages for the Semantic Web, primarily RDF and OWL [I6[10]. For these lan-
guages one would first choose an appropriate set of ACO entities, where CRO
seems to provide sufficient expressiveness@. However, concerning the axiomati-
zation modifications are expected. In this connection it will be crucial to find
an interpretation of the feature of RDF to allow for a self-application of RDF
properties. Another important issue is the integration of datatypes. From an
ontological point of view one may assume that datatypes do not require fur-
ther entity types in an ACO. Rather, their treatment is expected to involve the

8 Possibly one could even omit attributes.
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denotation relation, possibly within the meta-level. Besides interpreting single
features of RDF and OWL, different forms of their usage may demand different
ACO interpretations. The reification of RDF properties to overcome the lack
of expressiveness of these languages with respect to n-ary relationd] is a good
example in this respect.

Finally, machine-processable versions of ACOs need to be implemented. First-

order theorem provers may be used to support formal investigations of estab-
lished ACOs, whereas implementations, e.g. in OWL, would allow for a direct
use in connection with ontologies in the Semantic Web.
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