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Abstract. Science aims to develop an accurate understanding of reality through a
variety of rigorously empirical and formal methods. Ontologies are used to formalize the meaning of terms within a domain of discourse. The Basic Formal Ontology
(BFO) is an ontology of particular importance in the biomedical domains, where
it provides the top-level for numerous ontologies, including those admitted as part
of the OBO Foundry collection. The BFO requires that all classes in an ontology
are actually instantiated in reality. Despite the fact that it is hard to show whether
entities of some kind exist or do not exist in reality (especially for unobservable entities like elementary particles), this criterion fails to satisfy the need of scientists to
communicate their findings and theories unambiguously. We discuss the problems
that arise due to the BFO’s realism criterion and suggest viable alternatives.
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1. Introduction
Science aims to better understand reality through a variety of rigorously empirical (observation and experimentation) and formal methods (mathematics, statistics and logic). Reality, however, is hard to investigate due to intrinsic stochasticity in addition to unknown,
inaccessible, and multiple levels of complexity. To reduce this complexity, contemporary
scientists develop tractable experimental or computational models of reality that provide
a slightly more controlled environment in which experiments may be carried. Indeed,
scientific models of reality provide great insight into otherwise complex real world entities, and more importantly, may predict the existence of yet unobserved entities with
detailed descriptions of their innate structure, qualities and roles and functions.
Increasingly in the last decade, scientists have engaged in the building of ontologies for the specific purpose of knowledge management and knowledge discovery – that
through common understanding of terms, scientific data and findings could be consistently annotated thus promoting data integration and exchange across heterogeneous representations, and support advanced methods for symbolic and numeric data mining. The
Basic Formal Ontology (BFO) [16] is one of several foundational ontologies that is guiding the development of dozens of biomedical domain ontologies. Formal ontology aims
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to provide a specifcation of the meaning of terms within a vocabulary [18]. Ontologies
that use the BFO as its upper level ontology may be considered for inclusion into the
OBO Foundry [44], provided that the ontology is orthogonal to other candidate ontologies. A key criterion for BFO-compliant ontologies is that they employ a particular form
of realism, termed here BFO-realism, which, among other things, insists that classes in
the ontologies must have instances in reality.
Leaving philosophical debate aside, we must ask ourselves whether the criteria for
realist ontologies used in the OBO Foundry lead to ontologies that are useful for scientific
applications and for scientific communication. In particular, we believe that scientific
hypotheses, categories of objects which cannot (yet) be shown to exist, and specifications
of categories of objects are used in communications amongst scientists and should be
represented and formally described in ontologies. Ontologies that are exclusively built
upon classes that have instances in reality face the problem of representing these issues
and fail to support interoperability.
Here, we discuss the kind of realism employed by the BFO and by the OBO Foundry
ontologies with regard to its adequacy for scientific research, and propose an alternative
to solve some of the problems we identify.

2. Realism
In its simplest form, realism corresponds to the belief that “there is a real world existing
independently of us” [41], a world constituted of objective facts. These facts exist independently of our minds and independently of the representations we create of them, they
exist completely independent of us.
Realism is not identical with or implies a theory of truth. In particular, realism is not
identical to the correspondence theory of truth. Realism is not an epistemic theory, nor
does realism prefer a form of representing reality. “Realism does not say how things are
but only that there is a way that they are” [41].
Realism can be contrasted with idealism, which is the philosophical view that the
nature of reality depends on human minds and perception. Idealism is often derived from
the observation that the only epistemic basis we have for claims about the external world
are our perceptual experiences, or that “[a]ny cognitive state occurs as part of a set of
cognitive states and within a cognitive system” [41]. Various arguments for idealism in
the context of formal ontology have already been discussed and rejected [41,43], and
we will not add to this discussion here. Instead, we will focus the discussion on realism
about universals and its role in the construction of formal ontologies.
Depending on what kind of object is assumed to exist, different kinds of realism can
be distinguished. Realism about universals exerts the belief that universals (entities that
may be instantiated in many things) exist. A universal is an entity which “is of such a
nature as to be predicated of many subjects” [3]. They are the things to which the general
terms in utterances correspond. Whether universals exist is an old problem in philosophy
[27].
Two major forms of realism about universals can be distinguished, Platonic and
Aristotelian realism. In Platonic realism, universals exist in a realm of their own, are not
tied to space and time, and only some of these universals are actually instantiated in our
world.

According to Aristotelian realism, universals exist in re, i.e., in their instances.
Therefore, according to Aristotelian realism, universals are in space and time. For example, the universal Chair (or chair-ness) is present in all chairs which existed in the
past, exist now and will exist in the future. In Aristotelian realism, universals and their
instances share a symbiotic relationship; one cannot exist without the other. In particular,
there are no universals which have no instance in reality.
For example, Unicorn is not a universal in the Aristotelian sense, because it has
no instances in reality (to the best of our knowledge, because only depictions and descriptions of the unicorn can be found, and the unicorn is understood to be a creature of
fantasy). As Aristotelian universals exist in their instances, and no instances exist, the
universal Unicorn does not exist.
In its defense of realism against idealism and other anti-realist philosophies, Smith
[43] proposes the principle to use Aristotelian universals as a basis for building ontologies:
Bad ontologies are (inter alia) those whose general terms lack the relation to corresponding universals in reality, and thereby also to corresponding instances.
Good ontologies are reality representations, and the fact that such representations
are possible is shown by the fact that, as is documented in our scientific textbooks,
very many of them have already been achieved, though of course always only at
some specific level of granularity and to some specific degree of precision, detail and
completeness.
In physics, the Higgs boson [21] is a fundamental particle predicted by the Standard
Model of physics [35], and since no instances are known, Higgs boson may not be an
Aristotelian universal. In chemistry, molecules that are not known to exist, but are described through chemical specifications may also not qualify as Aristotelian universals.
The consequences of applying this principle to the development of ontologies is, that
categories such as Higgs boson or chemicals which are not believed to exist (yet), must
not be included in a scientific ontology [46]:
Designer drugs are conceived, modeled, and described long before they are successfully synthesized, and the plans of pharmaceutical companies may contain putative
references to the corresponding chemical universals long before there are instances
in reality. But again: such descriptions and plans can be perfectly well apprehended
even within terminologies and ontologies conceived as relating exclusively to what is
real. Descriptions and plans do, after all, exist. On the other hand it would be an error
to include in a scientific ontology of drugs terms referring to pharmaceutical products
which do not yet (and may never) exist, solely on the basis of plans and descriptions.
Rather, such terms should be included precisely at the point where the corresponding
instances do indeed exist in reality, exactly in accordance with our proposals above.
This principle has subsequently been adopted by the OBO Foundry ontologies built
on the Basic Formal Ontology (BFO) [16], and is being followed, to the extent possible,
by ontologies still under development such as the Ontology of Biomedical Investigations
(OBI) [7] and the Information Artifact Ontology (IAO) [14]. These ontologies must only
contain classes and use relations that are based on Aristotelian universals. BFO-based
ontologies cannot have classes which have no instances in reality.

3. Applications of ontologies in science
To understand whether BFO’s criterion to use Aristotelian universals for building ontologies indeed leads to good ontologies, we must answer the question whether the use of this
principle leads to ontologies that are better suited to solve the problems that ontologies
are designed to solve.
Biomedical ontologies have been pursued to increase the accuracy of capturing biological knowledge, whether through the semantic annotation of data, or by representing
the outcomes of biological experiments. Over 150 controlled vocabularies and ontologies
are now available through the NCBO BioPortal [6] and include ontologies to describe
scientific processes such as experimentation, the formulation and testing of hypothesis,
and the reporting of scientific results in publications or scientific databases. Ultimately,
ontologies serve as a means for knowledge management and knowledge discovery, exemplified by formalized domain-specific languages that are in use in various disciplines,
in particular chemistry [9] or molecular biology [23], and sophisticated knowledge representation for model organism biology [47], or in capturing the specific response to drugs
based on genetic background [11].
3.1. Database interoperability
Ontologies such as the Gene Ontology (GO) [4] have been designed to facilitate interoperability between different research communities, each of which used a slightly different terminology. This required tedious and potentially erroneous mappings to be created
and maintained. Established in 1998, the Gene Ontology Consortium has pursued the
development of an ontology to formally and consistently specify the meaning of terms
used to describe the processes, functions and cellular locations of gene products. Teams
of curators in different model organism projects link gene products to their corresponding function, localization and biological process. Having a common terminological basis
has certainly helped improve the progress of bioinformatics in function prediction by
identifying putative relations across new or integrated experimental data [37].
Where GO terms refer to categories whose existence has been demonstrated in scientific reports, the criterion of using Aristotelian universals is adequate. However, with
more than 25,000 categories in the GO, it is unclear whether all GO categories have been
demonstrated to have instances. Even if this were the case, the Gene Ontology and other
OBO Foundry [44] ontologies are increasingly being used for other purposes, including
hypothesis generation [38] or literature retrieval [10]. As discussed below, these tasks
put new and unexpected demands on the ontologies.
3.2. Scientific discourse and hypotheses
Scientific discourse deals with the written or spoken communication of scientific investigation including hypothesis, evidence, physical and computational experiments, materials and methods, data and results including charts and figures. Consider a hypothesis a
clever idea or a proposed explanation for some observable phenomenon which may be
expressed as a mathematical model or as a logical proposition. But what if the entities
described within the hypothesis are not known to exist? This is, after all, a major motivation for, in the very least, biological research. The BFO-realists would balk at including

such unknown or debatable entities into a scientific ontology, yet it is obviously critical
in not only accurately describing scientific models and theories, but also in being truly
innovative and thinking outside already established and accepted scientific knowledge.
For example, the elementary particle Higgs boson [21] is predicted by the Standard
Model in particle physics [35]. However, so far no instances of this predicted entity
have been found, despite considerable efforts [48]. Consequently, within BFO’s realist
framework, there is no space for an ontological category of Higgs bosons, because there
may not be any instances of such a category. Yet clearly there is a need amongst scientists
to communicate information about Higgs bosons, their properties and especially their
potential to enter into causal relations. Furthermore, there is a need to specify what a
Higgs boson is (or would be if there is one) in information systems that store, process
or retrieve information about elementary particles. So we must answer the question how
the nature of hypothetical entities such as Higgs bosons can be specified through BFOrealism.
3.3. Information artifacts and the aboutness problem
Hypotheses (as written propositions), theories (as collections of propositions) and written specifications (as documents describing how to represent information) are Information Content Entities (ICEs) in the domain of the Information Artifact Ontology (IAO)
[14]. In the IAO, ICEs are generically dependent continuants (GDCs) – these depend on
the existence of some material object of a certain kind. They are always about [40] some
entity in reality. For example, a datum of temperature measurement is generically dependent on a physical representation of the datum, and it is about a temperature quality of
some entity.
The IAO is represented using OWL-DL [31,36], the description logic variant of the
Web Ontology Language (OWL). OWL-DL is a decidable fragment of first order logic,
which extends the semantics of the SROIQ description logic [25] with datatypes and
punning.
The axiom corresponding to the aboutness of information content entities (ICE) is
the following description logic statement:
ICE v ∃is_about.Entity

(1)

The class Entity refers to BFO’s top-level class. As BFO is an ontology of particulars,
instances of Entity must be particulars, too; either continuants or occurrents. Entity does
not include ontological categories in its extension.
With exceptions (such as a hypothesis about the existence of a planet or asteroid),
hypotheses in empirical sciences are about categories of particulars. Kinds of hypothetical particles in physics are a consequence of the Standard Model [35] (or other theories).
Yet no particular particles are predicted, but rather categories of particles, characterized
by their mass, spin and other properties. Limited by the BFO, which includes only particulars in their domain of discourse, the IAO currently fails to represent about what
information entities referring to categories are.
At least three options exist how to represent theories and hypotheses, or, more generally, information entities, about categories in a BFO compliant way:

1. Using higher-order relations in OWL permits to relate particulars (GDCs) to
OWL classes (which represent categories of entities).
2. Adding a new top-level distinction between Universals and Particulars in BFO.
Instances of the OWL class Universal are universals, while the current BFO taxonomy can be kept as a sub-category of the Particular class. This approach is
illustrated in Figure 1.
3. Representing categories as GDCs that are existentially dependent on a universal
requires no change to the BFO.

Entity

Particular

Continuant

Universal

Occurrent

Figure 1. Modified top-level of BFO.

The first option would require no changes to the BFO, yet necessitates the use of
an undecidable logic, OWL-Full. The second option is already implemented in the OBO
Relationship Ontology (RO) [45] where instances of both categories are related using an
explicit instance-of relation, and the third option reflects the classification of universals
as a classification of GDCs.
However, whichever option is selected to represent information about universals in
the BFO, all approaches fail to represent the meaning of terms which refer to categories
of beings for which we are not certain that instances exist in this world, because these
categories may not be universals, and, consequently, no class corresponding to the category will be included in a BFO-based ontology. Although the BFO has the capability to
represent the features of theories or hypotheses, it fails to capture what these theories are
about. However, these hypothetical categories are of high importance for the progress
of the sciences, and the failure to include them in formal scientific ontologies hinders
the ability of scientists to communicate about their theories, and may potentially hinder the progress of science. So far, we have demonstrated this using an example from
physics, discussing theories of Higgs bosons. Yet the restriction employed by the BFO
does not only limit current scientific progress, but fails to serve already established disciplines such as chemistry, where borderline cases and impossibility results are vital for
the understanding of particular phenomena and domains.

3.4. Molecules and molecular specifications
Molecules are material entities in that they are maximally connected, spatially extended,
retain their identity in time and are the bearer of qualities. Molecules themselves are
composed of atoms that are connected through stable covalent bonds, and the threedimensional arrangement of the atoms that constitute a molecule is called molecular
structure. Molecular structure determines several properties including reactivity, polarity,
color, magnetism, and biological activity.
Over 80 chemical specification languages exist to capture and represent knowledge about molecules. Molecular graphs (atoms, connectivity and stereochemistry) can
be represented by the Simplified Molecular Input Line Entry Specification (SMILES)
[1], the IUPAC International Chemical Identifier (InCHI) [32], and extended with other
knowledge representation languages such as the XML-based Chemical Markup Language (CML) [34]. More recently, an OWL-based chemical structure ontology [28] has
been developed. Since multiple chemical specification languages can be used to specify
the same molecule, it is important to provide an ontological foundation for these languages. Furthermore, there is a need to describe information about molecules, particularly the values obtained by a calculation or a measurement protocol. This goal is being
addressed in a collaborative effort to develop an ontology of chemical information [13].
The important aspect of encoding this knowledge is that the information content is about
a molecule or a class of molecules. This viewpoint is critical for the OBO Foundry ontologies IAO and the chemical information ontology: that there exists a relation between
the information entities and the real world entities they describe.
Thus, a major challenge for the BFO-realists is how to represent molecular structures that have been designed, but for which no instances are yet known to exist. It has
been argued [15] that molecular structure is in fact a “non-effective specification”, in
contrast to an “effective specification” which details how one might actually execute the
procedure by which one realizes the objective. These specifications should not hold an
aboutness relation to real world entities until, of course, the real world entity has been
demonstrated to exist. It is further argued that any properties that we might derive from
the structure are simply predictions, and don’t really describe the real world entity.
Yet, it is entirely unsatisfying that we cannot examine a glyph, diagram or sequence
of characters, conforming to one of the molecular structure specification languages and
acknowledge that this description in fact corresponds to a specific category of molecules,
independent of whether we know it to exist. Moreover, whether the specified molecules
exist or not, the properties we compute are also information about the specific molecules.
Instances of the category of molecules would indeed have all the normal properties and
characteristics of molecules, and they are studied under that aspect.
It is routine science for chemists to investigate chemicals that do not yet exist. During the course of their investigation, they specify the target molecule’s structure and put
forward biosynthetic strategies. Increased due diligence could include a computational
study to assess the compound’s stability, so as to better understand under which conditions it may be synthesized. For example, de Silva and Goodman [8] pursue a computational chemistry approach to answer the question of which saturated acyclic alkanes can
never be made under normal conditions. They identify two molecules, illustrated in Figure 2, which have never been synthesized and are unlikely to exist except perhaps briefly
under extremely low temperatures. It is clear that their study provides information about

Figure 2. The smallest acyclic alkanes that could not naturally exist.

a class of chemical compounds for which there is no known physical evidence of their
existence, and the scientific contribution is exactly the impossibility result, as outlined in
the study’s conclusion [8]:
The strain energy analysis and the DFT calculations suggest that the limit of stability
lies either at C15 or C16, and so the smallest alkane that can never be made will be
either C16 or C17, except perhaps at very low temperatures for a short time. We are
confident that C17 could never be made and suggest that C16 is the smallest saturated
alkane that cannot be made.
While BFO-based ontologies can represent the properties and features of the specification of a class of molecules, it fails to represent the properties and features of the class
of specified objects – independent from whether or not instances of the specified class of
objects exist.
3.5. Perpetual motion
Perpetual motion and perpetual motion machines are discussed in science for centuries.
They have served to test the boundaries of scientific theories and hypotheses [2] and
continue to do so [20].
A perpetual motion machine is a machine that runs forever. Perpetual motion machines violate either the first or the second law of thermodynamics [12]. Perpetual motion machines of the first kind create energy from nothing (and violate the first law of
thermodynamics about the conservation of energy). Perpetual motion machines of the
second kind are able to extract energy at some point, use it for work, and have everything
return to an original state at the end of the cycle (violating the second law about increasing entropy). Using other criteria, several other classes of perpetual motion machines can
be distinguished [26].
The notion of perpetual motion and perpetual motion machines continues to be useful to test the limits of scientific theories and challenge new discoveries. Hence, a scientific classification (or ontology) of perpetual motion machines has been developed. It is

precisely the fact that these machines are considered to be impossible that makes them
useful for science [5]. Consequently, they are useful in scientific communication and information systems in scientific domains, and therefore an important notion for scientific
ontologies.
3.6. Alternatives to BFO’s realism
So, are there alternatives to the use of Aristotelian universals for building ontologies?
There are, and they are quite common in the formal ontology community outside the
biomedical domain [18,17]. It is the view of ontology as a specification of a conceptualization of a domain, as a formal theory specifying the meaning of terms in a vocabulary – a vocabulary containing all the relevant terms within the domain to be covered. In
this view, an ontology is not concerned with the question whether one of its classes has
an instance in this world (or in “reality”), but rather with specifying the properties and
characteristics of the instances if there are any.
The importance of impossibility results in science such as the apparent impossiblity
of perpetual motion or certain chemical structures has some important consequences for
constructing scientific ontologies. When formal ontologies for science specify the necessary properties of a category’s instances (i.e., the properties of the instances in every
possible world in which the category does have instances), the laws of nature must be
seen as contingent, because these laws are the subject matter of the domain modeled.
Scientific ontologies are intended to support the communication between scientists and
must, by their very nature, be able to accommodate different scientific views. Restricting
the categories in scientific ontologies by the natural laws themselves would make it impossible to use these ontologies for the discovery, discussion or communication of novel
results that may contradict any of the established scientific theories, because the choice
of the ontology would already preclude the possibility of such results.
It may still be desirable to know whether a majority of scientists believe some theory
to be true or false, or some category to have instances or not. For this purpose, OWL
meta-modelling [33] can be used to add epistemic information to an ontological class,
e.g., with attributes such as predicted, hypothetical or confirmed.

4. Discussion
The criterion employed by the BFO to base ontologies on universals that are instantiated
fails to satisfy the needs of scientists in various illustrative cases that are representative
of a larger set of more general problems. It must be emphasized that, within the BFO, no
definition or axiomatic characterization of “universal” is currently available. The closest
to a definition of “universal” in the BFO is the statement [43]:
A universal is defined as anything that is instantiated, and an instance as anything
that instantiates some universal. The relation of instantiation is hereby taken as primitive, and it is specified axiomatically that it holds exclusively between instances and
universals (in that order).
However, this does not help us to determine if an entity is a universal or an instance of a
universal, or even whether instances and universals are disjoint or may overlap.

Yet it has been argued that BFO’s criterion of using only Aristotelian universals
for classes in an ontology leads to better ontologies, because it helps to prevent various
mistakes. In particular, false is-a assertions are claimed to be prevented through the use
of the criterion.
However, it is hard to see how the use of universals contributes to avoiding the
identified mistakes [43]. The argumentation in [43] seems entirely focused on the benefits
of using universals over concepts. The notion of concept is, it is claimed [43,42], not
well-defined, and should be replaced by the notion of “universal”. Yet, within the BFO,
“universal” is only specified as something that has instances, making it a weak notion
rarely more adequate than “concept”. It is therefore unclear why is-a relations such as
• dog is-a dog or apple,
• dog and mammal is-a dog or apple,
• dog is-a non-cat
are apparently excluded with the use of universals instead of concepts. Since axioms or
definitions for “universal” are not provided in the BFO, no option remain to determine
whether “dog or apple” is a universal or not – except by reference to an ontological
authority.
We focus on the BFO here due to its importance in constructing ontologies in the
biomedical and related domains. However, other ontologies are used within these domains as well, in particular DOLCE [29] in the BioTop project [39] and the GFO [19] in
the GFO-Bio project [24].
Neither DOLCE nor the GFO have a restriction similar to the BFO in that their
classes must correspond to Aristotelian universals. As a consequence, neither faces the
challenges in representing scientific theories, hypotheses or specifications we discussed
so far. Furthermore, each explicitly includes some form of representing ontological categories. The DOLCE contains, in an extension [30], a way of constructing concepts.
The GFO is designed from the beginning as an ontology not only of individuals,
but also of ontological categories. GFO permits the inclusion of multiple kinds of categories, including mind-independent categories (universals) and mind-dependent categories (concepts).

5. Conclusions
We discussed a form of realism that is promoted by the Basic Formal Ontology and is
being employed throughout biomedical ontologies that are candidates for inclusion in
the OBO Foundry. This form of realism states that the classes and relations in these
ontologies must be instantiated in reality. In particular, categories of entities which are
not assumed or known to exist cannot be included in ontologies exemplifying this form of
realism. This includes a number of entities predicted by current theories in physics such
as Higgs boson, and also the referents of chemical specifications, in particular molecules.
The form of realism employed by the BFO and the OBO Foundry ontologies is
inadequate for numerous tasks that ontologies are being used for, in particular for the
capture and communication of scientific discourse, the representation of the referents of
specifications and, in general, the contents of scientific theories. While BFO’s realism
criterion is intended to facilitate the construction of “good” ontologies, it hinders at the

same time the development of more useful ontologies for science. We show that other
criteria which are more common in the formal ontology community, such as the use of
the axiomatic method [22] and the specification of the meaning of every term necessary
within a domain or application, suffice to avoid the problems BFO’s realism criterion
tries to address, and apply it to uninstantiated classes such as the referents of scientific
theories, chemical specifications and impossibility results.
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