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Abstract

After motivating a framework for evaluating top-down, middle-out, middle-in, and bottom-up
ontology development strategies, we apply our framework to investigate whether infectious
disease ontologies - specifically, the Virus Infectious Disease Ontology (VIDO) and the
Coronavirus Infectious Disease Ontology (CIDO) - effectively promote semantic
interoperability.
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1. Introduction

Ontologies are developed using numerous strategies. Some follow a top-down strategy, in which
classes or categories are devised to constrain lower-level ontology content extending from them [1].
Bottom-up strategies tend to begin creating ontology content reflecting a given domain of interest,
representing that content with a high degree of fidelity [2]. Data used as a basis for a bottom-up
ontology comes in many flavors, e.g. a SQL database, an Excel file, previously existing taxonomies,
etc. An ontologist following the bottom-up strategy will attempt to uncover terms and relations
implicit in the data, to represent them ontologically. The middle-out strategy aims at attaining the
benefits of the preceding strategies, like proximity to the domain and ensuring consistency across
lower-level ontologies [3,4]. Middle-out ontologies are developed at some level of abstraction above
one or more domains to be modeled, but not as far removed as those that begin with the top-down
strategy. Notice that these strategies are distinguished based on the starting point of their development
[5]. They are thus distinct from ontology architectures distinguished in terms of their coverage, e.g.
top-level ontologies such as the Basic Formal Ontology (BFO) [1,6], DOLCE [7], and YAMATO [8];
mid-level ontologies — such as the Common Core Ontologies (CCO) suite [9] or the Industrial
Ontology Core [10].

While each of these strategies has been discussed in the literature, there has, as of yet, not been a
rigorous, fair, comparison provided between them. One of our aims in this article is to provide such a
comparison. Another of our aims is to apply the results of our comparison to representative ontologies
which follow one of these strategies, specifically, the Coronavirus Infectious Disease Ontology
(CIDO) [11,12] and the Virus Infectious Disease Ontology (VIDO) [13], designed according to the
top-down strategy. Our evaluation will demonstrate the extent to which these ontologies effectively
promote semantic interoperability, a primary goal of ontology development.

2. Criteria for Evaluating Ontologies
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We take as a starting point for the identification of evaluative criteria for ontologies, the work of
Denny Vrandeci¢ [14], itself originated from the work of Thomas Gruber. Vrandeci¢’s evaluating
criteria — displayed in Table 1 — have been used by numerous developers to improve the quality of
their ontologies and knowledge graphs [15-7]. Note, no single ontology can perform well on all these
metrics; indeed, some criteria appear in conflict, such as completeness and conciseness.

Table 1
Vrandeci¢'s Ontology Evaluation Criteria
Criterion Description
Accuracy The extent to which an ontology accurately
represents the domain within its stated scope.
Adaptability The extent to which an ontology can be extended

to represent entities in domains outside of its
originally stated scope.

Clarity The extent to which an ontology unambiguously,

clearly, conveys the meanings of its terms and

relations to users.
Completeness The extent to which an ontology includes terms and
relations that cover the entire domain within the
intended scope of the ontology.

Conciseness The extent to which an ontology is parsimonious,
does not include redundant content, or irrelevant

axioms.
Coherence The extent to which an ontology is both logically

consistent and semantically aligned with the
intention of its creators.
Organizational fitness The extent to which, within an organizational
context, an ontology is integrated within the
organization.

Accuracy follows naturally from the goals of most ontology development, namely, representing a
given domain using a machine-readable controlled language. Accuracy may be determined when
ontology developers and subject-matter experts interact during ontology development, in the interest
of reaching consensus over ontology labels, definitions, logical relationships, etc. [18]. The most
successful ontologies are reused, extended to new domains, and integrated with other ontologies and
knowledge representation projects. An adaptable ontology is one which can be easily extended into a
new domain distinct from that for which it was initially designed. Clarity can be achieved by proper
definition development and documentation. In the absence of definitions, other annotation properties
such as comments, citations, notes, labels, alternative labels, and preferred labels may be used to
promote clarity. A complete ontology will include terms and relations needed to represent any terms
within its scope. Completeness is related to accuracy, as evidenced by the impact completeness may
have on whether competency questions for an ontology can be answered [19]. Adequately answering
competency questions requires that the ontology has adequate coverage of the domain. A concise
ontology will not include unnecessary elements or axioms, which promotes understanding by users
and helps avoid the confusion that might emerge from the presence of, say, many unneeded classes.
Related, a concise ontology will include only those terms and relations that are needed to represent the
domain within its scope, i.e., the minimal set of terms and relations. A coherent ontology will be
logically consistent and will entail as little beyond the intent of its creators as possible. Put another
way, the intended interpretation of the ontology will match as closely as possible the semantic
interpretation generated by model checkers [20] or OWL reasoners [21,22]. Organizational Fitness is
not directly about a given ontology per se but also involves the organizational context in which the
ontology is deployed. An ontology that scores high on organizational fitness is successfully and
consistently deployed in an organizational context, is being maintained and developed, is accessible to
members of the organization, and can be aligned with other ontologies within the organization.
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The standard we use to adjudicate the importance of each of these criteria is, arguably, the primary
aim towards which any good ontology aims, the promotion of semantic interoperability — the ability
of computer systems to exchange data with unambiguous, shared meaning [1,23-4]. The most
important criteria in this perspective seem to be accuracy, coherence, and adaptability. Notice that
coherence cannot be simply reduced to the absence of contradictions in the ontology but is rather the
absence of statements that are semantically, and often implicitly, in conflict. During the development
of VIDO, such a coherence issue was identified with respect to the definition of “organism” used by
the Ontology for Biomedical Investigations (OBI), which included viruses within purview [25].
“Organism”, however, was defined as comprised of cellular entities, despite viruses being acellular.
This is an example of a semantically incoherent statement that was originally not noticed and that
might be more easily avoided by adopting one ontology development strategy over the others.

3. Evaluating Ontology Development Strategies

The three strategies in our focus are evaluated on a spectrum. The evaluation of these strategies
was carried out by analyzing ontologies that explicitly adopt them, and then testing them against a set
of questions devised to check compliance with the our criteria. In the future, we plan to test these
questions and criteria on a larger scale using empirical methods, i.e. surveys and feedback group
sessions with ontology developers, etc. In what follows, we do not conclude that ontologies borne
from the one strategy necessarily perform better than others with respect to our criteria. Instead, we
suggest that they stand a better chance of doing so than ontologies developed following one of the
other strategies.

Organizational Fitness

¢ Bottom-up: This strategy promotes work on the same data set. However, different segments of
this dataset, when used by various team members, might lack semantic uniformity. This
disparity becomes apparent when generalizing the embedded knowledge.

¢ Middle-out: This strategy provides a common starting point for building classes that members
of an ontology development team can use. Nevertheless, there may be a lack of shared
understanding across ontologies borne out of this strategy within an organization, in particular
with respect to higher-level terms and relations such as part of, quality, or process.

e Top-down: While starting from the most general classes and working your way down is a
suitable way to promote consistency, it is not free of challenges. Deciding how best to define
such classes across an enterprise requires time and skill that organizations may not have.

Definitions (Accuracy, Clarity, Coherence)

The Aristotelian scheme for definition writing is standardly employed by ontology developers
[1,26], i.e., to define class A you identify its parent class B and describe the differentia that
distinguishes instances of A from any other instances of B [27]. Adopting the Aristotelian model
forces the ontologist to identify the relation of the class with the other classes in the hierarchy when
building the definition, and provides a format that is human-readable, consistent, and understandable
for the user if correctly applied.

¢ Bottom-Up: One cannot adopt the model of writing Aristotelian definitions if following this
strategy, since there is no top-level ontology from which to identify parent classes.
Consequently, those following the bottom-up strategy must develop some manner of schema to
do so. Whatever that schema amounts to, it will not be extending from a top-level ontology,
which seems a cost.

¢ Middle-Out: The middle-out strategy may adopt the Aristotelian schema for definitions to
some extent, i.e., for classes on the lower level. Nevertheless, it is not possible to adopt this
strategy for classes on the upper level of the hierarchy.

e Top-Down: Insofar as the top-down strategy allows for extensive application of Aristotelean
definition schema, it scores highly with respect to definitions. By using the Aristotelian method,
ontology developers can offer definitions by relating them to classes in a top-level ontology.

Axiomatization (Accuracy, Clarity, Consistency)

Formal axioms associated with terms and relations in an ontology promote accuracy, clarity, and
consistency, as well as automated checking of such evaluative criteria. Axioms provide machine-
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interpretable enforcement of domain and range for relations, ensure disjoint classes do share instances
in common, and in general connect parts of an ontology hierarchy to other parts of that hierarchy.

Bottom-Up: Axiom development may be challenging when following the bottom-up strategy.
Suppose a class start time should be related to a class earlier than that itself relates to any
class representing entities having a duration, such as phosphorylation or dimerization. Intu-
itively, one might say such classes are all activities or processes of some sort. This is not an ob-
vious option when following the bottom-up strategy.

Middle-Out: The middle-out strategy fares better, since axioms can be written starting from a
broader scoped architecture than that provided by the bottom-up strategy. This allows those
following a middle-out strategy to leverage the space of possibilities already constrained by the
placement of lower-level terms within the ontology taxonomy. Put another way, following the
middle-out strategy might avoid some of the issues raised above by including natively a class-
like activity, but will at some point lack a way to answer questions further up the taxonomy.
Top-Down: The top-down strategy appears to fare better than either of the preceding strategies,
with respect to axiom development. By populating ontology entities downward from existing
classes and relations, ontology elements have an implicit formal structure inherited from the
top-down strategy itself. Moreover, because there are an increasing number of logical
constraints enforced as one proceeds down the taxonomy, the scope of possible axioms that can
be applied to an ontology element is decreased.

Reinvention (Accuracy, Organizational Fitness, Clarity, Consistency)
It is important to determine the extent to which an ontology strategy encourages or discourages

duplication of effort. Duplication is not only dangerous because it wastes time and resources. It also
risks re-creating the mistakes that other ontologists have effectively amended in their efforts.

Bottom-Up: The bottom-up strategy appears to encourage duplicative effort when viewed from
the perspective of interoperability. Focusing solely on accurately modeling a domain runs the
risk of missing the forest for the trees. Put another way, creating terms and relations highly spe-
cific to a domain, without reflection on how they might relate to existing ontologies, impedes
interoperability with those other ontologies. This is, indeed, a recipe for creating data silos [1].
Middle-Out: Middle-out ontologies avoid some of the issues plaguing the bottom-up strategy
with respect to reinvention, by facilitating an upwards population of ontology content, as
needed. Nevertheless, this strategy will ultimately run into the same issues at a higher level of
generality.

Top-Down: Top-down strategies clearly shine with respect to reinvention. This strategy creates
a common architecture from which terms and relations extend, and consequently, can be reused
in other ontologies employing the same top-level architecture. This is, of course, not to say that
all ontologies designed according to this strategy thereby perform well with respect to reinven-
tion. Several ontologies, for example, in the Open Biological and Biomedical Ontology (OBO)
Foundry [28] extend from the top-level BFO but in the absence of collaboration across nearby
efforts, do so by producing duplicative content.

Unused Content (Conciseness, Clarity)
In some cases, ontologies will be developed with placeholder classes or relations, intended to be

connected to data, but which never are. The result is there may be ontology classes that are not used,
potential points of confusion, or perplexity for ontology developers unfamiliar with the intent behind
creating such content.

Bottom-Up: Bottom-up strategies perform best with respect to this criterion, as ontology con-
tent is developed on demand, directly from relevant domain data. Bottom-up ontology develop-
ment encourages creating ontology content that is representative of the domain, and so makes it
unlikely that ontology developers following this strategy will create empty content.
Middle-Out: Middle-out strategy followers arguably perform as well as bottom-up strategy fol-
lowers with respect to this criterion. By keeping an eye on the domain-level and the upper-level,
this strategy tends to result in ontologies that populate classes which are integrated into analyses
of the domain in question.

Top-Down: Top-level strategy results perform worst with respect to this criterion. Constructing
ontologies from the most general content down runs the risk of including plausible content that
does not end up being used by domain ontologies extending from the top-level.
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Abstract Representations (Clarity, Conciseness, Accuracy)
Ontologies sometimes include content that is so general that may lead to confusion by subject-

matter experts, ontology developers, or other users. Such abstract representations may be challenging
for users to understand, which may, in turn, undermine the use of the ontology, or support perceptions
that a given ontology is too difficult to be used for practical purposes.

Bottom-Up: More than any of the alternative strategies, bottom-up strategies typically avoid
the inclusion of abstract representations within ontology output. Working so closely at the do-
main level encourages the creation of ontology content understood by relevant subject-matter
experts.

Middle-Out: Similarly, the middle-out strategy promises to avoid the inclusion of many ab-
stract representations, given its emphasis on domain-level content while attending to top-level
architecture. Expanding upwards only when needed keeps abstract representations at a mini-
mum.

Top-Down: Abstract representations are often found in ontologies designed following a top-
down strategy, as top-level content must often be rather general. Terms such as continuant or
predicate are often divorced from the experiences of subject-matter experts, employment of
them leads to confusion at best and misuse at worst. Consequently, it becomes challenging to
link these abstract representations to domain-level content, which is indeed one of the main pur-
poses of developing ontologies.

Adaptability (Adaptability, Organizational Fitness)
Ontologies should be extendable to new domains, reflecting new discoveries, scientific

advancements, or novel ways of understanding existing knowledge. We must take care here, however,
when reflecting on what it means for an ontology development strategy to promote adaptability.
Ontologies may be extended vertically - by upward or downward population of content — or
horizontally — by covering new domains not yet represented. The upward and downward population
of content places constraints on the ontology content that can be created consistently. For example,
asserting that instances of process must have some temporal part requires that any subclasses of
process also have some temporal part, thereby narrowing the space of possible extensions. A
horizontal extension is, however, sometimes entirely unconstrained, as when an ontology is developed
outside of existing ontologies.

Bottom-Up: Strictly speaking, this strategy promotes adaptability solely in the sense of hori-
zontal extension since it encourages the creation of ontology silos, entirely disconnected from
other potential ontologies within an enterprise. New terms and relations can be introduced out-
side the scope of existing ontologies developed following this strategy, without encountering in-
consistency. This, of course, comes at the cost of interoperability.

Middle-Out: This strategy fares poorly when adaptability is understood as a vertical extension
since constraints are applied during the upward and downward population of ontology content.
Ontology content developed in the upward direction must also bear constraints from the lower-
level ontology content, and vice versa. The upward and downward aspects of this strategy lead
it thus compromised on two fronts. Consider, from the Credential Transparency Description
Language [29]: an address is defined as “particulars describing the location of the place”,
whereas ‘particular’ refers to details of a description. Such use of ‘particular’ is, however,
wildly different from the use of ‘particular’ in, say, DOLCE [5], where the term denotes an in-
dividual. Extending Credential Engine to a domain covered by a DOLCE-based ontology would
thereby generate inconsistency. On the other hand, where adaptability is understood as horizon-
tal extension the middle-out strategy permits the development of ontologies with few con-
straints, with the caveat simply being that at some point such new ontologies will need to con-
nect with a top-level. In this respect, the middle-out strategy provides flexibility in ontology de-
sign.

Top-Down: The top-down strategy encourages constraints on ontology content extended from
the top-level, and so constrains the range of possible ontology extensions. Put another way,
when adaptability is understood as a vertical extension, the top-down strategy places constraints
on a downward population of ontology content and does not permit an upward population. In
this respect, the top-down strategy fares worse than the bottom-up strategy with respect to per-
mitting extensions without generating inconsistency, since any downward populated content
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must remain consistent with the content from which it extends. The top-down strategy fares
worse, moreover, than either of the other strategies when considering adaptability from the hori -
zontal perspective. This is because any ontology designed following the top-down strategy must
find parent terms and relations that ultimately have roots in a top-level ontology. In other
words, when attempting to cover a new domain, ontology developers must find constraints to
apply to ontology content for this new domain.

Implicitness (Accuracy, Consistency, Coherence)

It is important to be able to discern the extent to which an ontology design strategy encourages or

discourages the creation of implicit incoherence.

¢ Bottom-Up: While the bottom-up strategy offers developers greater flexibility, this approach
has its challenges when it comes to inviting implicit incoherence. The significant dependence
on data often results in classes that mirror imperfections in the data. Consequently, terms and
relations falling out of a bottom-up strategy tend to reflect inherent flaws in the data.

e Middle-Out: Without an explicit structure guiding expansion, ontology developers following
this strategy may overlook the "implicit rules" essential for coherence. Additionally, the ab-
sence of a shared foundational understanding can render much of the stored knowledge incon-
sistent, without obvious methods for detecting such inconsistency. Moreover, transitioning the
ontology to different domains can be challenging for middle-out strategy ontologies, especially
when the abstract classes it has developed are too domain-specific. As discussed, the term ad-
dress in the Credential Transparency Description Language [29] is defined differently than in
other ontologies, which can lead to confusion when seeking alignment.

e Top-Down: This strategy exhibits advantages and challenges. The top-down strategy equips the
ontologist with the tools needed to craft robust and rigorous axioms, paired with clear class def-
initions, reducing the risk of implicit inconsistencies. However, the rigidity of the top-level
classes can be a limitation. If incoherence arises, rectifying it can be challenging, especially if it
necessitates changes to foundational classes.

4. Discussion

This section offers a comprehensive analysis of three ontological strategies, summarizing their
strengths, weaknesses, and unique characteristics with respect to the preceding evaluative criteria. We
aim to provide a holistic view, facilitating a deeper understanding of each method's applicability and
limitations.

The bottom-up strategy excels in clarity and conciseness, primarily because the ontologies it
produces are more closely aligned with the terminology associated with a given domain. When
conducted effectively, this strategy accurately mirrors domain data structure, ensuring a direct
correlation with the original data's knowledge. However, such close reliance on original datasets can
compromise adaptability and accuracy when applied to slightly varied domains. The bottom-up
strategy’s biggest strength - its proximity to the original data — is also its biggest weakness.

The middle-out strategy generally outperforms the bottom-up method. Ontology developers
following this strategy tend to avoid getting mired in data details. Nevertheless, the absence of a top-
level set of common terms can lead to implicit commitments in an ontology developed following the
middle-out strategy. Moreover, developers will ultimately be pressed in this strategy to create local,
domain-dependent top-level terminology, that will quite likely impede clarity and adaptability, and
lead to challenges in semantic homogeneity and external interoperability.

The top-down strategy stands out in terms of coherence, clarity, and completeness. It offers
adaptability, especially when using top-level classes to ensure coherence across domains. However,
its inherent ontological commitments may make it fragile, necessitating careful adaptation to new
domains, and rigorous attention to how ontologies are extended from it. While the approach promotes
ontology alignment and avoids redundancy, it demands a centralized organizational structure and
skilled individuals adept at handling abstract classes.

The top-down strategy appears to perform best overall with respect to our evaluative criteria, with
the middle-out strategy coming second, and the bottom-up strategy third. While challenges exist, the
top-down method's proactive approach to axiomatization and class building during production can

189



also mitigate issues that might arise post-deployment. That said, it is important to emphasize that
applying top-down techniques often requires more effort in the development of an ontology.
Compliance to a top-level is not cheap, and the benefits gained are not always obvious when an
ontology is being developed for a specific domain-level modeling task. The tradeoff is — we claim —
best characterized as a difference between short-term and long-term costs. Effort spent upfront
following a top-down strategy saves effort downstream, a cost that artifacts resulting from middle-out
and bottom-up strategies will ultimately have to pay later — when it is more expensive - if they hope to
promote semantic interoperability.

5. The Middle-In Strategy

Most researchers appear to develop ontologies according to one of the three developmental
strategies discussed thus far, but our analysis of the complexity of ontology development suggests
there is a promising strategy not yet discussed in the literature. The middle-in strategy combines
aspects of the top-down and bottom-up strategies, in a manner distinct from the middle-out strategy.
According to this strategy, ontologists begin with a top-level ontology which is then used as a guide
when exploring data to develop domain-level ontology content. This strategy takes its name from
starting at both the top and bottom levels, then developing ontology content to meet in the middle.

During the writing of this manuscript, it was discovered that some ontology developers have —
often unknowingly — employed such a strategy or have hinted towards such a strategy. For example,
in 2010 Enrico Francesconi and his team published a paper where they describe a similar method to
build DALOS, a multilingual ontology for the legal domain [30]. More recently, CIDO and VIDO are
the result of the middle-in strategy, as they each use BFO as a top-level ontology, while employing
bottom-up, data-focused, design. For example, they re-use reference ontologies and mid-level
ontologies like CHEBI [31] and OBI [25]. Moreover, CIDO was built starting from the classifications
of real-life, already existing data coming from GISAID, NextStrain, and DrugBank, as well as data
coming from domain-specific literature [32], and VIDO was related to taxonomies such as the
NCBITaxon [33] and based on the Baltimore Classification [34]. Finally, both made use of
connections with domain experts to maintain their terminology and ontological commitments
grounded within the domain. The perks of employing top-down methods are still visible in the quality
of employed definitions and axioms, as well as in the number of external ontologies and domains that
are referred to, suggesting the ontologies are adaptable and extensible.

CIDO and VIDO score well on all criteria most relevant for semantic interoperability. Starting
with accuracy, the precision of the content of the two stems from the quality and variety of the data
and domain knowledge used as a development basis. Clarity is favored by the terminology respecting
these sources, as well by the terms being defined using the Aristotelian schema. Coherence is
respected through the use of axioms taken or developed starting from the top-level layer provided by
BFO. Adaptability is preserved thanks to native integration with a set of BFO-based ontologies and to
potential coherent integration with all other ontologies that use the same upper-level architecture.
These virtues make CIDO and VIDO stable hubs for long-term development of interoperable
terminologies in the realm of infectious disease representation, and provide confirmation for our
evaluation of middle-in ontologies as best suited to promote semantic interoperability.

6. Conclusion

Each of the four methodologies presents distinct advantages and challenges. The bottom-up
approach, with its implicit semantics, is apt for smaller projects where team members share a common
understanding and where rapid access to existing well-defined datasets is needed. Conversely, for
larger projects demanding explicit semantics to maintain coherence across multiple contributors,
extract implicit information, or promote reasoning capabilities, the middle-out and top-down
approaches are more appropriate. Both, however, are less appropriate than the middle-in strategy
which concluded our discussion. In the context of infectious disease ontologies, CIDO and VIDO
represent successful endeavors in providing a basis for structuring data. We argue that the quality of
the two ontologies is in part a function of their adoption of a middle-in development strategy. While
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the middle-in strategy is akin to the top-down strategy, the former may yield more fragile ontologies
due to its rigorous nature. Proper implementation demands meticulous effort from ontologists in
crafting precise mappings and alignments. As we understand it the primary impediment to
interoperability arises from inconsistent terminology and axioms across domains; this is an issue best
addressed by the middle-in strategy.
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