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Abstract BioPortal is a leading repository of biomedical ontologies
developed in different formats such as OWL and OBO. There is an
increasing number of ontologies as well as an increasing number of
concepts available via this platform. This has sparked a number of
studies analyzing different aspects of BioPortal ontologies, such as their
quality and reuse. With this paper, we add a new aspect to this body
of work: The current version of BioPortal supports the access to whole
ontologies; however, often, users are interested to obtain access to subsets
of ontologies. This is particularly true for big ontologies. This requires
partitioning of ontologies. In this paper, we therefore investigate how
suitable BioPortal ontologies are for being partitioned with state of the
art tools.

1 Introduction

Ontologies provide domain knowledge in machine readable formats. They
are widely used in various applications, e.g., to drive data annotation, data
integration, information retrieval, and in particular widely used in biological
and biomedical research [I2]. Therefore, a large number of ontologies have been
developed and there is a growing necessity to keep them in a common repository
to make them accessible and manageable. Examples of such repositories include
BioPortal [I7125/32] [[] OntoBee [20] ] and AgroPortal [14] P

Since its deployment, the National Center for Biomedical Ontologies (NCBO)
BioPortal has evolved to become the prevalent repository of biomedical
ontologies and terminologies [I7I32]. In 2008, BioPortal had 72 ontologies with
around 300,000 concepts, while in the current versiorﬁ it contains 821 ontologies
with 8,859,512 concepts. This shows that there is a tremendous increase in both
the number of ontologies and the number of concepts. BioPortal provides a
number of services, amongst others to obtain ontology information, such as

! http://bioportal.bioontology.org/
2 http://www.ontobee.org/

3 http://agroportal.lirmm.fr/
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ontology metadata and individual ontology terms, to search within ontologies,
and to visualize them.

Due to its popularity, different aspects of BioPortal ontologies have been
investigated. For example, a number of approaches have been introduced to
investigate the quality of BioPortal ontologies [B/I8]. Another aspect that
is intensively studied w.r.t. BioPortal ontologies is ontology reuse [SII5II9].
However to the best of our knowledge, there is only one study focusing on
the decomposition and partitioning of BioPortal ontologies [31]. This study was
conducted in 2011 when the number of ontologies was 250 of which 218 were
OWL or OBO ontologies. The study was conducted on that set of ontologies.
This study has been replicated in 2014 by another study utilizing the same
methodology and software to extend the experiments on BioPortal ontologies
at that time [I3]. There is no recent or comprehensive study on this important
aspect, though. With this paper, we aim to fill this gap with an empirical analysis
for partitioning BioPortal ontologies.

Ontology modularization covers the problem of identifying a fragment or a set
of fragments of an ontology. The process of identifying a fragment of an ontology
given a user input (request) is called ontology module extraction [923124], while
the process that partitions the ontology into a set of fragments is called ontology
partitioning [2I4122]. Ontology modularization can be used to support a number
of complex tasks, such as maintenance, reuse and knowledge selection [6],
reasoning [22] and integration of existing ontologies. An ontology module is
defined as a reusable component of a larger or more complex ontology [7I21],
which is self-contained but bears a definite association to other ontology modules,
including the original ontology. In this paper, we aim to study and investigate
the partitionability of BioPortal ontologies. To this end, we adopt three different
partitioning approaches belonging to two different categories: PATO, and OAPT
as structural-based and AD as a logic-based partitioning approaches. PATO is
a tool used to partition large ontologies into smaller modules based on the
structure of the class hierarchy [26027]. AD (Atomic decomposition) depends
on the definition of logical dependence that allows the definition of clumps
of highly interlaced axioms (called atoms) that are never split across two or
more modules [BIIT3]. OAPT (Ontology Analysis and Partition Tool) aims to
split an ontology into a set of modules exploiting a seeding-based clustering
approach [1I2]. We applied these approaches on the BioPortal ontology repository
and analyzed the partitioning results.

The remainder of the paper is organized as follows: background is presented
in Section 2. Section 3 provides an overview of the proposed methodology. The
experimental evaluation of the used partitioning approaches w.r.t. Bioportal
ontologies is introduced in Section 4. Finally, Section 5 concludes the paper.

2 Background

An ontology, O, is a set of axioms, each representing a statement about
the domain. The building blocks of axioms are entities, such as concepts,



properties, individuals, and data types [I1J29]. We describe an ontology as
a 6-tuple, denoted as O = {C,P,H® HP A, I}. C and P are two disjoint
sets of classes (concepts) and properties, respectively. HC = {(Cy,Cy) € C x
C| Cy subsumes Cs} represents the hierarchy of class subsumption. Similarly,
HP is the hierarchy between properties. A is a set of axioms and I is a set of
instances associated to the set concepts C' and properties P. A signature S of an
ontology O based on a description logic £ is the union of concepts, properties,
and instances, i.e. S=CUPUI.

A module M of an ontology O is a reusable part of O, which is self-contained
but bears a definite association to other ontology modules, including the original
ontology [7]. Formally, we define an ontology module M;(O) following [IIT0I16]:

Definition 1. A module M;(O) is a module of the ontology O w.r.t. a
description logic L, if for every axiom o over L with S(a) C S, we have

Mi(O) [ a if O Fa.

An ontology module can be represented as a 6-tuple M;(O) =
{Crm,» Pnmi, HS  HYy Ap, I, ), where Caq, © C, Puy, C P, ete. This
definition implies that any information that exists or can be entailed from the
module M, (O) should also exist or could be entailed from the original ontology
O. This enables the reuse of ontology modules either as they are or by enlarging
them by adding more axioms. Therefore, each module can be considered as
an ontology by itself. To achieve this, each module should be self-contained,
consistent, and topic-centric [4l[7].

We define the ontology modularization process (partitioning) as follows:
given an ontology O, partition the ontology entities into a set of modules
My, Ma, ..., My, such that the cohesion of entities in each module is high (i.e.
intra-module similarity is high), while the coupling between any pair of modules
is low. To conduct the analysis of the partitioning process, a number of evaluation
criteria been designed as a trade-off between the modularization quality and
the modularization efficiency [BI26]. In this study, we consider the number of
modules, the number of entities in each module, and the time needed to achieve
partitioning.

3 Methodology

Partitioning BioPortal ontologies into suitable partitions (modules) is certainly
valuable when it comes to processing, editing, and analyzing them or reusing
their parts. To investigate the partitioning aspect of BioPortal ontologies, we
propose a workflow that contains the following main steps: i) get all accessible
ontologies using the BioPortal APIE|7 ii) transform these ontologies into OWL or
OBO formats using OWL AP]E|7 iii) partition these ontologies using one of the
following partitioning algorithms, and iv) analyse the partitioning results. To

® http://data.bioontology.org/documentation
5 http://owlcs.github.io/owlapi/



keep this paper self-contained, we give a brief summary of each the partitioning
algorithms used.

3.1 PATO

PATO is an ontology partitioning tool making use of the following steps to
partition an ontology [27I28]: i) dependency graph creation: a graph structure
is created to represent dependencies between ontology entities, where nodes of
the graph are the values of "rdf:label" or "rdf:ID". ii) graph partitioning: a
set of nodes of given minimal and maximal size for which the strength of the
connection between the nodes inside the set is higher than the strength of any
connection to nodes outside the set is used to determine sets of ontology elements
that should be in one module, and iii) a distributed ontology is created based
on the graph partitioning.

3.2 OAPT

The ontology analysis and partitioning tool (OAPT) [2] aims to partition
ontologies into a set of modules based on exploiting the seeding-based clustering
algorithm [I]. The algorithm has the following steps: i) ranking the ontology
concepts: A first step is to quantify the importance of each concept within
the concept graph (ontology) to select which concepts could be used later as
important concepts. Some of these important concepts are then elected to be
cluster heads, the seed of the partition. ii) determine cluster heads: the next
step is to select which concepts represent cluster heads. In this context, we
have to deal with two arising questions: how many cluster heads should we
select? and which cluster heads? iii) partitioning: the seed-based algorithm
initiates one partition for each cluster head. Then, it places direct children in the
corresponding partition and finally, for the remaining (non-partitioned) concepts,
a membership function to assign remaining nodes to their fitting partition is
developed. and v) generate module: the following step is to generate a module for
each partition preserving the required intra-relationships between concepts in the
same partition as well as inter-links between concepts from different partitions.

3.3 AD

The atomic decomposition (AD) is a compact representation of modular
structure of the ontology [I3I31]. AD of an ontology O is a pair consisting of a set
of atoms and a directed dependency relation over these atoms [30], where an atom
is a maximal set of axioms which are tightly bound to each other. For computing
Atomic Decompositions we used the off-the-shelf implementation provided by
Del Vescovo and Palmisano [30]. The implementation is available via Maven
Central (maven.org) with an artifactId of owlapitools-atomicdecomposition.
The current implementation of the AD approach supports extracting three types
of syntactic-locality-based modules: the bottom module, the top module, and the
star module.



4 Evaluation

In this section, we first describe the setup of our evaluation and then discuss
evaluation results.

4.1 Setup

We carried out a set of experiments using a 3.4GHz Intel (R) Core i7
processor with 16GB RAM running Windows 7. We make use of the available
implementation of the partitioning tools: AD can be accessed through this link
El, PATO, and OAPT from this linkﬂ We run this set of experiments using the
BioPortal ontology repository version that contains 792 ontologiesﬂ of which 710
are accessible and can be downloaded using the BioPortal API. 657 ontologies
are represented or can be converted to OWL or OBO formats.

4.2 Results

We ran the PATO, OAPT, and AD partitioning tools to partition these 657
ontologies according to the respective partitioning algorithm implemented in
the tool. In the following, we present the results of PATO and OAPT together
as they are both classified as structural-based partitioning approaches, while the
results of AD are presented for using different strategies, bottom (Bot), top, and
star, as it is classified as logic-based partitioning approach.

Number of modules. We started our analysis by considering how many
ontologies can be partitioned and how many partitions are generated for each
ontology. Results are summarized in Fig. [1} where results of OAPT and PATO
are shown in Fig. [Ta]and Fig.[1D] respectively. These figures show that OAPT and
PATO can partition 97% (635 out of 657) and 84% of the ontologies from the
repository, respectively. However, the two partitioning tools generate different
numbers of partitions according to their respective procedure.

For OAPT, Fig. [Ia] shows that 142 ontologies can be represented as
one-module ontologies. The two main reasons behind that are i) 101 ontologies
have less than 50 concepts. Here, partitioning seems unnecessary. We report
also that 123 ontologies have less than 100 concepts. That means that at least
19 ontologies with more than 100 concepts, are represented as one-module
ontologies. ii) Investigating this set of 19 ontologies, we found that 15 out of
them have less than 200 concepts. For these, it could also be acceptable to be
represented as one-module ontology. We reviewed the remaining four ontologies
(BFLC, LUNGMAP-HUMAN, MSV and TM-SIGNS-AND-SYMPTS) and we
found some issues of them. For example, the MSV (Metagenome Sample

" https://web.stanford.edu/~horridge/publications/2014/iswc/
atomic-decomposition/data/

Shttps://github.com/fusion-jena/0APT

9 at the time of evaluation execution
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Vocabulary) ontology is in its beta version since 2017. It has 648 concepts with
only five is-a relations. Fig. [Ta] also shows that half of the accessible ontologies
(347 ontologies) in the BioPortal repository can be partitioned in up to only
five partitions, while 590 ontologies can be partitioned in up to 30 modules.
The remaining set of ontologies representing most larger size ontologies are
partitioned into more than 30 partitions requiring more computational resources.
For example, the GO-PLUS ontology containing 80,999 is partitioned into
50 modules. The figure also illustrates that three different ontologies (SEQ,
SMASH, and ENM) generate zero modules, where the sequence ontology (SEQ)
has only one concept producing a problem during the extraction of the concept,
while the current JENA API fails to parse and read the other two ontologies.
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Figure 1: No. of ontologies vs no. of modules

For PATO, as shown in Fig. the tool generates a large number of partitions
with a small number of entities based on a defined parameter. The tool can
generate 1-module category for 10 different ontologies, eight of them also appear
in the same category when generated by OAPT. The remaining two ontologies
are SEQ (which appears in the 0-module category by OAPT) and HORD. In
total, PATO generated 0 modules for 17 different ontologies. This is because the
tool fails to build the dependency graph for this set of ontologies. Fig. also
shows that among 554 ontologies 140 ontologies are partitioned into more than
50 partitions.

Partitioning time One important aspect that should be considered during the
analysis of partitioning results is to study the partitioning performance. In this
analysis we measured the time needed to execute the reading and partitioning
of each ontology. We sum the execution time for the set of ontologies within
the same category. Results are reported in Fig. [2l The figure summarizes the
average execution time (avg. time) to partition an ontology within the category.
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Figure 2: No. of ontologies vs average partitioning time

For example, as shown in Fig. the 10-module category needs an average time
of 8.6 seconds to partition an ontology within the category for OAPT, while
PATO needs 86.5 seconds to partition an ontology within the same category,
as shown in Fig. 2b] Fig. 2a] demonstrates also that the 100-module category
needs an average time of 110 minutes (approximately two hours) to achieve the
partitioning of an ontology. One more interesting findings that can be extracted
from the figure is that the execution time depends not only on the number of
modules (partitions) but also on other internal characteristics of the ontology. For
example, the FAST-EVENT ontology has only four concepts and it needs 1286
and 103 seconds to do the partitioning using OAPT and PATO, respectively. We
investigate this ontology and we found that it has 15,700 individuals. Similarly,
the CU-VO has 11 concepts and 7320 individuals. However, it needs 920 seconds
for partitioning using OAPT, while PATO fails to partition it.

AD results. Since results of the atomic decomposition of the BioPortal
ontologies has been introduced in an earlier study [BIII3], in this section
we introduce the new results w.r.t. the current repository. These results
are summarized in Table [I] The table shows that the AD approach using
different strategies (bottom (Bot), Top, and Star) was applied to the ontology
repository with 657 ontologies. The different strategies can generate correct
atoms (partitions) for 435, 410, and 442 ontologies using the bottom (Bot), Top,
and Star strategy, respectively. This represents 67% of the whole repository. Even
though this category of partitioning approaches generate atoms very fast, it fails
to cope with a large number of BioPortal ontologies. The table also shows that
the AD approach decomposes a number of ontologies with 0 atoms, where the Bot
and Star strategies produce 0 atoms for seven (the same set) ontologies, while
the Top strategy produces 0 atoms for 31 ontologies. One important finding here
is that the ontology SMASH is partitioned by all tools into 0 partitions (atoms).



| criterion  [[Bot|Top][Star]
No. of ontologies||511|510 | 509
Exception 27 | 27 | 18
0-atom 7317
no-result 42 | 42 | 42
with-result 435|410 | 442
Table 1: AD results

5 Conclusion

BioPortal is an important resource for biomedical ontologies. It is thus
worthwhile to investigatethe portal and the ontologies contained therein. While
existing work addresses a number of aspects, an analysis of partitionability of
BioPortal ontologies was still missing. In this paper, we describe first steps to fill
this gap. We introduced an empirical study and analysis of the applicability of
partitioning to BioPortal ontologies. We investigated success of partitioning as
well as partioning performance for three existing partitioning tools. The study
showed that overall, for many - but not for all - ontologies in BioPortal partioning
works. Failure to partition seems to be at least partially due to characteristics
of the ontologies rather than of the tools. The study also shows, however, that
different algorithms result in very different partitions. In future work, we plan
to study the semantic content and usage of individual modules.
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