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Abstract

ATOMIC DECOMPOSITION-BASED ONTOLOGY CLASSIFICATION

Haoruo Zhao
A thesis submitted to The University of Manchester

for the degree of Doctor of Philosophy, 2022

For Web Ontology Language (OWL) 2 ontologies, classification is the central rea-
soning task. Classification is computationally expensive, 2NEXPTIME-complete for
a worst-case complexity. Several highly-optimised reasoners have been designed for
different fragments of OWL 2. Some of these exploits different notions of modular-
ity, including the atomic decomposition (AD), to further optimise their performance.
However, these called modular reasoning approaches are all black box approaches that
allow reasoning over each module independently and combining the results to achieve
sound and complete results for the original ontologies. These delegate reasoners only
share results with each other.

In this thesis, we further investigate a range of ways to use the AD to further opti-
mize the classification. We first explore the property of AD to avoid some subsump-
tion tests (STs), called avoidance, during classification. Ontology modules overlapping
causes duplication of subsumption tests. We build our approach to avoid this duplica-
tion then. We also design an AD-aware order to further avoid STs in classification.
We then design and implement our approach, called ReAD which works with these
good features we explored, e.g. avoidance, duplication avoidance, delegate reasoners,
order. We investigate how ReAD classifies the whole ontology or modules with or
without parallelization. We empirically evaluate our approaches with a set of complex
BioPortal ontologies and SNOMED CT ontologies.

Besides, we design a label, called Positive Boolean Formulae (PBFs), for atoms in
AD for efficiently extracting modules. This approach has the potential for optimizing
the computation of AD.

Finally, we show our approach still has good potential for further exploration. Our
empirical evaluation results show that using a coarsening AD in our approach is a
potential way to further optimise the classification.
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Chapter 1

Introduction

The Web Ontology Language (OWL) 2 [MVH+04, CHM+08, BVHH+04] is a World

Wide Web Consortium (W3C) recommendation and used widely to describe the mean-
ing of terms in a domain of interests, e.g. in e-commerce [LH04], bio-health [NSW+09],
astronomy [DRPM06] and geography [GSVG+15]. Some large and high quality on-
tologies, like SNOMED CT [SSBB09], Gene ontology (GO) [Con12], Human Phenotype

ontology (HPO) [KGM+21], are developed by different companies and academic in-
stitutions. The OWL 2 community continuously provides a wide range of tools and
techniques, such as Ontology Editors [BHGS01, HGN+19, KPS+06], Application Pro-

gramming Interfaces (APIs) [HB11], Justifications (giving useful and reliable expla-
nation to ontology engineer) [HBPS11, HPS08, HPS09, BP10], Ontology Hypothe-

ses Mining Tool (automatically building ontologies via data) [SS17, OPM20, SSB15],
Ontology Design Patterns (ODP) [BS05, HGJ16, Gan05, KPS19, KPS21] and OWL

Reasoners [TH06, SPG+07, GHM+14, BLS06, KKS14, CGH21, SLG14] to support
the ontology development and maintenance. More and more well-developed ontolo-
gies are used in several tasks of different areas, e.g. Imagine Classification [JMS21,
CGC+21], Information Embedding [CHJR+21, JMS20], Diagnostic Systems [MKS+17],
Multiple Choice Questions Generation [LKM+19, KLM+21, APS16], Heterogeneous

Geospatial Data Understanding [DXCM20, DXCM19] in the recent years.

Description Logics (DLs) [BCM+03, BHLS17] are decidable fragments of First-

Order Logic (FOL) and the logical foundation of OWL 2. With well-designed seman-

tics, a DL ontology describes a domain of interest with concept names (e.g. Human,
Tomato, Eye), role names (e.g. eats, hasPart) and individuals (e.g. Bob, Mary). From
the early system KL-ONE [BS89], the DL community has explored and investigated
reasoning problems [BL84, Neb90] and then developed the first industrial-strength DL

14



15

system CLASSIC system [Bra04, PSMBR91].1

After tableau reasoning techniques [BS01] were first introduced in the early 1990s
[SSS91], the well-optimized system KRIS showed competitive performance. Then
tableau algorithms were soon extended more expressive DLs [HB91, Baa91, BH91,
BDS93, HS07, HS01]. The algorithm [HST99] is implemented in the reasoner Fact

[Hor98] which shows great performance in reasoning tasks [Hor97]. The DL SR OI Q
[HKS06], the most expressive DL among the above work, became the basis for the
OWL 2 ontology language and is implemented in several modern OWL Reasoners,
e.g. Pellet [SPG+07], FaCT++ [TH06], RACER [HM01b], HermiT [GHM+14] and
Konclude [SLG14]. All these reasoners provide well-defined reasoning tasks and are
sound (every result is correct), complete (all correct results are derived), and terminat-

ing (stop eventually).

Classification is a core reasoning task. It computes the inferred subsumption hi-

erarchy between concept names. Classification involves a range of STs and each
subsumption test is computationally expensive: Has a high worst case complexity
(N2EXPTIME-complete for SR OI Q ) [HKS06, Kaz08]. This task is a precursor to
other reasoning tasks (and optimizations) and is widely used by ontology engineers for
understanding and building their ontologies [BHLS17]. In a naive way, classification
may need n2 subsumption tests (O |=? Av B with A,B concept names in the ontology
O) if we have n concept names. Enhanced Traversal Algorithms [BHN+94, GHMS10]
have been designed to reduce the number of subsumption tests to n∗ logn in most cases
and implemented in all tableau and hyper-tableau [MSH09] reasoners. Consequence-

based reasoning is another well-known method for classification. This method was
firstly proposed in [BBL05, BBL08] for the EL family which combines the features
of (hyper-)tableau and resolution and was soon implemented in the reasoner CEL
[BLS06]. Then this approach was extended to more and more complex DL fragments
[Kaz09, BMG+18, SKH11, KKS12, ORS10, SMH14, BMG+16, CGH18] and several
highly optimized reasoners are designed based on these [KKS14, Kaz09, CGH21].

The OWL Reasoner annual competition ORE (OWL Reasoner Evaluation) evalu-
ates the performance of different reasoners against several standard reasoning tasks.
The results [GBJR+13, BGJR+14, PMG+17] show that, with several optimizations
and development, the reasoners behave well on most ontologies, e.g. Konclude, the
winner for many ORE categories, performs well on the ontologies in the competition.
Due to the increasing number of large and complex ontologies, there is still a high

1A history of DLs can be found in [BHLS17].
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demand for further computation efficiency improvements of reasoners.

Modules [GLW06, CHKS08, KLPW10, Sun08, RKGH16, CLW18], especially
locality-based modules [CHKS07, SSZ09] (logical approximations of conservative ex-

tension-based modules) and the Atomic Decomposition (AD) [DPSS11, DVHP+20,
NS21] (an ontology partition algorithm), are used for ontology re-use [JCS+08], in-

cremental reasoning [Sun08, CHK07] and stratification [GSW18]. To be used for the
above mentioned tasks, however, modules as well as their building blocks, so-called
atoms, need to be labelled with suitable information about the terms that they capture.
A label called minimal seed signatures is designed in [Del11] and used in [DVGK+11]
to design and implement a new module extraction algorithm for extracting module.

Modules and the AD have already been used for optimizing ontology classifica-
tion [TP12, RCGH12, MPS18, ZPS19] by easing subsumption test (STs) (checking
STs in a module rather than in the whole ontology) or avoiding them. In [Mat16], so
called modular reasoning approaches are firstly viewed and analyzed together. Suit-
able modules allow classification of each module independently and combining the
results to achieve sound and complete classification of the original ontology. These
strong properties support a “black box” approach to modular reasoning where each
delegate reasoner treats “their” module as if it were a stand alone ontology. The only
information shared between delegates is the results for each module. A “coalition”
reasoner can thus split an ontology into suitable modules, task appropriate reasoners
with the classification of “their” module, and combine the results.

While implementing such a coalition modular reasoner is, in principle, easy—no
modification of the delegate reasoners needed—the performance gains have not been
as dramatic as one might expect [MPS18]. One issue is that locality-based modules
often do not partition an ontology which means that modules can overlap and thus
considerable amounts of redundant work might be performed i.e. we duplicate sub-

sumption tests. One mitigation is to look for larger, mostly distinct modules which
approximately a partition of the ontology. Unfortunately, extensive experimentation in
[MP17] suggest that partition-like sets of locality-based modules are not common and,
when they do exist, only yield a few large modules. This induces the opposite problem,
to wit, that a modular reasoner is forced to do work that they could have avoided with
more granular exploitation of the modular structure of the ontology.

In this thesis, we start by evaluating the feasibility of the AD computation and
the structure of the AD on a corpus of ontologies. We also build our corpus for the
empirical evaluation of the following chapters. Section 4.1 and Section 4.3 are already
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published in [DVHP+20].

In Chapter 5 we propose to label atoms with Positive Boolean Formulae (PBFs)

which are linear w.r.t. the size of the atom and suitable to support various tasks. We
also design and implement algorithms for computing our PBF-based labelled Atomic
Decomposition and for extracting modules from it, and empirically evaluate them
against our corpus.

In Chapter 6, we explore whether modifying the core Traversal algorithm in (Hy-
per)tableau classification algorithm to be module aware is worth attempting. Touching
the internals of complex and highly tuned systems such as modern description logic
reasoners is a labor intensive and fraught affair, and existing Enhanced Traversal algo-
rithms are already highly optimised, so our first aim here is to gather data about the
total number of (further) avoidance possible for a given reasoner (Pellet and HermiT)
over our corpus. Part of this chapter is published in [ZPS19].

In Chapter 7, we use the AD to avoid both the duplication of subsumption tests
mentioned above as well as other subsumption tests that can be avoided by inspecting
the AD. We have designed and implemented a new AD-informed and MORe-inspired
[RCGH12] algorithm, called ReAD, that uses Hermit and ELK [KKS14] as delegate
reasoners, but avoids any duplicate subsumption tests between these two reasoners and
further minimises the number of these tests. We use ReAD to classify modules in or-
der to make it also Chainsaw-inspired [TP12] and also parallelize the classification of
modules. We have thoroughly evaluated the effects of these two kinds of avoidance,
classification of modules and parallelization on the overall classification time on Bio-
Portal corpus and SNOMED CT ontologies. Section 7.1, Section 7.2 and Section 16
are published in [ZPS21].

In Chapter 8, we design an AD-aware order in which to process concept names dur-
ing classification and use it in an AD-aware Enhanced Traversal Algorithm. Our AD-
aware ETA omits (potentially most of) STs during the bottom-up phase and gains “free
non-subsumption” during the top-down phase of the original ETA. We also include two
feather options: one regarding the set of axioms a subsumption test is checked against
the whole ontology or just a suitable module; another to parallelize module classifi-
cation. The analysis of the performance shows the modular reasoning approach still
has a big potential. Some optimization, e.g. getting “free result” from tableau graphs
[GHM+12], pseudo-model [Hor97, HMT01], highly improve the performance of clas-
sification but the information from them cannot be shared between delegate reasoners.
To better exploit of this potential, we use coarsening AD for our approach and evaluate
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the empirical results on it in Chapter 8.8.



Chapter 2

Background

In this chapter, we describe the background knowledge used in this thesis.

2.1 DLs and OWL

DLs are a family of knowledge representation languages and decidable fragments of
First Order Logic (FOL) [BCM+03, BHLS17]. The DL SR OI Q [HKS06] is the logic
foundation of the ontology language OWL 2 [CHM+08]. In SR OI Q , we have infinite
and disjoint sets of concept names (e.g. Person, Pet) and role names (e.g. loves, has),
which correspond to unary and binary predicates in FOL.

A role r is either a role name or the inverse s− of a role name s.

A concept expression C in SR OI Q can be constructed as follows where A is a
concept name, r,s are roles, D,D1,D2 are concept expressions, ⊥ and > are special
concept descriptions for bottom and top, a is a individual (constant) and n> 1, ∃r.Self

can be used to express “local reflexivity” of a role r:

C := A | ⊥ | > | ¬D | D1uD2 | D1tD2 | ∃r.D |> ns.D |6 ns.D |
∀r.D | ∃r.Self | {a}

In the rest of this thesis, we use O for an ontology, NC for a set of concept names
and NR for a set of role names. A signature is a set Σ ⊆ NC ∪NR of terms. For an
axiom, a concept expression or an ontology X , we use X̃ to denote its signature, i.e.
for the set of concept and role names occurring in X.

DLs describe domain knowledge with two components, a terminological part called
TBox and an assertional part called ABox, with a combination of these two parts called

19
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a knowledge base (KB). A DL ontology is a finite set of DL axioms and we do not
separate TBox from RBox axioms. Axioms are logical formulae, i.e. general concept

inclusions (GCIs) C v D, and equivalences as well as role inclusions (RI) (between
possibly inverse roles) r v s, complex role inclusions r1 ◦ ... ◦ rn v s, role disjoint-

ness Disj(r,s), transitivity Trans(r), reflexivity Ref(r), irreflexivity Irref(r), symmetry

Sym(r), antisymmetry Asym(r) axioms. In this thesis, we only consider TBox axioms
and use ontology as synonym for TBox. Consider the following example:

Example 1.
O = { α1 : AuB v C,

α2 : C v ∃r.D,

α3 : r v s,

α4 : D v E,

α5 : ∃s.E v F,

α6 : Trans(r) }

The ontology O consists of six axioms, and its signature Õ = {A,B,C,D,E,F,r,s}
contains 6 concept names and 2 role names. In the rest of thesis, we use |α| to represent
the length of the axiom α.1

In the rest of this thesis, we use C(O) for the set of concept names in O, and
C+(O) = C(O)∪{⊥,>} for concept names in O together with >, ⊥.

DLs have a well-defined semantics. [BHLS17] An interpretation I is a pair I =

{∆I , ·I} with the domain of the interpretation ∆I and the interpretation function ·I

which maps:

• every concept name A ∈ NC to a set AI ⊆ ∆I , and

• every role name r ∈ NR to a binary relation rI ⊆ ∆I ×∆I .

For each role r, we have

(r−)I = {(y,x) | (x,y) ∈ rI}

1The length of the axiom is defined as usual, see, e.g., Page 24 of [Del13].
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The mapping ·I is extend to >,⊥ and complex concepts as follows [HKS06]:

>I = ∆I ,

⊥I = /0,

(CuD)I = CI ∩DI ,

(CtD)I = CI ∪DI ,

(¬C)I = ∆I \CI ,

(∃r.C)I = {d ∈ ∆I | there is an e ∈ ∆I with (d,e) ∈ rI and e ∈CI},
(∃r.Self)I = {d ∈ ∆I | (d,d) ∈ rI},
(∀r.C)I = {d ∈ ∆I | for all e ∈ ∆I , if (d,e) ∈ rI , then e ∈CI},

(> nr.C)I = {d ∈ ∆I | #{e with (d,e) ∈ rI and e ∈CI}> n},
(6 nr.C)I = {d ∈ ∆I | #{e with (d,e) ∈ rI and e ∈CI}6 n}.

We say an interpretation I satisfying an axiom α, written I |= α, is defined as
follows [BHLS17]:

I |=C v D if CI ⊆ DI ,

I |= r v s if rI ⊆ sI ,

I |= r1 ◦ ...◦ rn v s if rI
1 ◦ ...◦ rI

n ⊆ sI ,

I |= Disj(r,s) if rI ∩ sI = /0,

I |= Ref(r) if {(d,d) | d ∈ ∆I} ⊆ rI ,

I |= Trans(r) if rI ◦ rI ⊆ rI ,

I |= Irref(r) if {(d,d) | d ∈ ∆I}∩ rI = /0,

I |= Sym(r) if (d,e) ∈ rI implies (e,d) ∈ rI ,

I |= Asym(r) if (d,e) ∈ rI implies (e,d) /∈ rI .

Here as usual ◦ denotes the composition of two relation,

rI ◦ sI = {(d,e) | there is some x with (d,x) ∈ rI and (x,e) ∈ sI}.

An interpretation I is called a model of an ontology O if I satisfies every axiom in O,
written I |= O, in O. We say O |= α if every model of O satisfies α.

2.1.1 EL++

EL++ [BBL05] is a well-known DL and the logical underpinning of OWL 2 EL.
Reasoning tasks in this fragment are polynomial [BBL05, BBL08]. Many famous
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ontologies, e.g. SNOMED CT [SSBB09], Gene Ontology [ABB+00], are modelled
in this DL. These concept descriptions of EL++ are formed using the constructors
shown in Table 2.1. EL++ uses concrete domain constructor to provide an interface
to concrete domain, e.g., strings and integers. A concrete domain D is a pair (∆D,PD)

with ∆D a set and PD a set of predicate names. Each p ∈ D is associated with an arity
n > 0 and an extension PD ⊆ (∆D)n. Feature names f1, ..., fk provide a link between
DL and concrete domain.

Table 2.1: Syntax and semantics of EL++

Name Syntax Semantics
top > ∆I

bottom ⊥ /0

nominal {a} {aI}
conjunction CuD CI ∩DI

existential restriction ∃r.C {d ∈ ∆I | ∃e ∈ ∆I

with (d,e) ∈ rI and e ∈CI}

concrete domain
p( f1, ..., fk)
for p ∈ PD j

{aI}

GCI C v D CI ⊆ DI

RI r1 ◦ ...◦ rn v s rI
1 ◦ ...◦ rI

n ⊆ sI

2.2 Ontology Classification

To classify an ontology O, we first check whether O is consistent, i.e. whether it has a
model. If it is, we check for all A,B ∈ C(O), A 6= B, whether O |=? A v B,O |=? A v
⊥ and O |=? > v B; these checks are called subsumption tests (STs) and have a high
worst-case complexity (2NExpTime-complete for OWL 2 [Kaz08]). Naively, this re-
sults in a quadratic number of entailment tests. To avoid these, DL reasoners employ a
form of traversal algorithm to reduce the number of STs [BHN+94, GHM+12] which
will be discussed in Section 2.2.2. In practice, these are highly effective, almost always
reducing the number of STs to at most n∗ logn [MPS18].

Classification is a core reasoning task and supported by OWL API [HB11]. The
input of this task is an ontology. The output of this task is the inferred partial hierarchy:
the hierarchy presentation is the transitivity closure or transitivity reduction due to
different algorithms design choices [Bai13].2 The hierarchy results are exported in

2More details can be found in Section 3.1.3 of [Bai13].
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Protégé3 as inferred partial hierarchy. These results are widely used by ontology
engineers for modelling the ontology and checking errors.

Firstly, Given an ontology O, we define a partial hierarchy H as follows:

Definition 1. A partial hierarchy H = (ClassifiedC,�) in O is a partial order with:

• ClassifiedC⊆ C+(O),

• for every A,B ∈ ClassifiedC with A 6= B, we have O |= Aw B if A� B.

An inferred hierarchy H = (C+(O),�) in O is a partial order with:

• for every A,B ∈ ClassifiedC with A 6= B, we have O |= Aw B iff A� B.

2.2.1 Consequence-based algorithms

To classify (lightweight) EL++ontologies, one-pass algorithms have been developed
and implemented that avoid traversal and classify an ontology in polynomial time in
one go [BBL08, BBL05, KKS14]. These so called consequence-based algorithms are
designed for different DLs. A consequence-based calculus [Kaz09] was designed for
the DL horn-SH I Q which originally has drawn attention in [HMS07]. More and
more consequence-based calculi were designed for more and more expressive DLs
[BMG+18, SKH11, KKS12, ORS10, SMH14, BMG+16]. Finally a consequence-
based calculus for SR OI Q is proposed [CGH18] and implemented in the reasoner
Sequoia [CGH21]. Consequence-based reasoners designed for specific DLs performs
well for ontologies in the specific DLs. CEL is a reasoner designed for the EL
family and was the first to classify the well-known ontology SNOMED CT. After
several optimizations [KK13, KKS11], another EL reasoner ELK [KKS14] classi-
fies SNOMED CT [SSBB09] in only several seconds. A consequence-based reasoner
designed for Horn-SH I Q called CB [Kaz09] classify the full version of the famous
ontology Galen [RNC+94] in only several seconds.4

Consequence-based algorithms have a set of inference rules and apply these rules to
the axioms in the ontology thereby adding more and more entailed axioms to it. When
no more inference rules can be applied to the axioms, the classification is finished and
all entailed subsumptions here been derived.

3https://protege.stanford.edu/
4More detail about consequence-based methods can be found in [CGH19].
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2.2.2 Enhanced Traversal Algorithm

The Enhanced Traversal (ET) algorithm [BHN+94, BHN+92] is a well-known algo-
rithm used for computing the inferred concept hierarchy of the ontology. This algo-
rithm is used in well-known reasoners, e.g. Pellet [SPG+07], Fact++ [TH06]. It starts
with the trivial hierarchy consisting of > and ⊥. In the top-down phase, it then “trick-
les” concept names one by one into this hierarchy. This is followed by a bottom-up
phase to ensure that equivalences are dealt with correctly. Next we explain these two
phases.

Then we define highest concept names in a partial hierarchy as follows:

Definition 2. The set of highest concept names HighestClassifiedC(H ) in a partial

hierarchy H = (ClassifiedC,�) follows:

HighestClassifiedC(H ) = {A ∈ ClassifiedC | there is no concept name

B ∈ ClassifiedC with A 6= B,A� B}

We define the direct subconcepts SubConDirect(A,H ) of A and direct super con-
cepts SupConDirect(A,H ) as:

SubConDirect(A,H )= {B∈C+(O) | B� A and there is no concept name
C ∈ ClassifiedC with A 6= B 6=C,B�C,C � A}

SupConDirect(A,H ) = {B ∈ C+(O) | B� A and there is no concept name
C ∈ ClassifiedC with B�C,C � A}

In Algorithms 1 and 2, we describe two important phases in ET. Then the classifi-
cation algorithm is shown in Algorithm 3.
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Algorithm 1 top-down phase
Require: An ontology O, a partial hierarchy H =(ClassifiedC,�) and a concept name

A

1: initialize a queue Q with HighestClassifiedC(H )

2: initialize a set of concept descriptions CheckedC = /0

3: if Q is empty then
4: use a reasoner to check O |=? Av⊥
5: if O |= Av⊥ then
6: add ⊥� A into H
7: end if
8: end if
9: while Q is not empty do

10: initialize B = Q .next

11: if B is not in CheckedC then
12: use a reasoner to check O |=? Av B

13: if O |= Av B then
14: add B� A into H
15: put SubConDirect(B) into Q
16: end if
17: add B into CheckedC

18: end if
19: remove B from Q
20: end while
21: add A into ClassifiedC

22: return H
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Algorithm 2 bottom-up phase
Require: A partial hierarchy H = (ClassifiedC,�) and a concept name A, the ontol-

ogy O
1: initialize a queue Q with all lowest concept names in ClassifiedC

2: initialize a set of concept descriptions CheckedC = /0

3: if Q is empty then
4: use a reasoner to check O |=? >v A

5: if O |=>v A then
6: add A�> into H
7: end if
8: end if
9: while Q is not empty do

10: initialize B = Q .next

11: if B is not in CheckedC then
12: use a reasoner to check O |=? Bv A

13: if O |= Bv A then
14: add A� B into H
15: put SupConDirect(B) into Q
16: end if
17: add B into CheckedC

18: end if
19: remove B from Q
20: end while
21: add A into ClassifiedC

22: return H

Definition 3. Given a concept name A, the set of equivalent concept names Equiv(A)

of A is defined as follows:

Equiv(A) := {B ∈ C(O) | O |= B≡ A}

The set of super-concepts SuperC(A) of A is defined as follows:

SuperC(A) := {B ∈ C(O) | O |= Av B}

Next, we define the lowest inferred concept names and highest inferred concept
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Algorithm 3 Enhanced Traversal Algorithm
Require: the ontology O

1: initialize a hierarchy H = {(⊥,>)}
2: Preprocessing
3: if O is consistent then
4: for every concept name A ∈ Õ do
5: bottom-up(H ,A,O)
6: top-down(H ,A,O)
7: end for
8: else
9: return O is not consistent.

10: end if
11: return H

names.

Definition 4. The set of lowest inferred concept names LowestCon(O) and the set of

highest inferred concept names HighestCon(O) are defined as:

LowestCon(O) := {A | ∀B ∈ C(O), if O |= Bv A,B ∈ Equiv(A)}.

HighestCon(O) := {A | ∀B ∈ C(O), if O |= Av B,B ∈ Equiv(A)}.

Next, we will analyse the free non-subsumptions we can get from Baader’s Top-
down phase.

Definition 5. [BHLS17] Given A,B,C ∈ C(O), if O |= B@C and O 2 AvC with A 6=
B 6=C, we call (A,B) a free non-subsumption. Given A,B,C from C(O), in Algorithm 2,

if B,C ∈ ClassifiedC, B ≺C in the partial hierarchy H and O 2 A vC, we call (A,B)

a potentially free non-subsumption, written PFNS(O).

Assume we have a partial hierarchy H = (ClassifiedC,�) and
ClassifiedC = {A1,A2, . . . ,A10}. We put a new concept name B into H . From the
inferred concept hierarchy, we know O 2 Bv Ai (i = 1,2,3, . . . ,10). We then analyse
how many free non-subsumptions.

In Figure 2.1, we have three cases for H . We have H1 is a total order. Now if we
put B into H1, we get 9 free non-subsumptions. They are (B,Ai) i = 2,3, . . . ,10.

In H2, we have O |= A2i−1 v A2i (i = 1,2, . . . ,5). Now if we put B into H2, we get
5 free non-subsumptions. They are (B,A2i) i = 1,2, . . . ,5.

We cannot get free non-subsumptions in H3 since it is an antichain.
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Figure 2.1: Three cases of the partial hierarchies.

To formulate these free non-subsumptions, we firstly focus on free non-subsumptions
for each concept name A. These free non-subsumptions are from the concept names
which are not super-concepts notSuperC(A) of A defined as follows:

notSuperC(A) := {B ∈ C(O) | O 2 Av B}

To get free non-subsumptions, we only check the subsumption relation between A and
highest concept names in notSuperC(A).

Definition 6. The set of highest concept names HighestNotSuperC(A) of notSuperC(A)

is defined as follows:

HighestNotSuperC(A) := {B ∈ C(O) | B ∈ notSuperC(A) and there is no concept

name C ∈ notSuperC(A) with O |= B@C}

Next we use HighestNotSuperC(A) to define the set of free non-subsumptions.

Definition 7. The free non-Subsumptions during Baader’s Top-down phase FreeNonS(A)

of A in O is defined as follows:

FreeNonS(A) := {(A,B) | A 6= B,B /∈ HighestNotSuperC(A),B /∈ SuperC(A)}

Lemma 1. Every (A,B) ∈ FreeNonS(A) is a free non-subsumption during Baader’s
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Top-down phase.

Proof. Based on Definition 7, for every (A,B)∈ FreeNonS(A), we have O 2 Av B and
there exists a concept name C with O |= B@C and O 2 AvC.

Lemma 2. Given a concept name A, for every free ST during Baader’s Top-down

phase (A,X) with X ∈ Õ and A 6= X, we have (A,X) ∈ FreeNonS(A).

Proof. For every free ST during Baader’s Top-down phase (A,X), there exists a con-
cept name C with O |= X @ C and O 2 A v C based on Definition 5. Hence we
have O 2 A v X , and thus X /∈ SuperC(A). Next, since O |= X @ C, O 2 A v X ,
O 2 AvC, we have that X /∈HighestNotSuperC(A). By Definition 7, we have (A,X)∈
FreeNonS(A).

2.3 Enhanced KP algorithm

The Enhanced KP (EKPA) algorithm [GHM+12] is also a classification algorithm.
It is firstly introduced in [SH09] where it is called KP algorithm (KPA). Unlike ET
algorithm, KPA does not build an inferred hierarchy incrementally. KPA builds a com-
pletion graph with two sets of concepts pairs: One is known (K) subsumer pairs which
records positive subsumption relations. The other one is remaining possible (P) sub-

sumer pairs which contains remaining STs. The whole algorithm aims to empty P
and increase K. KPA also gains additional subsumption information from STs. In
[GHMS10], the authors optimize the KPA and present an optimised procedure for
classifying object and data properties. We call this algorithm EKPA in the rest of this
thesis.

For example, if we have two distinct concept names A,B ∈ Õ and (A,B) ∈ K, we
have O |= Av B is known during classification. If (A,B) ∈ P, we know O |= Av B is
possible so we need to check the ST O |=? Av B. With these two sets, we know a pair
(A,B) /∈ K and (A,B) /∈ P is a non-subsumption which means O 2 Av B.

The whole algorithm begins with the consistency check. If the ontology is con-
sistent, a partial hierarchy is initialized and we then check the satisfiability for each
concept names. If the concept name is satisfiable, we get a set of assertions An (called

pre-model) which provides possible subsumers for the concept names. Then we get
the initialization of (possibly small) P.

Definition 8. Let U be a set containing elements ⊥,>, let S be a subset of U and let

R⊆U×U be a binary relation on U.
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• For C ∈U, let R|C = {D | (C,D) ∈ R}.

• For C,D∈U, element D is reachable in R from element C, written C R D, if ele-

ments E0, ...,En ∈U while n≥ 0 exits such that E0 =C,En =D and (Ei,Ei+1)∈R

for each 0≤ i < n4. The opposite of reachable is written C 6 R D.

• A hierarchy of S w.r.t. R,⊥ and > is a triple (V,H,ρ) whose components satisfy

the condition listed below, for T defined as

T = {(⊥,C),(C,>) |C ∈ S}∪{(⊥,>)}∪{(C,D) ∈ S×S |C R D}.

– V is a set that contains, for each D ∈ S∪{⊥,>}, precisely one C ∈ S∪
{⊥,>} such that C T D and D T C.

– H is the reflexive-transitive reduction of the relation {(C,D) ∈ V ×V |
C T D}.

– ρ : V → 2S∪{⊥,>} is the function on V such that D ∈ ρ(C) if and only if

C T D and D T C.

• Function hierarchy(S,R,⊥,>) returns one arbitrarily chosen but fixed hierarchy

of S w.r.t. R,⊥ and >.

Possible subsumers P|C of C is defined as

P|C := {X ∈ C(O) | (C,X) ∈ P}

A model A is defined as a set of concept assertion axioms.

LA(s) := {D | s : D ∈ A with D is a concept name}

In [GHM+12], there are three properties we can have from the pre-model A for O
and A with root individual s:

1. if C ∈ LA(s) and the assertion s : C was derived deterministically, then O |= Av
C.

2. for an arbitrary individual s in A and concept names D,E, if D ∈ LA(s) and
E /∈ LA(s), then O 2 Dv E.

3. for an arbitrary individual s in A and concept names D,E where E is primitive
in O, if D ∈ LA(s) and E /∈ LA(s), then O 2 Dv E.
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These three properties give free both subsumption and non-subsumption relations.
In the EKPA (specifically, Algorithm5), function possibleSubsumers(C+(O),O,E,s,A,K)

uses these properties to initialize a relatively small set of candidate subsumers for each
concept name. That means, if we try to use some optimization approaches to further
reduce the set of candidate subsumers for the EKPA, we need to explore the relation
between possibleSubsumers(C+(O),O,E,s,A,K) and our approach. In Chapter 6, we
further explore the relation between our approach and EPKA.

Another interesting point for property 1 is that: for some description logic with
canonical model property, they have deterministic pre-model. That means, the func-
tion possibleSubsumers(C+(O),O,E,s,A,K) is empty because the pre-model gives all
subsumers because of property 1. In HermiT where the EKPA is implemented, they
implement two functions for deterministic case and non-deterministic case. For de-
terministic case, the reasoner will not call STs since all subsumers are gained by
possibleSubsumers(C+(O),O,E,s,A,K). We will further talk about them in Section 7.4.3.

Algorithm 4 Enhanced KP Algorithm
Require: the ontology O

1: if O is not consistent then
2: return O is not consistent
3: end if
4: (K,P) := initializeRelations(O,C+(O))
5: processRemainingClasses(K,P,O,C+(O))

6: return H
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Algorithm 5 initializeRelations
Require: the ontology O, a set of concept C+(O) in O

1: explore told information for K

2: (V,H,ρ) := hierarchy(C+(O),K,⊥,>)
3: P := /0

4: ToTest = {C | (⊥,C) ∈ H}
5: while ToTest 6= /0 do
6: choose and remove C from ToTest

7: if P|C = /0 and (C,⊥) /∈ K then
8: A := buildPreModel(s0 : C) {check O |=? C v⊥ }
9: if A := f alse then

10: for every D with D H C and (D,⊥) /∈ K do
11: add (D,⊥) to K

12: remove D from ToTest

13: for every E with (D,E) ∈ H,(E,⊥) /∈ K do
14: add E to ToTest

15: end for
16: end for
17: else
18: add {(C,D) | D ∈ knownSubsumers(C+(O),s0,A)} to K

19: for every s ∈ A, every D ∈ LA(s) and every E with D H E do
20: if P|E = /0 then
21: add {(E,F) | F ∈ possibleSubsumers(C+(O),O,E,s,A,K)} to P

22: else
23: remove {(E,F) | F /∈ possibleSubsumers(C+(O),O,E,s,A,K)} from

P

24: end if
25: end for
26: end if
27: end if
28: end while
29: remove {(E1,E2) | E1 K E2} from P
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Algorithm 6 processRemainingClasses
Require: the ontology O, a set of concept names C+(O) in O and K,P from initializ-

eRelations
1: while there exists C ∈ C+(O) with P|C 6= /0 do
2: A := buildPreModel(s0 : Cu¬(D1t ...tDn)) with {D1, ...Dn}= P|C
3: if A := f alse then
4: remove {(C,Di) | Di ∈ P|C} from P

5: P := prune(P,O,A,K)

6: else
7: K := K∪{(C,D) | D ∈ knownSubsumers(C+(O),s0,A)}
8: remove {(C,E) |C K E} from P

9: if P|C 6= /0 then
10: (VC,HC,ρC) := hierarchy(P|C,K,⊥,>)
11: initialize a queue Q to contain all D with (D,>) ∈ HC

12: while Q 6= /0 do
13: remove the head D from Q

14: if C K D then
15: add to the end of Q each E with (E,D) ∈ HC

16: else if D ∈ P|C then
17: A := buildPreModel(s0 : Cu¬(D))

18: if A := f alse then
19: remove {(C,E) | E K D} from P

20: P := prune(P,O,A,K)

21: else
22: add (C,D) to K

23: add to the end of Q each E with (E,D) ∈ HC

24: end if
25: K := K∪{(C,D) | D ∈ knownSubsumers(C+(O),s0,A)}
26: remove {(C,E) |C K E} from P

27: end if
28: end while
29: end if
30: remove {(E1,E2) | E1 K E2} from P

31: end if
32: end while
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Since it still explore benefits from the transitivity of the subsumption relation. So
in this thesis, we include this algorithm to the Traversal-based algorithms.

2.4 Syntactic Locality Based Module

Given a signature Σ and an ontology O, we say a Σ-module is a set of axioms M ⊆ O
that captures all entailments of O w.r.t. Σ. This is closely related to the notion of
Conservative Extension (CE). Given an interpretation I , we denote its restriction to
the terms in a signature Σ with I |Σ. For two interpretations I , J , if ∆I = ∆J and
XI = XJ for all X ∈ Σ, we say I |Σ = J |Σ.

Definition 9. Let L be a DL, e.g. SH I Q .

• O is a deductive Σ-CE (Σ-dCE) of M w.r.t. L if, for all axioms α over L with

α̃⊆ Σ, it holds that M |= α iff O |= α.

• O is a model Σ-CE (Σ-mCE) of M w.r.t. L if {I |Σ | I |= O}= {I |Σ | I |= M }.

• M is a dCE-based (mCE-based) module for Σ of O if O is a Σ-dCE (Σ-mCE) of

M w.r.t. L .

Deciding whether M is a dCE-based module for Σ of O is computationally ex-
pensive even for rather inexpressive DLs, e.g. EXPTIME-complete when L = EL
[LWW07], 2-EXPTIME-complete when L = ALC [GLW06], and undecidable when
L = ALCQ O [LWW07]; deciding whether M is an mCE-based module is usually
even more complex [LWW07].

Modules based on syntactic or semantic locality [CHKS08] have been introduced
as logically well-behaved, tractable approximations of mCE-based modules. These
modules are subsets of the ontology, and we focus here on two different flavours,
syntactic ⊥-locality and syntactic >-locality. We use δ to denote a locality notion
δ ∈ {⊥,>}, and we use the term module to refer to a syntactic locality-based module.

Definition 10. [CHKS08, SSZ09] An axiom α is ⊥-local w.r.t. Σ if it is in one of the

following forms:

C⊥ v D,C v D>,C⊥ ≡ D⊥,C> ≡ D>,r⊥ v s, Trans(r⊥),

where r⊥ /∈ Σ, C⊥,D⊥ are from Con⊥(Σ), and C>,D> are from Con>(Σ) as defined in

Table 2.2.

An axiom α is >-local w.r.t. Σ if it is in one of the following forms:

C⊥ v D,C v D>,C⊥ ≡ D⊥,C> ≡ D>,r v s>, Trans(r>),



2.5. ATOMIC DECOMPOSITION 35

(a)⊥-Locality
Con⊥(Σ) := A⊥ | ⊥ | ¬C> |C⊥uD |CuD⊥ | ∃r.C⊥ | ∃r⊥.C |

> ns⊥.C |> ns.C⊥

Con>(Σ) := > | ¬C⊥ |C>uD> |> 0s⊥.C

(b)>-Locality
Con⊥(Σ) := ⊥ | ¬C> |C⊥uD |CuD⊥ | ∃r.C⊥ |> ns.C⊥

Con>(Σ) := A> | > | ¬C⊥ |C>uD> | ∃r>.C> |> ns>.C> |> 0s.C

Table 2.2: [CHKS08, SSZ09] Syntactic locality conditions, where A> and A⊥ stand
for some A 6∈ Σ, C⊥,D⊥,r⊥ are from Con⊥(Σ), and C>,D>,r> are from Con>(Σ).

where r> /∈ Σ, C⊥,D⊥ are from Con⊥(Σ), and C>,D> are from Con>(Σ) as defined in

Table 2.2.

Now, we are ready to define the notion of locality-based modules.

Definition 11. Let δ be a locality notion. A set M ⊆ O is a δ-module for Σ of O,

written M = δ-mod(Σ,O), if M is a ⊆-minimal subset of O such that each α ∈M is

δ non-local w.r.t. Σ∪M̃ .

It turns out that the above notion of a module is unique, i.e., we can talk about the

δ-module for Σ of O [SSZ09, CHKS09]. Moreover, these modules are computable in
polynomial time, they are also mCE-based modules [GLW06, LWW07], and satisfy a
range of other useful properties [SSZ09, CHKS09], in particular

1. preserves all entailments of O over Σ,

2. preserves all entailments of O over M̃ ,

3. is unique, i.e., there is no other δ-locality based module of O for Σ,

4. is subsumer-preserving, i.e., for concept names A ∈ M̃ ,B ∈ Õ and δ = ⊥, O |=
Av B implies M |= Av B, and

5. is monotonic, i.e., if Σ1 ⊆ Σ2, then δ-mod(Σ1,O)⊆ δ-mod(Σ2,O).

2.5 Atomic Decomposition

The atomic decomposition (AD) A(O) [DPSS11] partitions an ontology into logically
inseparable sets of axioms, so-called atoms a, and relates these atoms via a dependency

relation �. The ⊥-AD of Example 1 is shown in Figure 2.2.
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Figure 2.2: ⊥-A(O) of Example 1

The AD of O consists of 5 atoms:
a1 = {α1},a2 = {α2},a3 = {α3,α6},a4 = {α4},a5 = {α5}.

In the rest of this thesis, we use A(O) to represent the ⊥-AD and we use module
to represent ⊥-module. We use a set F(O) = {⊥-mod(Σ,O) | Σ ⊆ Õ} to represent all
⊥-modules in O as defined in [DVHP+20] page 991.

Definition 12. [DVHP+20] Given two axioms α,β ∈ O, we say α ∼O β if, for all

M ∈ F(O), we have α∈M iff β∈M . The atoms of an ontology O are the equivalence

classes w.r.t. ∼O . Given two atoms a, b, we say that a is dependent on b, written a� b

if, for any module M , a⊆M implies that b⊆M .

Next, we define genuine modules as those that are not the union of other modules.

Definition 13. [DVHP+20] Given an ontology O, we say that a module M ∈ F(O) is

fake if there are n≥ 2 modules M1,M2, ...,Mn ∈ F(O) such that:

• M = M1∪ ...∪Mn and

• Mi 6= M j for each i 6= j.

A module is called genuine if it is not fake.

For example, ↓a2 = a2∪a3∪a4∪a5 = {α2,α3,α4,α5,α6} is a genuine module.
The following theorem summarises some crucial properties of atoms from [DVHP+20,

DPSS11].
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Theorem 3. [DVHP+20] Let a be an atom in A(O).

1. The principal ideal of a, defined as ↓a= {α ∈ b | a� b}, is a genuine module.

2. For each genuine module M , there is an atom a in A(O) such that M = ↓a.

3. For each α ∈ a, δ-mod(α̃,O) = δ-mod(ã,O).

Lemma 4. [DVHP+20] If M is a locality-based module and a ⊆M is an atom with

a� b, then b⊆M

Lemma 5. [Mat16] If O is inconsistent, then there is an atom a in A(O) with ↓a =

a |=>v⊥ and b� a for all b in A(O).

We introduce the notion of highest atoms and lowest atoms here since we will use
it to explain modular classification next.

Definition 14. Highest Atoms HAtoms(A(O)) are defined as follows: HAtoms(A(O)) :=
{a ∈ A(O) | there is no atom b ∈ A(O) with b� a}.

Lowest Atoms LAtoms(A(O)) are defined as follows: LAtoms(A(O)) := {a ∈
A(O) | there is no atom b ∈ A(O) with a� b}.

Based on the locality notion ⊥, > of modules, we also have the corresponding
ADs.

2.5.1 Labelled AD and Minimal Seed Signatures

Locality as such is simply a yes/no test: an axiom α either is or is not δ-local w.r.t. Σ. To
make locality more transparent, we can talk about an axiom’s minimal seed signatures

(MSSs).

Definition 15. Given an axiom α and a signature Σ such that α is not δ-local w.r.t. Σ,

then Σ is a δ-MSS of α if α is δ-local w.r.t. all Σ′ ( Σ. We say that Σ is a δ-MSS of a

module M if M = δ-mod(Σ,O) and M 6= δ-mod(Σ′,O) for each Σ′ ( Σ.

For example, α1 from Example 1 is⊥ non-local w.r.t. {A,B} but⊥-local w.r.t. {A}
and {B} respectively, and thus {A,B} is an MSS for α1 (in fact the only one).

In [MW14], the authors show that each axiom has at most one ⊥-MSS if the DL is
EL++ and every axiom is in a given normal form. In general, however, an axiom can
have exponentially many δ-MSSs.
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Example 2. The axiom αn : (A1tB1)u (A2tB2)u . . .u (AntBn)vC has 2n different

⊥-MSSs. The set {αn} is also an example of a module with exponentially many MSSs.

Various forms of labelled ADs have been considered in the past, where atoms are
associated with suitable labels, i.e., with some information that can be used for an AD-
related task. For example, in [DPSS11], each atom a is labelled with the set of all

MSSs of ↓a. Moreover, the authors introduce a method that computes a module, for
some signature Σ, from this labelled AD without having to re-test axiom locality. They
show that using their method using MSSs-labelled ADs is faster than the classical ones:
these compute a module by testing individual axioms for locality while increasing the
signature until a fixpoint is reached. In the worst case, however, the set of minimal
seed signatures of an atom is exponential, and they indeed encounter such ”bad” cases.

Inspired by this method, the authors of [MW14] develop a method that first trans-
forms the ontology into a normal form so that each axiom has a unique MSS, then
store the ontology’s MSSs in a hypergraph and use this structure for both computing
the AD and for module extraction. The resulting two methods (for AD computation
and module extraction) have been implemented for the DL EL++, and prove to be
extremely fast; they rely, however, on the specific normal form and thus decomposes
the normalised ontology rather than the original input ontology.

2.6 Modular Reasoning

Modules and the AD have been explored for improving the performance of reasoning
in general [RCGH12, TP12, MPS18, HBPS13, GSW18, CAS+19], and it is helpful
to distinguish between two potential benefits for classification. Firstly, modules can
be used to make STs easier by reducing the number of axioms considered for each ST
(easification) and by enabling us to use specialised reasoners for inexpressive modules,
so-called delegate reasoners. In [MPS18], it is shown that easification is unlikely
to lead to a significant performance gain. Secondly, given properties like the above
mentioned preservation of subsumptions, we can avoid STs by exploiting the modular
structure, e.g., the AD [ZPS19].

Several reasoners use modules and the AD for incremental reasoning [CGHWKS10]
or classification optimisation; e.g., MORe [RCGH12] uses modules and Chainsaw

[TP12] uses the AD to identify suitable modules. These techniques, however, fail to
provide reliable dramatic performance improvement [GBJR+13], possibly due to the
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Algorithm 7 ΣEL of O
Require: the ontology O

1: ΣEL := Õ; S := O \OL
2: canReduce := true
3: while S 6= /0 and canReduce do
4: ΣEL := reduce(ΣEL,S)
5: if ΣEL = /0 then
6: canReduce := f alse
7: else
8: S := {α ∈ δ-mod(ΣEL,O) | α̃( ΣEL}
9: end if

10: end while
11: return ΣEL

overhead involved and, more importantly, due to duplication of STs caused by modules
overlapping. Next we will describe and discuss both approaches.

2.6.1 MORe

MORe splits the ontology into two modules of different expressivity, and then uses
a fast, delegate reasoner on the inexpressive module, thereby further easifying tests
in the inexpressive module. In its empirical evaluation, MORe uses ELK [KKS14]
to classify the module in EL++ [BBL08, BBL05] and HermiT [GHM+14] for the
remaining OWL 2 module.

In order to get the inexpressive module, MORe uses an algorithm described in
Algorithm 7 to quickly get a signature ΣEL for extracting a ideally large module. This
approach

• ensures that the computation time of module extraction is fast;

• tries to extract a large, inexpressive module;

• does not spend too much time trying to get a “largest” EL++ module and so
sometimes uses an inexpressive module that is “rather small”.

MORe does not interact with the ETA in the reasoners. In case these two modules
overlap, HermiT duplicates STs already checked by ELK.

Example 3. Consider the ontology O = {α1 : A v ∃r.B,α2 : CuD v A,α3 : E v F t
A}. Now module M1 = {α1,α2} is classified by ELK and module M2 = {α1,α3} is
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classified by HermiT. The subsumption relation between A and B is potentially checked

by both reasoners.

MORe makes good use of delegate reasoners and shows insight for other modular
reasoning approaches. In this thesis, we will use the approach described in Algorithm 7
in our approach. The idea of using delegate reasoners is also used in our approaches
from Chapter 7.

2.6.2 Chainsaw

Chainsaw is a modular reasoner that uses a lablled AD (LAD) for optimizing clas-
sification. It is implemented based on the reasoner FaCT++. Chainsaw exploits
some properties of ⊥-AD. In Figure 2.3, we have two atoms a1,a2 with a2 � a1, ã2 =

{A,C,D}, ã1= {A,B}. From Section 2.4, we know the modules are subsumer-preserving.
For the genuine module ↓a1, we only check the relation between A and B. Because
if C,D are subsumers of A or B, they should be in ã1 (We explore this further in the
Chapter 6). If we classify ↓a1, we check the STs about A,B in Figure 2.3. We use a
table to record the STs checked. The ST (A,B) is checked in column 3 and row 1 in
the table. Then in ↓a2, we only need to check subsumers for concept names C,D with
C,D ∈ ã2.

Chainsaw uses a label L(a) with L(a)⊆ ã to record a set of concept names, naively.

L(a) := {A | A ∈ (ã\
⋃
a�b

b̃)}

For every genuine module ↓a, Chainsaw only check STs (A,B) with A ∈ L(a) and
B ∈ ↓̃a. Because in many cases, atoms have signature overlap with their dependent
atoms and if we use all of ã, we may cause duplicated STs. For example, consider two
atoms a1 = {Av BtC},a2 = {BvDtE} with a1 � a2. If we classify a2, we already
check the subsumers of B. Then we delete (B,X) with X ∈ ↓̃a1 from the STs check
list for ↓a1. But we may still have redundant STs here. For example, consider two
atoms a1 = {A v BtC},a2 = {D v BtC} and these two atoms are in an antichain,
i.e. neither a1 � a2 nor a2 � a1. So L(a1) = {A,B,C} and L(a2) = {B,C,D} and we
may check the ST (B,C) in ↓a1 and in ↓a2 which redundant. In [Mat16] page 69, this
issue is also mentioned. We solve this issue in Chapter 7.

The implementation of Chainsaw has some issues about checking these STs for
genuine modules. The algorithm of Chainsaw is described in Algorithm 8. Chainsaw
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Figure 2.3: An example for STs in different genuine modules.

builds Reasoners for genuine modules of highest atoms, i.e. those in HAtoms(A(O)).
Then for every atom in these genuine modules, Chainsaw uses Reasoner.getDirectSuperConcept(A)
to check STs for L(a). Chainsaw does not interact with the ETA in the reasoners so the
overlap of modules may cause redundant STs.

2.6.3 ST Hardness

In [MPS18], the authors explore using modules for making STs easier. Given two mod-
ules M1⊂M2⊆O and A,B∈ M̃1, they explore the hardness between checking M1 |=?

Av B and M2 |=? Av B. In their evaluation via four well-known traversal-based rea-
soners Pellet,HermiT, JFact,FaCT++, they find running STs w.r.t. a smaller module
M1 is generally faster than running it w.r.t. a larger module M2 even if M1 is not the
smallest module for checking these STs. But they also find that these good improve-
ments are mainly due to a small proportion of tests becoming much easier.

That is, finding STs that can be “easyfied” by checking them w.r.t. small modules is
like “gold prospecting”. The authors find some of these STs which are “gold”. There
are also some STs (which are “sand‘’) that cannot be notably easyfied by checking
them w.r.t. small modules. The “sediment” here are all the STs triggered by these
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Algorithm 8 Chainsaw Classification
Require: an ontology O

1: initialize a partial hierarchy H = {(⊥,>)}
2: compute A(O)
3: for a ∈ A(O) do
4: compute L(a)
5: end for
6: for a ∈ HAtoms(A(O)) do
7: Reasoner = CreateReasoner(↓a)
8: H ′ := traverseAtom(a, Reasoner)
9: H := H ∪H ′

10: end for
11: return H

Algorithm 9 traverseAtom
Require: an atom a, a reasoner

1: initialize a partial hierarchy H = {(⊥,>)}
2: for every b with a� b do
3: H ′ := traverseAtom(b, Reasoner)
4: H := H ∪H ′
5: end for
6: for every concept name A ∈ L(a) do
7: H ′ := Reasoner.getDirectSuperConcept(A)
8: H := H ∪H ′
9: end for

10: return H

reasoners. Different runs of reasoners trigger different STs due to their optimizations
to classification and due to non-deterministic choices. So “sediments” for different
runs of the same reasoner are also different.

Finding STs that can be easyfied by checking them w.r.t. small modules, the “gold”
of the “sediment”, shows potential for using modules to easyfying STs. But we also
need to consider the trade-off between the cost of computing the modules or the AD
and initializing a new reasoner and the benefit gained from easyfying STs. Due to
the evaluation analysis of these “sediments” for different reasoners, the authors rec-
ommend that employing modularity for optimising classification should not simply be
motivated by ST hardness alone for these existing reasoners.

In this thesis in Section 7.3, we use this easyfying approach for our work. Rather
than identifying STs for which to use a modular approach, we use a modular approach,
via the AD, to avoid STs, i.e. we use the AD to reduce the amount of sediment we
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Figure 2.4: STs hardness with “gold prospecting”.

need to consider, and then investigate whether testing STs w.r.t. a small module is
faster than testing it w.r.t. a bigger module or the whole ontology.



Chapter 3

This Project

For modular reasoning, we split the ontology into suitable modules (e.g. for MORe

and Chainsaw we have two modules and all genuine modules respectively), classify
each module, then combine the results. There are three benefits for this approach.

1. The first one is using fastest reasoners for some modules in specific fragments,
e.g. ELK, the fastest EL++ reasoner, for classifying EL++ modules; CB, for
classifying horn-SH I Q modules [RCGH12].

2. Secondly, deciding one ST in a (small) module should be easier than deciding
it in a (larger) module/ontology. Though work by [MPS18] has shown that this
is possibly not significant for existing reasoners. We can also check consistency
once in the smallest module rather than in the (larger) ontology.

3. Thirdly, we can exploit suitable properties of modules (e.g. subsumer-preserving
for bottom modules) thereby avoiding STs [ZPS19].

There are also seven costs for this approach.

1. Modules can overlap (e.g. bottom modules) so the same ST may be carried out
several times.

2. When deciding STs on modules only (see benefit 2 above), we need to initialise
and ‘warm up’ a reasoner for each of these modules

3. We need to use new techniques to incorporate ‘free’ subsumption tests that we
may get from a reasoner.

4. We need to compute the modular decomposition.

44
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5. We need to recombine the module classification results.

6. Existing ETA approaches could be extended to get “free” subsumptions as a
result of transitivity across modules (e.g. if we have O |= Bv A in one module,
O |=Cv B in the second module, we possibly still need to check O |=? Cv A in
the second module.)

7. Some optimisation techniques are more effective when classifying the whole
ontology than they are on smaller modules. For example, some optimization
techniques reuse the existing tableau, e.g. pseudo models, or saturation graphs,
e.g. Completion-based Saturation Procedures, for STs. We may lose some these
graphs when we classify modules.

One point to note: these costs and benefits will depend on the size of the modules.
For example, bigger modules may lead to less overhead and more “free” results from
existing optimizations.

The AD gives us non-overlapping atoms as building blocks for modules - and some
interesting logical properties. A natural question therefore is whether we can exploit
these atoms/properties to find a good trade-off for modular reasoning/classification.
The core research question of this project is:

RQ can we use the AD for classification optimization?

We firstly talk about the duplication problem among modular reasoning approaches.
We have our research question and explore this question in the chapter 7:

RQ1. Can we use the AD for modular classification to avoid where each ST is decided
at most once?

Then we explore one benefit called avoidance for both module and AD. We explore
our research question in the chapter 6:

RQ2. How many STs we can avoid by exploiting the subsumer-preserving property?

RQ2.1 In EKPA, how many STs can we avoid further by exploiting the subsumer-
preserving property of the ⊥-AD against the set of possible subsumers P|C w.r.t.
each concept name C?

Then we explore how AD interacts with exploring “free” subsumption relation
from transitivity. We explore our research question in the chapter 8:
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RQ3. Can we exploit a suitable order during classification to get more ’free’ subsump-
tion test results?

There is another research question for the modular reasoning approach:

RQ4. Is there an algorithm for the computation of the AD that is capable of decom-
posing large ontologies?

If computing the AD takes a lot of time, all these time we save from the benefits will
be wasted. To answer this research question, we have our research question:

RQ5. Can we use small atom labels to speed up AD computation?

We design our label in the chapter 5. Designing the related algorithm for speeding up
AD computation is in the future work.

We also re-visit a research question:

RQ6. Can we use the AD for classification to easify STs?

This question can be explored with different views of STs. Naively, a classification
needs n2 STs. But there are a lot of approaches avoid a lots STs during STs. This
question is explored by [MPS18]:

RQ7. Can we use the AD for classification to easify STs determined by actual calls to
the tableau engine during traversal?

In [MPS18], the authors find some positive cases that AD highly easifies the STs. In
this thesis, we try to use AD to minimise the number of STs. So we have a possibly
smaller set of STs and we are also interested in our real life behaviour. Our research
question is:

RQ8. After minimising the number of STs, do we have STs that can be highly easified
by AD?

We explore this research question in the chapter 7.

3.1 Duplication problem in MORe and Chainsaw

In this section, we discuss the duplication problem in MORe and Chainsaw. The dupli-
cation problem comes from the overlap of modules. First of all, we define and explore
what the module overlap is. Next we use the set F(O) of all⊥-modules in O as defined
in Section 2.4.



3.1. DUPLICATION PROBLEM IN MORE AND CHAINSAW 47

Figure 3.1: An illustration of .

Theorem 6. Given an ontology O and two syntactic locality-based modules M1,M2 ∈
F(O) with M1∩M2 = M3. Then M3 is a syntactic locality-based module and M3 ∈
F(O).

Proof. Let T1 := M1 \M3, T2 := M2 \M3 shown in Figure 3.1.
To prove M3 is a syntactic locality-based module, we prove that:

1. For every axiom α ∈M3, we have α is non-local w.r.t. M̃3.

2. For every axiom β /∈M3,β ∈ O, we have β is local w.r.t. M̃3.

To prove Claim 1 by contradiction, we first prove that: For every atom a with
α ∈ a,α ∈M3, we have a ⊆M3. Based on the definition of the atom (Definition 12),
we can prove it quickly.

We consider an axiom β ∈ a with β 6= α. If β ∈ T1, we have α ∈M3 ⊆M2 and
β ∈ T1 *M2. Based on Definition 12, we know α and β are not in one same atom. So
we show if β ∈ T1, then β /∈ a. We have β ∈ a with β 6= α, then β /∈ T1.

Based on Definition 12, if α ∈M1, then β ∈M1 = T1 ∪M3. T1,M3 are disjoint
based on our definition. Since β /∈ T1. We have β ∈M3.

Now we finish the proof about 1.
We then prove Claim 2 by contradiction and first prove: for every axiom γ ∈ T1,

we have γ is local w.r.t. M̃3.
Syntactic locality-based module is monotonic. Assume γ is non-local w.r.t. M̃3, it

is non-local w.r.t. M̃3∪ T̃2, which implies γ ∈M2. Since T1,M2 are disjoint, we have
γ /∈ T1. So we prove that for every axiom γ ∈ T1, we have γ is local w.r.t. M̃3.

For every axiom γ∈ T2, we have γ is local w.r.t. M̃3 as the case for T2 is analogous.
For every axiom γ1 ∈ (O \ (M1∪M2)), we have γ1 is local w.r.t. M̃3. Because if γ1

is non-local w.r.t. M̃3, then we will have γ1 ∈M1 or γ1 ∈M2.
So M3 is a syntactic locality-based module.
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So if we have two overlapping modules in our ontology, we have two modules
containing another module. Next, we talk about the overhead cases in MORe. By
our examples, we want to show that if modules overlap or the signatures of modules
overlap, we have duplication problem for MORe.

MORe separates the whole ontology into a EL++ (inexpressive) module M1 and a
remaining (expressive) module M2. It classifies each of these separately and combines
the classification results. We have five cases shown in the Figure 3.2. In case (1), we
have

M1 = {Av ∃r.B},M2 = {BuC v DtE}.

The EL++ module does not overlap with the remaining module and M̃1∩M̃2 = {B}.
So we do not have two distinct concept names and we do not have any duplicated STs
here. We call case (1) best case because it does not have overlap and we also have no
duplicated STs.

In case (2), we have

M1 = {Av ∃r.B,Bv ∃r.D},M2 = {BuC v DtE,Bv ∃r.D}.

Now M1 ∩M2 = {B v ∃r.D} and M̃1 ∩ M̃2 = {B,D,r}. If we classify M1 and M2

separately, we potentially check the duplicated STs (B,D),(D,B) twice. In case (3),
we have

M1 = /0,M2 = {BuC v DtE,Av ∃r.B}.

and we do not have an EL++ module. So we classify M2 which means we do not use
MORe strategy.

In the case (4), we have

M1 = {Av ∃r.B},M2 = {C v DtE tA,Av ∃r.B}.

Now M1 ⊆M2 and the duplication is M1, M̃1∩M̃2 = M̃1. We call this case the worst
case since now the MORe strategy only gives duplicated STs.

In case (5), we have

M1 = {Au∃r.C v D},M2 = {BvCtD}.

and we do not have any overlap here. But we still have a intersection of the signatures
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Figure 3.2: Five cases of overlap for MORe.

since M̃1∩ M̃2 = {C,D}. If we classify these two modules separately, we still poten-
tially check STs (C,D),(D,C) twice. This case shows that even without an overlap of
modules, we still have duplicated STs. This case is also special. For other cases, we
want to avoid re-check the ST. For this case, if we explore the structure of AD, we can
completely avoid these two STs. We will define and talk more about it in Theorem 13.

Now, if we use the AD structure to represent each example, we find all cases with
duplication can be transferred into the worst case. Here we need to clarify one thing.
Based on Theorem 6, we know if two modules overlap, the overlap part is a module, but
none of these three modules need to be genuine modules. If we use genuine modules to
re-check some module overlap cases, we will find some of them are not “real” overlap.
Consider the following ontology:

O = {A1 v ∃r.B1,A2 v ∃r.B2,B1uB2 vC,D1 v B1tE1,D2 v B2tE2}

Using the MORe approach, we will get two modules

M1 = {A1 v ∃r.B1,A2 v ∃r.B2,B1uB2 vC}

M2 = {B1uB2 vC,D1 v B1tE1,D2 v B2tE2}.

The overhead module is {B1uB2 vC} as shown in Figure 3.4. The AD of this ontol-
ogy has five singleton atoms and five genuine modules without any overhead modules.
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Figure 3.3: ADs for overhead examples in Figure 3.2

Figure 3.4: One case that AD can avoid overhead.
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Figure 3.5: MORe approach and Chainsaw approach for picking modules.

Even sometimes AD can avoid an overhead problem rather than the MORe ap-
proach, for most cases, we still have the overhead problem between genuine modules.
We formulate this research question as follows:

If we classify M1,M2 one by one and do not interact with the ET algorithm, to our
best knowledge, classifying M1 only brings redundant STs since we potentially need
to check all these STs in M2 again. One solution is that we only classify the large
module M2. But in MORe approach we still have overlap and overlap is caused by a
large module containing a small module. So it does not solve the problem.

In Chainsaw, we also have a similar question. Rather than MORe approach, Chainsaw

approach only classifies genuine module ↓a with a ∈ HAtoms(A(O)) (called Maximal

Modules in [Mat16]). Figure 3.5 shows the difference between these two approaches.
Chainsaw approach gets more overhead compared to MORe approach (have two atoms
as overhead, but MORe only has one atom) in Figure 3.5. Figure 3.4 shows an example
for which Chainsaw approach can avoid overhead in contrast to MORe approach. So
it is hard to see which one can avoid more overhead than another one when we have
different ontologies.

Another benefit of Chainsaw approach is that Chainsaw may avoid some STs based
on the subsumer-preserving property (we call them avoidance and will design and
evaluate in the Chapter 6). For example, in RQ1, if we have C+(M1) = {A,B}, we
only need to test B as a candidate subsumer of A and A as a candidate subsumer of
B. If we pick a bigger module and classify it, more candidate subsumers may be
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concerned. For the ontology in Figure 3.5, MORe approach classifies a union of two
genuine modules and Chainsaw approach classify each of them. In this case, Chainsaw

approach can avoid many STs.
The MORe approach uses a delegate reasoner for the EL++ module. So even they

lose more avoidance than Chainsaw approach, sometimes MORe approach gets a better
classification time in some cases.

Picking a suitable module is a trade-off problem. When we pick one module and
classify it, the trade-off between overhead, avoidance, delegate reasoner should be
concerned. In this thesis, we provide a theoretical foundation that is an extension of
Chainsaw approach and use AD to interact with ETA and EKPA. Finally, we provide
some algorithms for ETA and EKPA which makes overhead, avoidance, delegate rea-
soner work together so we do not need to concern the trade-off problem. In Chapter 7,
we design the theoretic foundations and design various AD-based EKPA algorithms
for solving the trade-off problem. In Chapter 8, we design various AD-based ETA
algorithms for solving the trade-off problem.



Chapter 4

Corpus Description and Experimental
Setting

In this chapter, we describe the corpus prepared for our empirical studies in the rest of
this thesis. We firstly build our corpus from two sources:1) a snapshot of the NCBO
BioPortal ontology repository1 [MP17] which contains 438 ontologies; 2) a collection
of SNOMED CT ontologies and their extensions by a senior expert in the SNOMED CT

organization. We describe an empirical study of the AD algorithm on our corpus.
We also design several features for evaluating the AD and apply these features to our
corpus.

For this purpose, we use an implementation of the decomposition algorithm de-
scribed in [DVHP+20] using syntactic locality-based modules (⊥, >, and >⊥∗), run it
on a suitable corpus of ontologies, and evaluate the feasibility of this algorithm as well
as the structure and granularity of the resulting ADs.

4.1 BioPortal Corpus

Corpus To build our corpus, we started with the snapshot of the NCBO BioPortal
ontology repository. In a first step, we removed all ABox axioms (concept and role
assertions) from these 438 ontologies: since all our consideration are aimed at the
TBox part of an ontology, we want to understand how the AD behaves on TBoxes.
From the resulting ontologies, we removed, in a second step, 18 empty ontologies
(i.e., these were ontologies that consisted of ABox axioms only) plus a further 69

1https://bioportal.bioontology.org/

53
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ontologies that were not in OWL 2 DL (i.e., they were strictly in OWL 2 Full for a
variety of reasons). This left us with a corpus of 351 ontologies.

Table 4.1 shows the number of TBox axioms in the ontologies of our corpus (‘size’)
and the length of these ontologies. The length of an ontology is the number of char-
acters needed to write it down in DL notation, where every term, logical operator,
and quantified role counts as one character, and inclusion/equivalence symbols do not
count; e.g., the axiom A v ∃R.B has length 3; for details see [Del13, page 24]. We
show percentiles to illustrate the range of ontologies in our corpus: for any given n

and measure m, the percentile Pn is the highest m(O) among the n% ontologies Oi

with the lowest m(Oi); in particular, P50 is also known as the median and P100 as the
maximum.

Table 4.1: A summary of our corpus of 351 ontologies. The 50th (median), 75th, 90th,
99th and 100th (maximum) percentiles are shown for the size (i.e. number of axioms)
and for the length (i.e., sum of length of axioms) of ontologies.

Mean StdDev P50 P90 P95 P99 P100
Size 27,806 136,675 1,076 16,347 107,829 806,772 1,700,233

Length 72,425 375,019 2,558 39,325 259,576 1,695,510 4,798,793

In Figure 4.1, we show the OWL 2 profiles that the ontologies in our corpus fall
into: while this is only an indication of their logical richness, we notice that roughly
49% of our ontologies (171) do not belong to any profile (i.e., are strictly in OWL 2
DL), and that 20% (69) are in all profiles, i.e., these are very close to atomic concept
and role hierarchies.

Compared to the corpus used in [DGK+11], we notice that our corpus has more
than twice the number of ontologies, and also many more larger ones.

4.2 SNOMEDCT Corpus

SNOMED CT [SSBB09] is a medical terminology ontology that describes the knowl-
edge of health information and is used in medical records as a source of unambiguous,
medicine processable terms. It supports various languages and is used in health sys-
tems in more than 80 countries 2. SNOMED CT falls into the DL EL++ and is well-
supported by the reasoner ELK, e.g. the 2021-Jan-28 version SNOMED CT ontology is
classified by ELK in only 11 seconds, as shown in our experiment results in Section 17.

2https://www.snomed.org/
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Figure 4.1: The spread of OWL profiles across the corpus of 351 ontologies.

Extending the SNOMED CT ontology to be an expressivity beyond EL++ draws
a lot of interest in both academic research [RCGH12] and industry. In a DL more ex-
pressive than EL++, ontology engineers can describe the meaning of terms in more
precise and possibly succinct ways. From SNOMED CT expert, Yongsheng Gao, a
senior terminologist at SNOMED CT organization, we know that he and his team of
SNOMED CT modellers are interested in a more complex DL for SNOMED CT. The
SNOMED CT ontology being in EL++ gives a high computational efficiency (in poly-
nomial time) [BBL05, BBL08] and allows classification by a highly-optimized rea-
soner ELK [KKS14]. The SNOMED CT experts do not want to lose too much of this
computational efficiency as they rely on re-classification in their modelling process.
They hope the classification time to be under 4 minutes. We have received several unof-
ficial SNOMED CT extensions from the SNOMED CT experts that are outside EL++.
Next, we describe these ontologies.

We start with the 2020-July version of SNOMED CT (we call it S20July for short)
with 355,214 axioms (all in EL++) and a modified version of this ontology (we call it
S20July9 for short) which has 355,217 axioms and contains 9 axioms outside EL++.
These axioms show two kinds of structure:
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3 axioms of the form A1 ≡ A2tA3,

6 axioms of the form A4 ≡ A5u∃r1.(∃r2.¬A6u∃r3.A7u∃r4.A8u∃r5.A9)

Next, we have a 2021-Jan version of SNOMED CT (we call it S21Jan for short)
with 355,664 axioms (all in EL++) and a 2021-Jan Anatomy ontology with 42,579
axioms (all in EL++). A mapping list between Structure Concepts and Entire Con-

cepts is also given from the expert. Let StructureConcept represent the set of Structure
Concepts in this list and EntireConcept represent the set of Entire Concepts.

During the modification, The modelling topic Part-whole relation which is a com-
mon pattern to represent that a fault of a part is considered a fault of the whole, is
used. The relation commonly describes diseases with their affected body structure. If
a disease affects any part of the heart, it is a heart disease. Three approaches described
in [SRS+12] can support this pattern.

These transitive properties are not only tractable [HS04] but also available in EL++.
The second one is Structure-Entity-Part(SEP) triple [HSR99]. The third one uses def-
inition as disjunctions, e.g. in our modification S is defined as E t∃ProperPartOf.E.
This one will make the ontology outside EL++ so was not used in the past. It seems
our modification is based on the third approach.

Let S,A,B are distinct structure concepts from the set StructureConcept and E an
entire concept from the set EntireConcept. There are three steps from the advice of the
expert for extending this ontology:

• Firstly, we pick 1,000 axiom in the Anatomy ontology like:

S≡ BodyStructureu∃AllOrPartOf.E u∃Laterality.QualifierValue (4.1)

then modify these into:

S≡ BodyStructureu (E t∃ProperPartOf.E)u∃Laterality.QualifierValue.
(4.2)

• Then we delete the axioms in S21Jan like:

Av B

with A,B ∈ StructureConcept.
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• Finally we merge SNOMED CT and modified Anatomy ontologies together.

We implement this process with the help of OWL API Version 5.1.11. We get our
modified ontology (we call it S21Jan7905) containing modified Anatomy ontology with
1,000 complex axioms and modified SNOMED CT ontology.

We find there are in total 7,905 axioms in the Anatomy ontology of the form in
Equation 4.1. We want to know how our approach behaves in SNOMED CT with all
these complex axioms. So we prepare another modified ontology consisting of (we call
it S21Jan7905) SNOMED CT ontology. We only add 7,905 modified complex axioms
from the Anatomy ontology into SNOMED CT ontology. (We do not delete axioms of
the form Av B in SNOMED CT ontology.)

Table 4.2 shows the number of TBox axioms in the variants of the SNOMED CT

ontologies and the length of these ontologies. We notice these SNOMED CT ontologies
all have axioms with a generally complex structure since the length of these ontologies
is more than 5 times larger than their size.

Table 4.2: Different SNOMED CT extensions.
Length Size DL

S20July 1,907,918 355,214 EL++

S20July9 1,907,924 355,217 EL++ with disjunction
S21Jan 1,952,625 355,664 EL++

Anatomy 159,371 42,579 EL++

S21Jan7905 2,047,125 372,114 EL++ with disjunction
SA21Jan1000 2,049,223 373,493 EL++ with disjunction

The evaluation of these SNOMED CT ontologies is described in Section 4.3.3.

4.3 Experimental Setting

Implementation We evaluate the implementation of Algorithm in [DVHP+20] that
is part of the OWL API, namely the one available via Maven Central (maven.org) with
an artifactId of owlapi-tools. We use OWL API Version 5.1.11 to compute ⊥-,
>-, and >⊥∗-AD.

In this chapter, all experiments for the BioPortal corpus have been performed on In-
tel(R) Core(TM) i7-6700HQ CPU 2.60GHz RAM 8GB, running Java version 1.8 JDK
with an initial heap size of 1 GB and a maximal heap size of 8 GB. All experiments
for the SNOMED CT ontologies have been performed on Intel(R) Core(TM) i7-5820K
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CPU 3.30GHz RAM 62 GB, running Java version 1.8 JDK with an initial heap size of
1 GB and a maximal heap size of 30 GB. Time is measured in CPU time.

4.3.1 Feasibility

Regarding feasibility, we are interested in answering the following three questions:

1. Can we decompose all ontologies within a reasonable timeout?

2. How long does it take to decompose an ontology?

3. How does the size of an ontology affect the time needed for decomposing it?

To answer these questions, we ran the AD implementation on all ontologies in our cor-
pus and recorded the CPU time required. The answer to the first question is ‘no’: 10
ontologies could not be decomposed due to a timeout. We set 6 hours as the timeout
for computing each kind of AD, i.e., we used a total timeout of 18 hours for all three
kinds of AD. If the ontology cannot be decomposed within 6 hours for at least one
kind of AD, we say that this ontology could not be decomposed due to a timeout. In
Table 4.3, we list these 10 ontologies, their characteristics, and the kind of AD whose
computation timed out. We note that all 10 ontologies are large, i.e., have over 100k
axioms, and that 6 of them are in EL plus possibly other profiles. Given the nature of
the AD algorithm (see Algorithm in [DVHP+20]) and module extraction algorithms,
it is clear that ‘logical richness’ should not have an effect on AD computation perfor-
mance: even in QL, a single axiom can involve many terms. As we will see next, there
are various ontologies that are of similar or larger size and still decomposable. Among
the 10 ontologies that could not be decomposed, there are 7 ontologies that can be
decomposed by at least one kind of AD computation. From now on, we will ignore all
these 10 ontologies and consider only the 341 completely decomposable ontologies.

Table 4.4 shows the CPU time (in seconds) required for computing all three kinds
of AD for the 341 decomposable ontologies from the corpus. We see that half of our
ontologies take less than 1 second to decompose, 95% take under 2 minutes, and 99%
take under 1 hour.

To understand how ontology size affects decomposition time, consider Figure 4.2:
it shows scatter plots of the times for computing the three kinds of AD against ontology
size, i.e., each point in each plot represents one of the 341 decomposable ontologies
from our corpus, its size (x-axis) and the time it took for the computations of the
AD in question (y-axis). All axes are scaled logarithmically. These plots show that
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Table 4.3: The size (the number of TBox axioms) of ontologies that are not decom-
posable (all due to time-out of 18 hours), their length, profiles of those ontologies
that could not be decomposed, and the decompositions that failed (e.g. for gaz, the
computation of all (three) kinds of AD failed).

Ontology Size Length Profiles Failed AD
gaz 806,772 2,410,202 EL All
ncbitaxon 847,755 1,695,510 QL, EL, RL >⊥∗, ⊥
cco 282,683 565,366 QL, EL, RL >⊥∗, >
chebi 233,439 538,100 DL >
dron 874,945 2,655,978 DL >⊥∗, ⊥
pxo 1,700,233 4,798,793 EL All
reto 942,005 2,673,774 QL, EL All
dinto 173,859 515,994 DL >⊥∗, ⊥
ftc 145,425 461,319 EL >
biomodels 439,240 1,138,365 DL >⊥∗, >

Table 4.4: A summary of the CPU time required for computing the ADs of the 341
decomposable ontologies in our corpus. All time are shown in seconds. Pn represents
the maximum time for the nth percentile.

CPU time (seconds)
AD type Mean StdDev P50 P90 P95 P99 P100
⊥-AD 92.51 676.76 0.11 8.67 55.66 1,919.22 9,066.98
>⊥∗-AD 134.10 998.71 0.16 14.44 72.11 3,034.89 13,764.84
>-AD 201.04 1,743.97 0.13 17.75 94.36 1,443.83 18,388.84

the respective ADs can be computed in less than a second for almost all ontologies
with up to 1,000 axioms. For the larger ontologies with up to 432,805 TBox axioms,
computing the ⊥-AD, >⊥∗-AD and >-AD requires up to 9,066 seconds (≈ 2.51h),
13,764 seconds (≈ 3.82h) and 18,388 seconds (≈ 5.11h) respectively. The differences
between the three kinds of AD are modest, but we can we can see from the shape of
the scatter plots that the computation of the >-AD is often faster than that of the ⊥-
AD. This can be explained by the fact that the computation of a >-module is likely
to be faster than that of a ⊥-module which, in turn, is due to the following facts:
the signature of >-modules is ‘closed under subconcepts’, whereas that of ⊥-modules
is ‘closed under superconcepts’ (see [CHKS08]); usually far more concepts are in
the lower portion of the concept hierarchy than in the higher one; the locality-based
module extraction algorithm involves an outer loop that extends the signature to terms
from axioms that were found to be non-local w.r.t. the current signature, and which
is thus likely to take longer to of subconcepts. Since this effect does not occur for
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all ontologies, the point cloud in Figure 4.2 c is wider and sparser than the ones in
Figure 4.2 a and b, but all three have the same height (for some very large ontologies
the >-AD requires even more time than the ⊥-AD).

20191127Data.csv

ontName TboxAxioms botADTime(Microsecond)botADTimeS #botAtom relative reading score percentage topADTime(Microsecond)topADTimeS #topAtom relative reading score percentage starADTime(Microsecond)starADTimeS #starAtom relative reading score percentage

aao.amphibian-gross-anatomy-ontology.8.owl.xml 2692 703125 1 1597 48118 1.328461003 3781250 4 103 1948954 53.80750209 875000 1 2603 12813 0.353746432

aba-amb.allen-brain-atlas-aba-adult-mouse-brain-ontology.1.owl.xml 3441 453125 0 3437 25029 0.422892885 296875 0 1 0 0 609375 1 3437 245 0.004139548

abd.anthology-of-biosurveillance-diseases.4.owl.xml 2637 343750 0 1053 15486 0.445567715 1625000 2 407 534808 15.38765197 578125 1 2300 483 0.013897017

acgt-mo.cancer-research-and-management-acgt-master-ontology.2.owl.xml 5422 3328125 3 3784 1650016 11.22740091 453125 0 6 50910 0.346412992 6578125 7 3796 1639247 11.15412411

adar.autism-dsm-adi-r-ontology.1.owl.xml 6339 1968750 2 2175 568670 2.830853058 10718750 11 56 6886059 34.27896878 3875000 4 3490 562087 2.798082724

admin.nurse-administrator.1.owl.xml 176 0 0 71 515 3.344155844 0 0 8 2919 18.95454545 0 0 124 334 2.168831169

ado.alzheimers-disease-ontology.3.owl.xml 2401 734375 1 1539 244301 8.479140636 343750 0 12 182523 6.334964598 1109375 1 1540 244213 8.476086353

aeo.anatomical-entity-ontology.6.owl.xml 368 15625 0 248 3443 5.098625755 46875 0 78 23506 34.80926431 15625 0 344 117 0.173261462

allergydetector.allergy-detector-ii.1.owl.xml 34 0 0 9 116 20.67736185 0 0 3 136 24.24242424 0 0 10 78 13.90374332

amino-acid.amino-acid-ontology.2.owl.xml 476 281250 0 6 13795 12.20256524 15625 0 2 2355 2.083149049 437500 0 11 11596 10.25740823

ancestro.ancestry-ontology.2.owl.xml 583 31250 0 541 416 0.245206392 46875 0 33 3786 2.231613941 31250 0 556 2 0.001178877

ao.asthma-ontology.2.owl.xml 283 15625 0 283 253 0.634037541 15625 0 36 1280 3.207778864 15625 0 283 0 0

apo.ascomycete-phenotype-ontology.26.owl.xml 304 0 0 303 664 1.44172312 15625 0 73 3765 8.174830641 0 0 304 0 0

asdpto.autism-spectrum-disorder-phenotype-ontology.1.owl.xml 283 15625 0 283 803 2.012380022 0 0 77 3623 9.079517831 15625 0 283 0 0

atc.anatomical-therapeutic-chemical-classification.1.owl.xml 10153 1343750 1 10153 33281 0.064577372 703125 1 3987 211093 0.409598005 1765625 2 10153 0 0

ato.amphibian-taxonomy-ontology.2.owl.xml 12163 11515625 12 6134 251829 0.340478765 171718750 172 566 36997471 50.02145594 17718750 18 12163 75598 0.102210284

atol.animal-trait-ontology-for-livestock.1.owl.xml 2178 109375 0 2096 12456 0.525402689 125000 0 636 54826 2.312598571 140625 0 2178 6 2.53E-04

bao-gpcr.g-protein-coupled-receptor-bioassays-ontology.23.owl.xml 1023 140625 0 890 51742 9.897982412 281250 0 107 177972 34.04514178 171875 0 975 3332 0.637394716

bcchrcatalog.bc-childrens-hospital-research-institute-study-catalog.15.owl.xml 32682 10687500 11 24777 222711 0.041703039 5390625 5 8161 2633914 0.493205174 17593750 18 32682 739 1.38E-04

bco.biological-collections-ontology.9.owl.xml 331 31250 0 172 10541 19.30055845 46875 0 16 16946 31.02810583 46875 0 185 9146 16.74631511

bcteo.bone-and-cartilage-tissue-engineering-ontology.4.owl.xml 458 31250 0 249 7316 6.990721718 187500 0 21 26904 25.70781535 31250 0 287 4525 4.323812982

bctt.behaviour-change-technique-taxonomy.6.owl.xml 109 0 0 93 0 0 0 0 16 0 0 0 0 93 0 0

bdo.bone-dysplasia-ontology.9.owl.xml 3971 687500 1 1918 64536 0.818731775 3156250 3 365 1601989 20.32352947 984375 1 2347 24645 0.312657193

bfo.basic-formal-ontology.2.owl.xml 52 0 0 52 160 12.06636501 15625 0 2 100 7.54147813 0 0 52 0 0

bhn.biologie-hors-nomenclature.1.owl.xml 2542 156250 0 2533 4555 0.141038658 250000 0 120 90104 2.789933525 171875 0 2542 0 0

bho.bleeding-history-phenotype-ontology.3.owl.xml 1925 421875 0 1414 176611 9.537003537 281250 0 13 211695 11.43154143 671875 1 1563 130406 7.041931042

biomo.biological-observation-matrix-ontology.1.owl.xml 2511 484375 0 1641 229890 7.295072994 531250 1 23 242861 7.706680248 750000 1 1762 154041 4.888165379

birnlex.biomedical-informatics-research-network-project-lexicon.1.owl.xml 3572 265625 0 3572 41160 0.645362998 281250 0 1218 150216 2.355292714 359375 0 3572 0 0

bmt.biomedical-topics.1.owl.xml 282 15625 0 244 587 1.481537568 15625 0 74 5636 14.22477979 15625 0 278 0 0

bno.bionutrition-ontology.2.owl.xml 104 0 0 88 354 6.609410007 0 0 33 1060 19.79088872 0 0 92 17 0.317401046

bof.biodiversity-ontology.2.owl.xml 599 31250 0 506 1464 0.817415871 46875 0 20 57937 32.34878644 15625 0 587 82 0.045784222

bp.biopax-ontology-of-biological-pathways.1.owl.xml 391 15625 0 187 1909 2.503770739 46875 0 28 33891 44.45012788 31250 0 294 844 1.106957833

bsao.botryllus-schlosseri-anatomy-and-development-ontology.1.owl.xml 353 15625 0 96 6215 10.00354108 62500 0 5 22790 36.68233325 31250 0 343 2767 4.453708473

bspo.spatial-ontology.20.owl.xml 268 15625 0 126 3529 9.863603332 93750 0 12 16476 46.05064565 15625 0 150 1636 4.572642406

bt.biotop-ontology.12.owl.xml 824 281250 0 351 120198 35.44868997 31250 0 3 1638 0.48307754 500000 1 356 120151 35.43482877

bto.brenda-tissue-and-enzyme-source-ontology.33.owl.xml 7007 1906250 2 5896 92900 0.378480457 80750000 81 444 8596043 35.02082111 2390625 2 6800 21018 0.085628657

cabro.computer-assisted-brain-injury-rehabilitation-ontology.1.owl.xml 96 0 0 60 1778 38.99122807 0 0 3 184 4.035087719 0 0 60 1757 38.53070175

canco.cancer-chemoprevention-ontology.3.owl.xml 360 46875 0 174 23075 35.7087589 0 0 4 1065 1.648096565 78125 0 176 23071 35.70256886

canont.upper-level-cancer-ontology.1.owl.xml 51 15625 0 51 215 16.8627451 0 0 22 452 35.45098039 0 0 51 0 0

cao.clusters-of-orthologous-groups-cog-analysis-ontology.3.owl.xml 442 171875 0 100 50285 51.59499697 31250 0 9 8846 9.076451093 328125 0 107 49518 50.80801551

carelex.content-archive-resource-exchange-lexicon.43.owl.xml 352 0 0 352 883 1.429357679 31250 0 71 5317 8.606902357 15625 0 352 0 0

caro.common-anatomy-reference-ontology.10.owl.xml 54 0 0 50 160 11.18099231 0 0 18 625 43.67575122 0 0 54 13 0.908455625

carre.carre-risk-factor-ontology.3.owl.xml 454 15625 0 193 2334 2.26974356 62500 0 108 33691 32.76346627 31250 0 443 195 0.189631531

cbo.cell-behavior-ontology.21.owl.xml 350 31250 0 327 7666 12.5517806 15625 0 19 10221 16.73516169 15625 0 337 45 0.073679902

ccon.cerrado-concepts-and-plant-community-dynamics.8.owl.xml 218 15625 0 84 6472 27.36227963 15625 0 4 1260 5.327019828 31250 0 123 3890 16.44611677

ccont.cell-culture-ontology.3.owl.xml 33235 27406250 27 20058 1869656 0.338542662 7125000 7 5 1791666 0.324420844 40125000 40 27481 595207 0.107775421

cedarvs.cedar-value-sets.4.owl.xml 43 0 0 43 44 4.872646733 0 0 6 406 44.96124031 0 0 43 0 0

chd.congenital-heart-defects-ontology.5.owl.xml 508 15625 0 508 492 0.382052835 78125 0 16 1709 1.327090031 31250 0 508 0 0

chembio.systems-chemical-biology-and-chemogenomics-ontology.9.owl.xml 489 15625 0 366 2257 1.891615542 46875 0 13 20820 17.44946193 31250 0 399 1543 1.2932046

chmo.chemical-methods-ontology.18.owl.xml 3417 281250 0 2971 29136 0.499225871 562500 1 24 231541 3.967300157 359375 0 3148 3315 0.056800308

ciinteado.ciona-intestinalis-anatomy-and-development-ontology.2.owl.xml 4880 2203125 2 880 1185639 9.959369193 18281250 18 12 5818302 48.87374462 2828125 3 2879 434952 3.653597385

cisaviado.ciona-savignyi-anatomy-and-development-ontology.2.owl.xml 4880 2312500 2 880 1185639 9.959369193 20078125 20 12 5818302 48.87374462 3015625 3 2879 434952 3.653597385

cl.cell-ontology.61.owl.xml 19845 30171875 30 5581 10055234 5.10671776 109062500 109 892 34457765 17.49994883 49984375 50 6351 7977089 4.051297272

clo.cell-line-ontology.55.owl.xml 117375 1919218750 1919 40871 25242886 0.366455708 12087515625 12088 169 -1873630966 35.15099343 4153906250 4154 71043 17382154 0.252339988

cmo.clinical-measurement-ontology.75.owl.xml 3344 203125 0 2708 29302 0.524233312 406250 0 1374 220580 3.94633076 296875 0 3344 17 3.04E-04

cmpo.cellular-microscopy-phenotype-ontology.14.owl.xml 1811 359375 0 799 75595 4.612390212 78125 0 2 1810 0.110436223 531250 1 926 68396 4.173146914

cn.computer-network.1.owl.xml 1184 687500 1 280 333389 47.60415001 1343750 1 6 18688 2.668433438 1312500 1 286 288402 41.18051907

co-wheat.wheat-trait-ontology.1.owl.xml 175 15625 0 175 314 2.062397373 0 0 24 1876 12.32183908 15625 0 175 0 0

cogat.cognitive-atlas-ontology.7.owl.xml 8182 2234375 2 1516 47879 0.143057028 94359375 94 71 16426615 49.08086479 3750000 4 2781 81872 0.244624261

cogpo.cognitive-paradigm-ontology.1.owl.xml 658 62500 0 429 16516 7.640884003 31250 0 14 16451 7.610812711 78125 0 508 11976 5.54051991

comodi.comodi.5.owl.xml 73 0 0 67 72 2.739726027 0 0 1 0 0 0 0 68 10 0.380517504

cptac.cptac-proteomics-pipeline-infrastructure-ontology.3.owl.xml 1118 62500 0 601 684 0.109544637 31250 0 1 0 0 62500 0 689 859 0.137571408

cseo.cigarette-smoke-exposure-ontology.2.owl.xml 26540 10953125 11 20028 2895263 0.822114945 3000000 3 6 980675 0.278464365 17296875 17 20032 2766843 0.785649863

cso.clinical-study-ontology.1.owl.xml 36 0 0 36 31 4.920634921 0 0 6 155 24.6031746 0 0 36 0 0

csso.clinical-signs-and-symptoms-ontology.6.owl.xml 303 15625 0 302 523 1.143094442 31250 0 75 6022 13.16197845 15625 0 303 0 0

ctcae.common-terminology-criteria-for-adverse-events.2.owl.xml 6934 1906250 2 6929 35155 0.146255451 2531250 3 827 345079 1.435633186 3296875 3 6934 4 1.66E-05

cto.clinical-trials-ontology.1.owl.xml 376 31250 0 376 2475 3.510638298 31250 0 95 9137 12.96028369 31250 0 376 0 0

cu-vo.venom-ontology.1.owl.xml 34 0 0 14 282 50.26737968 0 0 1 0 0 0 0 15 246 43.85026738

cyto.cytokine.27.owl.xml 317 31250 0 316 0 0 78125 0 2 316 0.630914826 31250 0 317 1 0.001996566

dcmitype.dcmi-type-vocabulary.1.owl.xml 2 0 0 2 0 0 0 0 1 0 0 0 0 2 0 0

dco-debugit.debugit-core-ontology.1.owl.xml 2537 1187500 1 1689 463684 14.41392937 671875 1 33 276267 8.587945722 2421875 2 1747 458476 14.25203518

ddanat.dictyostelium-discoideum-anatomy-ontology.16.owl.xml 351 31250 0 127 11875 19.33251933 125000 0 18 24955 40.62678063 46875 0 217 6880 11.2006512

ddo.diabetes-mellitus-diagnosis-ontology.3.owl.xml 6955 906250 1 6485 186817 0.772528604 2359375 2 46 1179697 4.878301634 1203125 1 6707 96284 0.398155115

dermo.human-dermatological-disease-ontology.10.owl.xml 3993 296875 0 3400 28247 0.354415317 906250 1 913 652055 8.181338886 421875 0 3972 98 0.001229607

diab.biomedbridges-diabetes-ontology.73.owl.xml 1788 203125 0 372 10579 0.66218989 1593750 2 6 9917 0.620752164 468750 0 957 0 0

diagont.diagnostic-ontology.1.owl.xml 245 15625 0 217 1063 3.556373369 0 0 1 0 0 31250 0 220 485 1.62261626

dloro.dependency-layered-ontology-for-radiation-oncology.1.owl.xml 547 78125 0 263 23991 16.06565281 234375 0 60 73649 49.3192974 93750 0 421 5713 3.82572942

doccc.diagnosis-ontology-of-clinical-care-classification.3.owl.xml 203 15625 0 203 574 2.799590304 0 0 27 2171 10.58869434 0 0 203 0 0

doid.human-disease-ontology.589.owl.xml 8457 1046875 1 8259 46273 0.129412536 1312500 1 1933 800051 2.237517101 1359375 1 8457 2 5.59E-06

ecg.electrocardiography-ontology.12.owl.xml 1300 93750 0 1104 6644 0.78687748 390625 0 237 314344 37.22911115 93750 0 1147 1794 0.212471132

eco.evidence-and-conclusion-ontology.49.owl.xml 1946 359375 0 807 43043 2.27441697 62500 0 1 0 0 500000 1 829 41266 2.180519264

ecp.electronic-care-plan.2.owl.xml 139 31250 0 17 4686 48.85830466 15625 0 2 798 8.320300282 46875 0 20 3918 40.85079762

ecso.the-ecosystem-ontology.50.owl.xml 10244 2781250 3 6077 509751 0.971608576 1437500 1 15 418320 0.797336934 4421875 4 6367 452601 0.862678078

edam-bioimaging.bioimaging-ontology.1.owl.xml 159 0 0 138 158 1.257861635 0 0 1 0 0 15625 0 141 36 0.286601385

edda.edda-study-designs-taxonomy.11.owl.xml 714 46875 0 619 2145 0.842693319 187500 0 118 144339 56.70559949 62500 0 710 545 0.21411089

edda_pt.edda-publication-types-taxonomy.1.owl.xml 104 0 0 96 120 2.240477969 0 0 31 2769 51.69902913 15625 0 100 2 0.037341299

efo.experimental-factor-ontology.161.owl.xml 27305 9406250 9 19814 279213 0.074902649 12031250 12 3430 4672964 1.253585542 14734375 15 27218 178 4.78E-05

ego.epigenome-ontology.1.owl.xml 5900 3406250 3 2912 644665 3.704534811 328125 0 7 41203 0.236770955 4875000 5 2949 641720 3.687611517

ehda.human-developmental-anatomy-ontology-timed-version.6.owl.xml 8339 8671875 9 8339 53471 0.153805702 174546875 175 2 191268 0.55016942 14437500 14 8339 45155 0.129885293

ehdaa.human-developmental-anatomy-ontology-abstract-version-1.6.owl.xml 2335 609375 1 2313 13632 0.500266978 7296875 7 1 0 0 875000 1 2313 13632 0.500266978

ehdaa2.human-developmental-anatomy-ontology-abstract-version-2.32.owl.xml 13369 9515625 10 2728 2310293 2.585423534 275000000 275 108 44842048 50.18224365 16296875 16 8564 780040 0.872934201

elig.eligibility-feature-hierarchy.1.owl.xml 38 0 0 31 117 16.64295875 15625 0 10 329 46.79943101 0 0 38 18 2.560455192

emap.mouse-gross-anatomy-and-development-ontology.7.owl.xml 21723 45296875 45 19445 224298 0.095068313 1443828125 1444 15 1084232 0.459549825 71750000 72 19944 198375 0.084080895

emo.enzyme-mechanism-ontology.1.owl.xml 206 15625 0 160 1144 5.417949325 31250 0 10 4838 22.91262136 15625 0 169 689 3.263083116

enm.enanomapper.14.owl.xml 13356 2562500 3 10945 64258 0.072050483 10281250 10 2085 7107765 7.969714309 4046875 4 13317 707 7.93E-04

eo.ethnicity-ontoloy.1.owl.xml 786 46875 0 785 4082 1.323155216 15625 0 2 1568 0.508257565 31250 0 785 16 0.005186302

eol.environment-ontology-for-livestock.1.owl.xml 659 31250 0 646 3465 1.598166145 31250 0 208 11383 5.25019487 46875 0 658 0 0

epilont.epilepsy-ontology.2.owl.xml 145 15625 0 141 150 1.436781609 15625 0 26 647 6.197318008 15625 0 141 0 0

epo.early-pregnancy-ontology.1.owl.xml 2087 390625 0 1314 171894 7.896851302 156250 0 4 81840 3.759749093 750000 1 1475 150457 6.912030416

esfo.enzyme-structure-function-ontology.1.owl.xml 459 15625 0 150 707 0.672622275 31250 0 1 0 0 31250 0 254 809 0.769662547

esso.epilepsy-syndrome-seizure-ontology.5.owl.xml 4350 640625 1 2716 257142 2.718468772 8406250 8 383 4391805 46.42953989 1000000 1 3529 112542 1.18977807

exo.exposure-ontology.4.owl.xml 103 0 0 81 1403 26.7085475 15625 0 14 2473 47.07786027 15625 0 85 597 11.36493432

fao.fungal-gross-anatomy-ontology.20.owl.xml 115 15625 0 90 615 9.38215103 15625 0 30 2488 37.95575896 15625 0 114 109 1.662852784

fb-bt.drosophila-gross-anatomy-ontology.38.owl.xml 35000 76359375 76 9067 16664385 2.720793655 6718750 7 7 769532 0.125641467 129468750 129 9479 15478728 2.527211471

fb-cv.flybase-controlled-vocabulary.20.owl.xml 1265 375000 0 468 49918 6.243808476 31250 0 5 5017 0.627532896 515625 1 632 38770 4.849402111

fb-dv.drosophila-development-ontology.19.owl.xml 719 234375 0 250 195493 75.73696057 109375 0 13 101635 39.37494431 359375 0 452 137834 53.3989873

fb-sp.fly-taxonomy.7.owl.xml 6587 921875 1 6583 160841 0.741510611 1515625 2 1574 825808 3.807147401 1109375 1 6587 15 6.92E-05

fhho.family-health-history-ontology.1.owl.xml 932 62500 0 538 6910 1.592731061 296875 0 189 229930 52.99806844 46875 0 769 907 0.209060358

fire.fire-ontology.7.owl.xml 106 15625 0 55 1677 30.13477089 15625 0 18 1903 34.19586703 15625 0 69 611 10.97933513

fix.physico-chemical-methods-and-properties.4.owl.xml 1684 109375 0 1162 32708 2.308116797 875000 1 465 591818 41.76302638 171875 0 1660 1226 0.086515568

flopo.flora-phenotype-ontology.8.owl.xml 60891 756937500 757 26967 6659136 0.359210315 104421875 104 14 17936482 0.967538335 944812500 945 27413 6117830 0.330010927

fo.fern-ontology.6.owl.xml 54 0 0 23 490 34.24178896 0 0 3 507 35.42976939 0 0 25 372 25.99580713

foodon.foodon.1.owl.xml 13223 4671875 5 10173 202262 0.231375378 114250000 114 2463 41312697 47.25920294 9187500 9 12698 10723 0.012266457

fypo.fission-yeast-phenotype-ontology.273.owl.xml 27602 55656250 56 8281 4059160 1.065616158 5609375 6 20 744717 0.195504111 72109375 72 10464 3860085 1.013354721

galen.galen-ontology.1.owl.xml 37696 1599546875 1600 15211 154914871 21.80439741 57687500 58 97 13450923 1.893228641 3034890625 3035 15653 148816740 20.94608038

gbm.glioblastoma.1.owl.xml 316 31250 0 267 3408 6.847498493 31250 0 5 15120 30.37974684 46875 0 287 2058 4.135021097

gco.genome-component-ontology.3.owl.xml 10 0 0 3 0 0 0 0 4 10 22.22222222 0 0 6 4 8.888888889

gene-cds.genomic-clinical-decision-support-ontology.1.owl.xml 4322 6625000 7 1915 2960664 31.70663037 312500 0 1 0 0 10046875 10 1915 2960205 31.7017148

genepio.genepio.1.owl.xml 6281 1156250 1 4511 236920 1.201277333 15000000 15 579 8101770 41.07915187 1421875 1 5461 94437 0.478832633

gexo.gene-expression-ontology.2.owl.xml 170932 2462734375 2463 166253 1084115 0.007420978 17925937500 17926 3428 641217986 4.389261785 2635187500 2635 170932 576 3.94E-06

gfo.general-formal-ontology.1.owl.xml 212 0 0 75 3894 17.410355 15625 0 2 1236 5.526245194 31250 0 90 2838 12.6889028

gfvo.genomic-feature-and-variation-ontology.20.owl.xml 157 15625 0 140 382 3.119385922 15625 0 12 3008 24.56312265 15625 0 151 83 0.677772334

gmm.gomapman.25.owl.xml 1895 109375 0 1895 5370 0.299236862 109375 0 340 86536 4.822115666 109375 0 1895 0 0

go-ext.gene-ontology-extension.2.owl.xml 68778 149593750 150 32469 3537762 0.149577351 5890625 6 1 0 0 187281250 187 43673 2802063 0.118471836

go-plus.go-plus.324.owl.xml 171981 1298968750 1299 61859 55646749 0.37628021 219171875 219 115 51677704 0.34944175 1400921875 1401 67880 45654119 0.308710604

go.gene-ontology.1557.owl.xml 107829 493031250 493 43793 8859131 0.152389131 15828125 16 1 0 0 694671875 695 64717 6971578 0.119920646

gro-cpd.cereal-plant-development-ontology.1.owl.xml 235 15625 0 233 578 2.1022004 15625 0 48 3024 10.99836334 15625 0 235 5 0.018185125

gro-cpga.cereal-plant-gross-anatomy-ontology.11.owl.xml 2435 484375 0 1300 104480 3.525685911 203125 0 11 86606 2.922526359 703125 1 1418 88902 3.000005062

gro.gene-regulation-ontology.5.owl.xml 955 171875 0 525 55505 12.18457418 31250 0 3 5688 1.248641707 296875 0 548 51467 11.29814394

haauraado.halocynthia-aurantium-anatomy-and-development-ontology.2.owl.xml 4744 2500000 3 857 1138450 10.11919936 18687500 19 12 5491606 48.81255735 3125000 3 2810 415010 3.68884793

hao.hymenoptera-anatomy-ontology.24.owl.xml 4657 1343750 1 2355 168590 1.555043695 343750 0 7 60375 0.55688809 1796875 2 4053 54512 0.502808837

haroreado.halocynthia-roretzi-anatomy-and-development-ontology.2.owl.xml 4744 2515625 3 857 1138450 10.11919936 17875000 18 12 5491606 48.81255735 3218750 3 2810 415010 3.68884793

heio.regional-healthcare-system-interoperability-and-information-exchange-measurement-ontology.17.owl.xml293 15625 0 111 756 1.767263547 15625 0 13 15484 36.1961756 15625 0 156 724 1.69245874

hfo.heart-failure-ontology.1.owl.xml 2064 171875 0 1648 4236 0.198965156 750000 1 332 374349 17.58319336 203125 0 2064 966 0.045373074

hivo004.hivontologymainowl.16.owl.xml 1873 171875 0 1482 50648 2.889007534 1156250 1 384 781641 44.58550659 171875 0 1787 2819 0.160798299

hl7.health-level-seven-reference-implementation-model-version-3.3.owl.xml 8072 1421875 1 7497 22171 0.068062324 4968750 5 1093 2225015 6.830530553 1484375 1 8069 62 1.90E-04

hom.ontology-of-homology-and-related-concepts-in-biology.6.owl.xml 83 0 0 72 255 7.493388187 15625 0 5 689 20.24684102 15625 0 83 0 0

hp.human-phenotype-ontology.563.owl.xml 15974 3218750 3 12166 232667 0.18237471 3718750 4 4276 1771889 1.388885155 5015625 5 15974 0 0

hpio.host-pathogen-interactions-ontology.2.owl.xml 339 78125 0 245 22238 38.81586986 15625 0 3 668 1.165977204 109375 0 245 22231 38.80365153

hrdo.disease-core-ontology-applied-to-rare-diseases.2.owl.xml 85030 604125000 604 13550 94528967 2.614903444 18388843750 18389 226 863134570 23.87642256 808031250 808 24528 47442801 1.312384422

hugo.human-genome-organization-gene-symbols.3.owl.xml 32917 78859375 79 32911 32880 0.006069243 905031250 905 37 89601 0.01653924 91812500 92 32911 0 0

hupson.human-physiology-simulation-ontology.1.owl.xml 3746 1359375 1 2933 479856 6.841027403 1640625 2 6 695574 9.91639324 2312500 2 2936 463134 6.602631592

iao.information-artifact-ontology.6.owl.xml 467 31250 0 253 10638 9.776585088 46875 0 5 12528 11.51354183 46875 0 291 8157 7.49648473

icd11-bodysystem.body-system-terms-from-icd11.1.owl.xml 28 0 0 28 15 3.968253968 0 0 6 203 53.7037037 0 0 28 0 0

ico.informed-consent-ontology.9.owl.xml 761 109375 0 418 40858 14.12891625 31250 0 5 9664 3.341863199 187500 0 439 39356 13.60951656

icps.international-classification-for-patient-safety.7.owl.xml 994 265625 0 543 81442 16.50223597 140625 0 21 112522 22.79984033 375000 0 593 64764 13.12284584

icw.international-classification-of-wellness.4.owl.xml 120 0 0 119 200 2.801120448 15625 0 33 1449 20.29411765 15625 0 119 0 0

ido.infectious-disease-ontology.10.owl.xml 1044 203125 0 757 50358 9.249402145 218750 0 4 153282 28.1537563 359375 0 768 46429 8.527751145

idoden.dengue-fever-ontology.6.owl.xml 5907 2453125 2 5028 535299 3.068781831 296875 0 5 41299 0.236760429 3859375 4 5225 514605 2.950146506

idqa.image-and-data-quality-assessment-ontology.8.owl.xml 275 0 0 259 1218 3.232913072 15625 0 74 5107 13.5554081 15625 0 272 10 0.0265428

ifar.fanconi-anemia-ontology.5.owl.xml 4977 468750 0 4523 20963 0.169291603 359375 0 904 199511 1.611197683 515625 1 4977 53 4.28E-04

inm-npi.interventionnelle-non-mdicamenteuse-inm.3.owl.xml 162 0 0 156 244 1.871022161 0 0 26 1009 7.737136723 15625 0 157 0 0

insecth.insecth.3.owl.xml 101 15625 0 100 352 6.97029703 0 0 29 1232 24.3960396 0 0 101 0 0

ixno.interaction-ontology.2.owl.xml 39 15625 0 39 14 1.889338731 0 0 9 269 36.3022942 0 0 39 0 0

jerm.sysmo-jerm-ontology-of-systems-biology-for-micro-organisms.14.owl.xml 394 46875 0 264 9727 12.56377469 31250 0 18 11528 14.89001692 93750 0 283 9330 12.05099392

kisao.kinetic-simulation-algorithm-ontology.22.owl.xml 794 312500 0 252 94577 30.04151565 15625 0 1 0 0 375000 0 253 94393 29.98306974

koro.knowledge-object-reference-ontology.1.owl.xml 215 0 0 99 4235 18.40904151 15625 0 1 0 0 31250 0 102 3256 14.1534449

lbo.livestock-breed-ontology.8.owl.xml 1062 78125 0 1062 1072 0.19027638 171875 0 12 9067 1.609361882 78125 0 1062 0 0

lda.ontology-of-language-disorder-in-autism.1.owl.xml 35 0 0 35 30 5.042016807 0 0 6 150 25.21008403 0 0 35 0 0

lpt.livestock-product-trait-ontology.3.owl.xml 511 31250 0 456 2035 1.561720579 46875 0 108 11887 9.122443498 15625 0 511 0 0

mamo.mathematical-modelling-ontology.14.owl.xml 164 0 0 113 1527 11.42450995 0 0 1 0 0 31250 0 115 1447 10.82597636

mat.minimal-anatomical-terminology.3.owl.xml 504 62500 0 458 1811 1.428729212 265625 0 1 0 0 78125 0 458 1787 1.409795197

matr.material.1.owl.xml 5043 656250 1 3841 66068 0.519672034 11156250 11 498 6102069 47.99713342 656250 1 4812 7002 0.055075734

matrcompound.material-compound.1.owl.xml 5043 687500 1 3841 66068 0.519672034 11812500 12 498 6102069 47.99713342 687500 1 4812 7002 0.055075734

matrelement.material-element.1.owl.xml 5043 734375 1 3841 66068 0.519672034 11328125 11 498 6102069 47.99713342 703125 1 4812 7002 0.055075734

matrrock.material-rock.1.owl.xml 5043 671875 1 3841 66068 0.519672034 10796875 11 498 6102069 47.99713342 687500 1 4812 7002 0.055075734

matrrockigneous.material-rock-igneouus.2.owl.xml 5043 734375 1 3841 66068 0.519672034 10750000 11 498 6102069 47.99713342 671875 1 4812 7002 0.055075734

mcbcc.breast-tissue-cell-lines-ontology.2.owl.xml 2734 16140625 16 89 286365 7.664993492 1734375 2 60 1135034 30.38090627 15125000 15 140 969956 25.96234326

mccl.cell-line-ontology-by-mahadevan.2.owl.xml 13590 8656250 9 5639 1334848 1.445622355 75390625 75 62 24762668 26.81763498 14593750 15 11949 259181 0.280689522

medeon.medical-error-ontology.1.owl.xml 56 15625 0 54 12 0.779220779 0 0 16 55 3.571428571 0 0 55 2 0.12987013

medo.mouse-experimental-design-ontology.1.owl.xml 86 0 0 79 193 5.280437756 0 0 24 546 14.93844049 0 0 84 0 0

mego.mobile-genetic-element-ontology.2.owl.xml 431 15625 0 356 2354 2.540333459 140625 0 50 43603 47.05444343 46875 0 405 889 0.959369773

meo.metagenome-and-microbes-environmental-ontology.8.owl.xml 783 31250 0 778 1903 0.621584633 46875 0 151 15094 4.930214631 31250 0 778 0 0

mera.medical-educational-resource-aggregator.1.owl.xml 73 0 0 35 45 1.712328767 0 0 8 1337 50.87519026 0 0 72 60 2.283105023

mf.mental-functioning-ontology.13.owl.xml 787 78125 0 708 22214 7.182232913 62500 0 10 10832 3.502203427 109375 0 719 20298 6.562751583

mfo.medaka-fish-anatomy-and-development-ontology.14.owl.xml 4402 2593750 3 4357 29627 0.30585548 33359375 33 13 347295 3.585313362 3234375 3 4402 19853 0.204953213

mfoem.emotion-ontology.24.owl.xml 1076 109375 0 913 37713 6.520791908 46875 0 10 14878 2.572490706 218750 0 924 34926 6.038903778

mhc.major-histocompatibility-complex-ontology.4.owl.xml 13778 5484375 5 8038 773136 0.814601214 968750 1 5 151434 0.159555783 7328125 7 8060 620232 0.653496591

mineral.material-mineral.1.owl.xml 5058 515625 1 3856 66058 0.516515832 10093750 10 503 6138226 47.99556312 640625 1 4832 6987 0.054632234

mirnao.microrna-ontology.11.owl.xml 764 31250 0 676 9666 3.316338784 171875 0 157 66602 22.85069271 62500 0 754 677 0.23227409

mixscv.minimal-information-about-any-sequence-mixs-controlled-vocabularies.2.owl.xml 518 31250 0 518 494 0.368923773 62500 0 25 11856 8.854170556 46875 0 518 0 0

mmo.measurement-method-ontology.51.owl.xml 653 31250 0 579 3063 1.4388523 46875 0 269 23111 10.85645299 46875 0 653 0 0

mnr.material-natural-resource.1.owl.xml 5066 500000 1 3860 66228 0.516210698 10187500 10 493 6121042 47.71014319 656250 1 4835 7004 0.054592313

mo.microarray-and-gene-expression-data-ontology.1.owl.xml 493 46875 0 239 20790 17.14243309 46875 0 28 19307 15.91962269 78125 0 280 14899 12.2849981

moc.material-organic-compound.1.owl.xml 5074 578125 1 3858 66401 0.515928228 10843750 11 499 6168585 47.92920484 640625 1 4842 7036 0.054668921

mono.monogenean-ontology.2.owl.xml 71 0 0 50 131 5.271629779 0 0 2 138 5.55331992 0 0 65 69 2.77665996

moocciado.molgula-occidentalis-anatomy-and-development-ontology.2.owl.xml 4744 2671875 3 857 1138450 10.11919936 17750000 18 12 5491606 48.81255735 3031250 3 2810 415010 3.68884793

mooccuado.molgula-occulta-anatomy-and-development-ontology.2.owl.xml 4744 2390625 2 857 1138450 10.11919936 17765625 18 12 5491606 48.81255735 3125000 3 2810 415010 3.68884793

mooculado.molgula-oculata-anatomy-and-development-ontology.2.owl.xml 4744 2406250 2 857 1138450 10.11919936 17218750 17 12 5491606 48.81255735 3031250 3 2810 415010 3.68884793

mp.mammalian-phenotype-ontology.316.owl.xml 14278 2484375 2 11473 135918 0.133352952 2312500 2 4429 1100447 1.079679336 3687500 4 14278 84 8.24E-05

ms.mass-spectrometry-ontology.116.owl.xml 2959 265625 0 2397 18079 0.413105774 2421875 2 305 1391723 31.80091862 312500 0 2885 707 0.016154974

mwla.medical-web-lifestyle-aggregator.1.owl.xml 43 15625 0 33 0 0 0 0 9 86 9.523809524 0 0 43 4 0.442967885

nbo.neuro-behavior-ontology.24.owl.xml 383484 7180640625 7181 155361 118729794 0.161471673 1326015625 1326 138 369174091 0.502074131 10056796875 10057 257321 81039461 0.110213089

ncco.nursing-care-coordination-ontology.1.owl.xml 397 0 0 395 683 0.868890415 15625 0 91 6370 8.103707096 31250 0 397 0 0

ncit.national-cancer-institute-thesaurus.47.owl.xml 167022 1004031250 1004 117553 43310994 0.310515574 17609375 18 1 0 0 1152515625 1153 127843 42716150 0.306250876

ncro.non-coding-rna-ontology.12.owl.xml 29772 44796875 45 9349 1080082 0.243716701 6343750 6 9 297620 0.067156905 58265625 58 9379 988792 0.223117434

nemo.neural-electromagnetic-ontology.24.owl.xml 2686 984375 1 2031 303855 8.426477868 296875 0 9 103203 2.862015749 1453125 1 2074 296961 8.235294118

neomark3.neomark-oral-cancer-ontology-version-3.2.owl.xml 1755 1171875 1 428 445662 28.95535479 296875 0 52 252326 16.39401352 2218750 2 670 423326 27.50415006

neomark4.neomark-oral-cancer-ontology-version-4.1.owl.xml 399 46875 0 329 13147 16.55772597 31250 0 5 4257 5.361393433 62500 0 342 9196 11.58171811

neudigs.neuroscience-domain-insight-graph.1.owl.xml 29 15625 0 26 16 3.9408867 0 0 7 24 5.911330049 0 0 27 0 0

ngsonto.ngs-ontology.32.owl.xml 264 46875 0 96 17480 50.35142297 31250 0 18 4655 13.40880286 46875 0 116 17073 49.17905289

nigo.neural-immune-gene-ontology.2.owl.xml 8836 1375000 1 4839 254523 0.652070823 20843750 21 426 9670970 24.77637529 2062500 2 7949 109106 0.279522241

nihss.national-institutes-of-health-stroke-scale-ontology.11.owl.xml 84 0 0 39 123 3.528399312 0 0 19 1815 52.06540448 15625 0 77 70 2.008032129

nmobr.neuromorphoorg-brain-region-ontologies.30.owl.xml 2965 312500 0 2658 56197 1.278910729 2296875 2 79 1653852 37.63775764 343750 0 2785 4923 0.11203583

nmosp.neuromorphoorg-species-ontology.15.owl.xml 1484 156250 0 1482 40014 3.636360332 359375 0 423 80772 7.340333301 156250 0 1484 0 0

nmr.nmr-instrument-component-of-metabolomics-investigations-ontology.8.owl.xml 599 109375 0 500 42002 23.45157202 46875 0 12 24256 13.5431963 156250 0 505 41952 23.42365481

npi.non-pharmacological-interventions-npis.4.owl.xml 139 15625 0 126 252 2.627463247 15625 0 32 1052 10.96861641 15625 0 131 0 0

npo.nanoparticle-ontology.31.owl.xml 16347 284062500 284 7218 57146376 42.77294298 3109375 3 5 766265 0.573534342 556046875 556 7265 58163710 43.53439755

ntdo.neglected-tropical-disease-ontology.1.owl.xml 1133 500000 1 481 209422 32.6569756 62500 0 15 20019 3.121735035 1031250 1 497 206927 32.26790877

oae.ontology-of-adverse-events.160.owl.xml 11459 22140625 22 5143 6967878 10.61390012 10593750 11 94 3581451 5.455486332 34937500 35 7260 6308903 9.610108887

obcs.ontology-of-biological-and-clinical-statistics.13.owl.xml 1388 265625 0 746 90236 9.374409139 46875 0 1 0 0 343750 0 848 46622 4.843451648

obiws.bioinformatics-web-service-ontology.2.owl.xml 520 62500 0 242 29837 22.11130873 15625 0 2 514 0.380910034 109375 0 322 19256 14.27004595

obi_bcgo.beta-cell-genomics-ontology.14.owl.xml 4457 1437500 1 2283 426044 4.290388629 171875 0 4 22240 0.223963354 2296875 2 2318 423023 4.259966269

ocre.ontology-of-clinical-research.23.owl.xml 1083 125000 0 492 33294 5.682510586 343750 0 89 250888 42.82073995 140625 0 660 15754 2.688840986

ocvdae.ontology-of-cardiovascular-drug-adverse-events.2.owl.xml 12456 37343750 37 2638 15766657 20.32578297 97625000 98 602 36404447 46.93124793 58531250 59 4437 14496494 18.68833646

odnae.ontology-of-drug-neuropathy-adverse-events.3.owl.xml 3203 656250 1 1606 303452 5.91754724 2843750 3 643 1855758 36.18870738 875000 1 3018 28701 0.55969156

of.ontofood.1.owl.xml 359 15625 0 336 2351 3.658517608 15625 0 82 15931 24.79108635 15625 0 358 6 0.009336923

ofsmr.open-food-safety-model-repository.3.owl.xml 146 0 0 134 190 1.794992915 0 0 26 2066 19.51818611 15625 0 144 0 0

ogdi.ontology-for-genetic-disease-investigations.3.owl.xml 766 250000 0 356 98010 33.45108278 31250 0 13 14237 4.859127289 406250 0 363 97984 33.44220891

ogi.ontology-for-genetic-interval.18.owl.xml 376 46875 0 229 16836 23.88085106 31250 0 7 4719 6.693617021 93750 0 243 15285 21.68085106

ogmd.ontology-of-glucose-metabolism-disorder.31.owl.xml 133 15625 0 132 315 3.588516746 15625 0 30 1911 21.77033493 15625 0 133 0 0

ogms.ontology-for-general-medical-science.9.owl.xml 145 0 0 131 2084 19.96168582 15625 0 5 1375 13.17049808 15625 0 139 1521 14.56896552

ogr.ontology-of-geographical-region.2.owl.xml 38 0 0 38 24 3.413940256 0 0 5 336 47.79516358 0 0 38 0 0

ogroup.orthologous-group-ontology.1.owl.xml 38 0 0 34 38 5.405405405 0 0 10 65 9.246088193 0 0 38 0 0

omrse.ontology-of-medically-related-social-entities.33.owl.xml 658 93750 0 379 22424 10.37413314 46875 0 5 24969 11.55153988 93750 0 398 20756 9.602457519

omv.ontology-metadata-vocabulary.1.owl.xml 315 46875 0 46 16174 32.70447882 15625 0 1 0 0 78125 0 48 16182 32.72065514

onl-dp.dataset-processing.1.owl.xml 1504 578125 1 740 293994 26.01127532 62500 0 8 10472 0.926515763 890625 1 746 293658 25.98154754

onl-mr-da.magnetic-resonance-dataset-acquisition-ontology.1.owl.xml 1862 1125000 1 901 404526 23.34803771 46875 0 7 11130 0.642390501 1843750 2 907 404190 23.32864479

onl-msa.mental-state-assessment.1.owl.xml 3918 5109375 5 636 1680301 21.89772908 218750 0 11 46860 0.610680815 8531250 9 646 1669257 21.75380336

onlira.ontology-of-liver-for-radiology.4.owl.xml 290 0 0 155 344 0.820904427 15625 0 1 0 0 31250 0 181 278 0.663405322

ontoad.bilingual-ontology-of-alzheimers-disease-and-related-diseases.2.owl.xml 8390 1328125 1 5920 308411 0.876370399 3515625 4 3595 1788468 5.082050946 1984375 2 8390 910 0.002585826

ontodm-core.ontology-of-core-data-mining-entities.6.owl.xml 2122 406250 0 1128 182556 8.11222633 171875 0 9 104652 4.65041253 687500 1 1182 177812 7.901417582

ontodm-kdd.ontology-of-data-mining-investigations.1.owl.xml 604 109375 0 302 54505 29.93037022 46875 0 10 32562 17.8807947 171875 0 366 41198 22.62308765

ontodt.ontology-of-datatypes.6.owl.xml 962 218750 0 463 107801 23.3213843 125000 0 24 89750 19.41627852 390625 0 558 84635 18.3097129

ontokbcf.ontological-knowledge-base-model-for-cystic-fibrosis.3.owl.xml 665 46875 0 435 12679 5.742820908 218750 0 90 114102 51.68131171 78125 0 601 1889 0.855602863

ontolurgences.emergency-care-ontology.1.owl.xml 12243 2875000 3 10071 349788 0.466761124 1671875 2 6 512624 0.684051353 3578125 4 10152 282107 0.376446821

ontoma.ontology-of-alternative-medicine-french.1.owl.xml 373 15625 0 368 219 0.315662025 15625 0 103 6488 9.351667676 15625 0 368 24 0.034593099

ontopneumo.ontology-of-pneumology.1.owl.xml 1165 46875 0 1163 9372 1.382239724 46875 0 231 32823 4.840936242 62500 0 1165 4 5.90E-04

ontotoxnuc.ontology-of-nuclear-toxicity.2.owl.xml 647 31250 0 642 723 0.345964466 31250 0 128 11299 5.406711615 31250 0 645 2 9.57E-04

opb.ontology-of-physics-for-biology.10.owl.xml 1046 78125 0 901 8055 1.473830587 296875 0 86 209398 38.3137402 62500 0 995 1280 0.23420275

opl.ontology-for-parasite-lifecycle.6.owl.xml 868 250000 0 243 129713 34.47265054 15625 0 1 0 0 437500 0 243 129713 34.47265054

ovae.ontology-of-vaccine-adverse-events.10.owl.xml 4683 6015625 6 1416 2629574 23.98611025 1453125 1 12 399770 3.646570621 9562500 10 1539 2415404 22.03252186

pae.plant-anatomy.13.owl.xml 2435 500000 1 1300 104480 3.525685911 203125 0 11 86606 2.922526359 734375 1 1418 88902 3.000005062

panda.probabilistic-knowledge-assembly-ontology.2.owl.xml 143 0 0 118 309 3.043435438 0 0 36 5253 51.73840244 15625 0 140 13 0.128040973

pathlex.anatomic-pathology-lexicon.5.owl.xml 1783 359375 0 1780 377 0.023730796 1421875 1 62 3946 0.248386526 390625 0 1780 0 0

pato.phenotypic-quality-ontology.164.owl.xml 2092 203125 0 1640 18706 0.855254194 46875 0 2 2091 0.095602294 234375 0 1675 12429 0.568264427

pco.population-and-community-ontology.12.owl.xml 2590 218750 0 1640 85187 2.540805994 125000 0 12 51396 1.532948277 312500 0 1650 79209 2.362504865

pdo.pathogenic-disease-ontology.6.owl.xml 425 15625 0 390 1435 1.592674806 15625 0 135 10264 11.3917869 31250 0 424 10 0.011098779

pdon.parkinsons-disease-ontology.1.owl.xml 1252 1281250 1 21 249178 31.81837916 2093750 2 1 0 0 2093750 2 21 249178 31.81837916

pdo_cas.plant-diversity-ontology.1.owl.xml 869 343750 0 351 167960 44.53447736 437500 0 73 157484 41.75677324 390625 0 620 62642 16.6094828

pe-o.pre-eclampsia-ontology.3.owl.xml 1507 296875 0 1225 97951 8.63178562 46875 0 2 1505 0.132625878 421875 0 1226 97953 8.631961867

pe.pulmonary-embolism-ontology.1.owl.xml 127 0 0 96 340 4.249468816 15625 0 22 4701 58.75515561 15625 0 127 126 1.57480315

peao.plant-experimental-assay-ontology.1.owl.xml 2814 203125 0 2322 18111 0.457592187 187500 0 7 72462 1.830823537 218750 0 2653 6905 0.174461601

peco.plant-environmental-conditions.15.owl.xml 558 15625 0 541 2563 1.64926031 46875 0 154 12986 8.356338037 31250 0 558 0 0

pedterm.pediatric-terminology.5.owl.xml 1760 93750 0 1760 4168 0.269264561 109375 0 418 54672 3.531965476 93750 0 1760 0 0

pgxo.pgxo.1.owl.xml 7 0 0 7 3 14.28571429 0 0 4 14 66.66666667 0 0 7 1 4.761904762

phage.phylogenetics-ontology.5.owl.xml 108126 518203125 518 43974 9107472 0.155801481 89328125 89 51 21586753 0.369284484 764515625 765 64985 6980052 0.119407717

phare.pharmacogenomic-relationships-ontology.2.owl.xml 459 15625 0 260 2809 2.672412973 78125 0 72 26805 25.50161258 46875 0 318 1535 1.460360952

phenx.phenx-phenotypic-terms.16.owl.xml 506 31250 0 506 157 0.122881853 15625 0 50 1004 0.785817712 31250 0 506 0 0

phfumiado.phallusia-fumigata-anatomy-and-development-ontology.2.owl.xml 4880 2796875 3 880 1185639 9.959369193 19656250 20 12 5818302 48.87374462 3515625 4 2879 434952 3.653597385

phmammado.phallusia-mammillata-anatomy-and-development-ontology.2.owl.xml 4880 2796875 3 880 1185639 9.959369193 18687500 19 12 5818302 48.87374462 3718750 4 2879 434952 3.653597385

phylont.phylogenetic-ontology.7.owl.xml 223 31250 0 145 3232 13.05700319 31250 0 16 9337 37.72068032 31250 0 174 1824 7.368803781

plio.protein-ligand-interaction-ontology.1.owl.xml 1055 93750 0 19 22704 4.083563405 1687500 2 1 0 0 4078125 4 19 22704 4.083563405

pma.portfolio-management-application.4.owl.xml 10 0 0 6 0 0 0 0 3 24 53.33333333 0 0 10 4 8.888888889

pmr.physical-medicine-and-rehabilitation.3.owl.xml 163 15625 0 149 565 4.279330455 15625 0 60 2459 18.62455503 15625 0 163 7 0.053018253

po.plant-ontology.15.owl.xml 2869 640625 1 1668 145610 3.539252132 453125 0 20 204736 4.976391212 921875 1 1824 117022 2.844381313

poro.porifera-ontology.8.owl.xml 1515 562500 1 836 268634 23.42353654 593750 1 93 423746 36.94852444 953125 1 987 183888 16.03411068

pp.pipeline-patterns-ontology.1.owl.xml 22 0 0 12 40 17.31601732 0 0 4 80 34.63203463 0 0 15 24 10.38961039

procchemical.chemical-process.1.owl.xml 5043 500000 1 3841 66068 0.519672034 10968750 11 498 6102069 47.99713342 671875 1 4812 7002 0.055075734

provo.provenance-ontology.124.owl.xml 179 0 0 88 866 5.435942502 15625 0 9 3547 22.26476681 15625 0 147 295 1.85173561

psds.plant-structure-development-stage.6.owl.xml 314 15625 0 293 2835 5.769113368 31250 0 69 14071 28.63393093 15625 0 311 153 0.311348975

pseudo.pseudogene.1.owl.xml 19 0 0 19 12 7.01754386 0 0 8 26 15.20467836 0 0 19 0 0

psimod.protein-modification-ontology.4.owl.xml 3587 234375 0 1933 32414 0.503988888 1218750 1 515 800942 12.45344198 421875 0 3570 476 0.007401083

pto.plant-trait-ontology.426.owl.xml 1675 78125 0 1383 11941 0.851727028 265625 0 448 168671 12.03095633 109375 0 1667 48 0.003423742

ptrans.pathogen-transmission-ontology.14.owl.xml 24 0 0 24 52 18.84057971 0 0 12 135 48.91304348 0 0 24 0 0

pw.pathway-ontology.71.owl.xml 3258 203125 0 2600 20458 0.38558873 468750 0 1022 292873 5.520017988 296875 0 3252 73 0.001375891

rao.rheumatoid-arthritis-ontology.1.owl.xml 350 15625 0 279 660 1.080638559 78125 0 50 31743 51.9738027 31250 0 350 194 0.317642243

rctv2.read-clinical-terminology-version-2.1.owl.xml 88824 134000000 134 88824 217815 0.005521563 14359375 14 11734 4249111 0.107714038 153093750 153 88824 0 0

repo.reproductive-trait-and-phenotype-ontology.3.owl.xml 91 0 0 91 120 2.93040293 0 0 29 597 14.57875458 0 0 91 0 0

rex.physico-chemical-process.6.owl.xml 734 46875 0 551 7535 2.801000703 250000 0 155 136290 50.66335577 46875 0 715 993 0.369129887

rexo.regulation-of-gene-expression-ontolology.6.owl.xml 162839 2921140625 2921 158238 1036349 0.007816671 15485406250 15485 3278 563876644 4.25304439 3966625000 3967 162839 576 4.34E-06

rh-mesh.robert-hoehndorf-version-of-mesh.3.owl.xml 432805 9066984375 9067 305232 6001259 0.006407503 1332109375 1332 64978 310182008 0.331179208 13764843750 13765 430941 0 0

rnao.rna-ontology.4.owl.xml 1435 140625 0 760 22703 2.20654197 1078125 1 136 510048 49.57240535 187500 0 1292 2633 0.255905607

rnprio.research-network-and-patient-registry-inventory-ontology.1.owl.xml 76 0 0 76 101 3.543859649 0 0 30 466 16.35087719 0 0 76 0 0

rnrmu.rnrmu.1.owl.xml 2243 125000 0 2243 2018 0.08025762 93750 0 300 20108 0.799712695 125000 0 2243 0 0

roleo.role-ontology.1.owl.xml 672 78125 0 672 802 0.355723511 250000 0 16 55806 24.7525016 62500 0 672 0 0

roo.radiation-oncology-ontology.3.owl.xml 1557 109375 0 1334 16066 1.326293231 921875 1 246 619541 51.14484218 140625 0 1485 2170 0.179139569

ros.radiation-oncology-structures-ontology.3.owl.xml 416 15625 0 415 1445 1.674003707 31250 0 124 8720 10.10194625 31250 0 415 0 0

rpo.resource-of-asian-primary-immunodeficiency-diseases-rapid-phenotype-ontology.2.owl.xml2056 312500 0 1709 3308 0.156588751 2515625 3 318 1014826 48.03819099 484375 0 2047 686 0.032472758

rs.rat-strain-ontology.80.owl.xml 6089 687500 1 4362 35655 0.192366666 1421875 1 1409 837762 4.51991258 937500 1 6089 37 2.00E-04

rsa.reference-sequence-annotation.5.owl.xml 23 0 0 17 14 5.533596838 0 0 8 106 41.8972332 0 0 22 7 2.766798419

rxno.name-reaction-ontology.26.owl.xml 1399 140625 0 791 30058 3.073726277 78125 0 6 34354 3.513034551 187500 0 1104 9765 0.99856734

sao.subcellular-anatomy-ontology.2.owl.xml 2800 1421875 1 2352 330344 8.430153626 515625 1 29 303110 7.735160517 1671875 2 2375 324404 8.278568877

sbol.synthetic-biology-open-language-visual-ontology.2.owl.xml 48 0 0 37 179 15.86879433 0 0 4 629 55.76241135 15625 0 46 66 5.85106383

sd3.simulation-delivery-and-documentation-deviations.1.owl.xml 56 0 0 54 172 11.16883117 0 0 19 457 29.67532468 15625 0 54 0 0

sdo.sleep-domain-ontology.4.owl.xml 2746 1437500 1 986 509094 13.50781465 609375 1 44 308636 8.189053261 2531250 3 1029 488045 12.94932056

shr.student-health-record-ontology.3.owl.xml 340 15625 0 315 457 0.792989762 31250 0 83 3804 6.600728787 15625 0 333 0 0

sio.semanticscience-integrated-ontology.72.owl.xml 2466 515625 1 1633 214294 7.050663877 500000 1 21 231557 7.618648097 859375 1 1754 140780 4.631919048

sitbac.situation-based-access-control-ontology.3.owl.xml 611 203125 0 114 87591 47.00222693 62500 0 34 42675 22.8998417 328125 0 146 87268 46.82890183

so.sequence-types-and-features-ontology.220.owl.xml 3099 406250 0 2184 47024 0.979595034 1359375 1 80 643601 13.40737375 484375 0 2473 21463 0.447113138

sopharm.suggested-ontology-for-pharmacogenomics.18.owl.xml 280 93750 0 70 16788 42.98003072 31250 0 22 6580 16.84587814 187500 0 94 16996 43.5125448

soy.soy-ontology.2.owl.xml 1832 93750 0 1830 6803 0.405617471 140625 0 250 71853 4.284114677 93750 0 1832 0 0

sp.smart-protocols.4.owl.xml 736 93750 0 564 42139 15.57934043 15625 0 1 0 0 140625 0 564 42139 15.57934043

spd.spider-ontology.23.owl.xml 1192 125000 0 757 24121 3.398108859 1265625 1 100 269037 37.90128988 156250 0 1140 5979 0.842307237

spo.skin-physiology-ontology.1.owl.xml 678 109375 0 323 46739 20.36531113 125000 0 23 73651 32.0915195 156250 0 412 32094 13.98413093

spto.solanaceae-phenotype-ontology.3.owl.xml 422 15625 0 388 1515 1.705485698 46875 0 101 25430 28.62739359 31250 0 421 29 0.032646261

stato.statistics-ontology.11.owl.xml 1790 921875 1 513 433856 27.09643976 46875 0 2 3568 0.222839138 1796875 2 517 430752 26.9025797

suicideo.suicideonto.1.owl.xml 346 31250 0 275 5956 9.979056714 46875 0 97 12262 20.54452543 31250 0 323 1550 2.596967412

surgical.nurse-surgical.1.owl.xml 77 0 0 61 43 1.469583049 0 0 1 0 0 0 0 62 4 0.1367054

syn.sage-bionetworks-synapse-ontology.3.owl.xml 15353 4078125 4 14455 86542 0.073434258 3328125 3 2541 1158164 0.982747268 4328125 4 15353 411 3.49E-04

tads.tick-gross-anatomy-ontology.17.owl.xml 948 93750 0 628 10514 2.342284541 750000 1 24 148123 32.99849848 125000 0 816 1959 0.436421478

tao.teleost-anatomy-ontology.135.owl.xml 5190 1796875 2 3224 285028 2.116735008 42890625 43 243 4385487 32.56842788 2406250 2 4380 88259 0.655447588

taxrank.taxonomic-rank-vocabulary.9.owl.xml 61 0 0 60 0 0 0 0 1 0 0 0 0 60 0 0

tgma.mosquito-gross-anatomy-ontology.17.owl.xml 2733 781250 1 1864 81497 2.182987712 9718750 10 68 726612 19.4631099 937500 1 2323 54616 1.462950254

tma.tissue-microarray-ontology.1.owl.xml 60 0 0 25 127 7.175141243 15625 0 12 1015 57.34463277 15625 0 52 33 1.86440678

tok.terminological-and-ontological-knowledge-resources-ontology.3.owl.xml 416 15625 0 333 4843 5.610518999 31250 0 8 6926 8.023632994 46875 0 343 3078 3.565801668

top-menelas.menelas-project-top-level-ontology.4.owl.xml 1315 93750 0 759 16815 1.946281924 531250 1 220 355034 41.09403846 109375 0 1203 2903 0.336012871

trak.taxonomy-for-rehabilitation-of-knee-conditions.5.owl.xml 2212 234375 0 1632 64181 2.624596891 2046875 2 279 977511 39.97401616 250000 0 2054 5604 0.229168149

trans.nurse-transitional.1.owl.xml 157 0 0 74 498 4.066634003 0 0 3 596 4.866895313 15625 0 105 409 3.339866079

triage.nurse-triage.2.owl.xml 130 0 0 59 421 5.020870602 15625 0 21 4723 56.326774 0 0 125 90 1.073345259

tron.tribolium-ontology.2.owl.xml 2066 234375 0 957 62306 2.920851606 2343750 2 315 1164817 54.60561753 343750 0 2013 9388 0.440101353

tto.teleost-taxonomy-ontology.43.owl.xml 38639 23593750 24 38639 563269 0.075458007 16625000 17 5715 7214084 0.966430604 24734375 25 38639 0 0

typon.microbial-typing-ontology.11.owl.xml 197 31250 0 45 11887 61.57153217 31250 0 17 4868 25.21495908 62500 0 58 8957 46.39490314

unitsont.units-ontology.1.owl.xml 62 0 0 62 220 11.63405605 0 0 25 537 28.39767319 15625 0 62 0 0

uo.units-of-measurement-ontology.43.owl.xml 389 15625 0 329 732 0.969973233 46875 0 86 20998 27.82445075 31250 0 385 15 0.019876501

vario.variation-ontology.12.owl.xml 451 0 0 440 1738 1.712737127 15625 0 133 8797 8.669130328 15625 0 446 19 0.018723824

vhog.vertebrate-homologous-organ-group-ontology.11.owl.xml 1688 296875 0 1185 35446 2.48948609 3140625 3 59 302852 21.27026579 406250 0 1467 18698 1.313220417

vivo.vivo-ontology-for-researcher-discovery.2.owl.xml 1248 62500 0 600 4107 0.527805194 281250 0 48 217901 28.0032334 78125 0 861 1687 0.216802377

vo.vaccine-ontology.246.owl.xml 10555 8765625 9 4664 1515850 2.721516027 1031250 1 7 200173 0.359385182 13906250 14 5689 1510665 2.712207019

vsao.vertebrate-skeletal-anatomy-ontology.20.owl.xml 457 31250 0 270 14572 13.98518177 171875 0 46 32614 31.30062574 62500 0 355 4874 4.677722753

vt.vertebrate-trait-ontology.65.owl.xml 3975 312500 0 3405 37230 0.471365764 375000 0 1307 180899 2.290346371 421875 0 3975 34 4.30E-04

vto.vertebrate-taxonomy-ontology.10.owl.xml 106944 438359375 438 106943 2205958 0.038576112 81640625 82 22916 32248354 0.563934626 417109375 417 106943 0 0

wb-bt.c-elegans-gross-anatomy-vocabulary.116.owl.xml 15187 10968750 11 6786 820650 0.711660041 407515625 408 159 57224520 49.62457104 16796875 17 14308 226291 0.196237449

wb-ls.c-elegans-development-vocabulary.45.owl.xml 1424 890625 1 730 658113 64.95544703 1796875 2 14 45985 4.538698114 1500000 2 880 642185 63.38336084

wb-phenotype.c-elegans-phenotype-vocabulary.240.owl.xml 2795 156250 0 2422 19726 0.505197055 234375 0 941 132737 3.399490091 234375 0 2795 0 0

wikipathways.wikipathways.224.owl.xml 114 15625 0 39 384 5.961807173 0 0 25 1604 24.90296538 15625 0 107 29 0.450240646

wsio.web-service-interaction-ontology.4.owl.xml 47 0 0 37 58 5.365402405 0 0 12 84 7.770582794 0 0 42 15 1.38760407

xao.xenopus-anatomy-and-development-ontology.24.owl.xml 6234 4875000 5 1578 1757903 9.048174718 76562500 77 73 1580900 8.137115308 7140625 7 2687 1140977 5.87276957

xco.experimental-conditions-ontology.60.owl.xml 616 15625 0 508 2765 1.459719143 62500 0 202 30577 16.1424348 31250 0 616 28 0.014781966

zea.maize-gross-anatomy-ontology.2.owl.xml 217 15625 0 178 1421 6.063321386 46875 0 14 9695 41.36798088 15625 0 198 830 3.541559993

zfa.zebrafish-anatomy-and-development-ontology.50.owl.xml 11817 12843750 13 3048 1373516 1.967369801 182453125 182 28 38348143 54.92835792 17828125 18 8779 701654 1.00502134
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Figure 4.2: Plots of the runtime of AD computation against ontology size.

The plots in Figure 4.2 seem to indicate a linear growth of the computation time
with respect to the ontology size, but the logarithmic scales used can be misleading.
Table 4.5 shows trendlines and confidence intervals of the CPU time for computing the
three kinds of AD. We conclude that the computation times for ⊥-AD and >⊥∗-AD
grow quadratically with the size of the ontology with a high confidence (R2 = 96% and
R2 = 93%, respectively), acceptable margins (roughly 1.2 minutes and 3.1 minutes,
respectively),3 and tiny coefficients of n2; hence we could call these two behaviours
‘almost linear’. We also notice, however, that the confidence of linear trendlines results
in a low confidence, and we checked that using cubic trendline functions do not affect
them. Unsurprisingly, the confidence for the >-AD is rather low and does not improve
by choosing polynomials of higher degree: computation times simply vary too widely.

4.3.2 Analysis of the Structure

To understand the stucture of the different ADs, we aim at answering the following
questions:

1. How many atoms do ADs have? I.e., how fine-grained is the AD?

2. How large are atoms in the AD?
3Roughly speaking, the confidence interval describes the area above and below the trendline into

which other computations will fall with a probability of 95%.
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Table 4.5: A summary of the trendline functions, their determination coefficient (R2)
and the 95% confidence interval (CI) of CPU time required for computing the AD
against ontology size for the 341 ontologies in our corpus.
AD type Degree R2 Trendline function 95% CI
⊥-AD 2 0.96 3.88 ·10−8n2 +4.11 ·10−3n− 8.43 [20.68,164.34]

1 0.86 1.64 ·10−2n− 66.39
>⊥∗-AD 2 0.93 6.06 ·10−8n2 +4.49 ·10−3n− 4.71 [15.89,386.15]

1 0.82 2.36 ·10−2n− 95.12
>-AD 2 0.33 −1.34 ·10−7n2 +6.03 ·10−2n−164.60 [28.09,240.10]

1 0.16 1.81 ·10−2n+ 35.29

3. How many incomparable (w.r.t. the dependency relation) atoms do ADs have?

4. How much structure does the AD induce? I.e., how often do we find ADs with
large and/or incomparable atoms?

As in the previous section, all experiments are run on our corpus of 341 decomposable
ontologies, as described in Section 4.3.

20191127Data.csv

ontName TboxAxioms botADTime(Microsecond)botADTimeS #botAtom relative reading score percentage topADTime(Microsecond)topADTimeS #topAtom relative reading score percentage starADTime(Microsecond)starADTimeS #starAtom relative reading score percentage

aao.amphibian-gross-anatomy-ontology.8.owl.xml 2692 703125 1 1597 48118 1.328461003 3781250 4 103 1948954 53.80750209 875000 1 2603 12813 0.353746432

aba-amb.allen-brain-atlas-aba-adult-mouse-brain-ontology.1.owl.xml 3441 453125 0 3437 25029 0.422892885 296875 0 1 0 0 609375 1 3437 245 0.004139548

abd.anthology-of-biosurveillance-diseases.4.owl.xml 2637 343750 0 1053 15486 0.445567715 1625000 2 407 534808 15.38765197 578125 1 2300 483 0.013897017

acgt-mo.cancer-research-and-management-acgt-master-ontology.2.owl.xml 5422 3328125 3 3784 1650016 11.22740091 453125 0 6 50910 0.346412992 6578125 7 3796 1639247 11.15412411

adar.autism-dsm-adi-r-ontology.1.owl.xml 6339 1968750 2 2175 568670 2.830853058 10718750 11 56 6886059 34.27896878 3875000 4 3490 562087 2.798082724

admin.nurse-administrator.1.owl.xml 176 0 0 71 515 3.344155844 0 0 8 2919 18.95454545 0 0 124 334 2.168831169

ado.alzheimers-disease-ontology.3.owl.xml 2401 734375 1 1539 244301 8.479140636 343750 0 12 182523 6.334964598 1109375 1 1540 244213 8.476086353

aeo.anatomical-entity-ontology.6.owl.xml 368 15625 0 248 3443 5.098625755 46875 0 78 23506 34.80926431 15625 0 344 117 0.173261462

allergydetector.allergy-detector-ii.1.owl.xml 34 0 0 9 116 20.67736185 0 0 3 136 24.24242424 0 0 10 78 13.90374332

amino-acid.amino-acid-ontology.2.owl.xml 476 281250 0 6 13795 12.20256524 15625 0 2 2355 2.083149049 437500 0 11 11596 10.25740823

ancestro.ancestry-ontology.2.owl.xml 583 31250 0 541 416 0.245206392 46875 0 33 3786 2.231613941 31250 0 556 2 0.001178877

ao.asthma-ontology.2.owl.xml 283 15625 0 283 253 0.634037541 15625 0 36 1280 3.207778864 15625 0 283 0 0

apo.ascomycete-phenotype-ontology.26.owl.xml 304 0 0 303 664 1.44172312 15625 0 73 3765 8.174830641 0 0 304 0 0

asdpto.autism-spectrum-disorder-phenotype-ontology.1.owl.xml 283 15625 0 283 803 2.012380022 0 0 77 3623 9.079517831 15625 0 283 0 0

atc.anatomical-therapeutic-chemical-classification.1.owl.xml 10153 1343750 1 10153 33281 0.064577372 703125 1 3987 211093 0.409598005 1765625 2 10153 0 0

ato.amphibian-taxonomy-ontology.2.owl.xml 12163 11515625 12 6134 251829 0.340478765 171718750 172 566 36997471 50.02145594 17718750 18 12163 75598 0.102210284

atol.animal-trait-ontology-for-livestock.1.owl.xml 2178 109375 0 2096 12456 0.525402689 125000 0 636 54826 2.312598571 140625 0 2178 6 2.53E-04

bao-gpcr.g-protein-coupled-receptor-bioassays-ontology.23.owl.xml 1023 140625 0 890 51742 9.897982412 281250 0 107 177972 34.04514178 171875 0 975 3332 0.637394716

bcchrcatalog.bc-childrens-hospital-research-institute-study-catalog.15.owl.xml 32682 10687500 11 24777 222711 0.041703039 5390625 5 8161 2633914 0.493205174 17593750 18 32682 739 1.38E-04

bco.biological-collections-ontology.9.owl.xml 331 31250 0 172 10541 19.30055845 46875 0 16 16946 31.02810583 46875 0 185 9146 16.74631511

bcteo.bone-and-cartilage-tissue-engineering-ontology.4.owl.xml 458 31250 0 249 7316 6.990721718 187500 0 21 26904 25.70781535 31250 0 287 4525 4.323812982

bctt.behaviour-change-technique-taxonomy.6.owl.xml 109 0 0 93 0 0 0 0 16 0 0 0 0 93 0 0

bdo.bone-dysplasia-ontology.9.owl.xml 3971 687500 1 1918 64536 0.818731775 3156250 3 365 1601989 20.32352947 984375 1 2347 24645 0.312657193

bfo.basic-formal-ontology.2.owl.xml 52 0 0 52 160 12.06636501 15625 0 2 100 7.54147813 0 0 52 0 0

bhn.biologie-hors-nomenclature.1.owl.xml 2542 156250 0 2533 4555 0.141038658 250000 0 120 90104 2.789933525 171875 0 2542 0 0

bho.bleeding-history-phenotype-ontology.3.owl.xml 1925 421875 0 1414 176611 9.537003537 281250 0 13 211695 11.43154143 671875 1 1563 130406 7.041931042

biomo.biological-observation-matrix-ontology.1.owl.xml 2511 484375 0 1641 229890 7.295072994 531250 1 23 242861 7.706680248 750000 1 1762 154041 4.888165379

birnlex.biomedical-informatics-research-network-project-lexicon.1.owl.xml 3572 265625 0 3572 41160 0.645362998 281250 0 1218 150216 2.355292714 359375 0 3572 0 0

bmt.biomedical-topics.1.owl.xml 282 15625 0 244 587 1.481537568 15625 0 74 5636 14.22477979 15625 0 278 0 0

bno.bionutrition-ontology.2.owl.xml 104 0 0 88 354 6.609410007 0 0 33 1060 19.79088872 0 0 92 17 0.317401046

bof.biodiversity-ontology.2.owl.xml 599 31250 0 506 1464 0.817415871 46875 0 20 57937 32.34878644 15625 0 587 82 0.045784222

bp.biopax-ontology-of-biological-pathways.1.owl.xml 391 15625 0 187 1909 2.503770739 46875 0 28 33891 44.45012788 31250 0 294 844 1.106957833

bsao.botryllus-schlosseri-anatomy-and-development-ontology.1.owl.xml 353 15625 0 96 6215 10.00354108 62500 0 5 22790 36.68233325 31250 0 343 2767 4.453708473

bspo.spatial-ontology.20.owl.xml 268 15625 0 126 3529 9.863603332 93750 0 12 16476 46.05064565 15625 0 150 1636 4.572642406

bt.biotop-ontology.12.owl.xml 824 281250 0 351 120198 35.44868997 31250 0 3 1638 0.48307754 500000 1 356 120151 35.43482877

bto.brenda-tissue-and-enzyme-source-ontology.33.owl.xml 7007 1906250 2 5896 92900 0.378480457 80750000 81 444 8596043 35.02082111 2390625 2 6800 21018 0.085628657

cabro.computer-assisted-brain-injury-rehabilitation-ontology.1.owl.xml 96 0 0 60 1778 38.99122807 0 0 3 184 4.035087719 0 0 60 1757 38.53070175

canco.cancer-chemoprevention-ontology.3.owl.xml 360 46875 0 174 23075 35.7087589 0 0 4 1065 1.648096565 78125 0 176 23071 35.70256886

canont.upper-level-cancer-ontology.1.owl.xml 51 15625 0 51 215 16.8627451 0 0 22 452 35.45098039 0 0 51 0 0

cao.clusters-of-orthologous-groups-cog-analysis-ontology.3.owl.xml 442 171875 0 100 50285 51.59499697 31250 0 9 8846 9.076451093 328125 0 107 49518 50.80801551

carelex.content-archive-resource-exchange-lexicon.43.owl.xml 352 0 0 352 883 1.429357679 31250 0 71 5317 8.606902357 15625 0 352 0 0

caro.common-anatomy-reference-ontology.10.owl.xml 54 0 0 50 160 11.18099231 0 0 18 625 43.67575122 0 0 54 13 0.908455625

carre.carre-risk-factor-ontology.3.owl.xml 454 15625 0 193 2334 2.26974356 62500 0 108 33691 32.76346627 31250 0 443 195 0.189631531

cbo.cell-behavior-ontology.21.owl.xml 350 31250 0 327 7666 12.5517806 15625 0 19 10221 16.73516169 15625 0 337 45 0.073679902

ccon.cerrado-concepts-and-plant-community-dynamics.8.owl.xml 218 15625 0 84 6472 27.36227963 15625 0 4 1260 5.327019828 31250 0 123 3890 16.44611677

ccont.cell-culture-ontology.3.owl.xml 33235 27406250 27 20058 1869656 0.338542662 7125000 7 5 1791666 0.324420844 40125000 40 27481 595207 0.107775421

cedarvs.cedar-value-sets.4.owl.xml 43 0 0 43 44 4.872646733 0 0 6 406 44.96124031 0 0 43 0 0

chd.congenital-heart-defects-ontology.5.owl.xml 508 15625 0 508 492 0.382052835 78125 0 16 1709 1.327090031 31250 0 508 0 0

chembio.systems-chemical-biology-and-chemogenomics-ontology.9.owl.xml 489 15625 0 366 2257 1.891615542 46875 0 13 20820 17.44946193 31250 0 399 1543 1.2932046

chmo.chemical-methods-ontology.18.owl.xml 3417 281250 0 2971 29136 0.499225871 562500 1 24 231541 3.967300157 359375 0 3148 3315 0.056800308

ciinteado.ciona-intestinalis-anatomy-and-development-ontology.2.owl.xml 4880 2203125 2 880 1185639 9.959369193 18281250 18 12 5818302 48.87374462 2828125 3 2879 434952 3.653597385

cisaviado.ciona-savignyi-anatomy-and-development-ontology.2.owl.xml 4880 2312500 2 880 1185639 9.959369193 20078125 20 12 5818302 48.87374462 3015625 3 2879 434952 3.653597385

cl.cell-ontology.61.owl.xml 19845 30171875 30 5581 10055234 5.10671776 109062500 109 892 34457765 17.49994883 49984375 50 6351 7977089 4.051297272

clo.cell-line-ontology.55.owl.xml 117375 1919218750 1919 40871 25242886 0.366455708 12087515625 12088 169 -1873630966 35.15099343 4153906250 4154 71043 17382154 0.252339988

cmo.clinical-measurement-ontology.75.owl.xml 3344 203125 0 2708 29302 0.524233312 406250 0 1374 220580 3.94633076 296875 0 3344 17 3.04E-04

cmpo.cellular-microscopy-phenotype-ontology.14.owl.xml 1811 359375 0 799 75595 4.612390212 78125 0 2 1810 0.110436223 531250 1 926 68396 4.173146914

cn.computer-network.1.owl.xml 1184 687500 1 280 333389 47.60415001 1343750 1 6 18688 2.668433438 1312500 1 286 288402 41.18051907

co-wheat.wheat-trait-ontology.1.owl.xml 175 15625 0 175 314 2.062397373 0 0 24 1876 12.32183908 15625 0 175 0 0

cogat.cognitive-atlas-ontology.7.owl.xml 8182 2234375 2 1516 47879 0.143057028 94359375 94 71 16426615 49.08086479 3750000 4 2781 81872 0.244624261

cogpo.cognitive-paradigm-ontology.1.owl.xml 658 62500 0 429 16516 7.640884003 31250 0 14 16451 7.610812711 78125 0 508 11976 5.54051991

comodi.comodi.5.owl.xml 73 0 0 67 72 2.739726027 0 0 1 0 0 0 0 68 10 0.380517504

cptac.cptac-proteomics-pipeline-infrastructure-ontology.3.owl.xml 1118 62500 0 601 684 0.109544637 31250 0 1 0 0 62500 0 689 859 0.137571408

cseo.cigarette-smoke-exposure-ontology.2.owl.xml 26540 10953125 11 20028 2895263 0.822114945 3000000 3 6 980675 0.278464365 17296875 17 20032 2766843 0.785649863

cso.clinical-study-ontology.1.owl.xml 36 0 0 36 31 4.920634921 0 0 6 155 24.6031746 0 0 36 0 0

csso.clinical-signs-and-symptoms-ontology.6.owl.xml 303 15625 0 302 523 1.143094442 31250 0 75 6022 13.16197845 15625 0 303 0 0

ctcae.common-terminology-criteria-for-adverse-events.2.owl.xml 6934 1906250 2 6929 35155 0.146255451 2531250 3 827 345079 1.435633186 3296875 3 6934 4 1.66E-05

cto.clinical-trials-ontology.1.owl.xml 376 31250 0 376 2475 3.510638298 31250 0 95 9137 12.96028369 31250 0 376 0 0

cu-vo.venom-ontology.1.owl.xml 34 0 0 14 282 50.26737968 0 0 1 0 0 0 0 15 246 43.85026738

cyto.cytokine.27.owl.xml 317 31250 0 316 0 0 78125 0 2 316 0.630914826 31250 0 317 1 0.001996566

dcmitype.dcmi-type-vocabulary.1.owl.xml 2 0 0 2 0 0 0 0 1 0 0 0 0 2 0 0

dco-debugit.debugit-core-ontology.1.owl.xml 2537 1187500 1 1689 463684 14.41392937 671875 1 33 276267 8.587945722 2421875 2 1747 458476 14.25203518

ddanat.dictyostelium-discoideum-anatomy-ontology.16.owl.xml 351 31250 0 127 11875 19.33251933 125000 0 18 24955 40.62678063 46875 0 217 6880 11.2006512

ddo.diabetes-mellitus-diagnosis-ontology.3.owl.xml 6955 906250 1 6485 186817 0.772528604 2359375 2 46 1179697 4.878301634 1203125 1 6707 96284 0.398155115

dermo.human-dermatological-disease-ontology.10.owl.xml 3993 296875 0 3400 28247 0.354415317 906250 1 913 652055 8.181338886 421875 0 3972 98 0.001229607

diab.biomedbridges-diabetes-ontology.73.owl.xml 1788 203125 0 372 10579 0.66218989 1593750 2 6 9917 0.620752164 468750 0 957 0 0

diagont.diagnostic-ontology.1.owl.xml 245 15625 0 217 1063 3.556373369 0 0 1 0 0 31250 0 220 485 1.62261626

dloro.dependency-layered-ontology-for-radiation-oncology.1.owl.xml 547 78125 0 263 23991 16.06565281 234375 0 60 73649 49.3192974 93750 0 421 5713 3.82572942

doccc.diagnosis-ontology-of-clinical-care-classification.3.owl.xml 203 15625 0 203 574 2.799590304 0 0 27 2171 10.58869434 0 0 203 0 0

doid.human-disease-ontology.589.owl.xml 8457 1046875 1 8259 46273 0.129412536 1312500 1 1933 800051 2.237517101 1359375 1 8457 2 5.59E-06

ecg.electrocardiography-ontology.12.owl.xml 1300 93750 0 1104 6644 0.78687748 390625 0 237 314344 37.22911115 93750 0 1147 1794 0.212471132

eco.evidence-and-conclusion-ontology.49.owl.xml 1946 359375 0 807 43043 2.27441697 62500 0 1 0 0 500000 1 829 41266 2.180519264

ecp.electronic-care-plan.2.owl.xml 139 31250 0 17 4686 48.85830466 15625 0 2 798 8.320300282 46875 0 20 3918 40.85079762

ecso.the-ecosystem-ontology.50.owl.xml 10244 2781250 3 6077 509751 0.971608576 1437500 1 15 418320 0.797336934 4421875 4 6367 452601 0.862678078

edam-bioimaging.bioimaging-ontology.1.owl.xml 159 0 0 138 158 1.257861635 0 0 1 0 0 15625 0 141 36 0.286601385

edda.edda-study-designs-taxonomy.11.owl.xml 714 46875 0 619 2145 0.842693319 187500 0 118 144339 56.70559949 62500 0 710 545 0.21411089

edda_pt.edda-publication-types-taxonomy.1.owl.xml 104 0 0 96 120 2.240477969 0 0 31 2769 51.69902913 15625 0 100 2 0.037341299

efo.experimental-factor-ontology.161.owl.xml 27305 9406250 9 19814 279213 0.074902649 12031250 12 3430 4672964 1.253585542 14734375 15 27218 178 4.78E-05

ego.epigenome-ontology.1.owl.xml 5900 3406250 3 2912 644665 3.704534811 328125 0 7 41203 0.236770955 4875000 5 2949 641720 3.687611517

ehda.human-developmental-anatomy-ontology-timed-version.6.owl.xml 8339 8671875 9 8339 53471 0.153805702 174546875 175 2 191268 0.55016942 14437500 14 8339 45155 0.129885293

ehdaa.human-developmental-anatomy-ontology-abstract-version-1.6.owl.xml 2335 609375 1 2313 13632 0.500266978 7296875 7 1 0 0 875000 1 2313 13632 0.500266978

ehdaa2.human-developmental-anatomy-ontology-abstract-version-2.32.owl.xml 13369 9515625 10 2728 2310293 2.585423534 275000000 275 108 44842048 50.18224365 16296875 16 8564 780040 0.872934201

elig.eligibility-feature-hierarchy.1.owl.xml 38 0 0 31 117 16.64295875 15625 0 10 329 46.79943101 0 0 38 18 2.560455192

emap.mouse-gross-anatomy-and-development-ontology.7.owl.xml 21723 45296875 45 19445 224298 0.095068313 1443828125 1444 15 1084232 0.459549825 71750000 72 19944 198375 0.084080895

emo.enzyme-mechanism-ontology.1.owl.xml 206 15625 0 160 1144 5.417949325 31250 0 10 4838 22.91262136 15625 0 169 689 3.263083116

enm.enanomapper.14.owl.xml 13356 2562500 3 10945 64258 0.072050483 10281250 10 2085 7107765 7.969714309 4046875 4 13317 707 7.93E-04

eo.ethnicity-ontoloy.1.owl.xml 786 46875 0 785 4082 1.323155216 15625 0 2 1568 0.508257565 31250 0 785 16 0.005186302

eol.environment-ontology-for-livestock.1.owl.xml 659 31250 0 646 3465 1.598166145 31250 0 208 11383 5.25019487 46875 0 658 0 0

epilont.epilepsy-ontology.2.owl.xml 145 15625 0 141 150 1.436781609 15625 0 26 647 6.197318008 15625 0 141 0 0

epo.early-pregnancy-ontology.1.owl.xml 2087 390625 0 1314 171894 7.896851302 156250 0 4 81840 3.759749093 750000 1 1475 150457 6.912030416

esfo.enzyme-structure-function-ontology.1.owl.xml 459 15625 0 150 707 0.672622275 31250 0 1 0 0 31250 0 254 809 0.769662547

esso.epilepsy-syndrome-seizure-ontology.5.owl.xml 4350 640625 1 2716 257142 2.718468772 8406250 8 383 4391805 46.42953989 1000000 1 3529 112542 1.18977807

exo.exposure-ontology.4.owl.xml 103 0 0 81 1403 26.7085475 15625 0 14 2473 47.07786027 15625 0 85 597 11.36493432

fao.fungal-gross-anatomy-ontology.20.owl.xml 115 15625 0 90 615 9.38215103 15625 0 30 2488 37.95575896 15625 0 114 109 1.662852784

fb-bt.drosophila-gross-anatomy-ontology.38.owl.xml 35000 76359375 76 9067 16664385 2.720793655 6718750 7 7 769532 0.125641467 129468750 129 9479 15478728 2.527211471

fb-cv.flybase-controlled-vocabulary.20.owl.xml 1265 375000 0 468 49918 6.243808476 31250 0 5 5017 0.627532896 515625 1 632 38770 4.849402111

fb-dv.drosophila-development-ontology.19.owl.xml 719 234375 0 250 195493 75.73696057 109375 0 13 101635 39.37494431 359375 0 452 137834 53.3989873

fb-sp.fly-taxonomy.7.owl.xml 6587 921875 1 6583 160841 0.741510611 1515625 2 1574 825808 3.807147401 1109375 1 6587 15 6.92E-05

fhho.family-health-history-ontology.1.owl.xml 932 62500 0 538 6910 1.592731061 296875 0 189 229930 52.99806844 46875 0 769 907 0.209060358

fire.fire-ontology.7.owl.xml 106 15625 0 55 1677 30.13477089 15625 0 18 1903 34.19586703 15625 0 69 611 10.97933513

fix.physico-chemical-methods-and-properties.4.owl.xml 1684 109375 0 1162 32708 2.308116797 875000 1 465 591818 41.76302638 171875 0 1660 1226 0.086515568

flopo.flora-phenotype-ontology.8.owl.xml 60891 756937500 757 26967 6659136 0.359210315 104421875 104 14 17936482 0.967538335 944812500 945 27413 6117830 0.330010927

fo.fern-ontology.6.owl.xml 54 0 0 23 490 34.24178896 0 0 3 507 35.42976939 0 0 25 372 25.99580713

foodon.foodon.1.owl.xml 13223 4671875 5 10173 202262 0.231375378 114250000 114 2463 41312697 47.25920294 9187500 9 12698 10723 0.012266457

fypo.fission-yeast-phenotype-ontology.273.owl.xml 27602 55656250 56 8281 4059160 1.065616158 5609375 6 20 744717 0.195504111 72109375 72 10464 3860085 1.013354721

galen.galen-ontology.1.owl.xml 37696 1599546875 1600 15211 154914871 21.80439741 57687500 58 97 13450923 1.893228641 3034890625 3035 15653 148816740 20.94608038

gbm.glioblastoma.1.owl.xml 316 31250 0 267 3408 6.847498493 31250 0 5 15120 30.37974684 46875 0 287 2058 4.135021097

gco.genome-component-ontology.3.owl.xml 10 0 0 3 0 0 0 0 4 10 22.22222222 0 0 6 4 8.888888889

gene-cds.genomic-clinical-decision-support-ontology.1.owl.xml 4322 6625000 7 1915 2960664 31.70663037 312500 0 1 0 0 10046875 10 1915 2960205 31.7017148

genepio.genepio.1.owl.xml 6281 1156250 1 4511 236920 1.201277333 15000000 15 579 8101770 41.07915187 1421875 1 5461 94437 0.478832633

gexo.gene-expression-ontology.2.owl.xml 170932 2462734375 2463 166253 1084115 0.007420978 17925937500 17926 3428 641217986 4.389261785 2635187500 2635 170932 576 3.94E-06

gfo.general-formal-ontology.1.owl.xml 212 0 0 75 3894 17.410355 15625 0 2 1236 5.526245194 31250 0 90 2838 12.6889028

gfvo.genomic-feature-and-variation-ontology.20.owl.xml 157 15625 0 140 382 3.119385922 15625 0 12 3008 24.56312265 15625 0 151 83 0.677772334

gmm.gomapman.25.owl.xml 1895 109375 0 1895 5370 0.299236862 109375 0 340 86536 4.822115666 109375 0 1895 0 0

go-ext.gene-ontology-extension.2.owl.xml 68778 149593750 150 32469 3537762 0.149577351 5890625 6 1 0 0 187281250 187 43673 2802063 0.118471836

go-plus.go-plus.324.owl.xml 171981 1298968750 1299 61859 55646749 0.37628021 219171875 219 115 51677704 0.34944175 1400921875 1401 67880 45654119 0.308710604

go.gene-ontology.1557.owl.xml 107829 493031250 493 43793 8859131 0.152389131 15828125 16 1 0 0 694671875 695 64717 6971578 0.119920646

gro-cpd.cereal-plant-development-ontology.1.owl.xml 235 15625 0 233 578 2.1022004 15625 0 48 3024 10.99836334 15625 0 235 5 0.018185125

gro-cpga.cereal-plant-gross-anatomy-ontology.11.owl.xml 2435 484375 0 1300 104480 3.525685911 203125 0 11 86606 2.922526359 703125 1 1418 88902 3.000005062

gro.gene-regulation-ontology.5.owl.xml 955 171875 0 525 55505 12.18457418 31250 0 3 5688 1.248641707 296875 0 548 51467 11.29814394

haauraado.halocynthia-aurantium-anatomy-and-development-ontology.2.owl.xml 4744 2500000 3 857 1138450 10.11919936 18687500 19 12 5491606 48.81255735 3125000 3 2810 415010 3.68884793

hao.hymenoptera-anatomy-ontology.24.owl.xml 4657 1343750 1 2355 168590 1.555043695 343750 0 7 60375 0.55688809 1796875 2 4053 54512 0.502808837

haroreado.halocynthia-roretzi-anatomy-and-development-ontology.2.owl.xml 4744 2515625 3 857 1138450 10.11919936 17875000 18 12 5491606 48.81255735 3218750 3 2810 415010 3.68884793

heio.regional-healthcare-system-interoperability-and-information-exchange-measurement-ontology.17.owl.xml293 15625 0 111 756 1.767263547 15625 0 13 15484 36.1961756 15625 0 156 724 1.69245874

hfo.heart-failure-ontology.1.owl.xml 2064 171875 0 1648 4236 0.198965156 750000 1 332 374349 17.58319336 203125 0 2064 966 0.045373074

hivo004.hivontologymainowl.16.owl.xml 1873 171875 0 1482 50648 2.889007534 1156250 1 384 781641 44.58550659 171875 0 1787 2819 0.160798299

hl7.health-level-seven-reference-implementation-model-version-3.3.owl.xml 8072 1421875 1 7497 22171 0.068062324 4968750 5 1093 2225015 6.830530553 1484375 1 8069 62 1.90E-04

hom.ontology-of-homology-and-related-concepts-in-biology.6.owl.xml 83 0 0 72 255 7.493388187 15625 0 5 689 20.24684102 15625 0 83 0 0

hp.human-phenotype-ontology.563.owl.xml 15974 3218750 3 12166 232667 0.18237471 3718750 4 4276 1771889 1.388885155 5015625 5 15974 0 0

hpio.host-pathogen-interactions-ontology.2.owl.xml 339 78125 0 245 22238 38.81586986 15625 0 3 668 1.165977204 109375 0 245 22231 38.80365153

hrdo.disease-core-ontology-applied-to-rare-diseases.2.owl.xml 85030 604125000 604 13550 94528967 2.614903444 18388843750 18389 226 863134570 23.87642256 808031250 808 24528 47442801 1.312384422

hugo.human-genome-organization-gene-symbols.3.owl.xml 32917 78859375 79 32911 32880 0.006069243 905031250 905 37 89601 0.01653924 91812500 92 32911 0 0

hupson.human-physiology-simulation-ontology.1.owl.xml 3746 1359375 1 2933 479856 6.841027403 1640625 2 6 695574 9.91639324 2312500 2 2936 463134 6.602631592

iao.information-artifact-ontology.6.owl.xml 467 31250 0 253 10638 9.776585088 46875 0 5 12528 11.51354183 46875 0 291 8157 7.49648473

icd11-bodysystem.body-system-terms-from-icd11.1.owl.xml 28 0 0 28 15 3.968253968 0 0 6 203 53.7037037 0 0 28 0 0

ico.informed-consent-ontology.9.owl.xml 761 109375 0 418 40858 14.12891625 31250 0 5 9664 3.341863199 187500 0 439 39356 13.60951656

icps.international-classification-for-patient-safety.7.owl.xml 994 265625 0 543 81442 16.50223597 140625 0 21 112522 22.79984033 375000 0 593 64764 13.12284584

icw.international-classification-of-wellness.4.owl.xml 120 0 0 119 200 2.801120448 15625 0 33 1449 20.29411765 15625 0 119 0 0

ido.infectious-disease-ontology.10.owl.xml 1044 203125 0 757 50358 9.249402145 218750 0 4 153282 28.1537563 359375 0 768 46429 8.527751145

idoden.dengue-fever-ontology.6.owl.xml 5907 2453125 2 5028 535299 3.068781831 296875 0 5 41299 0.236760429 3859375 4 5225 514605 2.950146506

idqa.image-and-data-quality-assessment-ontology.8.owl.xml 275 0 0 259 1218 3.232913072 15625 0 74 5107 13.5554081 15625 0 272 10 0.0265428

ifar.fanconi-anemia-ontology.5.owl.xml 4977 468750 0 4523 20963 0.169291603 359375 0 904 199511 1.611197683 515625 1 4977 53 4.28E-04

inm-npi.interventionnelle-non-mdicamenteuse-inm.3.owl.xml 162 0 0 156 244 1.871022161 0 0 26 1009 7.737136723 15625 0 157 0 0

insecth.insecth.3.owl.xml 101 15625 0 100 352 6.97029703 0 0 29 1232 24.3960396 0 0 101 0 0

ixno.interaction-ontology.2.owl.xml 39 15625 0 39 14 1.889338731 0 0 9 269 36.3022942 0 0 39 0 0

jerm.sysmo-jerm-ontology-of-systems-biology-for-micro-organisms.14.owl.xml 394 46875 0 264 9727 12.56377469 31250 0 18 11528 14.89001692 93750 0 283 9330 12.05099392

kisao.kinetic-simulation-algorithm-ontology.22.owl.xml 794 312500 0 252 94577 30.04151565 15625 0 1 0 0 375000 0 253 94393 29.98306974

koro.knowledge-object-reference-ontology.1.owl.xml 215 0 0 99 4235 18.40904151 15625 0 1 0 0 31250 0 102 3256 14.1534449

lbo.livestock-breed-ontology.8.owl.xml 1062 78125 0 1062 1072 0.19027638 171875 0 12 9067 1.609361882 78125 0 1062 0 0

lda.ontology-of-language-disorder-in-autism.1.owl.xml 35 0 0 35 30 5.042016807 0 0 6 150 25.21008403 0 0 35 0 0

lpt.livestock-product-trait-ontology.3.owl.xml 511 31250 0 456 2035 1.561720579 46875 0 108 11887 9.122443498 15625 0 511 0 0

mamo.mathematical-modelling-ontology.14.owl.xml 164 0 0 113 1527 11.42450995 0 0 1 0 0 31250 0 115 1447 10.82597636

mat.minimal-anatomical-terminology.3.owl.xml 504 62500 0 458 1811 1.428729212 265625 0 1 0 0 78125 0 458 1787 1.409795197

matr.material.1.owl.xml 5043 656250 1 3841 66068 0.519672034 11156250 11 498 6102069 47.99713342 656250 1 4812 7002 0.055075734

matrcompound.material-compound.1.owl.xml 5043 687500 1 3841 66068 0.519672034 11812500 12 498 6102069 47.99713342 687500 1 4812 7002 0.055075734

matrelement.material-element.1.owl.xml 5043 734375 1 3841 66068 0.519672034 11328125 11 498 6102069 47.99713342 703125 1 4812 7002 0.055075734

matrrock.material-rock.1.owl.xml 5043 671875 1 3841 66068 0.519672034 10796875 11 498 6102069 47.99713342 687500 1 4812 7002 0.055075734

matrrockigneous.material-rock-igneouus.2.owl.xml 5043 734375 1 3841 66068 0.519672034 10750000 11 498 6102069 47.99713342 671875 1 4812 7002 0.055075734

mcbcc.breast-tissue-cell-lines-ontology.2.owl.xml 2734 16140625 16 89 286365 7.664993492 1734375 2 60 1135034 30.38090627 15125000 15 140 969956 25.96234326

mccl.cell-line-ontology-by-mahadevan.2.owl.xml 13590 8656250 9 5639 1334848 1.445622355 75390625 75 62 24762668 26.81763498 14593750 15 11949 259181 0.280689522

medeon.medical-error-ontology.1.owl.xml 56 15625 0 54 12 0.779220779 0 0 16 55 3.571428571 0 0 55 2 0.12987013

medo.mouse-experimental-design-ontology.1.owl.xml 86 0 0 79 193 5.280437756 0 0 24 546 14.93844049 0 0 84 0 0

mego.mobile-genetic-element-ontology.2.owl.xml 431 15625 0 356 2354 2.540333459 140625 0 50 43603 47.05444343 46875 0 405 889 0.959369773

meo.metagenome-and-microbes-environmental-ontology.8.owl.xml 783 31250 0 778 1903 0.621584633 46875 0 151 15094 4.930214631 31250 0 778 0 0

mera.medical-educational-resource-aggregator.1.owl.xml 73 0 0 35 45 1.712328767 0 0 8 1337 50.87519026 0 0 72 60 2.283105023

mf.mental-functioning-ontology.13.owl.xml 787 78125 0 708 22214 7.182232913 62500 0 10 10832 3.502203427 109375 0 719 20298 6.562751583

mfo.medaka-fish-anatomy-and-development-ontology.14.owl.xml 4402 2593750 3 4357 29627 0.30585548 33359375 33 13 347295 3.585313362 3234375 3 4402 19853 0.204953213

mfoem.emotion-ontology.24.owl.xml 1076 109375 0 913 37713 6.520791908 46875 0 10 14878 2.572490706 218750 0 924 34926 6.038903778

mhc.major-histocompatibility-complex-ontology.4.owl.xml 13778 5484375 5 8038 773136 0.814601214 968750 1 5 151434 0.159555783 7328125 7 8060 620232 0.653496591

mineral.material-mineral.1.owl.xml 5058 515625 1 3856 66058 0.516515832 10093750 10 503 6138226 47.99556312 640625 1 4832 6987 0.054632234

mirnao.microrna-ontology.11.owl.xml 764 31250 0 676 9666 3.316338784 171875 0 157 66602 22.85069271 62500 0 754 677 0.23227409

mixscv.minimal-information-about-any-sequence-mixs-controlled-vocabularies.2.owl.xml 518 31250 0 518 494 0.368923773 62500 0 25 11856 8.854170556 46875 0 518 0 0

mmo.measurement-method-ontology.51.owl.xml 653 31250 0 579 3063 1.4388523 46875 0 269 23111 10.85645299 46875 0 653 0 0

mnr.material-natural-resource.1.owl.xml 5066 500000 1 3860 66228 0.516210698 10187500 10 493 6121042 47.71014319 656250 1 4835 7004 0.054592313

mo.microarray-and-gene-expression-data-ontology.1.owl.xml 493 46875 0 239 20790 17.14243309 46875 0 28 19307 15.91962269 78125 0 280 14899 12.2849981

moc.material-organic-compound.1.owl.xml 5074 578125 1 3858 66401 0.515928228 10843750 11 499 6168585 47.92920484 640625 1 4842 7036 0.054668921

mono.monogenean-ontology.2.owl.xml 71 0 0 50 131 5.271629779 0 0 2 138 5.55331992 0 0 65 69 2.77665996

moocciado.molgula-occidentalis-anatomy-and-development-ontology.2.owl.xml 4744 2671875 3 857 1138450 10.11919936 17750000 18 12 5491606 48.81255735 3031250 3 2810 415010 3.68884793

mooccuado.molgula-occulta-anatomy-and-development-ontology.2.owl.xml 4744 2390625 2 857 1138450 10.11919936 17765625 18 12 5491606 48.81255735 3125000 3 2810 415010 3.68884793

mooculado.molgula-oculata-anatomy-and-development-ontology.2.owl.xml 4744 2406250 2 857 1138450 10.11919936 17218750 17 12 5491606 48.81255735 3031250 3 2810 415010 3.68884793

mp.mammalian-phenotype-ontology.316.owl.xml 14278 2484375 2 11473 135918 0.133352952 2312500 2 4429 1100447 1.079679336 3687500 4 14278 84 8.24E-05

ms.mass-spectrometry-ontology.116.owl.xml 2959 265625 0 2397 18079 0.413105774 2421875 2 305 1391723 31.80091862 312500 0 2885 707 0.016154974

mwla.medical-web-lifestyle-aggregator.1.owl.xml 43 15625 0 33 0 0 0 0 9 86 9.523809524 0 0 43 4 0.442967885

nbo.neuro-behavior-ontology.24.owl.xml 383484 7180640625 7181 155361 118729794 0.161471673 1326015625 1326 138 369174091 0.502074131 10056796875 10057 257321 81039461 0.110213089

ncco.nursing-care-coordination-ontology.1.owl.xml 397 0 0 395 683 0.868890415 15625 0 91 6370 8.103707096 31250 0 397 0 0

ncit.national-cancer-institute-thesaurus.47.owl.xml 167022 1004031250 1004 117553 43310994 0.310515574 17609375 18 1 0 0 1152515625 1153 127843 42716150 0.306250876

ncro.non-coding-rna-ontology.12.owl.xml 29772 44796875 45 9349 1080082 0.243716701 6343750 6 9 297620 0.067156905 58265625 58 9379 988792 0.223117434

nemo.neural-electromagnetic-ontology.24.owl.xml 2686 984375 1 2031 303855 8.426477868 296875 0 9 103203 2.862015749 1453125 1 2074 296961 8.235294118

neomark3.neomark-oral-cancer-ontology-version-3.2.owl.xml 1755 1171875 1 428 445662 28.95535479 296875 0 52 252326 16.39401352 2218750 2 670 423326 27.50415006

neomark4.neomark-oral-cancer-ontology-version-4.1.owl.xml 399 46875 0 329 13147 16.55772597 31250 0 5 4257 5.361393433 62500 0 342 9196 11.58171811

neudigs.neuroscience-domain-insight-graph.1.owl.xml 29 15625 0 26 16 3.9408867 0 0 7 24 5.911330049 0 0 27 0 0

ngsonto.ngs-ontology.32.owl.xml 264 46875 0 96 17480 50.35142297 31250 0 18 4655 13.40880286 46875 0 116 17073 49.17905289

nigo.neural-immune-gene-ontology.2.owl.xml 8836 1375000 1 4839 254523 0.652070823 20843750 21 426 9670970 24.77637529 2062500 2 7949 109106 0.279522241

nihss.national-institutes-of-health-stroke-scale-ontology.11.owl.xml 84 0 0 39 123 3.528399312 0 0 19 1815 52.06540448 15625 0 77 70 2.008032129

nmobr.neuromorphoorg-brain-region-ontologies.30.owl.xml 2965 312500 0 2658 56197 1.278910729 2296875 2 79 1653852 37.63775764 343750 0 2785 4923 0.11203583

nmosp.neuromorphoorg-species-ontology.15.owl.xml 1484 156250 0 1482 40014 3.636360332 359375 0 423 80772 7.340333301 156250 0 1484 0 0

nmr.nmr-instrument-component-of-metabolomics-investigations-ontology.8.owl.xml 599 109375 0 500 42002 23.45157202 46875 0 12 24256 13.5431963 156250 0 505 41952 23.42365481

npi.non-pharmacological-interventions-npis.4.owl.xml 139 15625 0 126 252 2.627463247 15625 0 32 1052 10.96861641 15625 0 131 0 0

npo.nanoparticle-ontology.31.owl.xml 16347 284062500 284 7218 57146376 42.77294298 3109375 3 5 766265 0.573534342 556046875 556 7265 58163710 43.53439755

ntdo.neglected-tropical-disease-ontology.1.owl.xml 1133 500000 1 481 209422 32.6569756 62500 0 15 20019 3.121735035 1031250 1 497 206927 32.26790877

oae.ontology-of-adverse-events.160.owl.xml 11459 22140625 22 5143 6967878 10.61390012 10593750 11 94 3581451 5.455486332 34937500 35 7260 6308903 9.610108887

obcs.ontology-of-biological-and-clinical-statistics.13.owl.xml 1388 265625 0 746 90236 9.374409139 46875 0 1 0 0 343750 0 848 46622 4.843451648

obiws.bioinformatics-web-service-ontology.2.owl.xml 520 62500 0 242 29837 22.11130873 15625 0 2 514 0.380910034 109375 0 322 19256 14.27004595

obi_bcgo.beta-cell-genomics-ontology.14.owl.xml 4457 1437500 1 2283 426044 4.290388629 171875 0 4 22240 0.223963354 2296875 2 2318 423023 4.259966269

ocre.ontology-of-clinical-research.23.owl.xml 1083 125000 0 492 33294 5.682510586 343750 0 89 250888 42.82073995 140625 0 660 15754 2.688840986

ocvdae.ontology-of-cardiovascular-drug-adverse-events.2.owl.xml 12456 37343750 37 2638 15766657 20.32578297 97625000 98 602 36404447 46.93124793 58531250 59 4437 14496494 18.68833646

odnae.ontology-of-drug-neuropathy-adverse-events.3.owl.xml 3203 656250 1 1606 303452 5.91754724 2843750 3 643 1855758 36.18870738 875000 1 3018 28701 0.55969156

of.ontofood.1.owl.xml 359 15625 0 336 2351 3.658517608 15625 0 82 15931 24.79108635 15625 0 358 6 0.009336923

ofsmr.open-food-safety-model-repository.3.owl.xml 146 0 0 134 190 1.794992915 0 0 26 2066 19.51818611 15625 0 144 0 0

ogdi.ontology-for-genetic-disease-investigations.3.owl.xml 766 250000 0 356 98010 33.45108278 31250 0 13 14237 4.859127289 406250 0 363 97984 33.44220891

ogi.ontology-for-genetic-interval.18.owl.xml 376 46875 0 229 16836 23.88085106 31250 0 7 4719 6.693617021 93750 0 243 15285 21.68085106

ogmd.ontology-of-glucose-metabolism-disorder.31.owl.xml 133 15625 0 132 315 3.588516746 15625 0 30 1911 21.77033493 15625 0 133 0 0

ogms.ontology-for-general-medical-science.9.owl.xml 145 0 0 131 2084 19.96168582 15625 0 5 1375 13.17049808 15625 0 139 1521 14.56896552

ogr.ontology-of-geographical-region.2.owl.xml 38 0 0 38 24 3.413940256 0 0 5 336 47.79516358 0 0 38 0 0

ogroup.orthologous-group-ontology.1.owl.xml 38 0 0 34 38 5.405405405 0 0 10 65 9.246088193 0 0 38 0 0

omrse.ontology-of-medically-related-social-entities.33.owl.xml 658 93750 0 379 22424 10.37413314 46875 0 5 24969 11.55153988 93750 0 398 20756 9.602457519

omv.ontology-metadata-vocabulary.1.owl.xml 315 46875 0 46 16174 32.70447882 15625 0 1 0 0 78125 0 48 16182 32.72065514

onl-dp.dataset-processing.1.owl.xml 1504 578125 1 740 293994 26.01127532 62500 0 8 10472 0.926515763 890625 1 746 293658 25.98154754

onl-mr-da.magnetic-resonance-dataset-acquisition-ontology.1.owl.xml 1862 1125000 1 901 404526 23.34803771 46875 0 7 11130 0.642390501 1843750 2 907 404190 23.32864479

onl-msa.mental-state-assessment.1.owl.xml 3918 5109375 5 636 1680301 21.89772908 218750 0 11 46860 0.610680815 8531250 9 646 1669257 21.75380336

onlira.ontology-of-liver-for-radiology.4.owl.xml 290 0 0 155 344 0.820904427 15625 0 1 0 0 31250 0 181 278 0.663405322

ontoad.bilingual-ontology-of-alzheimers-disease-and-related-diseases.2.owl.xml 8390 1328125 1 5920 308411 0.876370399 3515625 4 3595 1788468 5.082050946 1984375 2 8390 910 0.002585826

ontodm-core.ontology-of-core-data-mining-entities.6.owl.xml 2122 406250 0 1128 182556 8.11222633 171875 0 9 104652 4.65041253 687500 1 1182 177812 7.901417582

ontodm-kdd.ontology-of-data-mining-investigations.1.owl.xml 604 109375 0 302 54505 29.93037022 46875 0 10 32562 17.8807947 171875 0 366 41198 22.62308765

ontodt.ontology-of-datatypes.6.owl.xml 962 218750 0 463 107801 23.3213843 125000 0 24 89750 19.41627852 390625 0 558 84635 18.3097129

ontokbcf.ontological-knowledge-base-model-for-cystic-fibrosis.3.owl.xml 665 46875 0 435 12679 5.742820908 218750 0 90 114102 51.68131171 78125 0 601 1889 0.855602863

ontolurgences.emergency-care-ontology.1.owl.xml 12243 2875000 3 10071 349788 0.466761124 1671875 2 6 512624 0.684051353 3578125 4 10152 282107 0.376446821

ontoma.ontology-of-alternative-medicine-french.1.owl.xml 373 15625 0 368 219 0.315662025 15625 0 103 6488 9.351667676 15625 0 368 24 0.034593099

ontopneumo.ontology-of-pneumology.1.owl.xml 1165 46875 0 1163 9372 1.382239724 46875 0 231 32823 4.840936242 62500 0 1165 4 5.90E-04

ontotoxnuc.ontology-of-nuclear-toxicity.2.owl.xml 647 31250 0 642 723 0.345964466 31250 0 128 11299 5.406711615 31250 0 645 2 9.57E-04

opb.ontology-of-physics-for-biology.10.owl.xml 1046 78125 0 901 8055 1.473830587 296875 0 86 209398 38.3137402 62500 0 995 1280 0.23420275

opl.ontology-for-parasite-lifecycle.6.owl.xml 868 250000 0 243 129713 34.47265054 15625 0 1 0 0 437500 0 243 129713 34.47265054

ovae.ontology-of-vaccine-adverse-events.10.owl.xml 4683 6015625 6 1416 2629574 23.98611025 1453125 1 12 399770 3.646570621 9562500 10 1539 2415404 22.03252186

pae.plant-anatomy.13.owl.xml 2435 500000 1 1300 104480 3.525685911 203125 0 11 86606 2.922526359 734375 1 1418 88902 3.000005062

panda.probabilistic-knowledge-assembly-ontology.2.owl.xml 143 0 0 118 309 3.043435438 0 0 36 5253 51.73840244 15625 0 140 13 0.128040973

pathlex.anatomic-pathology-lexicon.5.owl.xml 1783 359375 0 1780 377 0.023730796 1421875 1 62 3946 0.248386526 390625 0 1780 0 0

pato.phenotypic-quality-ontology.164.owl.xml 2092 203125 0 1640 18706 0.855254194 46875 0 2 2091 0.095602294 234375 0 1675 12429 0.568264427

pco.population-and-community-ontology.12.owl.xml 2590 218750 0 1640 85187 2.540805994 125000 0 12 51396 1.532948277 312500 0 1650 79209 2.362504865

pdo.pathogenic-disease-ontology.6.owl.xml 425 15625 0 390 1435 1.592674806 15625 0 135 10264 11.3917869 31250 0 424 10 0.011098779

pdon.parkinsons-disease-ontology.1.owl.xml 1252 1281250 1 21 249178 31.81837916 2093750 2 1 0 0 2093750 2 21 249178 31.81837916

pdo_cas.plant-diversity-ontology.1.owl.xml 869 343750 0 351 167960 44.53447736 437500 0 73 157484 41.75677324 390625 0 620 62642 16.6094828

pe-o.pre-eclampsia-ontology.3.owl.xml 1507 296875 0 1225 97951 8.63178562 46875 0 2 1505 0.132625878 421875 0 1226 97953 8.631961867

pe.pulmonary-embolism-ontology.1.owl.xml 127 0 0 96 340 4.249468816 15625 0 22 4701 58.75515561 15625 0 127 126 1.57480315

peao.plant-experimental-assay-ontology.1.owl.xml 2814 203125 0 2322 18111 0.457592187 187500 0 7 72462 1.830823537 218750 0 2653 6905 0.174461601

peco.plant-environmental-conditions.15.owl.xml 558 15625 0 541 2563 1.64926031 46875 0 154 12986 8.356338037 31250 0 558 0 0

pedterm.pediatric-terminology.5.owl.xml 1760 93750 0 1760 4168 0.269264561 109375 0 418 54672 3.531965476 93750 0 1760 0 0

pgxo.pgxo.1.owl.xml 7 0 0 7 3 14.28571429 0 0 4 14 66.66666667 0 0 7 1 4.761904762

phage.phylogenetics-ontology.5.owl.xml 108126 518203125 518 43974 9107472 0.155801481 89328125 89 51 21586753 0.369284484 764515625 765 64985 6980052 0.119407717

phare.pharmacogenomic-relationships-ontology.2.owl.xml 459 15625 0 260 2809 2.672412973 78125 0 72 26805 25.50161258 46875 0 318 1535 1.460360952

phenx.phenx-phenotypic-terms.16.owl.xml 506 31250 0 506 157 0.122881853 15625 0 50 1004 0.785817712 31250 0 506 0 0

phfumiado.phallusia-fumigata-anatomy-and-development-ontology.2.owl.xml 4880 2796875 3 880 1185639 9.959369193 19656250 20 12 5818302 48.87374462 3515625 4 2879 434952 3.653597385

phmammado.phallusia-mammillata-anatomy-and-development-ontology.2.owl.xml 4880 2796875 3 880 1185639 9.959369193 18687500 19 12 5818302 48.87374462 3718750 4 2879 434952 3.653597385

phylont.phylogenetic-ontology.7.owl.xml 223 31250 0 145 3232 13.05700319 31250 0 16 9337 37.72068032 31250 0 174 1824 7.368803781

plio.protein-ligand-interaction-ontology.1.owl.xml 1055 93750 0 19 22704 4.083563405 1687500 2 1 0 0 4078125 4 19 22704 4.083563405

pma.portfolio-management-application.4.owl.xml 10 0 0 6 0 0 0 0 3 24 53.33333333 0 0 10 4 8.888888889

pmr.physical-medicine-and-rehabilitation.3.owl.xml 163 15625 0 149 565 4.279330455 15625 0 60 2459 18.62455503 15625 0 163 7 0.053018253

po.plant-ontology.15.owl.xml 2869 640625 1 1668 145610 3.539252132 453125 0 20 204736 4.976391212 921875 1 1824 117022 2.844381313

poro.porifera-ontology.8.owl.xml 1515 562500 1 836 268634 23.42353654 593750 1 93 423746 36.94852444 953125 1 987 183888 16.03411068

pp.pipeline-patterns-ontology.1.owl.xml 22 0 0 12 40 17.31601732 0 0 4 80 34.63203463 0 0 15 24 10.38961039

procchemical.chemical-process.1.owl.xml 5043 500000 1 3841 66068 0.519672034 10968750 11 498 6102069 47.99713342 671875 1 4812 7002 0.055075734

provo.provenance-ontology.124.owl.xml 179 0 0 88 866 5.435942502 15625 0 9 3547 22.26476681 15625 0 147 295 1.85173561

psds.plant-structure-development-stage.6.owl.xml 314 15625 0 293 2835 5.769113368 31250 0 69 14071 28.63393093 15625 0 311 153 0.311348975

pseudo.pseudogene.1.owl.xml 19 0 0 19 12 7.01754386 0 0 8 26 15.20467836 0 0 19 0 0

psimod.protein-modification-ontology.4.owl.xml 3587 234375 0 1933 32414 0.503988888 1218750 1 515 800942 12.45344198 421875 0 3570 476 0.007401083

pto.plant-trait-ontology.426.owl.xml 1675 78125 0 1383 11941 0.851727028 265625 0 448 168671 12.03095633 109375 0 1667 48 0.003423742

ptrans.pathogen-transmission-ontology.14.owl.xml 24 0 0 24 52 18.84057971 0 0 12 135 48.91304348 0 0 24 0 0

pw.pathway-ontology.71.owl.xml 3258 203125 0 2600 20458 0.38558873 468750 0 1022 292873 5.520017988 296875 0 3252 73 0.001375891

rao.rheumatoid-arthritis-ontology.1.owl.xml 350 15625 0 279 660 1.080638559 78125 0 50 31743 51.9738027 31250 0 350 194 0.317642243

rctv2.read-clinical-terminology-version-2.1.owl.xml 88824 134000000 134 88824 217815 0.005521563 14359375 14 11734 4249111 0.107714038 153093750 153 88824 0 0

repo.reproductive-trait-and-phenotype-ontology.3.owl.xml 91 0 0 91 120 2.93040293 0 0 29 597 14.57875458 0 0 91 0 0

rex.physico-chemical-process.6.owl.xml 734 46875 0 551 7535 2.801000703 250000 0 155 136290 50.66335577 46875 0 715 993 0.369129887

rexo.regulation-of-gene-expression-ontolology.6.owl.xml 162839 2921140625 2921 158238 1036349 0.007816671 15485406250 15485 3278 563876644 4.25304439 3966625000 3967 162839 576 4.34E-06

rh-mesh.robert-hoehndorf-version-of-mesh.3.owl.xml 432805 9066984375 9067 305232 6001259 0.006407503 1332109375 1332 64978 310182008 0.331179208 13764843750 13765 430941 0 0

rnao.rna-ontology.4.owl.xml 1435 140625 0 760 22703 2.20654197 1078125 1 136 510048 49.57240535 187500 0 1292 2633 0.255905607

rnprio.research-network-and-patient-registry-inventory-ontology.1.owl.xml 76 0 0 76 101 3.543859649 0 0 30 466 16.35087719 0 0 76 0 0

rnrmu.rnrmu.1.owl.xml 2243 125000 0 2243 2018 0.08025762 93750 0 300 20108 0.799712695 125000 0 2243 0 0

roleo.role-ontology.1.owl.xml 672 78125 0 672 802 0.355723511 250000 0 16 55806 24.7525016 62500 0 672 0 0

roo.radiation-oncology-ontology.3.owl.xml 1557 109375 0 1334 16066 1.326293231 921875 1 246 619541 51.14484218 140625 0 1485 2170 0.179139569

ros.radiation-oncology-structures-ontology.3.owl.xml 416 15625 0 415 1445 1.674003707 31250 0 124 8720 10.10194625 31250 0 415 0 0

rpo.resource-of-asian-primary-immunodeficiency-diseases-rapid-phenotype-ontology.2.owl.xml2056 312500 0 1709 3308 0.156588751 2515625 3 318 1014826 48.03819099 484375 0 2047 686 0.032472758

rs.rat-strain-ontology.80.owl.xml 6089 687500 1 4362 35655 0.192366666 1421875 1 1409 837762 4.51991258 937500 1 6089 37 2.00E-04

rsa.reference-sequence-annotation.5.owl.xml 23 0 0 17 14 5.533596838 0 0 8 106 41.8972332 0 0 22 7 2.766798419

rxno.name-reaction-ontology.26.owl.xml 1399 140625 0 791 30058 3.073726277 78125 0 6 34354 3.513034551 187500 0 1104 9765 0.99856734

sao.subcellular-anatomy-ontology.2.owl.xml 2800 1421875 1 2352 330344 8.430153626 515625 1 29 303110 7.735160517 1671875 2 2375 324404 8.278568877

sbol.synthetic-biology-open-language-visual-ontology.2.owl.xml 48 0 0 37 179 15.86879433 0 0 4 629 55.76241135 15625 0 46 66 5.85106383

sd3.simulation-delivery-and-documentation-deviations.1.owl.xml 56 0 0 54 172 11.16883117 0 0 19 457 29.67532468 15625 0 54 0 0

sdo.sleep-domain-ontology.4.owl.xml 2746 1437500 1 986 509094 13.50781465 609375 1 44 308636 8.189053261 2531250 3 1029 488045 12.94932056

shr.student-health-record-ontology.3.owl.xml 340 15625 0 315 457 0.792989762 31250 0 83 3804 6.600728787 15625 0 333 0 0

sio.semanticscience-integrated-ontology.72.owl.xml 2466 515625 1 1633 214294 7.050663877 500000 1 21 231557 7.618648097 859375 1 1754 140780 4.631919048

sitbac.situation-based-access-control-ontology.3.owl.xml 611 203125 0 114 87591 47.00222693 62500 0 34 42675 22.8998417 328125 0 146 87268 46.82890183

so.sequence-types-and-features-ontology.220.owl.xml 3099 406250 0 2184 47024 0.979595034 1359375 1 80 643601 13.40737375 484375 0 2473 21463 0.447113138

sopharm.suggested-ontology-for-pharmacogenomics.18.owl.xml 280 93750 0 70 16788 42.98003072 31250 0 22 6580 16.84587814 187500 0 94 16996 43.5125448

soy.soy-ontology.2.owl.xml 1832 93750 0 1830 6803 0.405617471 140625 0 250 71853 4.284114677 93750 0 1832 0 0

sp.smart-protocols.4.owl.xml 736 93750 0 564 42139 15.57934043 15625 0 1 0 0 140625 0 564 42139 15.57934043

spd.spider-ontology.23.owl.xml 1192 125000 0 757 24121 3.398108859 1265625 1 100 269037 37.90128988 156250 0 1140 5979 0.842307237

spo.skin-physiology-ontology.1.owl.xml 678 109375 0 323 46739 20.36531113 125000 0 23 73651 32.0915195 156250 0 412 32094 13.98413093

spto.solanaceae-phenotype-ontology.3.owl.xml 422 15625 0 388 1515 1.705485698 46875 0 101 25430 28.62739359 31250 0 421 29 0.032646261

stato.statistics-ontology.11.owl.xml 1790 921875 1 513 433856 27.09643976 46875 0 2 3568 0.222839138 1796875 2 517 430752 26.9025797

suicideo.suicideonto.1.owl.xml 346 31250 0 275 5956 9.979056714 46875 0 97 12262 20.54452543 31250 0 323 1550 2.596967412

surgical.nurse-surgical.1.owl.xml 77 0 0 61 43 1.469583049 0 0 1 0 0 0 0 62 4 0.1367054

syn.sage-bionetworks-synapse-ontology.3.owl.xml 15353 4078125 4 14455 86542 0.073434258 3328125 3 2541 1158164 0.982747268 4328125 4 15353 411 3.49E-04

tads.tick-gross-anatomy-ontology.17.owl.xml 948 93750 0 628 10514 2.342284541 750000 1 24 148123 32.99849848 125000 0 816 1959 0.436421478

tao.teleost-anatomy-ontology.135.owl.xml 5190 1796875 2 3224 285028 2.116735008 42890625 43 243 4385487 32.56842788 2406250 2 4380 88259 0.655447588

taxrank.taxonomic-rank-vocabulary.9.owl.xml 61 0 0 60 0 0 0 0 1 0 0 0 0 60 0 0

tgma.mosquito-gross-anatomy-ontology.17.owl.xml 2733 781250 1 1864 81497 2.182987712 9718750 10 68 726612 19.4631099 937500 1 2323 54616 1.462950254

tma.tissue-microarray-ontology.1.owl.xml 60 0 0 25 127 7.175141243 15625 0 12 1015 57.34463277 15625 0 52 33 1.86440678

tok.terminological-and-ontological-knowledge-resources-ontology.3.owl.xml 416 15625 0 333 4843 5.610518999 31250 0 8 6926 8.023632994 46875 0 343 3078 3.565801668

top-menelas.menelas-project-top-level-ontology.4.owl.xml 1315 93750 0 759 16815 1.946281924 531250 1 220 355034 41.09403846 109375 0 1203 2903 0.336012871

trak.taxonomy-for-rehabilitation-of-knee-conditions.5.owl.xml 2212 234375 0 1632 64181 2.624596891 2046875 2 279 977511 39.97401616 250000 0 2054 5604 0.229168149

trans.nurse-transitional.1.owl.xml 157 0 0 74 498 4.066634003 0 0 3 596 4.866895313 15625 0 105 409 3.339866079

triage.nurse-triage.2.owl.xml 130 0 0 59 421 5.020870602 15625 0 21 4723 56.326774 0 0 125 90 1.073345259

tron.tribolium-ontology.2.owl.xml 2066 234375 0 957 62306 2.920851606 2343750 2 315 1164817 54.60561753 343750 0 2013 9388 0.440101353

tto.teleost-taxonomy-ontology.43.owl.xml 38639 23593750 24 38639 563269 0.075458007 16625000 17 5715 7214084 0.966430604 24734375 25 38639 0 0

typon.microbial-typing-ontology.11.owl.xml 197 31250 0 45 11887 61.57153217 31250 0 17 4868 25.21495908 62500 0 58 8957 46.39490314

unitsont.units-ontology.1.owl.xml 62 0 0 62 220 11.63405605 0 0 25 537 28.39767319 15625 0 62 0 0

uo.units-of-measurement-ontology.43.owl.xml 389 15625 0 329 732 0.969973233 46875 0 86 20998 27.82445075 31250 0 385 15 0.019876501

vario.variation-ontology.12.owl.xml 451 0 0 440 1738 1.712737127 15625 0 133 8797 8.669130328 15625 0 446 19 0.018723824

vhog.vertebrate-homologous-organ-group-ontology.11.owl.xml 1688 296875 0 1185 35446 2.48948609 3140625 3 59 302852 21.27026579 406250 0 1467 18698 1.313220417

vivo.vivo-ontology-for-researcher-discovery.2.owl.xml 1248 62500 0 600 4107 0.527805194 281250 0 48 217901 28.0032334 78125 0 861 1687 0.216802377

vo.vaccine-ontology.246.owl.xml 10555 8765625 9 4664 1515850 2.721516027 1031250 1 7 200173 0.359385182 13906250 14 5689 1510665 2.712207019

vsao.vertebrate-skeletal-anatomy-ontology.20.owl.xml 457 31250 0 270 14572 13.98518177 171875 0 46 32614 31.30062574 62500 0 355 4874 4.677722753

vt.vertebrate-trait-ontology.65.owl.xml 3975 312500 0 3405 37230 0.471365764 375000 0 1307 180899 2.290346371 421875 0 3975 34 4.30E-04

vto.vertebrate-taxonomy-ontology.10.owl.xml 106944 438359375 438 106943 2205958 0.038576112 81640625 82 22916 32248354 0.563934626 417109375 417 106943 0 0

wb-bt.c-elegans-gross-anatomy-vocabulary.116.owl.xml 15187 10968750 11 6786 820650 0.711660041 407515625 408 159 57224520 49.62457104 16796875 17 14308 226291 0.196237449

wb-ls.c-elegans-development-vocabulary.45.owl.xml 1424 890625 1 730 658113 64.95544703 1796875 2 14 45985 4.538698114 1500000 2 880 642185 63.38336084

wb-phenotype.c-elegans-phenotype-vocabulary.240.owl.xml 2795 156250 0 2422 19726 0.505197055 234375 0 941 132737 3.399490091 234375 0 2795 0 0

wikipathways.wikipathways.224.owl.xml 114 15625 0 39 384 5.961807173 0 0 25 1604 24.90296538 15625 0 107 29 0.450240646

wsio.web-service-interaction-ontology.4.owl.xml 47 0 0 37 58 5.365402405 0 0 12 84 7.770582794 0 0 42 15 1.38760407

xao.xenopus-anatomy-and-development-ontology.24.owl.xml 6234 4875000 5 1578 1757903 9.048174718 76562500 77 73 1580900 8.137115308 7140625 7 2687 1140977 5.87276957

xco.experimental-conditions-ontology.60.owl.xml 616 15625 0 508 2765 1.459719143 62500 0 202 30577 16.1424348 31250 0 616 28 0.014781966

zea.maize-gross-anatomy-ontology.2.owl.xml 217 15625 0 178 1421 6.063321386 46875 0 14 9695 41.36798088 15625 0 198 830 3.541559993

zfa.zebrafish-anatomy-and-development-ontology.50.owl.xml 11817 12843750 13 3048 1373516 1.967369801 182453125 182 28 38348143 54.92835792 17828125 18 8779 701654 1.00502134
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Figure 4.3: Plots of the number of atoms against ontology size.

To answer Question 1, Figure 4.3 shows scatter plots of the number of atoms in
each of the three kinds of AD against ontology size, i.e., each point in each diagram
represents an ontology from the corpus and its size (x-axis) and the number of atoms
in its AD (y-axis). All axes are, again, scaled logarithmically; the diagonal line marks
the ‘ratio 1’ case, i.e., the extreme case with one atom per axiom. The ⊥-AD (Fig-
ure 4.3 a) is very fine-grained, with many ontologies having ratio 1 or nearby, but there
are also outliers, e.g., an ontology with 476 axioms and only 6 atoms. The >⊥∗-AD
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(Figure 4.3 b) is even more fine-grained: more points lie on the ‘ratio 1’ line, and most
other points are closer, except for the outliers. The granularity of the >-AD (Fig-
ure 4.3 c) is quite different: it is more varied and more coarse-grained than the other
two cases, i.e., there are only 3 ontologies (all of them small) with a ratio close to 1, and
almost all other ontologies have at least twice as many axioms as atoms.4 Moreover,
27 ontologies have a single >-atom, shown by the points on the x-axis.

Table 4.6: A summary of the all atom size of the 341 ontologies in our corpus. Pn
represents the maximum time for the nth percentile.

Atom Size
AD type Mean StdDev P50 P90 P95 P99 P100
⊥-AD 1 10 1 3 4 6 13,064
>⊥∗-AD 1 9 1 2 3 5 13,064
>-AD 17 1,201 2 9 15 60 382,519

To answer Question 2, we consider how the size of atoms varies across the ontolo-
gies in our corpus, see Table 4.6. For this table, we count the number of axioms in each
atom in the ADs of our ontologies, regardless of the ontology it is a part of. For ⊥-AD
and >⊥∗-AD, almost all atoms are singletons: 71.67% (for ⊥-AD) and 87.76% (for
>⊥∗-AD) of atoms in this corpus have only 1 axiom. Additionally, 99% of atoms have
at most 6 axioms (6 for ⊥-AD and 5 for >⊥∗-AD). For >-AD, atoms tend to be larger
than for ⊥-AD and >⊥∗-AD. Still, 99% atoms have no more than 60 axioms. There
are, however, some very large atoms: the >-AD yields an atom with 382,519 axioms.

AtomSizeBotMax_matlab, AtomSizeStarMax_matlab, AtomSizeTopMax_matlab

ontName MaxAtomSize 
bot

TBoxAxioms MaxAtomSize 
star

MaxAtomSize 
top

aao.amphibian-gross-anatomy-ontology.8.owl.xml.csv 8 2692 4 1349

aba-amb.allen-brain-atlas-aba-adult-mouse-brain-ontology.1.owl.xml.csv 5 3441 5 3441

abd.anthology-of-biosurveillance-diseases.4.owl.xml.csv 9 2637 3 758

acgt-mo.cancer-research-and-management-acgt-master-ontology.2.owl.xml.csv 160 5422 160 5091

adar.autism-dsm-adi-r-ontology.1.owl.xml.csv 87 6339 87 4956

admin.nurse-administrator.1.owl.xml.csv 10 176 8 153

ado.alzheimers-disease-ontology.3.owl.xml.csv 89 2401 89 2322

aeo.anatomical-entity-ontology.6.owl.xml.csv 6 368 5 109

allergydetector.allergy-detector-ii.1.owl.xml.csv 7 34 7 26

amino-acid.amino-acid-ontology.2.owl.xml.csv 445 476 445 471

ancestro.ancestry-ontology.2.owl.xml.csv 5 583 5 240

ao.asthma-ontology.2.owl.xml.csv 1 283 1 30

apo.ascomycete-phenotype-ontology.26.owl.xml.csv 2 304 1 20

asdpto.autism-spectrum-disorder-phenotype-ontology.1.owl.xml.csv 1 283 1 11

atc.anatomical-therapeutic-chemical-classification.1.owl.xml.csv 1 10153 1 30

ato.amphibian-taxonomy-ontology.2.owl.xml.csv 2 12163 1 6045

atol.animal-trait-ontology-for-livestock.1.owl.xml.csv 3 2178 1 35

bao-gpcr.g-protein-coupled-receptor-bioassays-ontology.23.owl.xml.csv 30 1023 14 321

bcchrcatalog.bc-childrens-hospital-research-institute-study-catalog.15.owl.xml.csv 6 32682 1 164

bco.biological-collections-ontology.9.owl.xml.csv 16 331 10 263

bcteo.bone-and-cartilage-tissue-engineering-ontology.4.owl.xml.csv 38 458 37 390

bctt.behaviour-change-technique-taxonomy.6.owl.xml.csv 1 109 1 11

bdo.bone-dysplasia-ontology.9.owl.xml.csv 11 3971 10 3516

bfo.basic-formal-ontology.2.owl.xml.csv 1 52 1 50

bhn.biologie-hors-nomenclature.1.owl.xml.csv 2 2542 1 148

bho.bleeding-history-phenotype-ontology.3.owl.xml.csv 48 1925 48 1807

biomo.biological-observation-matrix-ontology.1.owl.xml.csv 35 2511 35 2410

birnlex.biomedical-informatics-research-network-project-lexicon.1.owl.xml.csv 1 3572 1 66

bmt.biomedical-topics.1.owl.xml.csv 2 282 1 35

bno.bionutrition-ontology.2.owl.xml.csv 8 104 7 7

bof.biodiversity-ontology.2.owl.xml.csv 3 599 2 480

bp.biopax-ontology-of-biological-pathways.1.owl.xml.csv 9 391 8 276

bsao.botryllus-schlosseri-anatomy-and-development-ontology.1.owl.xml.csv 6 353 2 173

bspo.spatial-ontology.20.owl.xml.csv 7 268 4 158

bt.biotop-ontology.12.owl.xml.csv 142 824 142 819

bto.brenda-tissue-and-enzyme-source-ontology.33.owl.xml.csv 6 7007 5 5426

cabro.computer-assisted-brain-injury-rehabilitation-ontology.1.owl.xml.csv 20 96 20 92

canco.cancer-chemoprevention-ontology.3.owl.xml.csv 89 360 89 355

canont.upper-level-cancer-ontology.1.owl.xml.csv 1 51 1 4

cao.clusters-of-orthologous-groups-cog-analysis-ontology.3.owl.xml.csv 182 442 182 421

carelex.content-archive-resource-exchange-lexicon.43.owl.xml.csv 1 352 1 29

caro.common-anatomy-reference-ontology.10.owl.xml.csv 2 54 1 11

carre.carre-risk-factor-ontology.3.owl.xml.csv 8 454 6 69

cbo.cell-behavior-ontology.21.owl.xml.csv 21 350 4 318

ccon.cerrado-concepts-and-plant-community-dynamics.8.owl.xml.csv 32 218 21 210

ccont.cell-culture-ontology.3.owl.xml.csv 14 33235 8 33179

cedarvs.cedar-value-sets.4.owl.xml.csv 1 43 1 14

chd.congenital-heart-defects-ontology.5.owl.xml.csv 1 508 1 338

chembio.systems-chemical-biology-and-chemogenomics-ontology.9.owl.xml.csv 10 489 9 441

chmo.chemical-methods-ontology.18.owl.xml.csv 5 3417 5 3348

ciinteado.ciona-intestinalis-anatomy-and-development-ontology.2.owl.xml.csv 42 4880 38 1923

cisaviado.ciona-savignyi-anatomy-and-development-ontology.2.owl.xml.csv 42 4880 38 1923

cl.cell-ontology.61.owl.xml.csv 144 19845 140 17926

clo.cell-line-ontology.55.owl.xml.csv 17 117375 17 90683

cmo.clinical-measurement-ontology.75.owl.xml.csv 4 3344 1 27

cmpo.cellular-microscopy-phenotype-ontology.14.owl.xml.csv 10 1811 10 1810

cn.computer-network.1.owl.xml.csv 450 1184 450 1168

co-wheat.wheat-trait-ontology.1.owl.xml.csv 1 175 1 37

cogat.cognitive-atlas-ontology.7.owl.xml.csv 134 8182 88 4742

cogpo.cognitive-paradigm-ontology.1.owl.xml.csv 15 658 12 632

comodi.comodi.5.owl.xml.csv 3 73 2 73

cptac.cptac-proteomics-pipeline-infrastructure-ontology.3.owl.xml.csv 3 1118 2 1118

cseo.cigarette-smoke-exposure-ontology.2.owl.xml.csv 89 26540 89 26503

cso.clinical-study-ontology.1.owl.xml.csv 1 36 1 11

csso.clinical-signs-and-symptoms-ontology.6.owl.xml.csv 2 303 1 26

ctcae.common-terminology-criteria-for-adverse-events.2.owl.xml.csv 2 6934 1 724

cto.clinical-trials-ontology.1.owl.xml.csv 1 376 1 18

cu-vo.venom-ontology.1.owl.xml.csv 11 34 11 34

cyto.cytokine.27.owl.xml.csv 2 317 1 316

dcmitype.dcmi-type-vocabulary.1.owl.xml.csv 1 2 1 2

dco-debugit.debugit-core-ontology.1.owl.xml.csv 142 2537 142 2417

ddanat.dictyostelium-discoideum-anatomy-ontology.16.owl.xml.csv 20 351 16 260

ddo.diabetes-mellitus-diagnosis-ontology.3.owl.xml.csv 13 6955 12 6782

dermo.human-dermatological-disease-ontology.10.owl.xml.csv 5 3993 3 229

diab.biomedbridges-diabetes-ontology.73.owl.xml.csv 8 1788 5 1416

diagont.diagnostic-ontology.1.owl.xml.csv 4 245 4 245

dloro.dependency-layered-ontology-for-radiation-oncology.1.owl.xml.csv 10 547 9 337

doccc.diagnosis-ontology-of-clinical-care-classification.3.owl.xml.csv 1 203 1 17

doid.human-disease-ontology.589.owl.xml.csv 2 8457 1 106

ecg.electrocardiography-ontology.12.owl.xml.csv 90 1300 89 279

eco.evidence-and-conclusion-ontology.49.owl.xml.csv 12 1946 12 1946

ecp.electronic-care-plan.2.owl.xml.csv 93 139 93 133

ecso.the-ecosystem-ontology.50.owl.xml.csv 43 10244 43 10202

edam-bioimaging.bioimaging-ontology.1.owl.xml.csv 5 159 5 159

edda.edda-study-designs-taxonomy.11.owl.xml.csv 4 714 2 188

edda_pt.edda-publication-types-taxonomy.1.owl.xml.csv 2 104 2 31

efo.experimental-factor-ontology.161.owl.xml.csv 14 27305 4 1424

ego.epigenome-ontology.1.owl.xml.csv 17 5900 17 5886

ehda.human-developmental-anatomy-ontology-timed-version.6.owl.xml.csv 1 8339 1 8316

ehdaa.human-developmental-anatomy-ontology-abstract-version-1.6.owl.xml.csv 6 2335 6 2335

ehdaa2.human-developmental-anatomy-ontology-abstract-version-2.32.owl.xml.csv 10 13369 7 6475

elig.eligibility-feature-hierarchy.1.owl.xml.csv 3 38 1 6

emap.mouse-gross-anatomy-and-development-ontology.7.owl.xml.csv 6 21723 6 21672

emo.enzyme-mechanism-ontology.1.owl.xml.csv 13 206 13 165

enm.enanomapper.14.owl.xml.csv 5 13356 4 1424

eo.ethnicity-ontoloy.1.owl.xml.csv 2 786 2 784

eol.environment-ontology-for-livestock.1.owl.xml.csv 2 659 2 25

epilont.epilepsy-ontology.2.owl.xml.csv 1 145 1 28

epo.early-pregnancy-ontology.1.owl.xml.csv 94 2087 94 2046

esfo.enzyme-structure-function-ontology.1.owl.xml.csv 5 459 5 453

esso.epilepsy-syndrome-seizure-ontology.5.owl.xml.csv 38 4350 34 2825

exo.exposure-ontology.4.owl.xml.csv 8 103 8 66

fao.fungal-gross-anatomy-ontology.20.owl.xml.csv 3 115 2 43

fb-bt.drosophila-gross-anatomy-ontology.38.owl.xml.csv 1631 35000 1631 34978

fb-cv.flybase-controlled-vocabulary.20.owl.xml.csv 193 1265 193 1254

fb-dv.drosophila-development-ontology.19.owl.xml.csv 7 719 6 528

fb-sp.fly-taxonomy.7.owl.xml.csv 3 6587 1 207

fhho.family-health-history-ontology.1.owl.xml.csv 7 932 3 342

fire.fire-ontology.7.owl.xml.csv 28 106 25 42

fix.physico-chemical-methods-and-properties.4.owl.xml.csv 6 1684 5 471

flopo.flora-phenotype-ontology.8.owl.xml.csv 14 60891 14 60595

fo.fern-ontology.6.owl.xml.csv 14 54 13 40

foodon.foodon.1.owl.xml.csv 20 13223 17 4927

fypo.fission-yeast-phenotype-ontology.273.owl.xml.csv 18 27602 18 27575

galen.galen-ontology.1.owl.xml.csv 13064 37696 13064 37336

gbm.glioblastoma.1.owl.xml.csv 6 316 5 252

gco.genome-component-ontology.3.owl.xml.csv 4 10 2 2

gene-cds.genomic-clinical-decision-support-ontology.1.owl.xml.csv 843 4322 843 4322

genepio.genepio.1.owl.xml.csv 54 6281 51 4469

gexo.gene-expression-ontology.2.owl.xml.csv 7 170932 1 50996

gfo.general-formal-ontology.1.owl.xml.csv 37 212 36 206

gfvo.genomic-feature-and-variation-ontology.20.owl.xml.csv 2 157 2 135

gmm.gomapman.25.owl.xml.csv 1 1895 1 79

go-ext.gene-ontology-extension.2.owl.xml.csv 21 68778 21 68778

go-plus.go-plus.324.owl.xml.csv 76 171981 76 171680

go.gene-ontology.1557.owl.xml.csv 26 107829 26 107829

gro-cpd.cereal-plant-development-ontology.1.owl.xml.csv 2 235 1 11

gro-cpga.cereal-plant-gross-anatomy-ontology.11.owl.xml.csv 6 2435 5 2399

gro.gene-regulation-ontology.5.owl.xml.csv 44 955 44 948

haauraado.halocynthia-aurantium-anatomy-and-development-ontology.2.owl.xml.csv 42 4744 38 1859

hao.hymenoptera-anatomy-ontology.24.owl.xml.csv 5 4657 4 4644

haroreado.halocynthia-roretzi-anatomy-and-development-ontology.2.owl.xml.csv 42 4744 38 1859

heio.regional-healthcare-system-interoperability-and-information-exchange-measurement-ontology.17.owl.xml.csv25 293 25 208

hfo.heart-failure-ontology.1.owl.xml.csv 5 2064 1 467

hivo004.hivontologymainowl.16.owl.xml.csv 20 1873 11 536

hl7.health-level-seven-reference-implementation-model-version-3.3.owl.xml.csv 4 8072 1 337

hom.ontology-of-homology-and-related-concepts-in-biology.6.owl.xml.csv 2 83 1 74

hp.human-phenotype-ontology.563.owl.xml.csv 5 15974 1 32

hpio.host-pathogen-interactions-ontology.2.owl.xml.csv 89 339 89 334

hrdo.disease-core-ontology-applied-to-rare-diseases.2.owl.xml.csv 1036 85030 1035 73285

hugo.human-genome-organization-gene-symbols.3.owl.xml.csv 1 32917 1 19361

hupson.human-physiology-simulation-ontology.1.owl.xml.csv 107 3746 103 3513

iao.information-artifact-ontology.6.owl.xml.csv 15 467 8 432

icd11-bodysystem.body-system-terms-from-icd11.1.owl.xml.csv 1 28 1 15

ico.informed-consent-ontology.9.owl.xml.csv 16 761 16 742

icps.international-classification-for-patient-safety.7.owl.xml.csv 88 994 68 849

icw.international-classification-of-wellness.4.owl.xml.csv 1 120 1 9

ido.infectious-disease-ontology.10.owl.xml.csv 17 1044 17 866

idoden.dengue-fever-ontology.6.owl.xml.csv 55 5907 55 5899

idqa.image-and-data-quality-assessment-ontology.8.owl.xml.csv 4 275 2 18

ifar.fanconi-anemia-ontology.5.owl.xml.csv 4 4977 1 80

inm-npi.interventionnelle-non-mdicamenteuse-inm.3.owl.xml.csv 2 162 1 30

insecth.insecth.3.owl.xml.csv 2 101 1 37

ixno.interaction-ontology.2.owl.xml.csv 1 39 1 24

jerm.sysmo-jerm-ontology-of-systems-biology-for-micro-organisms.14.owl.xml.csv 107 394 86 358

kisao.kinetic-simulation-algorithm-ontology.22.owl.xml.csv 62 794 62 794

koro.knowledge-object-reference-ontology.1.owl.xml.csv 7 215 7 214

lbo.livestock-breed-ontology.8.owl.xml.csv 1 1062 1 291

lda.ontology-of-language-disorder-in-autism.1.owl.xml.csv 1 35 1 14

lpt.livestock-product-trait-ontology.3.owl.xml.csv 2 511 1 30

mamo.mathematical-modelling-ontology.14.owl.xml.csv 6 164 6 164

mat.minimal-anatomical-terminology.3.owl.xml.csv 3 504 3 504

matr.material.1.owl.xml.csv 12 5043 11 3101

matrcompound.material-compound.1.owl.xml.csv 12 5043 11 3101

matrelement.material-element.1.owl.xml.csv 12 5043 11 3101

matrrock.material-rock.1.owl.xml.csv 12 5043 11 3101

matrrockigneous.material-rock-igneouus.2.owl.xml.csv 12 5043 11 3101

mcbcc.breast-tissue-cell-lines-ontology.2.owl.xml.csv 2618 2734 2201 2226

mccl.cell-line-ontology-by-mahadevan.2.owl.xml.csv 325 13590 320 11417

medeon.medical-error-ontology.1.owl.xml.csv 3 56 2 16

medo.mouse-experimental-design-ontology.1.owl.xml.csv 2 86 1 8

mego.mobile-genetic-element-ontology.2.owl.xml.csv 4 431 3 288

meo.metagenome-and-microbes-environmental-ontology.8.owl.xml.csv 1 783 1 57

mera.medical-educational-resource-aggregator.1.owl.xml.csv 3 73 1 28

mf.mental-functioning-ontology.13.owl.xml.csv 13 787 6 773

mfo.medaka-fish-anatomy-and-development-ontology.14.owl.xml.csv 2 4402 1 4188

mfoem.emotion-ontology.24.owl.xml.csv 13 1076 7 1062

mhc.major-histocompatibility-complex-ontology.4.owl.xml.csv 11 13778 7 13766

mineral.material-mineral.1.owl.xml.csv 12 5058 11 3110

mirnao.microrna-ontology.11.owl.xml.csv 4 764 2 285

mixscv.minimal-information-about-any-sequence-mixs-controlled-vocabularies.2.owl.xml.csv 1 518 1 267

mmo.measurement-method-ontology.51.owl.xml.csv 3 653 1 25

mnr.material-natural-resource.1.owl.xml.csv 12 5066 11 3144

mo.microarray-and-gene-expression-data-ontology.1.owl.xml.csv 32 493 20 449

moc.material-organic-compound.1.owl.xml.csv 12 5074 11 3127

mono.monogenean-ontology.2.owl.xml.csv 3 71 3 69

moocciado.molgula-occidentalis-anatomy-and-development-ontology.2.owl.xml.csv 42 4744 38 1859

mooccuado.molgula-occulta-anatomy-and-development-ontology.2.owl.xml.csv 42 4744 38 1859

mooculado.molgula-oculata-anatomy-and-development-ontology.2.owl.xml.csv 42 4744 38 1859

mp.mammalian-phenotype-ontology.316.owl.xml.csv 4 14278 1 41

ms.mass-spectrometry-ontology.116.owl.xml.csv 7 2959 5 346

mwla.medical-web-lifestyle-aggregator.1.owl.xml.csv 3 43 1 26

nbo.neuro-behavior-ontology.24.owl.xml.csv 428 383484 428 382519

ncco.nursing-care-coordination-ontology.1.owl.xml.csv 2 397 1 27

ncit.national-cancer-institute-thesaurus.47.owl.xml.csv 1184 167022 1184 167022

ncro.non-coding-rna-ontology.12.owl.xml.csv 15 29772 15 29762

nemo.neural-electromagnetic-ontology.24.owl.xml.csv 89 2686 89 2646

neomark3.neomark-oral-cancer-ontology-version-3.2.owl.xml.csv 543 1755 485 1597

neomark4.neomark-oral-cancer-ontology-version-4.1.owl.xml.csv 10 399 10 387

neudigs.neuroscience-domain-insight-graph.1.owl.xml.csv 2 29 2 8

ngsonto.ngs-ontology.32.owl.xml.csv 89 264 89 245

nigo.neural-immune-gene-ontology.2.owl.xml.csv 7 8836 7 7565

nihss.national-institutes-of-health-stroke-scale-ontology.11.owl.xml.csv 3 84 2 30

nmobr.neuromorphoorg-brain-region-ontologies.30.owl.xml.csv 44 2965 36 2202

nmosp.neuromorphoorg-species-ontology.15.owl.xml.csv 2 1484 1 408

nmr.nmr-instrument-component-of-metabolomics-investigations-ontology.8.owl.xml.csv 88 599 88 556

npi.non-pharmacological-interventions-npis.4.owl.xml.csv 3 139 1 25

npo.nanoparticle-ontology.31.owl.xml.csv 6605 16347 6425 16298

ntdo.neglected-tropical-disease-ontology.1.owl.xml.csv 142 1133 142 1112

oae.ontology-of-adverse-events.160.owl.xml.csv 293 11459 293 11137

obcs.ontology-of-biological-and-clinical-statistics.13.owl.xml.csv 16 1388 16 1387

obiws.bioinformatics-web-service-ontology.2.owl.xml.csv 27 520 26 514

obi_bcgo.beta-cell-genomics-ontology.14.owl.xml.csv 45 4457 45 4448

ocre.ontology-of-clinical-research.23.owl.xml.csv 29 1083 29 723

ocvdae.ontology-of-cardiovascular-drug-adverse-events.2.owl.xml.csv 293 12456 293 8141

odnae.ontology-of-drug-neuropathy-adverse-events.3.owl.xml.csv 42 3203 39 498

of.ontofood.1.owl.xml.csv 3 359 2 38

ofsmr.open-food-safety-model-repository.3.owl.xml.csv 2 146 1 19

ogdi.ontology-for-genetic-disease-investigations.3.owl.xml.csv 120 766 120 747

ogi.ontology-for-genetic-interval.18.owl.xml.csv 27 376 27 363

ogmd.ontology-of-glucose-metabolism-disorder.31.owl.xml.csv 2 133 1 15

ogms.ontology-for-general-medical-science.9.owl.xml.csv 13 145 4 135

ogr.ontology-of-geographical-region.2.owl.xml.csv 1 38 1 14

ogroup.orthologous-group-ontology.1.owl.xml.csv 2 38 1 12

omrse.ontology-of-medically-related-social-entities.33.owl.xml.csv 15 658 13 609

omv.ontology-metadata-vocabulary.1.owl.xml.csv 97 315 97 303

onl-dp.dataset-processing.1.owl.xml.csv 29 1504 29 1496

onl-mr-da.magnetic-resonance-dataset-acquisition-ontology.1.owl.xml.csv 29 1862 29 1855

onl-msa.mental-state-assessment.1.owl.xml.csv 424 3918 424 3905

onlira.ontology-of-liver-for-radiology.4.owl.xml.csv 5 290 5 253

ontoad.bilingual-ontology-of-alzheimers-disease-and-related-diseases.2.owl.xml.csv 7 8390 1 173

ontodm-core.ontology-of-core-data-mining-entities.6.owl.xml.csv 54 2122 54 2052

ontodm-kdd.ontology-of-data-mining-investigations.1.owl.xml.csv 28 604 28 539

ontodt.ontology-of-datatypes.6.owl.xml.csv 106 962 105 852

ontokbcf.ontological-knowledge-base-model-for-cystic-fibrosis.3.owl.xml.csv 9 665 8 297

ontolurgences.emergency-care-ontology.1.owl.xml.csv 18 12243 15 12200

ontoma.ontology-of-alternative-medicine-french.1.owl.xml.csv 6 373 6 22

ontopneumo.ontology-of-pneumology.1.owl.xml.csv 2 1165 1 47

ontotoxnuc.ontology-of-nuclear-toxicity.2.owl.xml.csv 2 647 1 39

opb.ontology-of-physics-for-biology.10.owl.xml.csv 7 1046 7 767

opl.ontology-for-parasite-lifecycle.6.owl.xml.csv 98 868 98 866

ovae.ontology-of-vaccine-adverse-events.10.owl.xml.csv 128 4683 128 4595

pae.plant-anatomy.13.owl.xml.csv 6 2435 5 2399

panda.probabilistic-knowledge-assembly-ontology.2.owl.xml.csv 4 143 3 39

pathlex.anatomic-pathology-lexicon.5.owl.xml.csv 1 1783 1 1522

pato.phenotypic-quality-ontology.164.owl.xml.csv 4 2092 4 2091

pco.population-and-community-ontology.12.owl.xml.csv 14 2590 14 2569

pdo.pathogenic-disease-ontology.6.owl.xml.csv 4 425 1 26

pdon.parkinsons-disease-ontology.1.owl.xml.csv 506 1252 506 1252

pdo_cas.plant-diversity-ontology.1.owl.xml.csv 210 869 128 461

pe-o.pre-eclampsia-ontology.3.owl.xml.csv 50 1507 50 1505

pe.pulmonary-embolism-ontology.1.owl.xml.csv 3 127 1 61

peao.plant-experimental-assay-ontology.1.owl.xml.csv 21 2814 21 2787

peco.plant-environmental-conditions.15.owl.xml.csv 2 558 1 72

pedterm.pediatric-terminology.5.owl.xml.csv 1 1760 1 50

pgxo.pgxo.1.owl.xml.csv 1 7 1 2

phage.phylogenetics-ontology.5.owl.xml.csv 26 108126 26 107923

phare.pharmacogenomic-relationships-ontology.2.owl.xml.csv 8 459 7 217

phenx.phenx-phenotypic-terms.16.owl.xml.csv 1 506 1 17

phfumiado.phallusia-fumigata-anatomy-and-development-ontology.2.owl.xml.csv 42 4880 38 1923

phmammado.phallusia-mammillata-anatomy-and-development-ontology.2.owl.xml.csv 42 4880 38 1923

phylont.phylogenetic-ontology.7.owl.xml.csv 27 223 19 167

plio.protein-ligand-interaction-ontology.1.owl.xml.csv 1032 1055 1032 1054

pma.portfolio-management-application.4.owl.xml.csv 2 10 1 4

pmr.physical-medicine-and-rehabilitation.3.owl.xml.csv 2 163 1 15

po.plant-ontology.15.owl.xml.csv 7 2869 7 2796

poro.porifera-ontology.8.owl.xml.csv 50 1515 41 1091

pp.pipeline-patterns-ontology.1.owl.xml.csv 4 22 4 16

procchemical.chemical-process.1.owl.xml.csv 12 5043 11 3101

provo.provenance-ontology.124.owl.xml.csv 7 179 5 156

psds.plant-structure-development-stage.6.owl.xml.csv 3 314 2 44

pseudo.pseudogene.1.owl.xml.csv 1 19 1 3

psimod.protein-modification-ontology.4.owl.xml.csv 6 3587 3 287

pto.plant-trait-ontology.426.owl.xml.csv 4 1675 2 147

ptrans.pathogen-transmission-ontology.14.owl.xml.csv 1 24 1 4

pw.pathway-ontology.71.owl.xml.csv 5 3258 3 197

rao.rheumatoid-arthritis-ontology.1.owl.xml.csv 4 350 1 204

rctv2.read-clinical-terminology-version-2.1.owl.xml.csv 1 88824 1 62

repo.reproductive-trait-and-phenotype-ontology.3.owl.xml.csv 1 91 1 14

rex.physico-chemical-process.6.owl.xml.csv 4 734 4 376

rexo.regulation-of-gene-expression-ontolology.6.owl.xml.csv 7 162839 1 48984

rh-mesh.robert-hoehndorf-version-of-mesh.3.owl.xml.csv 20 432805 8 4345

rnao.rna-ontology.4.owl.xml.csv 6 1435 5 613

rnprio.research-network-and-patient-registry-inventory-ontology.1.owl.xml.csv 1 76 1 8

rnrmu.rnrmu.1.owl.xml.csv 1 2243 1 45

roleo.role-ontology.1.owl.xml.csv 1 672 1 563

roo.radiation-oncology-ontology.3.owl.xml.csv 6 1557 5 682

ros.radiation-oncology-structures-ontology.3.owl.xml.csv 1 416 1 14

rpo.resource-of-asian-primary-immunodeficiency-diseases-rapid-phenotype-ontology.2.owl.xml.csv6 2056 2 1371

rs.rat-strain-ontology.80.owl.xml.csv 4 6089 1 328

rsa.reference-sequence-annotation.5.owl.xml.csv 3 23 2 7

rxno.name-reaction-ontology.26.owl.xml.csv 17 1399 7 1374

sao.subcellular-anatomy-ontology.2.owl.xml.csv 88 2800 88 2687

sbol.synthetic-biology-open-language-visual-ontology.2.owl.xml.csv 3 48 3 25

sd3.simulation-delivery-and-documentation-deviations.1.owl.xml.csv 1 56 1 7

sdo.sleep-domain-ontology.4.owl.xml.csv 295 2746 295 2628

shr.student-health-record-ontology.3.owl.xml.csv 3 340 1 23

sio.semanticscience-integrated-ontology.72.owl.xml.csv 19 2466 18 2368

sitbac.situation-based-access-control-ontology.3.owl.xml.csv 177 611 177 532

so.sequence-types-and-features-ontology.220.owl.xml.csv 9 3099 9 2877

sopharm.suggested-ontology-for-pharmacogenomics.18.owl.xml.csv 151 280 131 235

soy.soy-ontology.2.owl.xml.csv 2 1832 1 64

sp.smart-protocols.4.owl.xml.csv 19 736 19 736

spd.spider-ontology.23.owl.xml.csv 4 1192 3 915

spo.skin-physiology-ontology.1.owl.xml.csv 44 678 44 549

spto.solanaceae-phenotype-ontology.3.owl.xml.csv 2 422 2 73

stato.statistics-ontology.11.owl.xml.csv 241 1790 238 1784

suicideo.suicideonto.1.owl.xml.csv 11 346 5 77

surgical.nurse-surgical.1.owl.xml.csv 3 77 2 74

syn.sage-bionetworks-synapse-ontology.3.owl.xml.csv 5 15353 1 1041

tads.tick-gross-anatomy-ontology.17.owl.xml.csv 6 948 6 747

tao.teleost-anatomy-ontology.135.owl.xml.csv 14 5190 11 4048

taxrank.taxonomic-rank-vocabulary.9.owl.xml.csv 1 61 1 60

tgma.mosquito-gross-anatomy-ontology.17.owl.xml.csv 112 2733 112 2439

tma.tissue-microarray-ontology.1.owl.xml.csv 5 60 2 15

tok.terminological-and-ontological-knowledge-resources-ontology.3.owl.xml.csv 9 416 6 384

top-menelas.menelas-project-top-level-ontology.4.owl.xml.csv 3 1315 2 139

trak.taxonomy-for-rehabilitation-of-knee-conditions.5.owl.xml.csv 7 2212 5 860

trans.nurse-transitional.1.owl.xml.csv 6 157 6 149

triage.nurse-triage.2.owl.xml.csv 8 130 1 61

tron.tribolium-ontology.2.owl.xml.csv 4 2066 3 1134

tto.teleost-taxonomy-ontology.43.owl.xml.csv 1 38639 1 356

typon.microbial-typing-ontology.11.owl.xml.csv 66 197 60 169

unitsont.units-ontology.1.owl.xml.csv 1 62 1 7

uo.units-of-measurement-ontology.43.owl.xml.csv 3 389 2 48

vario.variation-ontology.12.owl.xml.csv 2 451 2 34

vhog.vertebrate-homologous-organ-group-ontology.11.owl.xml.csv 6 1688 6 1477

vivo.vivo-ontology-for-researcher-discovery.2.owl.xml.csv 10 1248 5 967

vo.vaccine-ontology.246.owl.xml.csv 23 10555 23 10535

vsao.vertebrate-skeletal-anatomy-ontology.20.owl.xml.csv 10 457 6 333

vt.vertebrate-trait-ontology.65.owl.xml.csv 4 3975 1 29

vto.vertebrate-taxonomy-ontology.10.owl.xml.csv 1 106944 1 451

wb-bt.c-elegans-gross-anatomy-vocabulary.116.owl.xml.csv 25 15187 24 9253

wb-ls.c-elegans-development-vocabulary.45.owl.xml.csv 5 1424 4 1383

wb-phenotype.c-elegans-phenotype-vocabulary.240.owl.xml.csv 4 2795 1 27

wikipathways.wikipathways.224.owl.xml.csv 14 114 1 16

wsio.web-service-interaction-ontology.4.owl.xml.csv 3 47 2 15

xao.xenopus-anatomy-and-development-ontology.24.owl.xml.csv 26 6234 26 5950

xco.experimental-conditions-ontology.60.owl.xml.csv 3 616 1 42

zea.maize-gross-anatomy-ontology.2.owl.xml.csv 4 217 4 159

zfa.zebrafish-anatomy-and-development-ontology.50.owl.xml.csv 11 11817 8 5996
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Figure 4.4: Plots of maximal atom size against ontology size.

4This does not imply that we have few singleton atoms: the spread of axioms across atoms may be
uneven.
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Finally, Figure 4.4 shows scatter plots of the size of the maximal atom in each of
the three kinds of AD against ontology size, i.e., each point in each diagram represents
an ontology from our corpus and its size (x-axis) and the size of the maximal atom
in its AD (y-axis). All axes are, again, scaled logarithmically. For ⊥-AD and >⊥∗-
AD, the maximal atom size varies quite a bit; i.e., some ontologies have only small
atoms (ontologies depicted on the x-axis have only singleton atoms), others have some
medium-sized atoms, and others have a huge atom (ontologies on the diagonal have
a single atom containing all axioms). As we have noticed when we considered the
number of atoms in Figure 4.3 a and b, our corpus contains a non-trivial number of
ontologies with only singleton atoms (depicted as points on the x-axis here). The >-
AD behaves quite differently to the other two kinds of AD since here, most ADs have
a very large atom, and about a third of ontologies (29.6%) have an atom that contains
almost all axioms of the ontology (at least 95%).

Hence the answer to Question 2 is that, for ⊥-AD and >⊥∗-AD, the size of the
largest atoms varies considerably but almost all atoms are tiny, whereas for >-AD,
most ontologies have at least one rather large atom.

To answer Question 3, we consider antichains of atoms in A(O), and use Width(O)

to denote their maximal length. Computing maximal antichains is a known hard prob-
lem, and we use Dilworth’s theorem [Dil09] and the Hopcroft-Karp algorithm [HK73]
to do so.52020Width_matlab

ontName botWidth #botAtom botPercentage bot% topWidth #topAtom topPercentage top% starAtom #starAtom starPercentage star% TBoxAxioms

aao.amphibian-gross-anatomy-ontology.8.owl.xml 1166 1597 0.7301189730745147 73.0118973074515 67 103 0.6504854368932039 65.0485436893204 1618 2603 0.6215904725316942 62.1590472531694 2692

aba-amb.allen-brain-atlas-aba-adult-mouse-brain-ontology.1.owl.xml 2573 3437 0.7486179807972069 74.8617980797207 1 1 1.0 100 3417 3437 0.9941809717777131 99.4180971777713 3441

abd.anthology-of-biosurveillance-diseases.4.owl.xml 781 1053 0.741690408357075 74.1690408357075 392 407 0.9631449631449631 96.3144963144963 2124 2300 0.9234782608695652 92.3478260869565 2637

acgt-mo.cancer-research-and-management-acgt-master-ontology.2.owl.xml 2844 3784 0.7515856236786469 75.1585623678647 5 6 0.8333333333333334 83.3333333333333 2847 3796 0.75 75 5422

adar.autism-dsm-adi-r-ontology.1.owl.xml 1903 2175 0.8749425287356322 87.4942528735632 50 56 0.8928571428571429 89.2857142857143 1954 3490 0.5598853868194842 55.9885386819484 6339

admin.nurse-administrator.1.owl.xml 48 71 0.676056338028169 67.6056338028169 6 8 0.75 75 89 124 0.717741935483871 71.7741935483871 176

ado.alzheimers-disease-ontology.3.owl.xml 1230 1539 0.7992202729044834 79.9220272904483 8 12 0.6666666666666666 66.6666666666667 1242 1540 0.8064935064935065 80.6493506493507 2401

aeo.anatomical-entity-ontology.6.owl.xml 132 248 0.532258064516129 53.2258064516129 35 78 0.44871794871794873 44.8717948717949 315 344 0.9156976744186046 91.5697674418605 368

allergydetector.allergy-detector-ii.1.owl.xml 5 9 0.5555555555555556 55.5555555555556 1 3 0.3333333333333333 33.3333333333333 7 10 0.7 70 34

amino-acid.amino-acid-ontology.2.owl.xml 5 6 0.8333333333333334 83.3333333333333 1 2 0.5 50 6 11 0.5454545454545454 54.5454545454545 476

ancestro.ancestry-ontology.2.owl.xml 519 541 0.9593345656192237 95.9334565619224 26 33 0.7878787878787878 78.7878787878788 555 556 0.9982014388489209 99.8201438848921 583

ao.asthma-ontology.2.owl.xml 253 283 0.8939929328621908 89.3992932862191 30 36 0.8333333333333334 83.3333333333333 283 283 1.0 100 283

apo.ascomycete-phenotype-ontology.26.owl.xml 234 303 0.7722772277227723 77.2277227722772 42 73 0.5753424657534246 57.5342465753425 304 304 1.0 100 304

asdpto.autism-spectrum-disorder-phenotype-ontology.1.owl.xml 207 283 0.7314487632508834 73.1448763250883 46 77 0.5974025974025974 59.7402597402597 283 283 1.0 100 283

atc.anatomical-therapeutic-chemical-classification.1.owl.xml 6180 10153 0.608687087560327 60.8687087560327 3001 3987 0.7526962628542764 75.2696262854276 10153 10153 1.0 100 10153

ato.amphibian-taxonomy-ontology.2.owl.xml 5561 6134 0.9065862406260189 90.6586240626019 459 566 0.8109540636042403 81.095406360424 6208 12163 0.5104003946394804 51.040039463948 12163

atol.animal-trait-ontology-for-livestock.1.owl.xml 1465 2096 0.6989503816793893 69.8950381679389 326 636 0.5125786163522013 51.2578616352201 2175 2178 0.9986225895316805 99.8622589531681 2178

bao-gpcr.g-protein-coupled-receptor-bioassays-ontology.23.owl.xml 784 890 0.8808988764044944 88.0898876404494 76 107 0.7102803738317757 71.0280373831776 898 975 0.921025641025641 92.1025641025641 1023

bcchrcatalog.bc-childrens-hospital-research-institute-study-catalog.15.owl.xml 16844 24777 0.6798240303507285 67.9824030350729 4566 8161 0.5594902585467467 55.9490258546747 32490 32682 0.9941252065357077 99.4125206535708 32682

bco.biological-collections-ontology.9.owl.xml 113 172 0.6569767441860465 65.6976744186047 14 16 0.875 87.5 125 185 0.6756756756756757 67.5675675675676 331

bcteo.bone-and-cartilage-tissue-engineering-ontology.4.owl.xml 179 249 0.7188755020080321 71.8875502008032 15 21 0.7142857142857143 71.4285714285714 270 287 0.9407665505226481 94.0766550522648 458

bctt.behaviour-change-technique-taxonomy.6.owl.xml 93 93 1.0 100 16 16 1.0 100 93 93 1.0 100 109

bdo.bone-dysplasia-ontology.9.owl.xml 1108 1918 0.5776850886339937 57.7685088633994 330 365 0.9041095890410958 90.4109589041096 1741 2347 0.7417980400511291 74.1798040051129 3971

bfo.basic-formal-ontology.2.owl.xml 27 52 0.5192307692307693 51.9230769230769 1 2 0.5 50 52 52 1.0 100 52

bhn.biologie-hors-nomenclature.1.owl.xml 2414 2533 0.9530201342281879 95.3020134228188 105 120 0.875 87.5 2542 2542 1.0 100 2542

bho.bleeding-history-phenotype-ontology.3.owl.xml 773 1414 0.5466760961810466 54.6676096181047 9 13 0.6923076923076923 69.2307692307692 1099 1563 0.7031349968010236 70.3134996801024 1925

biomo.biological-observation-matrix-ontology.1.owl.xml 959 1641 0.5843997562461913 58.4399756246191 12 23 0.5217391304347826 52.1739130434783 1065 1762 0.6044267877412032 60.4426787741203 2511

birnlex.biomedical-informatics-research-network-project-lexicon.1.owl.xml 2362 3572 0.6612541993281075 66.1254199328108 513 1218 0.4211822660098522 42.1182266009852 3572 3572 1.0 100 3572

bmt.biomedical-topics.1.owl.xml 188 244 0.7704918032786885 77.0491803278689 48 74 0.6486486486486487 64.8648648648649 278 278 1.0 100 282

bno.bionutrition-ontology.2.owl.xml 59 88 0.6704545454545454 67.0454545454545 19 33 0.5757575757575758 57.5757575757576 88 92 0.9565217391304348 95.6521739130435 104

bof.biodiversity-ontology.2.owl.xml 353 506 0.6976284584980237 69.7628458498024 13 20 0.65 65 516 587 0.879045996592845 87.9045996592845 599

bp.biopax-ontology-of-biological-pathways.1.owl.xml 100 187 0.5347593582887701 53.475935828877 14 28 0.5 50 194 294 0.6598639455782312 65.9863945578231 391

bsao.botryllus-schlosseri-anatomy-and-development-ontology.1.owl.xml 69 96 0.71875 71.875 4 5 0.8 80 196 343 0.5714285714285714 57.1428571428571 353

bspo.spatial-ontology.20.owl.xml 65 126 0.5158730158730159 51.5873015873016 8 12 0.6666666666666666 66.6666666666667 95 150 0.6333333333333333 63.3333333333333 268

bt.biotop-ontology.12.owl.xml 159 351 0.452991452991453 45.2991452991453 2 3 0.6666666666666666 66.6666666666667 159 356 0.44662921348314605 44.6629213483146 824

bto.brenda-tissue-and-enzyme-source-ontology.33.owl.xml 4185 5896 0.7098032564450475 70.9803256445048 353 444 0.795045045045045 79.5045045045045 5326 6800 0.783235294117647 78.3235294117647 7007

cabro.computer-assisted-brain-injury-rehabilitation-ontology.1.owl.xml 33 60 0.55 55 2 3 0.6666666666666666 66.6666666666667 39 60 0.65 65 96

canco.cancer-chemoprevention-ontology.3.owl.xml 129 174 0.7413793103448276 74.1379310344828 3 4 0.75 75 130 176 0.7386363636363636 73.8636363636364 360

canont.upper-level-cancer-ontology.1.owl.xml 30 51 0.5882352941176471 58.8235294117647 8 22 0.36363636363636365 36.3636363636364 51 51 1.0 100 51

cao.clusters-of-orthologous-groups-cog-analysis-ontology.3.owl.xml 56 100 0.56 56 7 9 0.7777777777777778 77.7777777777778 59 107 0.5514018691588785 55.1401869158879 442

carelex.content-archive-resource-exchange-lexicon.43.owl.xml 286 352 0.8125 81.25 57 71 0.8028169014084507 80.2816901408451 352 352 1.0 100 352

caro.common-anatomy-reference-ontology.10.owl.xml 30 50 0.6 60 9 18 0.5 50 50 54 0.9259259259259259 92.5925925925926 54

carre.carre-risk-factor-ontology.3.owl.xml 117 193 0.6062176165803109 60.6217616580311 88 108 0.8148148148148148 81.4814814814815 422 443 0.9525959367945824 95.2595936794582 454

cbo.cell-behavior-ontology.21.owl.xml 205 327 0.6269113149847095 62.691131498471 16 19 0.8421052631578947 84.2105263157895 333 337 0.9881305637982196 98.813056379822 350

ccon.cerrado-concepts-and-plant-community-dynamics.8.owl.xml 36 84 0.42857142857142855 42.8571428571429 3 4 0.75 75 82 123 0.6666666666666666 66.6666666666667 218

ccont.cell-culture-ontology.3.owl.xml 15896 20058 0.792501744939675 79.2501744939675 4 5 0.8 80 23671 27481 0.8613587569593537 86.1358756959354 33235

cedarvs.cedar-value-sets.4.owl.xml 34 43 0.7906976744186046 79.0697674418605 5 6 0.8333333333333334 83.3333333333333 43 43 1.0 100 43

chd.congenital-heart-defects-ontology.5.owl.xml 495 508 0.9744094488188977 97.4409448818898 13 16 0.8125 81.25 508 508 1.0 100 508

chembio.systems-chemical-biology-and-chemogenomics-ontology.9.owl.xml 284 366 0.7759562841530054 77.5956284153005 10 13 0.7692307692307693 76.9230769230769 318 399 0.7969924812030075 79.6992481203008 489

chmo.chemical-methods-ontology.18.owl.xml 1963 2971 0.6607202961965668 66.0720296196567 11 24 0.4583333333333333 45.8333333333333 3023 3148 0.9602922490470139 96.0292249047014 3417

ciinteado.ciona-intestinalis-anatomy-and-development-ontology.2.owl.xml 257 880 0.29204545454545455 29.2045454545455 8 12 0.6666666666666666 66.6666666666667 853 2879 0.2962834317471344 29.6283431747134 4880

cisaviado.ciona-savignyi-anatomy-and-development-ontology.2.owl.xml 257 880 0.29204545454545455 29.2045454545455 8 12 0.6666666666666666 66.6666666666667 853 2879 0.2962834317471344 29.6283431747134 4880

cl.cell-ontology.61.owl.xml 1811 5581 0.3244938183121304 32.449381831213 302 892 0.33856502242152464 33.8565022421525 3522 6351 0.5545583372697213 55.4558337269721 19845

clo.cell-line-ontology.55.owl.xml 37943 40871 0.9283599618311272 92.8359961831127 87 169 0.514792899408284 51.4792899408284 42741 71043 0.6016215531438707 60.1621553143871 117375

cmo.clinical-measurement-ontology.75.owl.xml 1387 2708 0.5121861152141802 51.218611521418 649 1374 0.4723435225618632 47.2343522561863 3339 3344 0.9985047846889952 99.8504784688995 3344

cmpo.cellular-microscopy-phenotype-ontology.14.owl.xml 235 799 0.29411764705882354 29.4117647058824 1 2 0.5 50 427 926 0.4611231101511879 46.1123110151188 1811

cn.computer-network.1.owl.xml 236 280 0.8428571428571429 84.2857142857143 5 6 0.8333333333333334 83.3333333333333 250 286 0.8741258741258742 87.4125874125874 1184

co-wheat.wheat-trait-ontology.1.owl.xml 152 175 0.8685714285714285 86.8571428571429 17 24 0.7083333333333334 70.8333333333333 175 175 1.0 100 175

cogat.cognitive-atlas-ontology.7.owl.xml 1283 1516 0.8463060686015831 84.6306068601583 48 71 0.676056338028169 67.6056338028169 2055 2781 0.7389428263214671 73.8942826321467 8182

cogpo.cognitive-paradigm-ontology.1.owl.xml 302 429 0.703962703962704 70.3962703962704 10 14 0.7142857142857143 71.4285714285714 353 508 0.6948818897637795 69.488188976378 658

comodi.comodi.5.owl.xml 47 67 0.7014925373134329 70.1492537313433 1 1 1.0 100 66 68 0.9705882352941176 97.0588235294118 73

cptac.cptac-proteomics-pipeline-infrastructure-ontology.3.owl.xml 430 601 0.7154742096505824 71.5474209650582 1 1 1.0 100 430 689 0.6240928882438317 62.4092888243832 1118

cseo.cigarette-smoke-exposure-ontology.2.owl.xml 14439 20028 0.7209406830437388 72.0940683043739 4 6 0.6666666666666666 66.6666666666667 14444 20032 0.7210463258785943 72.1046325878594 26540

cso.clinical-study-ontology.1.owl.xml 31 36 0.8611111111111112 86.1111111111111 5 6 0.8333333333333334 83.3333333333333 36 36 1.0 100 36

csso.clinical-signs-and-symptoms-ontology.6.owl.xml 228 302 0.7549668874172185 75.4966887417219 50 75 0.6666666666666666 66.6666666666667 303 303 1.0 100 303

ctcae.common-terminology-criteria-for-adverse-events.2.owl.xml 3062 6929 0.4419108096406408 44.1910809640641 797 827 0.9637243047158404 96.372430471584 6930 6934 0.9994231323911162 99.9423132391116 6934

cto.clinical-trials-ontology.1.owl.xml 282 376 0.75 75 49 95 0.5157894736842106 51.5789473684211 376 376 1.0 100 376

cu-vo.venom-ontology.1.owl.xml 7 14 0.5 50 1 1 1.0 100 8 15 0.5333333333333333 53.3333333333333 34

cyto.cytokine.27.owl.xml 316 316 1.0 100 1 2 0.5 50 316 317 0.9968454258675079 99.6845425867508 317

dcmitype.dcmi-type-vocabulary.1.owl.xml 2 2 1.0 100 1 1 1.0 100 2 2 1.0 100 2

dco-debugit.debugit-core-ontology.1.owl.xml 958 1689 0.5671995263469508 56.7199526346951 22 33 0.6666666666666666 66.6666666666667 1085 1747 0.6210646823125358 62.1064682312536 2537

ddanat.dictyostelium-discoideum-anatomy-ontology.16.owl.xml 35 127 0.2755905511811024 27.5590551181102 11 18 0.6111111111111112 61.1111111111111 83 217 0.3824884792626728 38.2488479262673 351

ddo.diabetes-mellitus-diagnosis-ontology.3.owl.xml 4340 6485 0.669236700077101 66.9236700077101 22 46 0.4782608695652174 47.8260869565217 5779 6707 0.8616370955717907 86.1637095571791 6955

dermo.human-dermatological-disease-ontology.10.owl.xml 2422 3400 0.7123529411764706 71.2352941176471 489 913 0.5355969331872946 53.5596933187295 3941 3972 0.9921953675730111 99.2195367573011 3993

diab.biomedbridges-diabetes-ontology.73.owl.xml 365 372 0.9811827956989247 98.1182795698925 3 6 0.5 50 957 957 1.0 100 1788

diagont.diagnostic-ontology.1.owl.xml 137 217 0.631336405529954 63.1336405529954 1 1 1.0 100 177 220 0.8045454545454546 80.4545454545455 245

dloro.dependency-layered-ontology-for-radiation-oncology.1.owl.xml 139 263 0.5285171102661597 52.851711026616 30 60 0.5 50 325 421 0.7719714964370546 77.1971496437055 547

doccc.diagnosis-ontology-of-clinical-care-classification.3.owl.xml 177 203 0.8719211822660099 87.192118226601 21 27 0.7777777777777778 77.7777777777778 203 203 1.0 100 203

doid.human-disease-ontology.589.owl.xml 6308 8259 0.763772853856399 76.3772853856399 1121 1933 0.5799275737196068 57.9927573719607 8456 8457 0.9998817547593709 99.9881754759371 8457

ecg.electrocardiography-ontology.12.owl.xml 842 1104 0.7626811594202898 76.268115942029 133 237 0.5611814345991561 56.1181434599156 1114 1147 0.9712292938099389 97.1229293809939 1300

eco.evidence-and-conclusion-ontology.49.owl.xml 414 807 0.5130111524163569 51.3011152416357 1 1 1.0 100 515 829 0.6212303980699638 62.1230398069964 1946

ecp.electronic-care-plan.2.owl.xml 8 17 0.47058823529411764 47.0588235294118 1 2 0.5 50 11 20 0.55 55 139

ecso.the-ecosystem-ontology.50.owl.xml 3702 6077 0.6091821622511108 60.9182162251111 8 15 0.5333333333333333 53.3333333333333 4480 6367 0.703628082299356 70.3628082299356 10244

edam-bioimaging.bioimaging-ontology.1.owl.xml 118 138 0.855072463768116 85.5072463768116 1 1 1.0 100 135 141 0.9574468085106383 95.7446808510638 159

edda.edda-study-designs-taxonomy.11.owl.xml 389 619 0.6284329563812601 62.843295638126 86 118 0.7288135593220338 72.8813559322034 603 710 0.8492957746478873 84.9295774647887 714

edda_pt.edda-publication-types-taxonomy.1.owl.xml 73 96 0.7604166666666666 76.0416666666667 23 31 0.7419354838709677 74.1935483870968 99 100 0.99 99 104

efo.experimental-factor-ontology.161.owl.xml 16430 19814 0.8292116685172101 82.921166851721 2074 3430 0.60466472303207 60.466472303207 27204 27218 0.9994856345065766 99.9485634506577 27305

ego.epigenome-ontology.1.owl.xml 1706 2912 0.5858516483516484 58.5851648351648 5 7 0.7142857142857143 71.4285714285714 1720 2949 0.5832485588335029 58.3248558833503 5900

ehda.human-developmental-anatomy-ontology-timed-version.6.owl.xml 5105 8339 0.6121837150737498 61.218371507375 1 2 0.5 50 5128 8339 0.6149418395491066 61.4941839549107 8339

ehdaa.human-developmental-anatomy-ontology-abstract-version-1.6.owl.xml 1578 2313 0.682230869001297 68.2230869001297 1 1 1.0 100 1578 2313 0.682230869001297 68.2230869001297 2335

ehdaa2.human-developmental-anatomy-ontology-abstract-version-2.32.owl.xml 1052 2728 0.38563049853372433 38.5630498533724 51 108 0.4722222222222222 47.2222222222222 3455 8564 0.40343297524521254 40.3432975245213 13369

elig.eligibility-feature-hierarchy.1.owl.xml 22 31 0.7096774193548387 70.9677419354839 5 10 0.5 50 33 38 0.868421052631579 86.8421052631579 38

emap.mouse-gross-anatomy-and-development-ontology.7.owl.xml 12830 19445 0.6598097197222936 65.9809719722294 11 15 0.7333333333333333 73.3333333333333 12903 19944 0.6469614921780987 64.6961492178099 21723

emo.enzyme-mechanism-ontology.1.owl.xml 112 160 0.7 70 6 10 0.6 60 153 169 0.9053254437869822 90.5325443786982 206

enm.enanomapper.14.owl.xml 8756 10945 0.8 80 1463 2085 0.7016786570743405 70.1678657074341 13264 13317 0.9960201246526995 99.60201246527 13356

eo.ethnicity-ontoloy.1.owl.xml 694 785 0.8840764331210191 88.4076433121019 1 2 0.5 50 784 785 0.9987261146496815 99.8726114649682 786

eol.environment-ontology-for-livestock.1.owl.xml 441 646 0.6826625386996904 68.266253869969 105 208 0.5048076923076923 50.4807692307692 658 658 1.0 100 659

epilont.epilepsy-ontology.2.owl.xml 121 141 0.8581560283687943 85.8156028368794 18 26 0.6923076923076923 69.2307692307692 141 141 1.0 100 145

epo.early-pregnancy-ontology.1.owl.xml 705 1314 0.5365296803652968 53.6529680365297 3 4 0.75 75 1027 1475 0.696271186440678 69.6271186440678 2087

esfo.enzyme-structure-function-ontology.1.owl.xml 140 150 0.9333333333333333 93.3333333333333 1 1 1.0 100 143 254 0.562992125984252 56.2992125984252 459

esso.epilepsy-syndrome-seizure-ontology.5.owl.xml 1631 2716 0.6005154639175257 60.0515463917526 303 383 0.7911227154046997 79.11227154047 2847 3529 0.8067441201473505 80.6744120147351 4350

exo.exposure-ontology.4.owl.xml 55 81 0.6790123456790124 67.9012345679012 10 14 0.7142857142857143 71.4285714285714 71 85 0.8352941176470589 83.5294117647059 103

fao.fungal-gross-anatomy-ontology.20.owl.xml 49 90 0.5444444444444444 54.4444444444444 13 30 0.43333333333333335 43.3333333333333 103 114 0.9035087719298246 90.3508771929825 115

fb-bt.drosophila-gross-anatomy-ontology.38.owl.xml 4536 9067 0.5002757251571633 50.0275725157163 5 7 0.7142857142857143 71.4285714285714 4830 9479 0.5095474206139888 50.9547420613989 35000

fb-cv.flybase-controlled-vocabulary.20.owl.xml 165 468 0.3525641025641026 35.2564102564103 3 5 0.6 60 460 632 0.7278481012658228 72.7848101265823 1265

fb-dv.drosophila-development-ontology.19.owl.xml 24 250 0.096 9.6 8 13 0.6153846153846154 61.5384615384615 92 452 0.20353982300884957 20.353982300885 719

fb-sp.fly-taxonomy.7.owl.xml 5012 6583 0.7613550053167248 76.1355005316725 812 1574 0.5158831003811944 51.5883100381194 6585 6587 0.9996963716411112 99.9696371641111 6587

fhho.family-health-history-ontology.1.owl.xml 361 538 0.671003717472119 67.1003717472119 126 189 0.6666666666666666 66.6666666666667 554 769 0.7204161248374512 72.0416124837451 932

fire.fire-ontology.7.owl.xml 39 55 0.7090909090909091 70.9090909090909 8 18 0.4444444444444444 44.4444444444444 60 69 0.8695652173913043 86.9565217391304 106

fix.physico-chemical-methods-and-properties.4.owl.xml 599 1162 0.5154905335628227 51.5490533562823 256 465 0.5505376344086022 55.0537634408602 1610 1660 0.9698795180722891 96.9879518072289 1684

flopo.flora-phenotype-ontology.8.owl.xml 12945 26967 0.48003114918233397 48.0031149182334 8 14 0.5714285714285714 57.1428571428571 13394 27413 0.4886002991281509 48.8600299128151 60891

fo.fern-ontology.6.owl.xml 16 23 0.6956521739130435 69.5652173913044 1 3 0.3333333333333333 33.3333333333333 18 25 0.72 72 54

foodon.foodon.1.owl.xml 5774 10173 0.5675808512729775 56.7580851272978 1281 2463 0.5200974421437271 52.0097442143727 11000 12698 0.8662781540400063 86.6278154040006 13223

fypo.fission-yeast-phenotype-ontology.273.owl.xml 2789 8281 0.33679507305880935 33.6795073058809 7 20 0.35 35 5883 10464 0.5622133027522935 56.2213302752294 27602

galen.galen-ontology.1.owl.xml 8578 15211 0.5639339951350996 56.39339951351 31 97 0.31958762886597936 31.9587628865979 9352 15653 0.5974573564173002 59.74573564173 37696

gbm.glioblastoma.1.owl.xml 195 267 0.7303370786516854 73.0337078651685 4 5 0.8 80 248 287 0.8641114982578397 86.411149825784 316

gco.genome-component-ontology.3.owl.xml 3 3 1.0 100 3 4 0.75 75 5 6 0.8333333333333334 83.3333333333333 10

gene-cds.genomic-clinical-decision-support-ontology.1.owl.xml 1080 1915 0.5639686684073107 56.3968668407311 1 1 1.0 100 1109 1915 0.57911227154047 57.911227154047 4322

genepio.genepio.1.owl.xml 2971 4511 0.6586122810906673 65.8612281090667 254 579 0.4386873920552677 43.8687392055268 4327 5461 0.7923457242263322 79.2345724226332 6281

gexo.gene-expression-ontology.2.owl.xml 162902 166253 0.9798439727403415 97.9843972740342 2080 3428 0.6067677946324388 60.6767794632439 170717 170932 0.9987421898766761 99.8742189876676 170932

gfo.general-formal-ontology.1.owl.xml 31 75 0.41333333333333333 41.3333333333333 1 2 0.5 50 53 90 0.5888888888888889 58.8888888888889 212

gfvo.genomic-feature-and-variation-ontology.20.owl.xml 82 140 0.5857142857142857 58.5714285714286 6 12 0.5 50 132 151 0.8741721854304636 87.4172185430464 157

gmm.gomapman.25.owl.xml 1556 1895 0.8211081794195251 82.1108179419525 222 340 0.6529411764705882 65.2941176470588 1895 1895 1.0 100 1895

go-ext.gene-ontology-extension.2.owl.xml 18010 32469 0.5546829283316395 55.468292833164 1 1 1.0 100 30029 43673 0.6875872964989811 68.7587296498981 68778

go-plus.go-plus.324.owl.xml 26510 61859 0.4285552627750206 42.8555262775021 59 115 0.5130434782608696 51.304347826087 31207 67880 0.4597377725397761 45.9737772539776 171981

go.gene-ontology.1557.owl.xml 22194 43793 0.5067933231338342 50.6793323133834 1 1 1.0 100 45891 64717 0.7091027087164115 70.9102708716412 107829

gro-cpd.cereal-plant-development-ontology.1.owl.xml 184 233 0.7896995708154506 78.9699570815451 33 48 0.6875 68.75 233 235 0.9914893617021276 99.1489361702128 235

gro-cpga.cereal-plant-gross-anatomy-ontology.11.owl.xml 659 1300 0.5069230769230769 50.6923076923077 6 11 0.5454545454545454 54.5454545454545 753 1418 0.5310296191819464 53.1029619181946 2435

gro.gene-regulation-ontology.5.owl.xml 284 525 0.540952380952381 54.0952380952381 2 3 0.6666666666666666 66.6666666666667 303 548 0.5529197080291971 55.2919708029197 955

haauraado.halocynthia-aurantium-anatomy-and-development-ontology.2.owl.xml 249 857 0.29054842473745623 29.0548424737456 8 12 0.6666666666666666 66.6666666666667 830 2810 0.29537366548042704 29.5373665480427 4744

hao.hymenoptera-anatomy-ontology.24.owl.xml 1685 2355 0.7154989384288747 71.5498938428875 5 7 0.7142857142857143 71.4285714285714 2262 4053 0.5581051073279053 55.8105107327905 4657

haroreado.halocynthia-roretzi-anatomy-and-development-ontology.2.owl.xml 249 857 0.29054842473745623 29.0548424737456 8 12 0.6666666666666666 66.6666666666667 830 2810 0.29537366548042704 29.5373665480427 4744

heio.regional-healthcare-system-interoperability-and-information-exchange-measurement-ontology.17.owl.xml94 111 0.8468468468468469 84.6846846846847 9 13 0.6923076923076923 69.2307692307692 118 156 0.7564102564102564 75.6410256410256 293

hfo.heart-failure-ontology.1.owl.xml 1329 1648 0.8064320388349514 80.6432038834951 208 332 0.6265060240963856 62.6506024096386 1806 2064 0.875 87.5 2064

hivo004.hivontologymainowl.16.owl.xml 890 1482 0.6005398110661269 60.0539811066127 200 384 0.5208333333333334 52.0833333333333 1661 1787 0.9294907666480134 92.9490766648013 1873

hl7.health-level-seven-reference-implementation-model-version-3.3.owl.xml 6415 7497 0.8556756035747632 85.5675603574763 795 1093 0.727355901189387 72.7355901189387 8052 8069 0.9978931713967034 99.7893171396703 8072

hom.ontology-of-homology-and-related-concepts-in-biology.6.owl.xml 41 72 0.5694444444444444 56.9444444444444 2 5 0.4 40 83 83 1.0 100 83

hp.human-phenotype-ontology.563.owl.xml 7960 12166 0.6542824264343252 65.4282426434325 2488 4276 0.5818521983161834 58.1852198316183 15974 15974 1.0 100 15974

hpio.host-pathogen-interactions-ontology.2.owl.xml 133 245 0.5428571428571428 54.2857142857143 2 3 0.6666666666666666 66.6666666666667 134 245 0.5469387755102041 54.6938775510204 339

hrdo.disease-core-ontology-applied-to-rare-diseases.2.owl.xml 7717 13550 0.569520295202952 56.9520295202952 125 226 0.5530973451327433 55.3097345132743 19986 24528 0.8148238747553816 81.4823874755382 85030

hugo.human-genome-organization-gene-symbols.3.owl.xml 32880 32911 0.9990580656923217 99.9058065692322 31 37 0.8378378378378378 83.7837837837838 32911 32911 1.0 100 32917

hupson.human-physiology-simulation-ontology.1.owl.xml 2071 2933 0.7061029662461643 70.6102966246164 5 6 0.8333333333333334 83.3333333333333 2072 2936 0.7057220708446866 70.5722070844687 3746

iao.information-artifact-ontology.6.owl.xml 151 253 0.5968379446640316 59.6837944664032 4 5 0.8 80 185 291 0.6357388316151202 63.573883161512 467

icd11-bodysystem.body-system-terms-from-icd11.1.owl.xml 23 28 0.8214285714285714 82.1428571428571 4 6 0.6666666666666666 66.6666666666667 28 28 1.0 100 28

ico.informed-consent-ontology.9.owl.xml 203 418 0.48564593301435405 48.5645933014354 3 5 0.6 60 228 439 0.5193621867881549 51.9362186788155 761

icps.international-classification-for-patient-safety.7.owl.xml 447 543 0.8232044198895028 82.3204419889503 15 21 0.7142857142857143 71.4285714285714 468 593 0.7892074198988196 78.920741989882 994

icw.international-classification-of-wellness.4.owl.xml 87 119 0.7310924369747899 73.109243697479 24 33 0.7272727272727273 72.7272727272727 119 119 1.0 100 120

ido.infectious-disease-ontology.10.owl.xml 517 757 0.6829590488771466 68.2959048877147 3 4 0.75 75 518 768 0.6744791666666666 67.4479166666667 1044

idoden.dengue-fever-ontology.6.owl.xml 4352 5028 0.8655529037390612 86.5552903739061 3 5 0.6 60 4657 5225 0.8912918660287081 89.1291866028708 5907

idqa.image-and-data-quality-assessment-ontology.8.owl.xml 185 259 0.7142857142857143 71.4285714285714 36 74 0.4864864864864865 48.6486486486487 269 272 0.9889705882352942 98.8970588235294 275

ifar.fanconi-anemia-ontology.5.owl.xml 3632 4523 0.8030068538580588 80.3006853858059 575 904 0.6360619469026548 63.6061946902655 4954 4977 0.9953787422141852 99.5378742214185 4977

inm-npi.interventionnelle-non-mdicamenteuse-inm.3.owl.xml 133 156 0.8525641025641025 85.2564102564103 16 26 0.6153846153846154 61.5384615384615 157 157 1.0 100 162

insecth.insecth.3.owl.xml 72 100 0.72 72 15 29 0.5172413793103449 51.7241379310345 101 101 1.0 100 101

ixno.interaction-ontology.2.owl.xml 32 39 0.8205128205128205 82.0512820512821 6 9 0.6666666666666666 66.6666666666667 39 39 1.0 100 39

jerm.sysmo-jerm-ontology-of-systems-biology-for-micro-organisms.14.owl.xml 182 264 0.6893939393939394 68.9393939393939 16 18 0.8888888888888888 88.8888888888889 248 283 0.8763250883392226 87.6325088339223 394

kisao.kinetic-simulation-algorithm-ontology.22.owl.xml 87 252 0.34523809523809523 34.5238095238095 1 1 1.0 100 89 253 0.35177865612648224 35.1778656126482 794

koro.knowledge-object-reference-ontology.1.owl.xml 42 99 0.42424242424242425 42.4242424242424 1 1 1.0 100 61 102 0.5980392156862745 59.8039215686275 215

lbo.livestock-breed-ontology.8.owl.xml 1051 1062 0.9896421845574388 98.9642184557439 8 12 0.6666666666666666 66.6666666666667 1062 1062 1.0 100 1062

lda.ontology-of-language-disorder-in-autism.1.owl.xml 30 35 0.8571428571428571 85.7142857142857 5 6 0.8333333333333334 83.3333333333333 35 35 1.0 100 35

lpt.livestock-product-trait-ontology.3.owl.xml 350 456 0.7675438596491229 76.7543859649123 63 108 0.5833333333333334 58.3333333333333 511 511 1.0 100 511

mamo.mathematical-modelling-ontology.14.owl.xml 59 113 0.5221238938053098 52.212389380531 1 1 1.0 100 63 115 0.5478260869565217 54.7826086956522 164

mat.minimal-anatomical-terminology.3.owl.xml 373 458 0.8144104803493449 81.4410480349345 1 1 1.0 100 374 458 0.8165938864628821 81.6593886462882 504

matr.material.1.owl.xml 2506 3841 0.6524342619109607 65.2434261910961 294 498 0.5903614457831325 59.0361445783133 4202 4812 0.8732335827098919 87.3233582709892 5043

matrcompound.material-compound.1.owl.xml 2506 3841 0.6524342619109607 65.2434261910961 294 498 0.5903614457831325 59.0361445783133 4202 4812 0.8732335827098919 87.3233582709892 5043

matrelement.material-element.1.owl.xml 2506 3841 0.6524342619109607 65.2434261910961 294 498 0.5903614457831325 59.0361445783133 4202 4812 0.8732335827098919 87.3233582709892 5043

matrrock.material-rock.1.owl.xml 2506 3841 0.6524342619109607 65.2434261910961 294 498 0.5903614457831325 59.0361445783133 4202 4812 0.8732335827098919 87.3233582709892 5043

matrrockigneous.material-rock-igneouus.2.owl.xml 2506 3841 0.6524342619109607 65.2434261910961 294 498 0.5903614457831325 59.0361445783133 4202 4812 0.8732335827098919 87.3233582709892 5043

mcbcc.breast-tissue-cell-lines-ontology.2.owl.xml 46 89 0.5168539325842697 51.685393258427 30 60 0.5 50 118 140 0.8428571428571429 84.2857142857143 2734

mccl.cell-line-ontology-by-mahadevan.2.owl.xml 3998 5639 0.7089909558432346 70.8990955843235 32 62 0.5161290322580645 51.6129032258065 10662 11949 0.8922922420286217 89.2292242028622 13590

medeon.medical-error-ontology.1.owl.xml 50 54 0.9259259259259259 92.5925925925926 12 16 0.75 75 54 55 0.9818181818181818 98.1818181818182 56

medo.mouse-experimental-design-ontology.1.owl.xml 58 79 0.7341772151898734 73.4177215189873 14 24 0.5833333333333334 58.3333333333333 84 84 1.0 100 86

mego.mobile-genetic-element-ontology.2.owl.xml 235 356 0.6601123595505618 66.0112359550562 31 50 0.62 62 334 405 0.8246913580246914 82.4691358024691 431

meo.metagenome-and-microbes-environmental-ontology.8.owl.xml 632 778 0.8123393316195373 81.2339331619537 103 151 0.6821192052980133 68.2119205298013 778 778 1.0 100 783

mera.medical-educational-resource-aggregator.1.owl.xml 29 35 0.8285714285714286 82.8571428571429 5 8 0.625 62.5 38 72 0.5277777777777778 52.7777777777778 73

mf.mental-functioning-ontology.13.owl.xml 453 708 0.6398305084745762 63.9830508474576 7 10 0.7 70 460 719 0.6397774687065368 63.9777468706537 787

mfo.medaka-fish-anatomy-and-development-ontology.14.owl.xml 2839 4357 0.6515951342666972 65.1595134266697 6 13 0.46153846153846156 46.1538461538462 2907 4402 0.6603816447069514 66.0381644706951 4402

mfoem.emotion-ontology.24.owl.xml 599 913 0.656078860898138 65.6078860898138 7 10 0.7 70 608 924 0.658008658008658 65.8008658008658 1076

mhc.major-histocompatibility-complex-ontology.4.owl.xml 4074 8038 0.5068424981338642 50.6842498133864 3 5 0.6 60 4079 8060 0.5060794044665012 50.6079404466501 13778

mineral.material-mineral.1.owl.xml 2520 3856 0.6535269709543569 65.3526970954357 299 503 0.5944333996023857 59.4433399602386 4222 4832 0.8737582781456954 87.3758278145695 5058

mirnao.microrna-ontology.11.owl.xml 443 676 0.6553254437869822 65.5325443786982 90 157 0.5732484076433121 57.3248407643312 680 754 0.9018567639257294 90.1856763925729 764

mixscv.minimal-information-about-any-sequence-mixs-controlled-vocabularies.2.owl.xml494 518 0.9536679536679536 95.3667953667954 24 25 0.96 96 518 518 1.0 100 518

mmo.measurement-method-ontology.51.owl.xml 323 579 0.5578583765112263 55.7858376511226 147 269 0.5464684014869888 54.6468401486989 653 653 1.0 100 653

mnr.material-natural-resource.1.owl.xml 2519 3860 0.6525906735751296 65.259067357513 288 493 0.5841784989858012 58.4178498985801 4224 4835 0.8736297828335057 87.3629782833506 5066

mo.microarray-and-gene-expression-data-ontology.1.owl.xml 131 239 0.5481171548117155 54.8117154811716 27 28 0.9642857142857143 96.4285714285714 159 280 0.5678571428571428 56.7857142857143 493

moc.material-organic-compound.1.owl.xml 2513 3858 0.6513737687921203 65.137376879212 293 499 0.5871743486973948 58.7174348697395 4223 4842 0.8721602643535729 87.2160264353573 5074

mono.monogenean-ontology.2.owl.xml 37 50 0.74 74 1 2 0.5 50 48 65 0.7384615384615385 73.8461538461539 71

moocciado.molgula-occidentalis-anatomy-and-development-ontology.2.owl.xml 249 857 0.29054842473745623 29.0548424737456 8 12 0.6666666666666666 66.6666666666667 830 2810 0.29537366548042704 29.5373665480427 4744

mooccuado.molgula-occulta-anatomy-and-development-ontology.2.owl.xml 249 857 0.29054842473745623 29.0548424737456 8 12 0.6666666666666666 66.6666666666667 830 2810 0.29537366548042704 29.5373665480427 4744

mooculado.molgula-oculata-anatomy-and-development-ontology.2.owl.xml 249 857 0.29054842473745623 29.0548424737456 8 12 0.6666666666666666 66.6666666666667 830 2810 0.29537366548042704 29.5373665480427 4744

mp.mammalian-phenotype-ontology.316.owl.xml 7133 11473 0.6217205613178768 62.1720561317877 2576 4429 0.5816211334386995 58.16211334387 14245 14278 0.99768875192604 99.768875192604 14278

ms.mass-spectrometry-ontology.116.owl.xml 2026 2397 0.8452231956612433 84.5223195661243 218 305 0.7147540983606557 71.4754098360656 2790 2885 0.9670710571923743 96.7071057192374 2959

mwla.medical-web-lifestyle-aggregator.1.owl.xml 33 33 1.0 100 7 9 0.7777777777777778 77.7777777777778 41 43 0.9534883720930233 95.3488372093023 43

ncco.nursing-care-coordination-ontology.1.owl.xml 309 395 0.7822784810126582 78.2278481012658 58 91 0.6373626373626373 63.7362637362637 397 397 1.0 100 397

ncit.national-cancer-institute-thesaurus.47.owl.xml 89763 117553 0.7635959949980009 76.3595994998001 1 1 1.0 100 105500 127843 0.8252309473338392 82.5230947333839 167022

ncro.non-coding-rna-ontology.12.owl.xml 5233 9349 0.5597390095197348 55.9739009519735 8 9 0.8888888888888888 88.8888888888889 5308 9379 0.5659451967160678 56.5945196716068 29772

nemo.neural-electromagnetic-ontology.24.owl.xml 1388 2031 0.6834071885770556 68.3407188577056 7 9 0.7777777777777778 77.7777777777778 1416 2074 0.682738669238187 68.2738669238187 2686

neomark3.neomark-oral-cancer-ontology-version-3.2.owl.xml 394 428 0.9205607476635514 92.0560747663551 51 52 0.9807692307692307 98.0769230769231 465 670 0.6940298507462687 69.4029850746269 1755

neomark4.neomark-oral-cancer-ontology-version-4.1.owl.xml 248 329 0.7537993920972644 75.3799392097264 4 5 0.8 80 253 342 0.7397660818713451 73.9766081871345 399

neudigs.neuroscience-domain-insight-graph.1.owl.xml 25 26 0.9615384615384616 96.1538461538462 6 7 0.8571428571428571 85.7142857142857 27 27 1.0 100 29

ngsonto.ngs-ontology.32.owl.xml 54 96 0.5625 56.25 17 18 0.9444444444444444 94.4444444444444 73 116 0.6293103448275862 62.9310344827586 264

nigo.neural-immune-gene-ontology.2.owl.xml 2126 4839 0.43934697251498245 43.9346972514982 214 426 0.5023474178403756 50.2347417840376 6236 7949 0.7845011951188828 78.4501195118883 8836

nihss.national-institutes-of-health-stroke-scale-ontology.11.owl.xml 22 39 0.5641025641025641 56.4102564102564 17 19 0.8947368421052632 89.4736842105263 55 77 0.7142857142857143 71.4285714285714 84

nmobr.neuromorphoorg-brain-region-ontologies.30.owl.xml 2050 2658 0.7712565838976674 77.1256583897667 38 79 0.4810126582278481 48.1012658227848 2726 2785 0.9788150807899462 97.8815080789946 2965

nmosp.neuromorphoorg-species-ontology.15.owl.xml 1060 1482 0.7152496626180836 71.5249662618084 188 423 0.4444444444444444 44.4444444444444 1484 1484 1.0 100 1484

nmr.nmr-instrument-component-of-metabolomics-investigations-ontology.8.owl.xml 373 500 0.746 74.6 8 12 0.6666666666666666 66.6666666666667 382 505 0.7564356435643564 75.6435643564356 599

npi.non-pharmacological-interventions-npis.4.owl.xml 99 126 0.7857142857142857 78.5714285714286 18 32 0.5625 56.25 131 131 1.0 100 139

npo.nanoparticle-ontology.31.owl.xml 6368 7218 0.8822388473261291 88.2238847326129 3 5 0.6 60 6471 7265 0.8907088781830695 89.070887818307 16347

ntdo.neglected-tropical-disease-ontology.1.owl.xml 247 481 0.5135135135135135 51.3513513513514 12 15 0.8 80 259 497 0.5211267605633803 52.112676056338 1133

oae.ontology-of-adverse-events.160.owl.xml 3422 5143 0.6653704063776006 66.5370406377601 45 94 0.4787234042553192 47.8723404255319 4588 7260 0.6319559228650138 63.1955922865014 11459

obcs.ontology-of-biological-and-clinical-statistics.13.owl.xml 453 746 0.6072386058981233 60.7238605898123 1 1 1.0 100 570 848 0.6721698113207547 67.2169811320755 1388

obiws.bioinformatics-web-service-ontology.2.owl.xml 98 242 0.4049586776859504 40.495867768595 1 2 0.5 50 228 322 0.7080745341614907 70.8074534161491 520

obi_bcgo.beta-cell-genomics-ontology.14.owl.xml 1244 2283 0.5448970652650021 54.4897065265002 3 4 0.75 75 1284 2318 0.5539257981018119 55.3925798101812 4457

ocre.ontology-of-clinical-research.23.owl.xml 277 492 0.5630081300813008 56.3008130081301 58 89 0.651685393258427 65.1685393258427 469 660 0.7106060606060606 71.0606060606061 1083

ocvdae.ontology-of-cardiovascular-drug-adverse-events.2.owl.xml 1117 2638 0.4234268385140258 42.3426838514026 245 602 0.4069767441860465 40.6976744186047 2547 4437 0.5740365111561866 57.4036511156187 12456

odnae.ontology-of-drug-neuropathy-adverse-events.3.owl.xml 446 1606 0.2777085927770859 27.7708592777086 230 643 0.35769828926905134 35.7698289269051 2579 3018 0.8545394300861497 85.453943008615 3203

of.ontofood.1.owl.xml 260 336 0.7738095238095238 77.3809523809524 42 82 0.5121951219512195 51.219512195122 354 358 0.9888268156424581 98.8826815642458 359

ofsmr.open-food-safety-model-repository.3.owl.xml 111 134 0.8283582089552238 82.8358208955224 17 26 0.6538461538461539 65.3846153846154 144 144 1.0 100 146

ogdi.ontology-for-genetic-disease-investigations.3.owl.xml 226 356 0.6348314606741573 63.4831460674157 8 13 0.6153846153846154 61.5384615384615 235 363 0.6473829201101928 64.7382920110193 766

ogi.ontology-for-genetic-interval.18.owl.xml 120 229 0.5240174672489083 52.4017467248908 6 7 0.8571428571428571 85.7142857142857 157 243 0.6460905349794238 64.6090534979424 376

ogmd.ontology-of-glucose-metabolism-disorder.31.owl.xml 103 132 0.7803030303030303 78.030303030303 21 30 0.7 70 133 133 1.0 100 133

ogms.ontology-for-general-medical-science.9.owl.xml 90 131 0.6870229007633588 68.7022900763359 3 5 0.6 60 107 139 0.7697841726618705 76.9784172661871 145

ogr.ontology-of-geographical-region.2.owl.xml 34 38 0.8947368421052632 89.4736842105263 4 5 0.8 80 38 38 1.0 100 38

ogroup.orthologous-group-ontology.1.owl.xml 29 34 0.8529411764705882 85.2941176470588 5 10 0.5 50 38 38 1.0 100 38

omrse.ontology-of-medically-related-social-entities.33.owl.xml 219 379 0.5778364116094987 57.7836411609499 4 5 0.8 80 238 398 0.5979899497487438 59.7989949748744 658

omv.ontology-metadata-vocabulary.1.owl.xml 44 46 0.9565217391304348 95.6521739130435 1 1 1.0 100 44 48 0.9166666666666666 91.6666666666667 315

onl-dp.dataset-processing.1.owl.xml 355 740 0.4797297297297297 47.972972972973 7 8 0.875 87.5 366 746 0.4906166219839142 49.0616621983914 1504

onl-mr-da.magnetic-resonance-dataset-acquisition-ontology.1.owl.xml 444 901 0.49278579356270813 49.2785793562708 6 7 0.8571428571428571 85.7142857142857 454 907 0.5005512679162073 50.0551267916207 1862

onl-msa.mental-state-assessment.1.owl.xml 350 636 0.550314465408805 55.0314465408805 10 11 0.9090909090909091 90.9090909090909 362 646 0.5603715170278638 56.0371517027864 3918

onlira.ontology-of-liver-for-radiology.4.owl.xml 113 155 0.7290322580645161 72.9032258064516 1 1 1.0 100 126 181 0.6961325966850829 69.6132596685083 290

ontoad.bilingual-ontology-of-alzheimers-disease-and-related-diseases.2.owl.xml 2770 5920 0.46790540540540543 46.7905405405405 1407 3595 0.3913769123783032 39.1376912378303 8275 8390 0.9862932061978545 98.6293206197855 8390

ontodm-core.ontology-of-core-data-mining-entities.6.owl.xml 530 1128 0.4698581560283688 46.9858156028369 8 9 0.8888888888888888 88.8888888888889 577 1182 0.48815566835871405 48.8155668358714 2122

ontodm-kdd.ontology-of-data-mining-investigations.1.owl.xml 175 302 0.5794701986754967 57.9470198675497 7 10 0.7 70 277 366 0.7568306010928961 75.6830601092896 604

ontodt.ontology-of-datatypes.6.owl.xml 233 463 0.5032397408207343 50.3239740820734 15 24 0.625 62.5 376 558 0.6738351254480287 67.3835125448029 962

ontokbcf.ontological-knowledge-base-model-for-cystic-fibrosis.3.owl.xml 234 435 0.5379310344827586 53.7931034482759 58 90 0.6444444444444445 64.4444444444445 466 601 0.7753743760399334 77.5374376039933 665

ontolurgences.emergency-care-ontology.1.owl.xml 7090 10071 0.7040015887200873 70.4001588720087 4 6 0.6666666666666666 66.6666666666667 7376 10152 0.7265563435776202 72.655634357762 12243

ontoma.ontology-of-alternative-medicine-french.1.owl.xml 314 368 0.8532608695652174 85.3260869565217 72 103 0.6990291262135923 69.9029126213592 365 368 0.9918478260869565 99.1847826086957 373

ontopneumo.ontology-of-pneumology.1.owl.xml 937 1163 0.8056749785038693 80.5674978503869 131 231 0.5670995670995671 56.7099567099567 1163 1165 0.9982832618025751 99.8283261802575 1165

ontotoxnuc.ontology-of-nuclear-toxicity.2.owl.xml 521 642 0.8115264797507789 81.1526479750779 97 128 0.7578125 75.78125 644 645 0.9984496124031008 99.8449612403101 647

opb.ontology-of-physics-for-biology.10.owl.xml 552 901 0.6126526082130965 61.2652608213097 49 86 0.5697674418604651 56.9767441860465 846 995 0.8502512562814071 85.0251256281407 1046

opl.ontology-for-parasite-lifecycle.6.owl.xml 91 243 0.37448559670781895 37.4485596707819 1 1 1.0 100 91 243 0.37448559670781895 37.4485596707819 868

ovae.ontology-of-vaccine-adverse-events.10.owl.xml 577 1416 0.4074858757062147 40.7485875706215 10 12 0.8333333333333334 83.3333333333333 670 1539 0.43534762833008445 43.5347628330084 4683

pae.plant-anatomy.13.owl.xml 659 1300 0.5069230769230769 50.6923076923077 6 11 0.5454545454545454 54.5454545454545 753 1418 0.5310296191819464 53.1029619181946 2435

panda.probabilistic-knowledge-assembly-ontology.2.owl.xml 84 118 0.711864406779661 71.1864406779661 27 36 0.75 75 136 140 0.9714285714285714 97.1428571428571 143

pathlex.anatomic-pathology-lexicon.5.owl.xml 1723 1780 0.9679775280898877 96.7977528089888 44 62 0.7096774193548387 70.9677419354839 1780 1780 1.0 100 1783

pato.phenotypic-quality-ontology.164.owl.xml 1136 1640 0.6926829268292682 69.2682926829268 1 2 0.5 50 1461 1675 0.8722388059701492 87.2238805970149 2092

pco.population-and-community-ontology.12.owl.xml 827 1640 0.5042682926829268 50.4268292682927 7 12 0.5833333333333334 58.3333333333333 836 1650 0.5066666666666667 50.6666666666667 2590

pdo.pathogenic-disease-ontology.6.owl.xml 259 390 0.6641025641025641 66.4102564102564 76 135 0.562962962962963 56.2962962962963 418 424 0.9858490566037735 98.5849056603774 425

pdon.parkinsons-disease-ontology.1.owl.xml 9 21 0.42857142857142855 42.8571428571429 1 1 1.0 100 9 21 0.42857142857142855 42.8571428571429 1252

pdo_cas.plant-diversity-ontology.1.owl.xml 240 351 0.6837606837606838 68.3760683760684 51 73 0.6986301369863014 69.8630136986301 506 620 0.8161290322580645 81.6129032258065 869

pe-o.pre-eclampsia-ontology.3.owl.xml 956 1225 0.7804081632653062 78.0408163265306 1 2 0.5 50 956 1226 0.7797716150081566 77.9771615008157 1507

pe.pulmonary-embolism-ontology.1.owl.xml 75 96 0.78125 78.125 13 22 0.5909090909090909 59.0909090909091 100 127 0.7874015748031497 78.740157480315 127

peao.plant-experimental-assay-ontology.1.owl.xml 1666 2322 0.7174849267872524 71.7484926787252 6 7 0.8571428571428571 85.7142857142857 2568 2653 0.9679607990953637 96.7960799095364 2814

peco.plant-environmental-conditions.15.owl.xml 389 541 0.7190388170055453 71.9038817005545 96 154 0.6233766233766234 62.3376623376623 558 558 1.0 100 558

pedterm.pediatric-terminology.5.owl.xml 1353 1760 0.76875 76.875 236 418 0.5645933014354066 56.4593301435407 1760 1760 1.0 100 1760

pgxo.pgxo.1.owl.xml 5 7 0.7142857142857143 71.4285714285714 2 4 0.5 50 6 7 0.8571428571428571 85.7142857142857 7

phage.phylogenetics-ontology.5.owl.xml 22329 43974 0.5077773229635694 50.7777322963569 23 51 0.45098039215686275 45.0980392156863 46141 64985 0.7100253904747249 71.0025390474725 108126

phare.pharmacogenomic-relationships-ontology.2.owl.xml 206 260 0.7923076923076923 79.2307692307692 51 72 0.7083333333333334 70.8333333333333 266 318 0.8364779874213837 83.6477987421384 459

phenx.phenx-phenotypic-terms.16.owl.xml 483 506 0.9545454545454546 95.4545454545455 46 50 0.92 92 506 506 1.0 100 506

phfumiado.phallusia-fumigata-anatomy-and-development-ontology.2.owl.xml 257 880 0.29204545454545455 29.2045454545455 8 12 0.6666666666666666 66.6666666666667 853 2879 0.2962834317471344 29.6283431747134 4880

phmammado.phallusia-mammillata-anatomy-and-development-ontology.2.owl.xml 257 880 0.29204545454545455 29.2045454545455 8 12 0.6666666666666666 66.6666666666667 853 2879 0.2962834317471344 29.6283431747134 4880

phylont.phylogenetic-ontology.7.owl.xml 110 145 0.7586206896551724 75.8620689655172 7 16 0.4375 43.75 143 174 0.8218390804597702 82.183908045977 223

plio.protein-ligand-interaction-ontology.1.owl.xml 18 19 0.9473684210526315 94.7368421052632 1 1 1.0 100 18 19 0.9473684210526315 94.7368421052632 1055

pma.portfolio-management-application.4.owl.xml 6 6 1.0 100 2 3 0.6666666666666666 66.6666666666667 6 10 0.6 60 10

pmr.physical-medicine-and-rehabilitation.3.owl.xml 95 149 0.6375838926174496 63.758389261745 28 60 0.4666666666666667 46.6666666666667 161 163 0.9877300613496932 98.7730061349693 163

po.plant-ontology.15.owl.xml 897 1668 0.5377697841726619 53.7769784172662 10 20 0.5 50 1046 1824 0.5734649122807017 57.3464912280702 2869

poro.porifera-ontology.8.owl.xml 470 836 0.562200956937799 56.2200956937799 35 93 0.3763440860215054 37.6344086021505 703 987 0.7122593718338399 71.225937183384 1515

pp.pipeline-patterns-ontology.1.owl.xml 8 12 0.6666666666666666 66.6666666666667 3 4 0.75 75 12 15 0.8 80 22

procchemical.chemical-process.1.owl.xml 2506 3841 0.6524342619109607 65.2434261910961 294 498 0.5903614457831325 59.0361445783133 4202 4812 0.8732335827098919 87.3233582709892 5043

provo.provenance-ontology.124.owl.xml 47 88 0.5340909090909091 53.4090909090909 6 9 0.6666666666666666 66.6666666666667 112 147 0.7619047619047619 76.1904761904762 179

psds.plant-structure-development-stage.6.owl.xml 215 293 0.7337883959044369 73.3788395904437 38 69 0.5507246376811594 55.0724637681159 291 311 0.9356913183279743 93.5691318327974 314

pseudo.pseudogene.1.owl.xml 15 19 0.7894736842105263 78.9473684210526 5 8 0.625 62.5 19 19 1.0 100 19

psimod.protein-modification-ontology.4.owl.xml 1337 1933 0.6916709777547853 69.1670977754785 302 515 0.5864077669902913 58.6407766990291 3486 3570 0.9764705882352941 97.6470588235294 3587

pto.plant-trait-ontology.426.owl.xml 913 1383 0.6601590744757773 66.0159074475777 250 448 0.5580357142857143 55.8035714285714 1651 1667 0.9904019196160768 99.0401919616077 1675

ptrans.pathogen-transmission-ontology.14.owl.xml 13 24 0.5416666666666666 54.1666666666667 5 12 0.4166666666666667 41.6666666666667 24 24 1.0 100 24

pw.pathway-ontology.71.owl.xml 1592 2600 0.6123076923076923 61.2307692307692 635 1022 0.6213307240704501 62.133072407045 3226 3252 0.9920049200492005 99.2004920049201 3258

rao.rheumatoid-arthritis-ontology.1.owl.xml 230 279 0.8243727598566308 82.4372759856631 33 50 0.66 66 302 350 0.8628571428571429 86.2857142857143 350

rctv2.read-clinical-terminology-version-2.1.owl.xml 77120 88824 0.8682338106817977 86.8233810681798 9772 11734 0.8327935912732232 83.2793591273223 88824 88824 1.0 100 88824

repo.reproductive-trait-and-phenotype-ontology.3.owl.xml 66 91 0.7252747252747253 72.5274725274725 15 29 0.5172413793103449 51.7241379310345 91 91 1.0 100 91

rex.physico-chemical-process.6.owl.xml 288 551 0.5226860254083484 52.2686025408348 92 155 0.5935483870967742 59.3548387096774 652 715 0.9118881118881119 91.1888111888112 734

rexo.regulation-of-gene-expression-ontolology.6.owl.xml 155035 158238 0.9797583387049887 97.9758338704989 1978 3278 0.6034167175106773 60.3416717510677 162624 162839 0.9986796774728413 99.8679677472841 162839

rh-mesh.robert-hoehndorf-version-of-mesh.3.owl.xml 255235 305232 0.8362000052419144 83.6200005241914 42996 64978 0.6617008833759118 66.1700883375912 430941 430941 1.0 100 432805

rnao.rna-ontology.4.owl.xml 582 760 0.7657894736842106 76.5789473684211 87 136 0.6397058823529411 63.9705882352941 1131 1292 0.8753869969040248 87.5386996904025 1435

rnprio.research-network-and-patient-registry-inventory-ontology.1.owl.xml 49 76 0.6447368421052632 64.4736842105263 17 30 0.5666666666666667 56.6666666666667 76 76 1.0 100 76

rnrmu.rnrmu.1.owl.xml 2000 2243 0.8916629514043691 89.1662951404369 240 300 0.8 80 2243 2243 1.0 100 2243

roleo.role-ontology.1.owl.xml 657 672 0.9776785714285714 97.7678571428571 11 16 0.6875 68.75 672 672 1.0 100 672

roo.radiation-oncology-ontology.3.owl.xml 791 1334 0.5929535232383808 59.2953523238381 134 246 0.5447154471544715 54.4715447154472 1133 1485 0.762962962962963 76.2962962962963 1557

ros.radiation-oncology-structures-ontology.3.owl.xml 292 415 0.7036144578313253 70.3614457831325 82 124 0.6612903225806451 66.1290322580645 415 415 1.0 100 416

rpo.resource-of-asian-primary-immunodeficiency-diseases-rapid-phenotype-ontology.2.owl.xml1405 1709 0.8221181977764774 82.2118197776477 163 318 0.5125786163522013 51.2578616352201 1724 2047 0.8422081094284318 84.2208109428432 2056

rs.rat-strain-ontology.80.owl.xml 3012 4362 0.6905089408528198 69.050894085282 986 1409 0.6997870830376153 69.9787083037615 6071 6089 0.997043849564789 99.7043849564789 6089

rsa.reference-sequence-annotation.5.owl.xml 12 17 0.7058823529411765 70.5882352941177 5 8 0.625 62.5 19 22 0.8636363636363636 86.3636363636364 23

rxno.name-reaction-ontology.26.owl.xml 466 791 0.5891276864728192 58.9127686472819 4 6 0.6666666666666666 66.6666666666667 827 1104 0.7490942028985508 74.9094202898551 1399

sao.subcellular-anatomy-ontology.2.owl.xml 1685 2352 0.7164115646258503 71.641156462585 16 29 0.5517241379310345 55.1724137931035 1735 2375 0.7305263157894737 73.0526315789474 2800

sbol.synthetic-biology-open-language-visual-ontology.2.owl.xml 24 37 0.6486486486486487 64.8648648648649 2 4 0.5 50 36 46 0.782608695652174 78.2608695652174 48

sd3.simulation-delivery-and-documentation-deviations.1.owl.xml 37 54 0.6851851851851852 68.5185185185185 11 19 0.5789473684210527 57.8947368421053 54 54 1.0 100 56

sdo.sleep-domain-ontology.4.owl.xml 494 986 0.5010141987829615 50.1014198782962 25 44 0.5681818181818182 56.8181818181818 558 1029 0.5422740524781341 54.2274052478134 2746

shr.student-health-record-ontology.3.owl.xml 244 315 0.7746031746031746 77.4603174603175 63 83 0.7590361445783133 75.9036144578313 333 333 1.0 100 340

sio.semanticscience-integrated-ontology.72.owl.xml 954 1633 0.58420085731782 58.420085731782 10 21 0.47619047619047616 47.6190476190476 1061 1754 0.604903078677309 60.4903078677309 2466

sitbac.situation-based-access-control-ontology.3.owl.xml 81 114 0.7105263157894737 71.0526315789474 19 34 0.5588235294117647 55.8823529411765 115 146 0.7876712328767124 78.7671232876712 611

so.sequence-types-and-features-ontology.220.owl.xml 1398 2184 0.6401098901098901 64.010989010989 40 80 0.5 50 1973 2473 0.7978164173069147 79.7816417306915 3099

sopharm.suggested-ontology-for-pharmacogenomics.18.owl.xml 54 70 0.7714285714285715 77.1428571428572 21 22 0.9545454545454546 95.4545454545455 74 94 0.7872340425531915 78.7234042553192 280

soy.soy-ontology.2.owl.xml 1581 1830 0.8639344262295082 86.3934426229508 207 250 0.828 82.8 1832 1832 1.0 100 1832

sp.smart-protocols.4.owl.xml 314 564 0.5567375886524822 55.6737588652482 1 1 1.0 100 314 564 0.5567375886524822 55.6737588652482 736

spd.spider-ontology.23.owl.xml 387 757 0.5112285336856011 51.1228533685601 54 100 0.54 54 718 1140 0.6298245614035087 62.9824561403509 1192

spo.skin-physiology-ontology.1.owl.xml 158 323 0.4891640866873065 48.9164086687307 14 23 0.6086956521739131 60.8695652173913 285 412 0.691747572815534 69.1747572815534 678

spto.solanaceae-phenotype-ontology.3.owl.xml 272 388 0.7010309278350515 70.1030927835052 63 101 0.6237623762376238 62.3762376237624 409 421 0.9714964370546318 97.1496437054632 422

stato.statistics-ontology.11.owl.xml 269 513 0.5243664717348928 52.4366471734893 1 2 0.5 50 270 517 0.5222437137330754 52.2243713733075 1790

suicideo.suicideonto.1.owl.xml 170 275 0.6181818181818182 61.8181818181818 42 97 0.4329896907216495 43.298969072165 310 323 0.9597523219814241 95.9752321981424 346

surgical.nurse-surgical.1.owl.xml 53 61 0.8688524590163934 86.8852459016393 1 1 1.0 100 60 62 0.967741935483871 96.7741935483871 77

syn.sage-bionetworks-synapse-ontology.3.owl.xml 11951 14455 0.8267727429955033 82.6772742995503 1524 2541 0.5997638724911453 59.9763872491145 15231 15353 0.992053670292451 99.2053670292451 15353

tads.tick-gross-anatomy-ontology.17.owl.xml 463 628 0.7372611464968153 73.7261146496815 11 24 0.4583333333333333 45.8333333333333 678 816 0.8308823529411765 83.0882352941177 948

tao.teleost-anatomy-ontology.135.owl.xml 1921 3224 0.5958436724565757 59.5843672456576 139 243 0.5720164609053497 57.201646090535 2992 4380 0.6831050228310502 68.310502283105 5190

taxrank.taxonomic-rank-vocabulary.9.owl.xml 60 60 1.0 100 1 1 1.0 100 60 60 1.0 100 61

tgma.mosquito-gross-anatomy-ontology.17.owl.xml 1305 1864 0.700107296137339 70.0107296137339 46 68 0.6764705882352942 67.6470588235294 1618 2323 0.6965131295738269 69.6513129573827 2733

tma.tissue-microarray-ontology.1.owl.xml 21 25 0.84 84 4 12 0.3333333333333333 33.3333333333333 32 52 0.6153846153846154 61.5384615384615 60

tok.terminological-and-ontological-knowledge-resources-ontology.3.owl.xml 209 333 0.6276276276276276 62.7627627627628 5 8 0.625 62.5 252 343 0.7346938775510204 73.469387755102 416

top-menelas.menelas-project-top-level-ontology.4.owl.xml 514 759 0.6772068511198946 67.7206851119895 125 220 0.5681818181818182 56.8181818181818 917 1203 0.7622610141313383 76.2261014131338 1315

trak.taxonomy-for-rehabilitation-of-knee-conditions.5.owl.xml 1108 1632 0.678921568627451 67.8921568627451 161 279 0.5770609318996416 57.7060931899642 1690 2054 0.8227848101265823 82.2784810126582 2212

trans.nurse-transitional.1.owl.xml 51 74 0.6891891891891891 68.9189189189189 2 3 0.6666666666666666 66.6666666666667 75 105 0.7142857142857143 71.4285714285714 157

triage.nurse-triage.2.owl.xml 34 59 0.576271186440678 57.6271186440678 14 21 0.6666666666666666 66.6666666666667 89 125 0.712 71.2 130

tron.tribolium-ontology.2.owl.xml 381 957 0.3981191222570533 39.8119122257053 196 315 0.6222222222222222 62.2222222222222 1420 2013 0.7054148037754595 70.541480377546 2066

tto.teleost-taxonomy-ontology.43.owl.xml 32925 38639 0.8521183260436347 85.2118326043635 5050 5715 0.8836395450568679 88.3639545056868 38639 38639 1.0 100 38639

typon.microbial-typing-ontology.11.owl.xml 14 45 0.3111111111111111 31.1111111111111 6 17 0.35294117647058826 35.2941176470588 38 58 0.6551724137931034 65.5172413793103 197

unitsont.units-ontology.1.owl.xml 38 62 0.6129032258064516 61.2903225806452 13 25 0.52 52 62 62 1.0 100 62

uo.units-of-measurement-ontology.43.owl.xml 246 329 0.7477203647416414 74.7720364741641 70 86 0.813953488372093 81.3953488372093 378 385 0.9818181818181818 98.1818181818182 389

vario.variation-ontology.12.owl.xml 306 440 0.6954545454545454 69.5454545454545 76 133 0.5714285714285714 57.1428571428571 444 446 0.9955156950672646 99.5515695067265 451

vhog.vertebrate-homologous-organ-group-ontology.11.owl.xml 727 1185 0.6135021097046414 61.3502109704641 43 59 0.7288135593220338 72.8813559322034 899 1467 0.612815269256987 61.2815269256987 1688

vivo.vivo-ontology-for-researcher-discovery.2.owl.xml 431 600 0.7183333333333334 71.8333333333333 31 48 0.6458333333333334 64.5833333333333 631 861 0.7328687572590011 73.2868757259001 1248

vo.vaccine-ontology.246.owl.xml 3000 4664 0.6432246998284734 64.3224699828473 5 7 0.7142857142857143 71.4285714285714 3017 5689 0.5303216734048163 53.0321673404816 10555

vsao.vertebrate-skeletal-anatomy-ontology.20.owl.xml 125 270 0.46296296296296297 46.2962962962963 20 46 0.43478260869565216 43.4782608695652 247 355 0.6957746478873239 69.5774647887324 457

vt.vertebrate-trait-ontology.65.owl.xml 2123 3405 0.6234948604992658 62.3494860499266 692 1307 0.5294567712318287 52.9456771231829 3963 3975 0.9969811320754717 99.6981132075472 3975

vto.vertebrate-taxonomy-ontology.10.owl.xml 84029 106943 0.7857363268283104 78.573632682831 18532 22916 0.8086926165124804 80.869261651248 106943 106943 1.0 100 106944

wb-bt.c-elegans-gross-anatomy-vocabulary.116.owl.xml 3191 6786 0.4702328323017978 47.0232832301798 96 159 0.6037735849056604 60.377358490566 7967 14308 0.5568213586804585 55.6821358680459 15187

wb-ls.c-elegans-development-vocabulary.45.owl.xml 51 730 0.06986301369863014 6.98630136986301 5 14 0.35714285714285715 35.7142857142857 96 880 0.10909090909090909 10.9090909090909 1424

wb-phenotype.c-elegans-phenotype-vocabulary.240.owl.xml 1495 2422 0.6172584640792733 61.7258464079273 513 941 0.5451647183846972 54.5164718384697 2795 2795 1.0 100 2795

wikipathways.wikipathways.224.owl.xml 30 39 0.7692307692307693 76.9230769230769 20 25 0.8 80 98 107 0.9158878504672897 91.588785046729 114

wsio.web-service-interaction-ontology.4.owl.xml 25 37 0.6756756756756757 67.5675675675676 9 12 0.75 75 37 42 0.8809523809523809 88.0952380952381 47

xao.xenopus-anatomy-and-development-ontology.24.owl.xml 854 1578 0.541191381495564 54.1191381495564 58 73 0.7945205479452054 79.4520547945205 1181 2687 0.4395236323036844 43.9523632303684 6234

xco.experimental-conditions-ontology.60.owl.xml 280 508 0.5511811023622047 55.1181102362205 109 202 0.5396039603960396 53.960396039604 609 616 0.9886363636363636 98.8636363636364 616

zea.maize-gross-anatomy-ontology.2.owl.xml 109 178 0.6123595505617978 61.2359550561798 9 14 0.6428571428571429 64.2857142857143 131 198 0.6616161616161617 66.1616161616162 217

zfa.zebrafish-anatomy-and-development-ontology.50.owl.xml 1742 3048 0.571522309711286 57.1522309711286 13 28 0.4642857142857143 46.4285714285714 3308 8779 0.37680829251623194 37.6808292516232 11817
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Figure 4.5: Plots of AD width against ontology size.

Figure 4.5 shows scatter plots of the width against the size of ontologies in our

5We implemented the computation of maximal antichains using the implementation of the Hopcroft
Karp algorithm from the Java library JGraphT.
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corpus.6 We find that all three kinds of AD often lead to very wide decompositions.
In fact, comparing the width with the number of atoms, we notice that, for most of our
ontologies, more than half of their atoms form an antichain: this is the case for 297
out of 340 ontologies (around 87%) for ⊥-AD, for 303 out of 340 ontologies (around
89%) for >-AD, and 315 out of 340 (around 92%) for >⊥∗-AD. For >-AD, however,
the presence of large atoms leads to a wider range of widths relative to the ontology
size in Figure 4.5.

To answer Question 4, we want to understand the joint effect of the individual
phenomena observed above on the overall structure of the ADs, in particular how the
spread of atom size and number and the length of antichains combine in the ontologies
of our corpus. To this end, we consider the partial order on axioms induced by the AD,
and determine how close it is to a total order. The closer the induced partial order is
to a total order, the fewer large atoms the AD has, and the more atoms are related to
each other via the dependency relation, i.e., the smaller the width of the AD and the
more structure it has. Also, the closer the induced partial order is to a total order, the
more helpful that AD will be for determining a suitable reading order, see [DVHP+20]
section 4.3.2.

To capture this distance, we follow the approach described by [CKS86] to measure
the distance between two orders but adapt it to our notation and simplify it (since we
are not comparing two arbitrary orders). We start by computing the comparable pairs

CPs(O) in the AD A(O) as follows:

CPs(O) = ∑
a∈A(O)

(
#a ∗ ∑

b�a
#b

)
. (4.3)

For example, consider the ontologies O1, . . . ,O4 with ADs as shown in Figure 4.6,
and where each has 100 axioms: both A(O1) and A(O3) have 100 singleton atoms;
in A(O1) they form a chain and in A(O3) they form a single antichain. In A(O2), we
have one long chain of 50 singleton atoms that depend on the (large) atom a51 with 50
axioms. In A(O4), we have one antichain of 50 singleton atoms which depend on the
atoms a26 and a52 with 25 axioms each.

In A(O1), i− 1 atoms depend on ai (namely those above it), for every i ≤ 100.
Since all atoms are singletons, Equation (4.3) yields CPs(O1) = ∑

100
i=1
(
1 · (i− 1)

)
=

∑
99
i=0 i = 99·100

2 = 4,950, i.e., all of the 99·100
2 = 4,950 pairs of axioms are comparable

6Our implementation was unable to compute the width of one ontology due to an out-of-memory
exception.
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Figure 4.6: Four example ADs.

pairs. In contrast, since each atom in A(O3) depends on no other atom, there are 0
comparable pairs.

In A(O2), it is again the case that i− 1 atoms depend on ai. Hence (4.3) yields
CPs(O2) = ∑

50
i=1
(
1 · (i−1)

)
+50 · (51−1) = ∑

49
i=0 i + 50 ·50 = 3,725. Finally, since

A(O4) contains 50 singleton atoms depending on 25 axioms each (and 2 atoms de-
pending on nothing), (4.3) yields CPs(O4) = 50 ·25 = 1,250.

In a next step, the relative reading score RRS(O) is defined as the relativised CPs:

RRS(O) =
CPs(O)(

#O2−#O
)
/2

.

Thus, RRS(O) is the special case of the distance between the AD-induced order on
axioms and a total order extending it, which has

(
#O2−#O

)
/2 comparable axiom

pairs: the maximal axiom is comparable to #O − 1 axiom, the next smallest one to
#O − 2, and so on, i.e. we have (#O − 1) + (#O − 2) + ... + 1 comparable pairs.

Returning to our example ontologies in Figure 4.6, we see that RRS(O1) = 100%,
reflecting the fact that the AD induces a total order. Next, RRS(O3) = 0% because
its AD induces an empty order. Furthermore, RRS(O2) = 75.25% and RRS(O4) =

25.25%, and hence A(O2) is closer to a total order than A(O4).
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We have computed the RRS for all ontologies in our corpus, and Figure 4.7 shows
scatter plots of the RRS(O) against the size of the ontology O. We find that, for ⊥-AD
and >⊥∗-AD, the RRS of almost all ontologies is below 20%, namely 298 out of 341
ontologies (around 87.39%) for ⊥-AD, and 307 out of 341 (around 90.03%) for >⊥∗-
AD. For >-AD, the RRS is more evenly distributed and generally higher than that
of ⊥-AD and >⊥∗-AD. i.e. almost all ontologies have big atoms or/and many/large
antichains w.r.t. ⊥-AD and >⊥∗-AD.

20191127Data.csv

ontName TboxAxioms botADTime(Microsecond)botADTimeS #botAtom relative reading score percentage topADTime(Microsecond)topADTimeS #topAtom relative reading score percentage starADTime(Microsecond)starADTimeS #starAtom relative reading score percentage

aao.amphibian-gross-anatomy-ontology.8.owl.xml 2692 703125 1 1597 48118 1.328461003 3781250 4 103 1948954 53.80750209 875000 1 2603 12813 0.353746432

aba-amb.allen-brain-atlas-aba-adult-mouse-brain-ontology.1.owl.xml 3441 453125 0 3437 25029 0.422892885 296875 0 1 0 0 609375 1 3437 245 0.004139548

abd.anthology-of-biosurveillance-diseases.4.owl.xml 2637 343750 0 1053 15486 0.445567715 1625000 2 407 534808 15.38765197 578125 1 2300 483 0.013897017

acgt-mo.cancer-research-and-management-acgt-master-ontology.2.owl.xml 5422 3328125 3 3784 1650016 11.22740091 453125 0 6 50910 0.346412992 6578125 7 3796 1639247 11.15412411

adar.autism-dsm-adi-r-ontology.1.owl.xml 6339 1968750 2 2175 568670 2.830853058 10718750 11 56 6886059 34.27896878 3875000 4 3490 562087 2.798082724

admin.nurse-administrator.1.owl.xml 176 0 0 71 515 3.344155844 0 0 8 2919 18.95454545 0 0 124 334 2.168831169

ado.alzheimers-disease-ontology.3.owl.xml 2401 734375 1 1539 244301 8.479140636 343750 0 12 182523 6.334964598 1109375 1 1540 244213 8.476086353

aeo.anatomical-entity-ontology.6.owl.xml 368 15625 0 248 3443 5.098625755 46875 0 78 23506 34.80926431 15625 0 344 117 0.173261462

allergydetector.allergy-detector-ii.1.owl.xml 34 0 0 9 116 20.67736185 0 0 3 136 24.24242424 0 0 10 78 13.90374332

amino-acid.amino-acid-ontology.2.owl.xml 476 281250 0 6 13795 12.20256524 15625 0 2 2355 2.083149049 437500 0 11 11596 10.25740823

ancestro.ancestry-ontology.2.owl.xml 583 31250 0 541 416 0.245206392 46875 0 33 3786 2.231613941 31250 0 556 2 0.001178877

ao.asthma-ontology.2.owl.xml 283 15625 0 283 253 0.634037541 15625 0 36 1280 3.207778864 15625 0 283 0 0

apo.ascomycete-phenotype-ontology.26.owl.xml 304 0 0 303 664 1.44172312 15625 0 73 3765 8.174830641 0 0 304 0 0

asdpto.autism-spectrum-disorder-phenotype-ontology.1.owl.xml 283 15625 0 283 803 2.012380022 0 0 77 3623 9.079517831 15625 0 283 0 0

atc.anatomical-therapeutic-chemical-classification.1.owl.xml 10153 1343750 1 10153 33281 0.064577372 703125 1 3987 211093 0.409598005 1765625 2 10153 0 0

ato.amphibian-taxonomy-ontology.2.owl.xml 12163 11515625 12 6134 251829 0.340478765 171718750 172 566 36997471 50.02145594 17718750 18 12163 75598 0.102210284

atol.animal-trait-ontology-for-livestock.1.owl.xml 2178 109375 0 2096 12456 0.525402689 125000 0 636 54826 2.312598571 140625 0 2178 6 2.53E-04

bao-gpcr.g-protein-coupled-receptor-bioassays-ontology.23.owl.xml 1023 140625 0 890 51742 9.897982412 281250 0 107 177972 34.04514178 171875 0 975 3332 0.637394716

bcchrcatalog.bc-childrens-hospital-research-institute-study-catalog.15.owl.xml 32682 10687500 11 24777 222711 0.041703039 5390625 5 8161 2633914 0.493205174 17593750 18 32682 739 1.38E-04

bco.biological-collections-ontology.9.owl.xml 331 31250 0 172 10541 19.30055845 46875 0 16 16946 31.02810583 46875 0 185 9146 16.74631511

bcteo.bone-and-cartilage-tissue-engineering-ontology.4.owl.xml 458 31250 0 249 7316 6.990721718 187500 0 21 26904 25.70781535 31250 0 287 4525 4.323812982

bctt.behaviour-change-technique-taxonomy.6.owl.xml 109 0 0 93 0 0 0 0 16 0 0 0 0 93 0 0

bdo.bone-dysplasia-ontology.9.owl.xml 3971 687500 1 1918 64536 0.818731775 3156250 3 365 1601989 20.32352947 984375 1 2347 24645 0.312657193

bfo.basic-formal-ontology.2.owl.xml 52 0 0 52 160 12.06636501 15625 0 2 100 7.54147813 0 0 52 0 0

bhn.biologie-hors-nomenclature.1.owl.xml 2542 156250 0 2533 4555 0.141038658 250000 0 120 90104 2.789933525 171875 0 2542 0 0

bho.bleeding-history-phenotype-ontology.3.owl.xml 1925 421875 0 1414 176611 9.537003537 281250 0 13 211695 11.43154143 671875 1 1563 130406 7.041931042

biomo.biological-observation-matrix-ontology.1.owl.xml 2511 484375 0 1641 229890 7.295072994 531250 1 23 242861 7.706680248 750000 1 1762 154041 4.888165379

birnlex.biomedical-informatics-research-network-project-lexicon.1.owl.xml 3572 265625 0 3572 41160 0.645362998 281250 0 1218 150216 2.355292714 359375 0 3572 0 0

bmt.biomedical-topics.1.owl.xml 282 15625 0 244 587 1.481537568 15625 0 74 5636 14.22477979 15625 0 278 0 0

bno.bionutrition-ontology.2.owl.xml 104 0 0 88 354 6.609410007 0 0 33 1060 19.79088872 0 0 92 17 0.317401046

bof.biodiversity-ontology.2.owl.xml 599 31250 0 506 1464 0.817415871 46875 0 20 57937 32.34878644 15625 0 587 82 0.045784222

bp.biopax-ontology-of-biological-pathways.1.owl.xml 391 15625 0 187 1909 2.503770739 46875 0 28 33891 44.45012788 31250 0 294 844 1.106957833

bsao.botryllus-schlosseri-anatomy-and-development-ontology.1.owl.xml 353 15625 0 96 6215 10.00354108 62500 0 5 22790 36.68233325 31250 0 343 2767 4.453708473

bspo.spatial-ontology.20.owl.xml 268 15625 0 126 3529 9.863603332 93750 0 12 16476 46.05064565 15625 0 150 1636 4.572642406

bt.biotop-ontology.12.owl.xml 824 281250 0 351 120198 35.44868997 31250 0 3 1638 0.48307754 500000 1 356 120151 35.43482877

bto.brenda-tissue-and-enzyme-source-ontology.33.owl.xml 7007 1906250 2 5896 92900 0.378480457 80750000 81 444 8596043 35.02082111 2390625 2 6800 21018 0.085628657

cabro.computer-assisted-brain-injury-rehabilitation-ontology.1.owl.xml 96 0 0 60 1778 38.99122807 0 0 3 184 4.035087719 0 0 60 1757 38.53070175

canco.cancer-chemoprevention-ontology.3.owl.xml 360 46875 0 174 23075 35.7087589 0 0 4 1065 1.648096565 78125 0 176 23071 35.70256886

canont.upper-level-cancer-ontology.1.owl.xml 51 15625 0 51 215 16.8627451 0 0 22 452 35.45098039 0 0 51 0 0

cao.clusters-of-orthologous-groups-cog-analysis-ontology.3.owl.xml 442 171875 0 100 50285 51.59499697 31250 0 9 8846 9.076451093 328125 0 107 49518 50.80801551

carelex.content-archive-resource-exchange-lexicon.43.owl.xml 352 0 0 352 883 1.429357679 31250 0 71 5317 8.606902357 15625 0 352 0 0

caro.common-anatomy-reference-ontology.10.owl.xml 54 0 0 50 160 11.18099231 0 0 18 625 43.67575122 0 0 54 13 0.908455625

carre.carre-risk-factor-ontology.3.owl.xml 454 15625 0 193 2334 2.26974356 62500 0 108 33691 32.76346627 31250 0 443 195 0.189631531

cbo.cell-behavior-ontology.21.owl.xml 350 31250 0 327 7666 12.5517806 15625 0 19 10221 16.73516169 15625 0 337 45 0.073679902

ccon.cerrado-concepts-and-plant-community-dynamics.8.owl.xml 218 15625 0 84 6472 27.36227963 15625 0 4 1260 5.327019828 31250 0 123 3890 16.44611677

ccont.cell-culture-ontology.3.owl.xml 33235 27406250 27 20058 1869656 0.338542662 7125000 7 5 1791666 0.324420844 40125000 40 27481 595207 0.107775421

cedarvs.cedar-value-sets.4.owl.xml 43 0 0 43 44 4.872646733 0 0 6 406 44.96124031 0 0 43 0 0

chd.congenital-heart-defects-ontology.5.owl.xml 508 15625 0 508 492 0.382052835 78125 0 16 1709 1.327090031 31250 0 508 0 0

chembio.systems-chemical-biology-and-chemogenomics-ontology.9.owl.xml 489 15625 0 366 2257 1.891615542 46875 0 13 20820 17.44946193 31250 0 399 1543 1.2932046

chmo.chemical-methods-ontology.18.owl.xml 3417 281250 0 2971 29136 0.499225871 562500 1 24 231541 3.967300157 359375 0 3148 3315 0.056800308

ciinteado.ciona-intestinalis-anatomy-and-development-ontology.2.owl.xml 4880 2203125 2 880 1185639 9.959369193 18281250 18 12 5818302 48.87374462 2828125 3 2879 434952 3.653597385

cisaviado.ciona-savignyi-anatomy-and-development-ontology.2.owl.xml 4880 2312500 2 880 1185639 9.959369193 20078125 20 12 5818302 48.87374462 3015625 3 2879 434952 3.653597385

cl.cell-ontology.61.owl.xml 19845 30171875 30 5581 10055234 5.10671776 109062500 109 892 34457765 17.49994883 49984375 50 6351 7977089 4.051297272

clo.cell-line-ontology.55.owl.xml 117375 1919218750 1919 40871 25242886 0.366455708 12087515625 12088 169 -1873630966 35.15099343 4153906250 4154 71043 17382154 0.252339988

cmo.clinical-measurement-ontology.75.owl.xml 3344 203125 0 2708 29302 0.524233312 406250 0 1374 220580 3.94633076 296875 0 3344 17 3.04E-04

cmpo.cellular-microscopy-phenotype-ontology.14.owl.xml 1811 359375 0 799 75595 4.612390212 78125 0 2 1810 0.110436223 531250 1 926 68396 4.173146914

cn.computer-network.1.owl.xml 1184 687500 1 280 333389 47.60415001 1343750 1 6 18688 2.668433438 1312500 1 286 288402 41.18051907

co-wheat.wheat-trait-ontology.1.owl.xml 175 15625 0 175 314 2.062397373 0 0 24 1876 12.32183908 15625 0 175 0 0

cogat.cognitive-atlas-ontology.7.owl.xml 8182 2234375 2 1516 47879 0.143057028 94359375 94 71 16426615 49.08086479 3750000 4 2781 81872 0.244624261

cogpo.cognitive-paradigm-ontology.1.owl.xml 658 62500 0 429 16516 7.640884003 31250 0 14 16451 7.610812711 78125 0 508 11976 5.54051991

comodi.comodi.5.owl.xml 73 0 0 67 72 2.739726027 0 0 1 0 0 0 0 68 10 0.380517504

cptac.cptac-proteomics-pipeline-infrastructure-ontology.3.owl.xml 1118 62500 0 601 684 0.109544637 31250 0 1 0 0 62500 0 689 859 0.137571408

cseo.cigarette-smoke-exposure-ontology.2.owl.xml 26540 10953125 11 20028 2895263 0.822114945 3000000 3 6 980675 0.278464365 17296875 17 20032 2766843 0.785649863

cso.clinical-study-ontology.1.owl.xml 36 0 0 36 31 4.920634921 0 0 6 155 24.6031746 0 0 36 0 0

csso.clinical-signs-and-symptoms-ontology.6.owl.xml 303 15625 0 302 523 1.143094442 31250 0 75 6022 13.16197845 15625 0 303 0 0

ctcae.common-terminology-criteria-for-adverse-events.2.owl.xml 6934 1906250 2 6929 35155 0.146255451 2531250 3 827 345079 1.435633186 3296875 3 6934 4 1.66E-05

cto.clinical-trials-ontology.1.owl.xml 376 31250 0 376 2475 3.510638298 31250 0 95 9137 12.96028369 31250 0 376 0 0

cu-vo.venom-ontology.1.owl.xml 34 0 0 14 282 50.26737968 0 0 1 0 0 0 0 15 246 43.85026738

cyto.cytokine.27.owl.xml 317 31250 0 316 0 0 78125 0 2 316 0.630914826 31250 0 317 1 0.001996566

dcmitype.dcmi-type-vocabulary.1.owl.xml 2 0 0 2 0 0 0 0 1 0 0 0 0 2 0 0

dco-debugit.debugit-core-ontology.1.owl.xml 2537 1187500 1 1689 463684 14.41392937 671875 1 33 276267 8.587945722 2421875 2 1747 458476 14.25203518

ddanat.dictyostelium-discoideum-anatomy-ontology.16.owl.xml 351 31250 0 127 11875 19.33251933 125000 0 18 24955 40.62678063 46875 0 217 6880 11.2006512

ddo.diabetes-mellitus-diagnosis-ontology.3.owl.xml 6955 906250 1 6485 186817 0.772528604 2359375 2 46 1179697 4.878301634 1203125 1 6707 96284 0.398155115

dermo.human-dermatological-disease-ontology.10.owl.xml 3993 296875 0 3400 28247 0.354415317 906250 1 913 652055 8.181338886 421875 0 3972 98 0.001229607

diab.biomedbridges-diabetes-ontology.73.owl.xml 1788 203125 0 372 10579 0.66218989 1593750 2 6 9917 0.620752164 468750 0 957 0 0

diagont.diagnostic-ontology.1.owl.xml 245 15625 0 217 1063 3.556373369 0 0 1 0 0 31250 0 220 485 1.62261626

dloro.dependency-layered-ontology-for-radiation-oncology.1.owl.xml 547 78125 0 263 23991 16.06565281 234375 0 60 73649 49.3192974 93750 0 421 5713 3.82572942

doccc.diagnosis-ontology-of-clinical-care-classification.3.owl.xml 203 15625 0 203 574 2.799590304 0 0 27 2171 10.58869434 0 0 203 0 0

doid.human-disease-ontology.589.owl.xml 8457 1046875 1 8259 46273 0.129412536 1312500 1 1933 800051 2.237517101 1359375 1 8457 2 5.59E-06

ecg.electrocardiography-ontology.12.owl.xml 1300 93750 0 1104 6644 0.78687748 390625 0 237 314344 37.22911115 93750 0 1147 1794 0.212471132

eco.evidence-and-conclusion-ontology.49.owl.xml 1946 359375 0 807 43043 2.27441697 62500 0 1 0 0 500000 1 829 41266 2.180519264

ecp.electronic-care-plan.2.owl.xml 139 31250 0 17 4686 48.85830466 15625 0 2 798 8.320300282 46875 0 20 3918 40.85079762

ecso.the-ecosystem-ontology.50.owl.xml 10244 2781250 3 6077 509751 0.971608576 1437500 1 15 418320 0.797336934 4421875 4 6367 452601 0.862678078

edam-bioimaging.bioimaging-ontology.1.owl.xml 159 0 0 138 158 1.257861635 0 0 1 0 0 15625 0 141 36 0.286601385

edda.edda-study-designs-taxonomy.11.owl.xml 714 46875 0 619 2145 0.842693319 187500 0 118 144339 56.70559949 62500 0 710 545 0.21411089

edda_pt.edda-publication-types-taxonomy.1.owl.xml 104 0 0 96 120 2.240477969 0 0 31 2769 51.69902913 15625 0 100 2 0.037341299

efo.experimental-factor-ontology.161.owl.xml 27305 9406250 9 19814 279213 0.074902649 12031250 12 3430 4672964 1.253585542 14734375 15 27218 178 4.78E-05

ego.epigenome-ontology.1.owl.xml 5900 3406250 3 2912 644665 3.704534811 328125 0 7 41203 0.236770955 4875000 5 2949 641720 3.687611517

ehda.human-developmental-anatomy-ontology-timed-version.6.owl.xml 8339 8671875 9 8339 53471 0.153805702 174546875 175 2 191268 0.55016942 14437500 14 8339 45155 0.129885293

ehdaa.human-developmental-anatomy-ontology-abstract-version-1.6.owl.xml 2335 609375 1 2313 13632 0.500266978 7296875 7 1 0 0 875000 1 2313 13632 0.500266978

ehdaa2.human-developmental-anatomy-ontology-abstract-version-2.32.owl.xml 13369 9515625 10 2728 2310293 2.585423534 275000000 275 108 44842048 50.18224365 16296875 16 8564 780040 0.872934201

elig.eligibility-feature-hierarchy.1.owl.xml 38 0 0 31 117 16.64295875 15625 0 10 329 46.79943101 0 0 38 18 2.560455192

emap.mouse-gross-anatomy-and-development-ontology.7.owl.xml 21723 45296875 45 19445 224298 0.095068313 1443828125 1444 15 1084232 0.459549825 71750000 72 19944 198375 0.084080895

emo.enzyme-mechanism-ontology.1.owl.xml 206 15625 0 160 1144 5.417949325 31250 0 10 4838 22.91262136 15625 0 169 689 3.263083116

enm.enanomapper.14.owl.xml 13356 2562500 3 10945 64258 0.072050483 10281250 10 2085 7107765 7.969714309 4046875 4 13317 707 7.93E-04

eo.ethnicity-ontoloy.1.owl.xml 786 46875 0 785 4082 1.323155216 15625 0 2 1568 0.508257565 31250 0 785 16 0.005186302

eol.environment-ontology-for-livestock.1.owl.xml 659 31250 0 646 3465 1.598166145 31250 0 208 11383 5.25019487 46875 0 658 0 0

epilont.epilepsy-ontology.2.owl.xml 145 15625 0 141 150 1.436781609 15625 0 26 647 6.197318008 15625 0 141 0 0

epo.early-pregnancy-ontology.1.owl.xml 2087 390625 0 1314 171894 7.896851302 156250 0 4 81840 3.759749093 750000 1 1475 150457 6.912030416

esfo.enzyme-structure-function-ontology.1.owl.xml 459 15625 0 150 707 0.672622275 31250 0 1 0 0 31250 0 254 809 0.769662547

esso.epilepsy-syndrome-seizure-ontology.5.owl.xml 4350 640625 1 2716 257142 2.718468772 8406250 8 383 4391805 46.42953989 1000000 1 3529 112542 1.18977807

exo.exposure-ontology.4.owl.xml 103 0 0 81 1403 26.7085475 15625 0 14 2473 47.07786027 15625 0 85 597 11.36493432

fao.fungal-gross-anatomy-ontology.20.owl.xml 115 15625 0 90 615 9.38215103 15625 0 30 2488 37.95575896 15625 0 114 109 1.662852784

fb-bt.drosophila-gross-anatomy-ontology.38.owl.xml 35000 76359375 76 9067 16664385 2.720793655 6718750 7 7 769532 0.125641467 129468750 129 9479 15478728 2.527211471

fb-cv.flybase-controlled-vocabulary.20.owl.xml 1265 375000 0 468 49918 6.243808476 31250 0 5 5017 0.627532896 515625 1 632 38770 4.849402111

fb-dv.drosophila-development-ontology.19.owl.xml 719 234375 0 250 195493 75.73696057 109375 0 13 101635 39.37494431 359375 0 452 137834 53.3989873

fb-sp.fly-taxonomy.7.owl.xml 6587 921875 1 6583 160841 0.741510611 1515625 2 1574 825808 3.807147401 1109375 1 6587 15 6.92E-05

fhho.family-health-history-ontology.1.owl.xml 932 62500 0 538 6910 1.592731061 296875 0 189 229930 52.99806844 46875 0 769 907 0.209060358

fire.fire-ontology.7.owl.xml 106 15625 0 55 1677 30.13477089 15625 0 18 1903 34.19586703 15625 0 69 611 10.97933513

fix.physico-chemical-methods-and-properties.4.owl.xml 1684 109375 0 1162 32708 2.308116797 875000 1 465 591818 41.76302638 171875 0 1660 1226 0.086515568

flopo.flora-phenotype-ontology.8.owl.xml 60891 756937500 757 26967 6659136 0.359210315 104421875 104 14 17936482 0.967538335 944812500 945 27413 6117830 0.330010927

fo.fern-ontology.6.owl.xml 54 0 0 23 490 34.24178896 0 0 3 507 35.42976939 0 0 25 372 25.99580713

foodon.foodon.1.owl.xml 13223 4671875 5 10173 202262 0.231375378 114250000 114 2463 41312697 47.25920294 9187500 9 12698 10723 0.012266457

fypo.fission-yeast-phenotype-ontology.273.owl.xml 27602 55656250 56 8281 4059160 1.065616158 5609375 6 20 744717 0.195504111 72109375 72 10464 3860085 1.013354721

galen.galen-ontology.1.owl.xml 37696 1599546875 1600 15211 154914871 21.80439741 57687500 58 97 13450923 1.893228641 3034890625 3035 15653 148816740 20.94608038

gbm.glioblastoma.1.owl.xml 316 31250 0 267 3408 6.847498493 31250 0 5 15120 30.37974684 46875 0 287 2058 4.135021097

gco.genome-component-ontology.3.owl.xml 10 0 0 3 0 0 0 0 4 10 22.22222222 0 0 6 4 8.888888889

gene-cds.genomic-clinical-decision-support-ontology.1.owl.xml 4322 6625000 7 1915 2960664 31.70663037 312500 0 1 0 0 10046875 10 1915 2960205 31.7017148

genepio.genepio.1.owl.xml 6281 1156250 1 4511 236920 1.201277333 15000000 15 579 8101770 41.07915187 1421875 1 5461 94437 0.478832633

gexo.gene-expression-ontology.2.owl.xml 170932 2462734375 2463 166253 1084115 0.007420978 17925937500 17926 3428 641217986 4.389261785 2635187500 2635 170932 576 3.94E-06

gfo.general-formal-ontology.1.owl.xml 212 0 0 75 3894 17.410355 15625 0 2 1236 5.526245194 31250 0 90 2838 12.6889028

gfvo.genomic-feature-and-variation-ontology.20.owl.xml 157 15625 0 140 382 3.119385922 15625 0 12 3008 24.56312265 15625 0 151 83 0.677772334

gmm.gomapman.25.owl.xml 1895 109375 0 1895 5370 0.299236862 109375 0 340 86536 4.822115666 109375 0 1895 0 0

go-ext.gene-ontology-extension.2.owl.xml 68778 149593750 150 32469 3537762 0.149577351 5890625 6 1 0 0 187281250 187 43673 2802063 0.118471836

go-plus.go-plus.324.owl.xml 171981 1298968750 1299 61859 55646749 0.37628021 219171875 219 115 51677704 0.34944175 1400921875 1401 67880 45654119 0.308710604

go.gene-ontology.1557.owl.xml 107829 493031250 493 43793 8859131 0.152389131 15828125 16 1 0 0 694671875 695 64717 6971578 0.119920646

gro-cpd.cereal-plant-development-ontology.1.owl.xml 235 15625 0 233 578 2.1022004 15625 0 48 3024 10.99836334 15625 0 235 5 0.018185125

gro-cpga.cereal-plant-gross-anatomy-ontology.11.owl.xml 2435 484375 0 1300 104480 3.525685911 203125 0 11 86606 2.922526359 703125 1 1418 88902 3.000005062

gro.gene-regulation-ontology.5.owl.xml 955 171875 0 525 55505 12.18457418 31250 0 3 5688 1.248641707 296875 0 548 51467 11.29814394

haauraado.halocynthia-aurantium-anatomy-and-development-ontology.2.owl.xml 4744 2500000 3 857 1138450 10.11919936 18687500 19 12 5491606 48.81255735 3125000 3 2810 415010 3.68884793

hao.hymenoptera-anatomy-ontology.24.owl.xml 4657 1343750 1 2355 168590 1.555043695 343750 0 7 60375 0.55688809 1796875 2 4053 54512 0.502808837

haroreado.halocynthia-roretzi-anatomy-and-development-ontology.2.owl.xml 4744 2515625 3 857 1138450 10.11919936 17875000 18 12 5491606 48.81255735 3218750 3 2810 415010 3.68884793

heio.regional-healthcare-system-interoperability-and-information-exchange-measurement-ontology.17.owl.xml293 15625 0 111 756 1.767263547 15625 0 13 15484 36.1961756 15625 0 156 724 1.69245874

hfo.heart-failure-ontology.1.owl.xml 2064 171875 0 1648 4236 0.198965156 750000 1 332 374349 17.58319336 203125 0 2064 966 0.045373074

hivo004.hivontologymainowl.16.owl.xml 1873 171875 0 1482 50648 2.889007534 1156250 1 384 781641 44.58550659 171875 0 1787 2819 0.160798299

hl7.health-level-seven-reference-implementation-model-version-3.3.owl.xml 8072 1421875 1 7497 22171 0.068062324 4968750 5 1093 2225015 6.830530553 1484375 1 8069 62 1.90E-04

hom.ontology-of-homology-and-related-concepts-in-biology.6.owl.xml 83 0 0 72 255 7.493388187 15625 0 5 689 20.24684102 15625 0 83 0 0

hp.human-phenotype-ontology.563.owl.xml 15974 3218750 3 12166 232667 0.18237471 3718750 4 4276 1771889 1.388885155 5015625 5 15974 0 0

hpio.host-pathogen-interactions-ontology.2.owl.xml 339 78125 0 245 22238 38.81586986 15625 0 3 668 1.165977204 109375 0 245 22231 38.80365153

hrdo.disease-core-ontology-applied-to-rare-diseases.2.owl.xml 85030 604125000 604 13550 94528967 2.614903444 18388843750 18389 226 863134570 23.87642256 808031250 808 24528 47442801 1.312384422

hugo.human-genome-organization-gene-symbols.3.owl.xml 32917 78859375 79 32911 32880 0.006069243 905031250 905 37 89601 0.01653924 91812500 92 32911 0 0

hupson.human-physiology-simulation-ontology.1.owl.xml 3746 1359375 1 2933 479856 6.841027403 1640625 2 6 695574 9.91639324 2312500 2 2936 463134 6.602631592

iao.information-artifact-ontology.6.owl.xml 467 31250 0 253 10638 9.776585088 46875 0 5 12528 11.51354183 46875 0 291 8157 7.49648473

icd11-bodysystem.body-system-terms-from-icd11.1.owl.xml 28 0 0 28 15 3.968253968 0 0 6 203 53.7037037 0 0 28 0 0

ico.informed-consent-ontology.9.owl.xml 761 109375 0 418 40858 14.12891625 31250 0 5 9664 3.341863199 187500 0 439 39356 13.60951656

icps.international-classification-for-patient-safety.7.owl.xml 994 265625 0 543 81442 16.50223597 140625 0 21 112522 22.79984033 375000 0 593 64764 13.12284584

icw.international-classification-of-wellness.4.owl.xml 120 0 0 119 200 2.801120448 15625 0 33 1449 20.29411765 15625 0 119 0 0

ido.infectious-disease-ontology.10.owl.xml 1044 203125 0 757 50358 9.249402145 218750 0 4 153282 28.1537563 359375 0 768 46429 8.527751145

idoden.dengue-fever-ontology.6.owl.xml 5907 2453125 2 5028 535299 3.068781831 296875 0 5 41299 0.236760429 3859375 4 5225 514605 2.950146506

idqa.image-and-data-quality-assessment-ontology.8.owl.xml 275 0 0 259 1218 3.232913072 15625 0 74 5107 13.5554081 15625 0 272 10 0.0265428

ifar.fanconi-anemia-ontology.5.owl.xml 4977 468750 0 4523 20963 0.169291603 359375 0 904 199511 1.611197683 515625 1 4977 53 4.28E-04

inm-npi.interventionnelle-non-mdicamenteuse-inm.3.owl.xml 162 0 0 156 244 1.871022161 0 0 26 1009 7.737136723 15625 0 157 0 0

insecth.insecth.3.owl.xml 101 15625 0 100 352 6.97029703 0 0 29 1232 24.3960396 0 0 101 0 0

ixno.interaction-ontology.2.owl.xml 39 15625 0 39 14 1.889338731 0 0 9 269 36.3022942 0 0 39 0 0

jerm.sysmo-jerm-ontology-of-systems-biology-for-micro-organisms.14.owl.xml 394 46875 0 264 9727 12.56377469 31250 0 18 11528 14.89001692 93750 0 283 9330 12.05099392

kisao.kinetic-simulation-algorithm-ontology.22.owl.xml 794 312500 0 252 94577 30.04151565 15625 0 1 0 0 375000 0 253 94393 29.98306974

koro.knowledge-object-reference-ontology.1.owl.xml 215 0 0 99 4235 18.40904151 15625 0 1 0 0 31250 0 102 3256 14.1534449

lbo.livestock-breed-ontology.8.owl.xml 1062 78125 0 1062 1072 0.19027638 171875 0 12 9067 1.609361882 78125 0 1062 0 0

lda.ontology-of-language-disorder-in-autism.1.owl.xml 35 0 0 35 30 5.042016807 0 0 6 150 25.21008403 0 0 35 0 0

lpt.livestock-product-trait-ontology.3.owl.xml 511 31250 0 456 2035 1.561720579 46875 0 108 11887 9.122443498 15625 0 511 0 0

mamo.mathematical-modelling-ontology.14.owl.xml 164 0 0 113 1527 11.42450995 0 0 1 0 0 31250 0 115 1447 10.82597636

mat.minimal-anatomical-terminology.3.owl.xml 504 62500 0 458 1811 1.428729212 265625 0 1 0 0 78125 0 458 1787 1.409795197

matr.material.1.owl.xml 5043 656250 1 3841 66068 0.519672034 11156250 11 498 6102069 47.99713342 656250 1 4812 7002 0.055075734

matrcompound.material-compound.1.owl.xml 5043 687500 1 3841 66068 0.519672034 11812500 12 498 6102069 47.99713342 687500 1 4812 7002 0.055075734

matrelement.material-element.1.owl.xml 5043 734375 1 3841 66068 0.519672034 11328125 11 498 6102069 47.99713342 703125 1 4812 7002 0.055075734

matrrock.material-rock.1.owl.xml 5043 671875 1 3841 66068 0.519672034 10796875 11 498 6102069 47.99713342 687500 1 4812 7002 0.055075734

matrrockigneous.material-rock-igneouus.2.owl.xml 5043 734375 1 3841 66068 0.519672034 10750000 11 498 6102069 47.99713342 671875 1 4812 7002 0.055075734

mcbcc.breast-tissue-cell-lines-ontology.2.owl.xml 2734 16140625 16 89 286365 7.664993492 1734375 2 60 1135034 30.38090627 15125000 15 140 969956 25.96234326

mccl.cell-line-ontology-by-mahadevan.2.owl.xml 13590 8656250 9 5639 1334848 1.445622355 75390625 75 62 24762668 26.81763498 14593750 15 11949 259181 0.280689522

medeon.medical-error-ontology.1.owl.xml 56 15625 0 54 12 0.779220779 0 0 16 55 3.571428571 0 0 55 2 0.12987013

medo.mouse-experimental-design-ontology.1.owl.xml 86 0 0 79 193 5.280437756 0 0 24 546 14.93844049 0 0 84 0 0

mego.mobile-genetic-element-ontology.2.owl.xml 431 15625 0 356 2354 2.540333459 140625 0 50 43603 47.05444343 46875 0 405 889 0.959369773

meo.metagenome-and-microbes-environmental-ontology.8.owl.xml 783 31250 0 778 1903 0.621584633 46875 0 151 15094 4.930214631 31250 0 778 0 0

mera.medical-educational-resource-aggregator.1.owl.xml 73 0 0 35 45 1.712328767 0 0 8 1337 50.87519026 0 0 72 60 2.283105023

mf.mental-functioning-ontology.13.owl.xml 787 78125 0 708 22214 7.182232913 62500 0 10 10832 3.502203427 109375 0 719 20298 6.562751583

mfo.medaka-fish-anatomy-and-development-ontology.14.owl.xml 4402 2593750 3 4357 29627 0.30585548 33359375 33 13 347295 3.585313362 3234375 3 4402 19853 0.204953213

mfoem.emotion-ontology.24.owl.xml 1076 109375 0 913 37713 6.520791908 46875 0 10 14878 2.572490706 218750 0 924 34926 6.038903778

mhc.major-histocompatibility-complex-ontology.4.owl.xml 13778 5484375 5 8038 773136 0.814601214 968750 1 5 151434 0.159555783 7328125 7 8060 620232 0.653496591

mineral.material-mineral.1.owl.xml 5058 515625 1 3856 66058 0.516515832 10093750 10 503 6138226 47.99556312 640625 1 4832 6987 0.054632234

mirnao.microrna-ontology.11.owl.xml 764 31250 0 676 9666 3.316338784 171875 0 157 66602 22.85069271 62500 0 754 677 0.23227409

mixscv.minimal-information-about-any-sequence-mixs-controlled-vocabularies.2.owl.xml 518 31250 0 518 494 0.368923773 62500 0 25 11856 8.854170556 46875 0 518 0 0

mmo.measurement-method-ontology.51.owl.xml 653 31250 0 579 3063 1.4388523 46875 0 269 23111 10.85645299 46875 0 653 0 0

mnr.material-natural-resource.1.owl.xml 5066 500000 1 3860 66228 0.516210698 10187500 10 493 6121042 47.71014319 656250 1 4835 7004 0.054592313

mo.microarray-and-gene-expression-data-ontology.1.owl.xml 493 46875 0 239 20790 17.14243309 46875 0 28 19307 15.91962269 78125 0 280 14899 12.2849981

moc.material-organic-compound.1.owl.xml 5074 578125 1 3858 66401 0.515928228 10843750 11 499 6168585 47.92920484 640625 1 4842 7036 0.054668921

mono.monogenean-ontology.2.owl.xml 71 0 0 50 131 5.271629779 0 0 2 138 5.55331992 0 0 65 69 2.77665996

moocciado.molgula-occidentalis-anatomy-and-development-ontology.2.owl.xml 4744 2671875 3 857 1138450 10.11919936 17750000 18 12 5491606 48.81255735 3031250 3 2810 415010 3.68884793

mooccuado.molgula-occulta-anatomy-and-development-ontology.2.owl.xml 4744 2390625 2 857 1138450 10.11919936 17765625 18 12 5491606 48.81255735 3125000 3 2810 415010 3.68884793

mooculado.molgula-oculata-anatomy-and-development-ontology.2.owl.xml 4744 2406250 2 857 1138450 10.11919936 17218750 17 12 5491606 48.81255735 3031250 3 2810 415010 3.68884793

mp.mammalian-phenotype-ontology.316.owl.xml 14278 2484375 2 11473 135918 0.133352952 2312500 2 4429 1100447 1.079679336 3687500 4 14278 84 8.24E-05

ms.mass-spectrometry-ontology.116.owl.xml 2959 265625 0 2397 18079 0.413105774 2421875 2 305 1391723 31.80091862 312500 0 2885 707 0.016154974

mwla.medical-web-lifestyle-aggregator.1.owl.xml 43 15625 0 33 0 0 0 0 9 86 9.523809524 0 0 43 4 0.442967885

nbo.neuro-behavior-ontology.24.owl.xml 383484 7180640625 7181 155361 118729794 0.161471673 1326015625 1326 138 369174091 0.502074131 10056796875 10057 257321 81039461 0.110213089

ncco.nursing-care-coordination-ontology.1.owl.xml 397 0 0 395 683 0.868890415 15625 0 91 6370 8.103707096 31250 0 397 0 0

ncit.national-cancer-institute-thesaurus.47.owl.xml 167022 1004031250 1004 117553 43310994 0.310515574 17609375 18 1 0 0 1152515625 1153 127843 42716150 0.306250876

ncro.non-coding-rna-ontology.12.owl.xml 29772 44796875 45 9349 1080082 0.243716701 6343750 6 9 297620 0.067156905 58265625 58 9379 988792 0.223117434

nemo.neural-electromagnetic-ontology.24.owl.xml 2686 984375 1 2031 303855 8.426477868 296875 0 9 103203 2.862015749 1453125 1 2074 296961 8.235294118

neomark3.neomark-oral-cancer-ontology-version-3.2.owl.xml 1755 1171875 1 428 445662 28.95535479 296875 0 52 252326 16.39401352 2218750 2 670 423326 27.50415006

neomark4.neomark-oral-cancer-ontology-version-4.1.owl.xml 399 46875 0 329 13147 16.55772597 31250 0 5 4257 5.361393433 62500 0 342 9196 11.58171811

neudigs.neuroscience-domain-insight-graph.1.owl.xml 29 15625 0 26 16 3.9408867 0 0 7 24 5.911330049 0 0 27 0 0

ngsonto.ngs-ontology.32.owl.xml 264 46875 0 96 17480 50.35142297 31250 0 18 4655 13.40880286 46875 0 116 17073 49.17905289

nigo.neural-immune-gene-ontology.2.owl.xml 8836 1375000 1 4839 254523 0.652070823 20843750 21 426 9670970 24.77637529 2062500 2 7949 109106 0.279522241

nihss.national-institutes-of-health-stroke-scale-ontology.11.owl.xml 84 0 0 39 123 3.528399312 0 0 19 1815 52.06540448 15625 0 77 70 2.008032129

nmobr.neuromorphoorg-brain-region-ontologies.30.owl.xml 2965 312500 0 2658 56197 1.278910729 2296875 2 79 1653852 37.63775764 343750 0 2785 4923 0.11203583

nmosp.neuromorphoorg-species-ontology.15.owl.xml 1484 156250 0 1482 40014 3.636360332 359375 0 423 80772 7.340333301 156250 0 1484 0 0

nmr.nmr-instrument-component-of-metabolomics-investigations-ontology.8.owl.xml 599 109375 0 500 42002 23.45157202 46875 0 12 24256 13.5431963 156250 0 505 41952 23.42365481

npi.non-pharmacological-interventions-npis.4.owl.xml 139 15625 0 126 252 2.627463247 15625 0 32 1052 10.96861641 15625 0 131 0 0

npo.nanoparticle-ontology.31.owl.xml 16347 284062500 284 7218 57146376 42.77294298 3109375 3 5 766265 0.573534342 556046875 556 7265 58163710 43.53439755

ntdo.neglected-tropical-disease-ontology.1.owl.xml 1133 500000 1 481 209422 32.6569756 62500 0 15 20019 3.121735035 1031250 1 497 206927 32.26790877

oae.ontology-of-adverse-events.160.owl.xml 11459 22140625 22 5143 6967878 10.61390012 10593750 11 94 3581451 5.455486332 34937500 35 7260 6308903 9.610108887

obcs.ontology-of-biological-and-clinical-statistics.13.owl.xml 1388 265625 0 746 90236 9.374409139 46875 0 1 0 0 343750 0 848 46622 4.843451648

obiws.bioinformatics-web-service-ontology.2.owl.xml 520 62500 0 242 29837 22.11130873 15625 0 2 514 0.380910034 109375 0 322 19256 14.27004595

obi_bcgo.beta-cell-genomics-ontology.14.owl.xml 4457 1437500 1 2283 426044 4.290388629 171875 0 4 22240 0.223963354 2296875 2 2318 423023 4.259966269

ocre.ontology-of-clinical-research.23.owl.xml 1083 125000 0 492 33294 5.682510586 343750 0 89 250888 42.82073995 140625 0 660 15754 2.688840986

ocvdae.ontology-of-cardiovascular-drug-adverse-events.2.owl.xml 12456 37343750 37 2638 15766657 20.32578297 97625000 98 602 36404447 46.93124793 58531250 59 4437 14496494 18.68833646

odnae.ontology-of-drug-neuropathy-adverse-events.3.owl.xml 3203 656250 1 1606 303452 5.91754724 2843750 3 643 1855758 36.18870738 875000 1 3018 28701 0.55969156

of.ontofood.1.owl.xml 359 15625 0 336 2351 3.658517608 15625 0 82 15931 24.79108635 15625 0 358 6 0.009336923

ofsmr.open-food-safety-model-repository.3.owl.xml 146 0 0 134 190 1.794992915 0 0 26 2066 19.51818611 15625 0 144 0 0

ogdi.ontology-for-genetic-disease-investigations.3.owl.xml 766 250000 0 356 98010 33.45108278 31250 0 13 14237 4.859127289 406250 0 363 97984 33.44220891

ogi.ontology-for-genetic-interval.18.owl.xml 376 46875 0 229 16836 23.88085106 31250 0 7 4719 6.693617021 93750 0 243 15285 21.68085106

ogmd.ontology-of-glucose-metabolism-disorder.31.owl.xml 133 15625 0 132 315 3.588516746 15625 0 30 1911 21.77033493 15625 0 133 0 0

ogms.ontology-for-general-medical-science.9.owl.xml 145 0 0 131 2084 19.96168582 15625 0 5 1375 13.17049808 15625 0 139 1521 14.56896552

ogr.ontology-of-geographical-region.2.owl.xml 38 0 0 38 24 3.413940256 0 0 5 336 47.79516358 0 0 38 0 0

ogroup.orthologous-group-ontology.1.owl.xml 38 0 0 34 38 5.405405405 0 0 10 65 9.246088193 0 0 38 0 0

omrse.ontology-of-medically-related-social-entities.33.owl.xml 658 93750 0 379 22424 10.37413314 46875 0 5 24969 11.55153988 93750 0 398 20756 9.602457519

omv.ontology-metadata-vocabulary.1.owl.xml 315 46875 0 46 16174 32.70447882 15625 0 1 0 0 78125 0 48 16182 32.72065514

onl-dp.dataset-processing.1.owl.xml 1504 578125 1 740 293994 26.01127532 62500 0 8 10472 0.926515763 890625 1 746 293658 25.98154754

onl-mr-da.magnetic-resonance-dataset-acquisition-ontology.1.owl.xml 1862 1125000 1 901 404526 23.34803771 46875 0 7 11130 0.642390501 1843750 2 907 404190 23.32864479

onl-msa.mental-state-assessment.1.owl.xml 3918 5109375 5 636 1680301 21.89772908 218750 0 11 46860 0.610680815 8531250 9 646 1669257 21.75380336

onlira.ontology-of-liver-for-radiology.4.owl.xml 290 0 0 155 344 0.820904427 15625 0 1 0 0 31250 0 181 278 0.663405322

ontoad.bilingual-ontology-of-alzheimers-disease-and-related-diseases.2.owl.xml 8390 1328125 1 5920 308411 0.876370399 3515625 4 3595 1788468 5.082050946 1984375 2 8390 910 0.002585826

ontodm-core.ontology-of-core-data-mining-entities.6.owl.xml 2122 406250 0 1128 182556 8.11222633 171875 0 9 104652 4.65041253 687500 1 1182 177812 7.901417582

ontodm-kdd.ontology-of-data-mining-investigations.1.owl.xml 604 109375 0 302 54505 29.93037022 46875 0 10 32562 17.8807947 171875 0 366 41198 22.62308765

ontodt.ontology-of-datatypes.6.owl.xml 962 218750 0 463 107801 23.3213843 125000 0 24 89750 19.41627852 390625 0 558 84635 18.3097129

ontokbcf.ontological-knowledge-base-model-for-cystic-fibrosis.3.owl.xml 665 46875 0 435 12679 5.742820908 218750 0 90 114102 51.68131171 78125 0 601 1889 0.855602863

ontolurgences.emergency-care-ontology.1.owl.xml 12243 2875000 3 10071 349788 0.466761124 1671875 2 6 512624 0.684051353 3578125 4 10152 282107 0.376446821

ontoma.ontology-of-alternative-medicine-french.1.owl.xml 373 15625 0 368 219 0.315662025 15625 0 103 6488 9.351667676 15625 0 368 24 0.034593099

ontopneumo.ontology-of-pneumology.1.owl.xml 1165 46875 0 1163 9372 1.382239724 46875 0 231 32823 4.840936242 62500 0 1165 4 5.90E-04

ontotoxnuc.ontology-of-nuclear-toxicity.2.owl.xml 647 31250 0 642 723 0.345964466 31250 0 128 11299 5.406711615 31250 0 645 2 9.57E-04

opb.ontology-of-physics-for-biology.10.owl.xml 1046 78125 0 901 8055 1.473830587 296875 0 86 209398 38.3137402 62500 0 995 1280 0.23420275

opl.ontology-for-parasite-lifecycle.6.owl.xml 868 250000 0 243 129713 34.47265054 15625 0 1 0 0 437500 0 243 129713 34.47265054

ovae.ontology-of-vaccine-adverse-events.10.owl.xml 4683 6015625 6 1416 2629574 23.98611025 1453125 1 12 399770 3.646570621 9562500 10 1539 2415404 22.03252186

pae.plant-anatomy.13.owl.xml 2435 500000 1 1300 104480 3.525685911 203125 0 11 86606 2.922526359 734375 1 1418 88902 3.000005062

panda.probabilistic-knowledge-assembly-ontology.2.owl.xml 143 0 0 118 309 3.043435438 0 0 36 5253 51.73840244 15625 0 140 13 0.128040973

pathlex.anatomic-pathology-lexicon.5.owl.xml 1783 359375 0 1780 377 0.023730796 1421875 1 62 3946 0.248386526 390625 0 1780 0 0

pato.phenotypic-quality-ontology.164.owl.xml 2092 203125 0 1640 18706 0.855254194 46875 0 2 2091 0.095602294 234375 0 1675 12429 0.568264427

pco.population-and-community-ontology.12.owl.xml 2590 218750 0 1640 85187 2.540805994 125000 0 12 51396 1.532948277 312500 0 1650 79209 2.362504865

pdo.pathogenic-disease-ontology.6.owl.xml 425 15625 0 390 1435 1.592674806 15625 0 135 10264 11.3917869 31250 0 424 10 0.011098779

pdon.parkinsons-disease-ontology.1.owl.xml 1252 1281250 1 21 249178 31.81837916 2093750 2 1 0 0 2093750 2 21 249178 31.81837916

pdo_cas.plant-diversity-ontology.1.owl.xml 869 343750 0 351 167960 44.53447736 437500 0 73 157484 41.75677324 390625 0 620 62642 16.6094828

pe-o.pre-eclampsia-ontology.3.owl.xml 1507 296875 0 1225 97951 8.63178562 46875 0 2 1505 0.132625878 421875 0 1226 97953 8.631961867

pe.pulmonary-embolism-ontology.1.owl.xml 127 0 0 96 340 4.249468816 15625 0 22 4701 58.75515561 15625 0 127 126 1.57480315

peao.plant-experimental-assay-ontology.1.owl.xml 2814 203125 0 2322 18111 0.457592187 187500 0 7 72462 1.830823537 218750 0 2653 6905 0.174461601

peco.plant-environmental-conditions.15.owl.xml 558 15625 0 541 2563 1.64926031 46875 0 154 12986 8.356338037 31250 0 558 0 0

pedterm.pediatric-terminology.5.owl.xml 1760 93750 0 1760 4168 0.269264561 109375 0 418 54672 3.531965476 93750 0 1760 0 0

pgxo.pgxo.1.owl.xml 7 0 0 7 3 14.28571429 0 0 4 14 66.66666667 0 0 7 1 4.761904762

phage.phylogenetics-ontology.5.owl.xml 108126 518203125 518 43974 9107472 0.155801481 89328125 89 51 21586753 0.369284484 764515625 765 64985 6980052 0.119407717

phare.pharmacogenomic-relationships-ontology.2.owl.xml 459 15625 0 260 2809 2.672412973 78125 0 72 26805 25.50161258 46875 0 318 1535 1.460360952

phenx.phenx-phenotypic-terms.16.owl.xml 506 31250 0 506 157 0.122881853 15625 0 50 1004 0.785817712 31250 0 506 0 0

phfumiado.phallusia-fumigata-anatomy-and-development-ontology.2.owl.xml 4880 2796875 3 880 1185639 9.959369193 19656250 20 12 5818302 48.87374462 3515625 4 2879 434952 3.653597385

phmammado.phallusia-mammillata-anatomy-and-development-ontology.2.owl.xml 4880 2796875 3 880 1185639 9.959369193 18687500 19 12 5818302 48.87374462 3718750 4 2879 434952 3.653597385

phylont.phylogenetic-ontology.7.owl.xml 223 31250 0 145 3232 13.05700319 31250 0 16 9337 37.72068032 31250 0 174 1824 7.368803781

plio.protein-ligand-interaction-ontology.1.owl.xml 1055 93750 0 19 22704 4.083563405 1687500 2 1 0 0 4078125 4 19 22704 4.083563405

pma.portfolio-management-application.4.owl.xml 10 0 0 6 0 0 0 0 3 24 53.33333333 0 0 10 4 8.888888889

pmr.physical-medicine-and-rehabilitation.3.owl.xml 163 15625 0 149 565 4.279330455 15625 0 60 2459 18.62455503 15625 0 163 7 0.053018253

po.plant-ontology.15.owl.xml 2869 640625 1 1668 145610 3.539252132 453125 0 20 204736 4.976391212 921875 1 1824 117022 2.844381313

poro.porifera-ontology.8.owl.xml 1515 562500 1 836 268634 23.42353654 593750 1 93 423746 36.94852444 953125 1 987 183888 16.03411068

pp.pipeline-patterns-ontology.1.owl.xml 22 0 0 12 40 17.31601732 0 0 4 80 34.63203463 0 0 15 24 10.38961039

procchemical.chemical-process.1.owl.xml 5043 500000 1 3841 66068 0.519672034 10968750 11 498 6102069 47.99713342 671875 1 4812 7002 0.055075734

provo.provenance-ontology.124.owl.xml 179 0 0 88 866 5.435942502 15625 0 9 3547 22.26476681 15625 0 147 295 1.85173561

psds.plant-structure-development-stage.6.owl.xml 314 15625 0 293 2835 5.769113368 31250 0 69 14071 28.63393093 15625 0 311 153 0.311348975

pseudo.pseudogene.1.owl.xml 19 0 0 19 12 7.01754386 0 0 8 26 15.20467836 0 0 19 0 0

psimod.protein-modification-ontology.4.owl.xml 3587 234375 0 1933 32414 0.503988888 1218750 1 515 800942 12.45344198 421875 0 3570 476 0.007401083

pto.plant-trait-ontology.426.owl.xml 1675 78125 0 1383 11941 0.851727028 265625 0 448 168671 12.03095633 109375 0 1667 48 0.003423742

ptrans.pathogen-transmission-ontology.14.owl.xml 24 0 0 24 52 18.84057971 0 0 12 135 48.91304348 0 0 24 0 0

pw.pathway-ontology.71.owl.xml 3258 203125 0 2600 20458 0.38558873 468750 0 1022 292873 5.520017988 296875 0 3252 73 0.001375891

rao.rheumatoid-arthritis-ontology.1.owl.xml 350 15625 0 279 660 1.080638559 78125 0 50 31743 51.9738027 31250 0 350 194 0.317642243

rctv2.read-clinical-terminology-version-2.1.owl.xml 88824 134000000 134 88824 217815 0.005521563 14359375 14 11734 4249111 0.107714038 153093750 153 88824 0 0

repo.reproductive-trait-and-phenotype-ontology.3.owl.xml 91 0 0 91 120 2.93040293 0 0 29 597 14.57875458 0 0 91 0 0

rex.physico-chemical-process.6.owl.xml 734 46875 0 551 7535 2.801000703 250000 0 155 136290 50.66335577 46875 0 715 993 0.369129887

rexo.regulation-of-gene-expression-ontolology.6.owl.xml 162839 2921140625 2921 158238 1036349 0.007816671 15485406250 15485 3278 563876644 4.25304439 3966625000 3967 162839 576 4.34E-06

rh-mesh.robert-hoehndorf-version-of-mesh.3.owl.xml 432805 9066984375 9067 305232 6001259 0.006407503 1332109375 1332 64978 310182008 0.331179208 13764843750 13765 430941 0 0

rnao.rna-ontology.4.owl.xml 1435 140625 0 760 22703 2.20654197 1078125 1 136 510048 49.57240535 187500 0 1292 2633 0.255905607

rnprio.research-network-and-patient-registry-inventory-ontology.1.owl.xml 76 0 0 76 101 3.543859649 0 0 30 466 16.35087719 0 0 76 0 0

rnrmu.rnrmu.1.owl.xml 2243 125000 0 2243 2018 0.08025762 93750 0 300 20108 0.799712695 125000 0 2243 0 0

roleo.role-ontology.1.owl.xml 672 78125 0 672 802 0.355723511 250000 0 16 55806 24.7525016 62500 0 672 0 0

roo.radiation-oncology-ontology.3.owl.xml 1557 109375 0 1334 16066 1.326293231 921875 1 246 619541 51.14484218 140625 0 1485 2170 0.179139569

ros.radiation-oncology-structures-ontology.3.owl.xml 416 15625 0 415 1445 1.674003707 31250 0 124 8720 10.10194625 31250 0 415 0 0

rpo.resource-of-asian-primary-immunodeficiency-diseases-rapid-phenotype-ontology.2.owl.xml2056 312500 0 1709 3308 0.156588751 2515625 3 318 1014826 48.03819099 484375 0 2047 686 0.032472758

rs.rat-strain-ontology.80.owl.xml 6089 687500 1 4362 35655 0.192366666 1421875 1 1409 837762 4.51991258 937500 1 6089 37 2.00E-04

rsa.reference-sequence-annotation.5.owl.xml 23 0 0 17 14 5.533596838 0 0 8 106 41.8972332 0 0 22 7 2.766798419

rxno.name-reaction-ontology.26.owl.xml 1399 140625 0 791 30058 3.073726277 78125 0 6 34354 3.513034551 187500 0 1104 9765 0.99856734

sao.subcellular-anatomy-ontology.2.owl.xml 2800 1421875 1 2352 330344 8.430153626 515625 1 29 303110 7.735160517 1671875 2 2375 324404 8.278568877

sbol.synthetic-biology-open-language-visual-ontology.2.owl.xml 48 0 0 37 179 15.86879433 0 0 4 629 55.76241135 15625 0 46 66 5.85106383

sd3.simulation-delivery-and-documentation-deviations.1.owl.xml 56 0 0 54 172 11.16883117 0 0 19 457 29.67532468 15625 0 54 0 0

sdo.sleep-domain-ontology.4.owl.xml 2746 1437500 1 986 509094 13.50781465 609375 1 44 308636 8.189053261 2531250 3 1029 488045 12.94932056

shr.student-health-record-ontology.3.owl.xml 340 15625 0 315 457 0.792989762 31250 0 83 3804 6.600728787 15625 0 333 0 0

sio.semanticscience-integrated-ontology.72.owl.xml 2466 515625 1 1633 214294 7.050663877 500000 1 21 231557 7.618648097 859375 1 1754 140780 4.631919048

sitbac.situation-based-access-control-ontology.3.owl.xml 611 203125 0 114 87591 47.00222693 62500 0 34 42675 22.8998417 328125 0 146 87268 46.82890183

so.sequence-types-and-features-ontology.220.owl.xml 3099 406250 0 2184 47024 0.979595034 1359375 1 80 643601 13.40737375 484375 0 2473 21463 0.447113138

sopharm.suggested-ontology-for-pharmacogenomics.18.owl.xml 280 93750 0 70 16788 42.98003072 31250 0 22 6580 16.84587814 187500 0 94 16996 43.5125448

soy.soy-ontology.2.owl.xml 1832 93750 0 1830 6803 0.405617471 140625 0 250 71853 4.284114677 93750 0 1832 0 0

sp.smart-protocols.4.owl.xml 736 93750 0 564 42139 15.57934043 15625 0 1 0 0 140625 0 564 42139 15.57934043

spd.spider-ontology.23.owl.xml 1192 125000 0 757 24121 3.398108859 1265625 1 100 269037 37.90128988 156250 0 1140 5979 0.842307237

spo.skin-physiology-ontology.1.owl.xml 678 109375 0 323 46739 20.36531113 125000 0 23 73651 32.0915195 156250 0 412 32094 13.98413093

spto.solanaceae-phenotype-ontology.3.owl.xml 422 15625 0 388 1515 1.705485698 46875 0 101 25430 28.62739359 31250 0 421 29 0.032646261

stato.statistics-ontology.11.owl.xml 1790 921875 1 513 433856 27.09643976 46875 0 2 3568 0.222839138 1796875 2 517 430752 26.9025797

suicideo.suicideonto.1.owl.xml 346 31250 0 275 5956 9.979056714 46875 0 97 12262 20.54452543 31250 0 323 1550 2.596967412

surgical.nurse-surgical.1.owl.xml 77 0 0 61 43 1.469583049 0 0 1 0 0 0 0 62 4 0.1367054

syn.sage-bionetworks-synapse-ontology.3.owl.xml 15353 4078125 4 14455 86542 0.073434258 3328125 3 2541 1158164 0.982747268 4328125 4 15353 411 3.49E-04

tads.tick-gross-anatomy-ontology.17.owl.xml 948 93750 0 628 10514 2.342284541 750000 1 24 148123 32.99849848 125000 0 816 1959 0.436421478

tao.teleost-anatomy-ontology.135.owl.xml 5190 1796875 2 3224 285028 2.116735008 42890625 43 243 4385487 32.56842788 2406250 2 4380 88259 0.655447588

taxrank.taxonomic-rank-vocabulary.9.owl.xml 61 0 0 60 0 0 0 0 1 0 0 0 0 60 0 0

tgma.mosquito-gross-anatomy-ontology.17.owl.xml 2733 781250 1 1864 81497 2.182987712 9718750 10 68 726612 19.4631099 937500 1 2323 54616 1.462950254

tma.tissue-microarray-ontology.1.owl.xml 60 0 0 25 127 7.175141243 15625 0 12 1015 57.34463277 15625 0 52 33 1.86440678

tok.terminological-and-ontological-knowledge-resources-ontology.3.owl.xml 416 15625 0 333 4843 5.610518999 31250 0 8 6926 8.023632994 46875 0 343 3078 3.565801668

top-menelas.menelas-project-top-level-ontology.4.owl.xml 1315 93750 0 759 16815 1.946281924 531250 1 220 355034 41.09403846 109375 0 1203 2903 0.336012871

trak.taxonomy-for-rehabilitation-of-knee-conditions.5.owl.xml 2212 234375 0 1632 64181 2.624596891 2046875 2 279 977511 39.97401616 250000 0 2054 5604 0.229168149

trans.nurse-transitional.1.owl.xml 157 0 0 74 498 4.066634003 0 0 3 596 4.866895313 15625 0 105 409 3.339866079

triage.nurse-triage.2.owl.xml 130 0 0 59 421 5.020870602 15625 0 21 4723 56.326774 0 0 125 90 1.073345259

tron.tribolium-ontology.2.owl.xml 2066 234375 0 957 62306 2.920851606 2343750 2 315 1164817 54.60561753 343750 0 2013 9388 0.440101353

tto.teleost-taxonomy-ontology.43.owl.xml 38639 23593750 24 38639 563269 0.075458007 16625000 17 5715 7214084 0.966430604 24734375 25 38639 0 0

typon.microbial-typing-ontology.11.owl.xml 197 31250 0 45 11887 61.57153217 31250 0 17 4868 25.21495908 62500 0 58 8957 46.39490314

unitsont.units-ontology.1.owl.xml 62 0 0 62 220 11.63405605 0 0 25 537 28.39767319 15625 0 62 0 0

uo.units-of-measurement-ontology.43.owl.xml 389 15625 0 329 732 0.969973233 46875 0 86 20998 27.82445075 31250 0 385 15 0.019876501

vario.variation-ontology.12.owl.xml 451 0 0 440 1738 1.712737127 15625 0 133 8797 8.669130328 15625 0 446 19 0.018723824

vhog.vertebrate-homologous-organ-group-ontology.11.owl.xml 1688 296875 0 1185 35446 2.48948609 3140625 3 59 302852 21.27026579 406250 0 1467 18698 1.313220417

vivo.vivo-ontology-for-researcher-discovery.2.owl.xml 1248 62500 0 600 4107 0.527805194 281250 0 48 217901 28.0032334 78125 0 861 1687 0.216802377

vo.vaccine-ontology.246.owl.xml 10555 8765625 9 4664 1515850 2.721516027 1031250 1 7 200173 0.359385182 13906250 14 5689 1510665 2.712207019

vsao.vertebrate-skeletal-anatomy-ontology.20.owl.xml 457 31250 0 270 14572 13.98518177 171875 0 46 32614 31.30062574 62500 0 355 4874 4.677722753

vt.vertebrate-trait-ontology.65.owl.xml 3975 312500 0 3405 37230 0.471365764 375000 0 1307 180899 2.290346371 421875 0 3975 34 4.30E-04

vto.vertebrate-taxonomy-ontology.10.owl.xml 106944 438359375 438 106943 2205958 0.038576112 81640625 82 22916 32248354 0.563934626 417109375 417 106943 0 0

wb-bt.c-elegans-gross-anatomy-vocabulary.116.owl.xml 15187 10968750 11 6786 820650 0.711660041 407515625 408 159 57224520 49.62457104 16796875 17 14308 226291 0.196237449

wb-ls.c-elegans-development-vocabulary.45.owl.xml 1424 890625 1 730 658113 64.95544703 1796875 2 14 45985 4.538698114 1500000 2 880 642185 63.38336084

wb-phenotype.c-elegans-phenotype-vocabulary.240.owl.xml 2795 156250 0 2422 19726 0.505197055 234375 0 941 132737 3.399490091 234375 0 2795 0 0

wikipathways.wikipathways.224.owl.xml 114 15625 0 39 384 5.961807173 0 0 25 1604 24.90296538 15625 0 107 29 0.450240646

wsio.web-service-interaction-ontology.4.owl.xml 47 0 0 37 58 5.365402405 0 0 12 84 7.770582794 0 0 42 15 1.38760407

xao.xenopus-anatomy-and-development-ontology.24.owl.xml 6234 4875000 5 1578 1757903 9.048174718 76562500 77 73 1580900 8.137115308 7140625 7 2687 1140977 5.87276957

xco.experimental-conditions-ontology.60.owl.xml 616 15625 0 508 2765 1.459719143 62500 0 202 30577 16.1424348 31250 0 616 28 0.014781966

zea.maize-gross-anatomy-ontology.2.owl.xml 217 15625 0 178 1421 6.063321386 46875 0 14 9695 41.36798088 15625 0 198 830 3.541559993

zfa.zebrafish-anatomy-and-development-ontology.50.owl.xml 11817 12843750 13 3048 1373516 1.967369801 182453125 182 28 38348143 54.92835792 17828125 18 8779 701654 1.00502134
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Figure 4.7: Plots of relative reading score (RRS) against ontology size.

Now if we compare our RRS and Width, we find that they behave similarly for
⊥-AD and >⊥∗-AD. For example, for ⊥-AD, 87.05% of ontologies have antichains
containing at least half of the AD’s atoms, and 87.39% of ontologies have a RRS below
20%. To understand better the causes of low reading scores, i.e., whether they are
mainly caused by large atoms or long antichains, we consider the correlations between
these metrics.

To do so, we need to pick a suitable correlation coefficient: we decide to use the
well-known Spearman’s rank correlation coefficient because we want to compare mea-
sures that grow quadratically with the ontology size like CPs with measures that are
proportional to the ontology size like the Width. In general, we would expect the
correlations between the reading score or number of comparable pairs and the width/-
maximal atom size to be negative but modest since high values of the latter two metrics
cause the former two to be low.

To compute these scores, we also introduce relativised metrics for the width, RW,
and the maximal atom size, MA, so that we can compare them with the (relativised)
reading score:
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RW(O) =
Width(O)

#A(O)
, RMA(O) =

MA(O)

#A(O)
.

In Table 4.7, we use Cor(m,n) to represent Spearman’s rank correlation coefficient
between parameters m and n, and correlate the ontologies’ numbers of comparable
pairs CPs with their width Width (maximal length of antichains of its AD) and the size
of their largest atom MA, and also correlate the corresponding two pairs of relativised
metrics.

Table 4.7: Spearman’s rank correlation coefficients for CPs and Width, RRS and RW,
CPs and MA, RRS and RMA, respectively.

Correlations
AD type Cor(CPs,Width) Cor(RRS,RW) Cor(CPs,MA) Cor(RRS,RMA)
⊥-AD 0.6912 -0.4555 0.6922 0.7722
>⊥∗-AD 0.3447 -0.8223 0.8599 0.6534
>-AD 0.6521 -0.3133 0.5945 -0.4012

In contrast to our expections, most correlations are positive. In particular, the non-
relativised metrics are all positive, for all three kinds of ADs. A reasonable explanation
is that all three metrics are strongly dominated by the ontology size, i.e., the larger the
ontology, the higher are CPs, Width, and MA, and thus we ignore these.

As expected, Cor(RRS,RW) is negative for all three kinds of ADs and rather strong
for >⊥∗-AD: the latter can be explained by the fact that many ontologies have a >⊥∗-
AD with only tiny atoms in a huge antichain, see Fig. 4.5 and 4.4. In contrast, this
correlation is weaker for ⊥-AD and >-AD, which is due to these ADs having some
large atoms (in particular >-AD) and smaller width.

Similarly, for >-AD, Cor(RRS,RMA) is negative as expected, which can be again
attributed to the prevalence of large atoms. In contrast and unexpectedly, this correla-
tion is positive and relatively high for ⊥-AD and >⊥∗-AD, which reflects the fact that
these two kinds of ADs lead to mostly tiny atoms and low RRS.

We summarise all findings from this section in Table 4.8. In general, we see that
many ontologies in our corpus contain many unrelated atomic subsumptions which
causes their ⊥- and >⊥∗-AD to contain many tiny atoms in large antichains. We also
notice that the AD computation is mostly feasible, with the>⊥∗-AD having the largest
number of time outs and the >-AD showing the largest performance variation. In gen-
eral, only few of the ontologies in our corpus show a non-trivial structure—by coinci-
dence, the two best-structured ontologies (i.e., with the highest relative reading score
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RRS for all kinds of ADs) are among the oldest, most established ontologies in BioPor-
tal: both Drosophila Development Ontology and C. elegans Development Vocabulary

have been maintained since 2008 and reach RRS values of 76% and 65%, respectively,
for ⊥-AD. In general, however, the >-AD is, among the three kinds of ADs, the most
likely one to lead to a better structure as measured by the relative reading score.

Table 4.8: Summary of the empirical analysis of the ADs of ontologies in our corpus.
AD Number of Size of Width of Reading
type Feasibility atoms atoms AD Score
⊥-AD fastest, large many tiny, many wide mostly low

almost linear some varied
>⊥∗-AD most time-outs, large many tiny, mostly very mostly low

almost linear some varied wide
>-AD slowest, varied varied, varied, varied

largest variations some huge many narrow

4.3.3 Analysis related to SNOMED CT ontologies

We evaluate the SNOMED CT ontologies to answer our research questions mentioned
in Section 4.3.1 and Section 4.3.2 relating to feasibility and structure. Since we only
use ⊥-ADs of these ontologies, we focus on the features of ⊥-ADs. All data is shown
in Table 4.9.

Let T(A(O)) represent the computation time of computing the ⊥-AD measured
in CPU time (in seconds). It shows computing the ⊥-ADs of these SNOMED CT

ontologies takes at least 37,985 seconds (≈10.6 hours). After merging the Anatomy

ontology, it even takes more than 49,309 seconds (≈13.7 hours).
We find the three SNOMED CT ontologies S20July,S20July9,S21Jan are all very

fine-grained, i.e. all AD sizes are around 355,000 and very close to their number
of atoms 354,000. After merging the Anatomy ontology or complex axioms from
the Anatomy ontology, ontologies S21Jan7905,SA21Jan1000 are little bit more coarse-
grained, i.e. their sizes are around 372,000 and their number of atoms are only 340,000.
That is probably because the Anatomy ontology’s size (42,579) is far from its number
of atoms (17,769).

We consider the size of atoms for the SNOMED CT ontologies and also put these
atoms together to see the size of atoms of all ontologies shown in Table 4.10. We notice
that most atoms are singletons not only for each SNOMED CT ontology but also for
all atoms together, i.e. of the union of all ADs. The largest atom only has 15 axioms.
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Table 4.9: Different SNOMED CT extensions with their ⊥-AD features. T(A(O)) is
measured in seconds.

T(A(O)) Number of Atoms Width(O) RRS(O)
S20July 37,985.41 354,359 228,903 0.03%
S20July9 41,102.59 354,332 228,887 0.03%
S21Jan 40,018.38 354,432 228,387 0.03%
Anatomy 582.63 17,769 10,747 0.29%
S21Jan7905 48,888.30 340,100 221,265 0.05%
SA21Jan1000 49,308.99 339,993 221,193 0.05%

We notice in Table 4.9 these SNOMED CT ontologies all have a large Width which
means a long antichain of their AD. Together with the fact that they are also very fine-
grained, this implies that these SNOMED CT ontologies all have a very low RRS. It
means that these ontologies have very few dependencies between atoms in their ADs.

Table 4.10: A summary of the atom size for SNOMED CT ontologies, of the union of
all ADs respectively. Pn represents the maximum time for the nth percentile.

Atom Size
Ont Mean StdDev P50 P90 P95 P99 P100
S20July 1 0 1 1 1 1 6
S20July9 1 0 1 1 1 1 6
S21Jan 1 0 1 1 1 1 6
S21Jan7905 1 0 1 1 1 3 12
SA21Jan1000 1 0 1 1 1 3 15
All atoms 1 0 1 1 1 3 15

4.4 Corpus for different Chapter

4.4.1 Corpus for Chapter 5

In order to answer our research questions in section 5.6 better, we use the same cor-
pus in [DVGK+11] which is described in [HPS11] and contains 218 ontologies. We
remove these ontologies that do not contain TBox axioms and some very large on-
tologies 7 and keep SH I Q ontologies. This left us with a corpus of 113 ontologies.
The Number of the TBox axioms and lengths of these ontologies are shown in the
Table 4.11.

7In [DVGK+11] page 135 they advise removing the ontologies over 20K axioms.
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Table 4.11: A summary of 113 ontologies. The 50th (median), 90th, 100th (maximum)
percentiles are shown for the size (i.e. number of axioms) and the length (i.e., sum of
length of axioms) of ontologies.

Mean StdDev P50 P90 P100
Size 2,343 3,535 672 7,491 16,372

Length 5,651 8,846 1,344 19,021 41,190

Table 4.12: A summary of 144 ontologies. The 50th (median), 90th, 95th, 99th, 100th
(maximum) percentiles are shown for the size (i.e. number of axioms) and the length
(i.e., sum of length of axioms) of ontologies.

Mean StdDev P50 P90 P95 P99 P100
Size 9,296 31,071 474 13,356 32,917 145,425 233,439

Length 23,618 81,506 1,125 30,705 85,058 461,319 538,100

4.4.2 Corpus for Chapter 6, Chapter 7 and Chapter 8

We used the snapshot of the 2017 NCBO BioPortal ontology described in Chapter 4.
Firstly, we removed ABox axioms for these 438 ontologies since we want to know
how the classification algorithm behaves on the TBox axioms. Then we removed those
ontologies that are empty after removing ABox axioms (18) or are not in OWL 2 DL
(69). We also removed those ontologies for which we cannot compute an AD (6) or
which HermiT cannot handle (37);8 this leaves us with 308 ontologies.

In our experiment in 6.2, we only consider 98 ontologies with non-deterministic

tableaux graphs during these 308 ontologies for experiment related to HermiT. HermiT

checks STs only for ontologies with non-deterministic tableaux graphs.
In our experiment in 7.4, we further discarded the 164 ontologies that are either

purely EL++ (122 ontologies) or have no EL++ modules (42 ontologies). This
leaves us with a corpus of 144 ontologies, which we split into two parts: 63 ontologies
with non-deterministic tableaux graphs and 81 ontologies with deterministic tableaux

graphs. This corpus is described in Table 4.12 in terms of the number of (TBox) ax-
ioms and the length of its ontologies.

8HermiT threw OutOfMemory exceptions or timed-out after 10 hours for 11 ontologies; it failed to
handle 26 ontologies due to unsupported syntax or syntax errors.



Chapter 5

PBF-based Labeled AD

In [Del11], the authors propose to label each atom with the set of its minimal seed

signatures. In [DVGK+11], the authors design and implement a new module extraction
algorithm using these labels and show that it is faster than existing module extraction
algorithms, even though some atoms have prohibitively large number of minimal seed
signatures. In fact, this kind of label has a major draw-back: in the worst case, an atom
can have exponentially many minimal seed signatures, and thus a label of exponential
size.

In this chapter, we propose a new atom label in the form of a Positive Boolean
Formula (PBF) w.r.t. the DL SH I Q . We show that the PBF of an atom succinctly
captures its minimal seed signatures, is of linear size and computable in polynomial
time. We have implemented an algorithm that computes the resulting labelled AD,
called PAD, and also an algorithm that uses the PAD to extract modules (without having
to parse the whole ontology). We evaluate both algorithms and show that they are
practical on a principled corpus of ontologies. Moreover, we learn that the PBFs of
atoms are very likely to be small and thus suitable for other tasks.

5.1 PBFs for SH I Q axioms and atoms

In this section, we will introduce another kind of label, based on Positive Boolean
Formulae (PBFs), first for axioms and then for atoms in an AD: this label succinctly
captures MSSs and thus (non-)local signatures. We will also show how the resulting
labelled AD can be used for module extraction.

Definition 16. The set of PBFs over Σ is defined inductively as follows.

71
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(atomic) Each concept name, role name and the constants true and false are PBFs.

(complex) For all PBFs ϕ, φ each of

ϕ∧φ, ϕ∨φ

is a PBF.

Please note that we can view a signature Σ as a set of PBFs defined above. Then
we can write Σ |= ϕ. Next, we define functions that link DL axioms α to PBFs ϕ⊥(α)

and ϕ>(α) which we use for checking whether α is ⊥-local or >-local, respectively.

5.1.1 PBFs for axioms

Throughout this section, we will use α for a SH I Q axiom for either ⊥ or >, and Σ

for a signature. In Table 5.1, we define two functions ϕδ(α), ϕδ(C) for that map an
axiom to its PBF depending on its shape; these two functions are based on analogous
functions for concepts defined in Table 5.2 that depend on the concept’s polarity in
α. The general idea of ϕδ

+(C) and ϕδ
−(C) is that given a signature Σ, if Σ satisfies

C /∈Con⊥(Σ), the signature Σ also satisfies the PBF ϕδ
+(C) and vice versa. If Σ satisfies

C /∈ Con>(Σ), the signature Σ also satisfies the PBF ϕδ
−(C).

Definition 17. We define the PBF ϕδ(α) of a SH I Q axiom α inductively as described

in Table 5.1 (for SH I Q axioms) and in Table 5.2 (for concepts).

α ϕ⊥(α) ϕ>(α)

1 C v D ϕ⊥+(C)∧ϕ⊥−(D) ϕ>+(C)∧ϕ>−(D)

2 C ≡ D ϕ⊥(C v D)∨ϕ⊥(DvC) ϕ>(C v D)∨ϕ>(DvC)

3 r v s ϕ⊥+(r) ϕ>−(s)
4 Trans(r) ϕ⊥+(r) ϕ>−(r)
5 Func(r) ϕ⊥+(r) ϕ>−(r)

Table 5.1: The PBF for different kinds of axioms
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Concepts ϕδ
+(C) ϕδ

−(C)

¬C 6 ϕδ
−(C) ϕδ

+(C)

CuD 7 ϕδ
+(C)∧ϕδ

+(D) ϕδ
−(C)∨ϕδ

−(D)

∃r.C 8 ϕδ
+(r)∧ϕδ

+(C) ϕδ
−(r)∨ϕδ

−(C)

> nr.C(n> 1) 9 ϕδ
+(r)∧ϕδ

+(C) ϕδ
−(r)∨ϕδ

−(C)

> 0r.C 10 true false
⊥ 11 false true

A
12 δ =⊥ A true
13 δ=> true A

r
14 δ=⊥ r true
15 δ=> true r

Table 5.2: The PBF for different kinds of complex class expression

Next, we define the evaluation of a PBF w.r.t. a signature.

Definition 18. The PBF ϕδ
Σ
(α) is obtained from ϕδ(α) and Σ by replacing each term

in Σ in ϕδ(α) with true.

Lemma 7.

1. The SH I Q axiom α is not δ-local w.r.t. Σ iff Σ |= ϕδ(α).

2. The length of ϕδ(α) is linear in the length of α, i.e., |ϕδ(α)|6 2|α|.

Proof. First, we prove (1) for role axioms and δ =⊥:

If α = r v s, then ϕ⊥(α) = r and Σ |= r implies that r ∈ Σ. By Definition 10, α

is not ⊥-local w.r.t. Σ. The ”only-if” direction is also immediate, if α = r v s is not
δ-local w.r.t. Σ, then r ∈ Σ. Thus we have Σ |= ϕ⊥(r v s).

We have ϕ⊥(Trans(r)) = r and ϕ⊥(Func(r)) = r. They can be proved in the same
way as above.

To prove (1) for GCIs and ⊥-locality, we use the following claims:

Claim 1. Σ |= ϕ⊥+(C) implies C /∈ Con⊥(Σ) for ⊥-locality.

Claim 2. Σ |= ϕ⊥−(D) implies D /∈ Con>(Σ) for ⊥-locality.

We prove Claims 1 and 2 by parallel induction on the structure of C and D.
Induction Basis:
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• Claim 1: If C = A1 ∈ NC, by applying 12 , ϕ⊥+(C) = A1. Then Σ |= ϕ⊥+(C)

implies A1 ∈ Σ and hence A1 /∈ Con⊥(Σ).
if C =⊥, then ϕ⊥+(C) = f alse, and hence Σ 2 ϕ⊥+(⊥).

• Claim 2: If D = A1 ∈ NC, by applying 12 , ϕ⊥−(D) = true. Since Con>(Σ)∩
NC = /0, D /∈ Con>(Σ).
If D =⊥, we get ϕ⊥−(⊥) = true. By Definition 10 ⊥ /∈ Con>(Σ).

Induction Hypothesis (IH):

IH1 We assume Σ |= ϕ⊥+(Ci) implies Ci /∈ Con⊥(Σ) for i ∈ {1,2} that Claim 1 works
for C1 and C2.

IH2 We assume Σ |= ϕ⊥−(Ci) implies Ci /∈ Con>(Σ) for i ∈ {1,2} that Claim 2 works
for C1 and C2.

Induction for Claim 1:

• C = C1 uC2: by applying 7 , ϕ⊥+(C1uC2) = ϕ⊥+(C1)∧ϕ⊥+(C2). Hence Σ |=
ϕ⊥+(C1uC2) implies Σ |=ϕ⊥+(C1) and Σ |=ϕ⊥+(C2). By IH1 we get C1 /∈Con⊥(Σ)
and C2 /∈ Con⊥(Σ). By Definition 10, we get C1uC2 /∈ Con⊥(Σ).

• C = ¬C1: by applying 6 , ϕ⊥+(¬C1) = ϕ⊥−(C1). By IH2, Σ |= ϕ⊥−(C1) implies
C1 /∈ Con>(Σ). By Definition 10, ¬C1 /∈ Con⊥(Σ).

• C = ∃r.C1: by applying 8 , ϕ⊥+(∃r.C) = ϕ⊥+(C1)∧ r. Hence Σ |= ϕ⊥−(∃r.C)

implies Σ |=ϕ⊥+(C1) and r∈Σ. By IH1 C1 /∈Con⊥(Σ). By Definition 10, ∃r.C1 /∈
Con⊥(Σ). The case > nr.C(n> 1) can also be proved as the same way.

Induction for Claim 2:

• D = C1 uC2: by applying 7 , ϕ⊥−(C1uC2) = ϕ⊥−(C1)∨ϕ⊥−(C2). By IH2, it
implies C1 /∈ Con>(Σ) or C2 /∈ Con>(Σ). By Definition 10, this implies C1 u
C2 ∈ Con>(Σ).

• D = ¬C1: by applying 6 , ϕ⊥−(¬C1) = ϕ⊥+(C1). Hence Σ |= ϕ⊥+(C1) implies
C1 /∈ Con⊥(Σ) by IH1. By Definition 10, ¬C1 /∈ Con>(Σ).

• D=∃r.C1: by applying 8 , ϕ⊥−(∃r.C)=ϕ⊥−(C1)∨true= true, i.e. Σ |=ϕ⊥−(∃r.C)

By Definition 10, we know ∃r.C1 /∈ Con>(Σ) holds regardless of Σ.
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This completes the proof of Claim 1 and 2.
Secondly, we prove the ”if” direction of (1) for δ =⊥ and α =C vD: Σ |= ϕ⊥(α)

implies α is not ⊥-local w.r.t. Σ.
If α =CvD, then ϕ⊥(α) = ϕ⊥+(C)∧ϕ⊥−(D) and thus Σ |= ϕ⊥(α) implies that Σ |=

ϕ⊥+(C) and Σ |= ϕ⊥−(D). By Claim 1 and 2, we have C /∈ Con⊥(Σ) and D /∈ Con>(Σ)
which implies that α is not ⊥-local.

Secondly, we prove the ”only if” direction of (1) for ⊥-locality and α =C v D: α

is not⊥-local w.r.t. Σ implies Σ |= ϕ⊥(α). According to Definition 10, if α =CvD is
not ⊥-local w.r.t. Σ, then C⊥ /∈ Con⊥(Σ) and D> /∈ Con>(Σ). The conclusion follows
from the following claims:

Claim 3. C /∈ Con⊥(Σ) implies Σ |= ϕ⊥+(C) for ⊥-locality.

Claim 4. D /∈ Con>(Σ) implies Σ |= ϕ⊥−(D) for ⊥-locality.

We prove Claim 3 and 4 by parallel induction on the structure of C.
Induction Basis:

• If C = A1 ∈ NC, then A1 /∈ Con⊥(Σ) implies A1 ∈ Σ. By 12 ϕ⊥+(A1) = A1,
which implies Σ |= ϕ⊥+(A1).
If C =⊥, by Definition 10, we have ⊥ ∈ Con⊥(Σ).

• If D = A2 ∈ NC, then ϕ⊥−(A2) = true by 12 so Σ |= ϕ⊥−(A2) holds.
If D =⊥, then ϕ⊥−(⊥) = true so Σ |= ϕ⊥−(⊥) also holds.

Induction Hypothesis:

IH3 We assume Claims 3 holds for C1 and C2.

IH4 We assume Claims 4 holds for C1 and C2.

Induction for Claim 3:

• C = C1 uC2: by Definition 10 C1 uC2 /∈ Con⊥(Σ) implies C1 /∈ Con⊥(Σ) and
C2 /∈Con⊥(Σ). By IH3 we get Σ |= ϕ⊥+(C1) and Σ |= ϕ⊥+(C2). By applying 12 ,
ϕ⊥+(C1uC2) = ϕ⊥+(C1)∧ϕ⊥+(C2)which implies Σ |= ϕ⊥+(C1uC2).

• C = ∃r.C1: by Definition 10 ∃r.C1 /∈Con⊥(Σ) implies C1 /∈Con⊥(Σ) and r ∈ Σ.
By IH3 we get Σ |= ϕ⊥+(C1). By applying 8 , ϕ⊥+(∃r.C1) = ϕ⊥+(C1)∧ϕ⊥+(r) =

ϕ⊥+(C1)∧ r and thus implies Σ |= ϕ⊥+(∃r.C1). The case> nr.C(n> 1) can also be
proved in the same way.
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• C = ¬C1: by Definition 10 ¬C1 /∈ Con⊥(Σ) implies C1 /∈ Con>(Σ). By IH4
this implies Σ |= ϕ⊥−(C1). By applying 6 , ϕ⊥+(¬C1) = ϕ⊥−(C1) and thus Σ |=
ϕ⊥+(¬C1).

The induction for Claim 4 can also be proved in the same way. This proves (1) for
⊥-locality and GCIs.

The case for general concept equivalences is immediate.

This conclude the proof of (1) for δ =⊥. The proof of (1) for δ => is analogous.

Thirdly, we prove (2): |ϕδ(α)|6 2|α| is an immediate consequence of the fact that
only the ≡ case in Table 5.1 doubles the length of an axiom’s PBF, whereas all other
cases preserve it, and the ≡ case is used at most once per axiom.

Lemma 8. The SH I Q axiom α is not δ-local w.r.t. Σ iff ϕδ
Σ
(α)≡ true.

Proof. ϕδ
Σ
(α)≡ true is equivalent to Σ |= ϕδ(α). Based on the Lemma 7, we complete

the proof.

Example 4. Consider the axiom α : ∀r.Av B. Then ϕ⊥(α) is computed as follows.

ϕ⊥+(∀r.A)∧ϕ⊥−(B) apply 1 (1)
ϕ⊥+(¬(∃r.¬A))∧ϕ⊥−(B) rewrite ∀r.A to ¬(∃r.¬A) (2)

ϕ⊥−(∃r.¬A)∧ϕ⊥−(B) apply 6 (3)
(ϕ⊥−(r)∨ϕ⊥−(¬A))∧ϕ⊥−(B) apply 8 (4)
(ϕ⊥−(r)∨ϕ⊥+(A))∧ϕ⊥−(B) apply 6 (5)

(true∨A)∧ true apply 12 , 14 (6)

Hence ϕ⊥(α)≡ true. So α is not ⊥-local for any Σ.

5.2 Computation of PBF-based AD

Given an AD, we have atoms, their dependencies, and their related genuine modules.
Using a suitable label for atoms, we should be able to extract genuine modules from an
AD without testing locality. Here we define such a label based on the PBF of axioms
in an atom a.

Definition 19. The PBF of an atom a, written ϕδ(a), is defined as follows: ϕδ(a) =∨
α∈a

ϕδ(α).
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Example 5. In Figure 2.2, a3 = {rv s,Trans(r)}. Then ϕ⊥(a3)=ϕ⊥(rv s)∨ϕ⊥(Trans(r))=

r∨ r ≡ r.

For large atoms, we may get a large PBF, hence simplification may play an im-
portant role, see Example 5. Instead of checking the locality for each axiom in the
atom, we evaluate the PBF of the atom. Next, we see how an atom’s PBFs captures the
locality of its module.

Lemma 9. Given a signature Σ, ϕδ
Σ
(a)≡ true iff ↓a⊆ δ-mod(Σ,O).

Proof. For the only-if direction, if ϕδ
Σ
(a)≡ true, then there exists an axiom α ∈ a with

ϕδ
Σ
(α) ≡ true. By Lemma 7.1, this implies that α is not δ-local w.r.t. Σ, and then

Theorem 3:
for each α ∈ a, δ-mod(α̃,O) = δ-mod(ã,O)

which implies that ↓a⊆ δ-mod(Σ,O).
For the if direction, if ↓a⊆ δ-mod(Σ,O), based on Theorem 3, we have an axiom

α with δ-mod(α̃,O). Based on Lemma 8, we have ϕδ
Σ
(α)≡ true. In Definition 19, we

have ϕδ
Σ
(a) =

∨
α∈a

ϕδ
Σ
(α)≡ true.

Definition 20. The length of an atom a, written |a|, is defined as follows: |a|= ∑
α∈a
|α|.

The length of an atom is the sum of the length of the axioms in the atom.

The following lemma is an immediate consequence of Lemma 7 and the above
definition.

Lemma 10. The length of ϕδ(a) is linear w.r.t. the length of the atom a.

Proof. Based on Definition 20, the length of ϕδ(a) is the sum of the length of the
axioms in the atom. Each axiom’s length |α| is linear w.r.t. the length of ϕδ(α) based
on Lemma 7. We also have ϕδ(a) =

∨
α∈a

ϕδ(α) by Definition 19. So the length of ϕδ(a)

is linear w.r.t. the length of the atom a.

Finally, the above lemma implies that the length of ϕδ(a) is also linear w.r.t. the
size of a.

5.3 PBF versus MSSs

The PBF of the atom ϕδ(a) and MSSs mssig(↓a,O) are all designed for module ex-
traction. We can also use PBF to explain why MSSs have the exponential situation.
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Given a PBF of the atom ϕδ(a), there exists a PBF ϕ′ that ϕ′≡ϕδ(a) and ϕ′ :=ϕ1∧
ϕ2∧ ...ϕn is in a Conjunctive Normal Form (CNF). If the signature of the sub-formula
of ϕ′ does not overlap and only two terms are in sub-formula, we have exponential
number of MSSs w.r.t. the size of ϕ′.

5.4 Optimization

Boolean algebra The PBFs are boolean formulae which means Boolean algebra
rules can be used to shorten the size of PBFs. Given three compound PBFs φ, φ′, ϕ

and two concept name C, D, we can replace φ with φ′ if φ≡ φ′ as in the following cases:

ϕ∧ true≡ ϕ, ϕ∧ f alse≡ f alse, ϕ∨ f alse≡ ϕ,
ϕ∨ true≡ true. ϕ∧ϕ≡ ϕ, ϕ∨ϕ≡ ϕ,

C∧ (C∨D)≡C, C∨ (C∧D)≡C

Since with a shorter PBF, evaluating it takes less time with the given signature. These
Boolean algebra rules can be used to optimize the processing of checking locality.

Elimination Rule and Extended Signature Given the PBF ϕδ(α) of an axiom α and
a given signature Σ, if we evaluate the ϕδ(α) with Σ and ϕδ

Σ
(α)≡ true, the axiom α is

not δ-local w.r.t. Σ. Now we split the signature into two parts Σ1 and Σ2 with Σ = Σ1∪
Σ2 and assume the result of ϕδ

Σ1
(α) is not true. Then ϕδ

Σ1
(α) is still a PBF so we can

evaluate it with signature Σ2, written as ϕδ
Σ1∪Σ2

(α). We will still get ϕδ
Σ1∪Σ2

(α)≡ true.

For example, if we have a PBF ϕδ(α) = A∧B and a signature Σ = {A,B}, the
evaluation result ϕδ

Σ
(α) is true. Now we split Σ into Σ1 = {A} and Σ2 = {B}. If we

use Σ1 to evaluate the PBF, we get the result ϕδ
Σ1
(α) = B. Then we use Σ2 to evaluate

ϕδ
Σ1
(α) and we get true in the end.

This property is beneficial for checking locality. Since the signature extends during
the module extraction method, we need to check the locality for axioms or atoms for
increasing signatures until it reaches a fix point. Using this property, when we evaluate
the PBFs of axioms or atoms again and again, the PBFs become shorter and shorter
and this will speed up the evaluation. Besides, we just need the extended signature but
not the whole signature during the module extraction. For example, if the PBFs in our
module extraction task is A∧B and signature is {A}, the PBF is B when we need to
check locality again and we just need the extended signature to deal with PBF B.
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Begin with the right atom One of the benefits from AD-based module extraction
method is shown in Lemma 9. If ϕδ(a)≡ true, we add the principal ideal of this atom
into the module. To making good use of it, we can begin with the ”top” atom in the
AD. For example, we can begin with the atom a1 in Figure 2.2.

5.5 Module Extraction from PAD

We have implemented labelling functions for axioms and atoms, and use these in our
implementation of an algorithm for computing the PAD of an ontology. Moreover, we
have implemented an algorithm that extracts the δ-module for a signature Σ from the
δ-PAD of an ontology, without having to access the whole ontology.

This algorithm is shown in Algorithm 10. Like the usual module extraction algo-
rithms, it iteratively tests ”parts” of the ontology for locality w.r.t. a signature which
is, at first, the input signature Σ but then continuously increased to include all terms of
non-local ”parts”. In our algorithm, however, these parts are the PBFs of atoms rather
than the ontology’s axioms, and these can also be simplified during to reflect the fact
that the signature only increases. We start by initializing the module M and the list of
atoms to be checked REST, respectively. Then we evaluate the PBFs of each atom in
the checking list using the input signature Σ. If ϕδ

Σ
(a)≡ true, we add a’s module to M

and remove it (i.e., its atoms) from REST. Then we check whether the signature of the
module extends the current signature. If yes, we add those new terms to the signature
re-evaluate the PBFs of atoms in REST, and we do this until we reach a fixpoint.

5.6 Empirical Evaluation

Regarding feasibility, we are interested in the following three questions:

1. Can we compute the PBFs of atoms for all ontologies in the corpus within a
reasonable timeout?

2. What are the sizes of PBFs of atoms?

3. How long does it take to extract a module using the PBF-based AD?
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Algorithm 10 PAD module extraction algorithm
Require: PAD (A(O),�,ϕδ(·)) of an Ontology O, a signature Σ

Ensure: The module δ-mod(Σ,O)
1: M ← /0

2: REST← A(O)
3: repeat
4: enlarged←false
5: for a ∈ REST do
6: if ϕδ

Σ
(a)≡ true then

7: M ←M ∪↓a
8: REST← REST \↓a
9: end if

10: end for
11: if M̃ \Σ 6= /0 then
12: enlarged = true
13: end if
14: Σ← Σ∪M̃
15: until enlarged = false
16: return M

5.6.1 Feasibility of PBFs and PAD Algorithm

We implement the PBFs using OWL API and finish the experiment for the research
question 1. We record the time for parsing the ontologies and the time for computing
the PBFs for ⊥-ADs and >-ADs with CPU time. The result is shown in the Table 5.3
with milliseconds (ms).

It shows that we can compute the PBFs of atoms for all ontologies. The time for
computing the PBFs for both ⊥-AD and >-AD are less than parsing the ontologies.
To answer the research question 2, we record the axioms number, length of the atoms

Table 5.3: A summary of the CPU time required for parsing the ontologies and com-
puting the PBFs for two locality conditions of the 113 ontologies in our corpus. The
time is shown in milliseconds. Pn represents the maximum time for the nth percentile.

CPU time (ms)
Mean StdDev P50 P90 P100

Parsing Time 59 118 31 171 1,078
PBFs for ⊥-AD 3 7 0 15 31
PBFs for >-AD 6 14 0 15 93
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PBF-based ⊥-AD
Mean StdDev P50 P90 P100

atom size 1 5 1 2 2,618
atom length 3 19 3 5 8,764
PBF length 2 8 2 2 3,636

PBF-based >-AD
Mean StdDev P50 P90 P100

atom size 11 223 2 8 16,369
atom length 27 599 4 16 41,190
PBF length 9 265 2 2 19,284

Table 5.4: A summary of the atom size, atom length and PBF length for two locality
conditions of the 113 ontologies. Pn represents the maximum atom size or atom and
PBF length for the nth percentile.

and the length of PBFs of atoms among the corpus shown in Table 5.4 (for PBF-based
⊥-AD and PBF-based >-AD respectively).

The results show there is a trend that the PBF length is smaller than the atom length
across the corpus. Even through we have some very big atoms in both ⊥-AD and >-
AD, the trend is that the PBF length is still much smaller than the atom length.

To answer the research question 3, we implement our PAD module extraction al-
gorithm described in Algorithm 10 using OWL API. The seed signatures of this ex-
periment are generated by a random selection of atomic concept names. We follow
the seed signature choices from [DVGK+11] to choose seed signatures with 2, 5 or
10 concept names. For each kind of seed signatures, we extract the modules using the
PBF-based Labeled AD with random seed signature for 100 times. The experiment
results are shown in the Table 5.5 for both locality conditions.

In terms of the feasibility of our PAD module extraction algorithm, we compare
the modules from our method and the OWL API one. Among 67,800 modules (600
modules * 113 ontologies), our approach takes about 3 times longer than that of the
OWL API even without considering the computation time of the AD. It suggests that
using PBF for module extraction still needs a better algorithm and consideration. Using
hypergraphs in the PAD algorithm will be considered in the future [MW14]. Another
potential usage for PBFs is to speed up the computation time of the AD. In [MW14],
the authors use both hypergraphs and MSSs to speed up the computation time of the
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Table 5.5: A summary of the CPU time required for extracting modules using each
size of random signature for 100 times of the 113 ontologies with two locality condi-
tions. The time is shown in milliseconds. Pn represents the maximum time for the nth
percentile.

CPU time (ms) for ⊥ locality
#Σ Algorithm Mean StdDev P50 P90 P100

2
PAD 264 477 78 812 3,687

OWL API 99 195 31 296 1,390

5
PAD 269 527 93 812 4,531

OWL API 99 194 31 250 1,453

10
PAD 290 602 93 640 5,375

OWL API 107 210 31 296 1,531

CPU time (ms) for > locality
#Σ Algorithm Mean StdDev P50 P90 P100

2
PAD 335 748 46 828 4,328

OWL API 131 302 15 281 1,828

5
PAD 345 740 46 968 4,093

OWL API 158 336 31 359 1,953

10
PAD 362 771 62 968 4,421

OWL API 166 329 31 421 1,718
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AD. Thus using Hypergraph and MSSs will be considered for the next step in the
future.



Chapter 6

AD for Avoidance-based Classification

The ⊥-AD can be used to avoid subsumption tests: given that ⊥-local modules are
subsumer-preserving, if a concept name A occurs in an atom a and B does not occur in
↓a, we know that O does not entail Av B and hence we do not need to check this ST
– we can avoid it. An interesting question arising is whether existing traversal-based
classification algorithm like those in Pellet or HermiT already “know” about this or
whether they do indeed check these avoidance STs.

In this chapter, we try to estimate the number of subsumption tests that can be
avoided in this way. Rather than estimating this number, we have designed a novel
avoidance checker and investigated it into the inner structure of tableau-based rea-
soners, HermiT and Pellet. This includes modifying their well-known traversal-based
algorithms, ETA and EKPA, in order to let our avoidance checker work nicely with
these two algorithms. We evaluate our results for estimating this avoidance using the
corpus described in Section 4.4.

6.1 Avoiding STs through AD

In this section, we explore the following research question:

RQ2. How many STs we can avoid by exploiting the subsumer-preserving property
of the ⊥-AD?

The general idea is as follows: Let M = M (Σ,O) be a ⊥-locality based module
of O for the signature Σ. Then for A ∈ M̃ and B ∈ Õ concept names, O |= A v B

implies M |= A v B. That is, for every module M containing A, we only consider

84
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those subsumer candidates in M̃ ∩C(O) rather than C(O) for A during classification.
We have a theorem for this exploration.

Theorem 11. Let A,B ∈ C(O). If for an atom a in ⊥-AD, we have A ∈ ã and B /∈ ↓̃ a,

then O 2 Av B. If for an atom a in>-AD, we have A ∈ ã and B /∈ ↓̃ a, then O 2 Aw B.

Proof. ⊥-locality based modules and thus the⊥-AD is subsumer-preserving [CHKS08],
i.e., for concept names A ∈ M̃ ,B ∈ Õ and M a ⊥-module of O, O |= A v B implies
M |= A v B. If we have a concept name B ∈ C(O) with A ∈ ã and B /∈ ↓̃ a, then the
subsumer-preserving property implies O 2 A v B since ↓a is a ⊥-module of O. The
proof for >-locality is analogous.

The STs (A,B) we avoid by using Theorem 11 are called AD Avoidance. In Sec-
tion 4.3.2, we notice in our evaluation that ⊥-ADs are more fine-grained than >-AD.
This implies we will have more avoidance using the ⊥-AD than the >-AD. In the rest
of this thesis, we focus on avoidance for ⊥-AD and use AD short for ⊥-AD.

Example 6. Consider the following ontology O:

O = { α1 : A v BtC,

α2 : G v B,

α3 : B v CtD,

α6 : C v DtE }

The AD for this ontology is shown in Figure 6.1. The avoidance (D,B) can be found

by exploiting the AD. If a reasoner asks this ST, we can avoid it 1.

As we have seen in Chapter 2, modern DL reasoners implement highly optimized
classification algorithms. The ETA and EKPA optimize the classification with different
approaches so the STs checked are often even fewer than n∗ logn for n the number of
concept names [MPS18]. So measuring the exact number of subsumption tests and
number of avoidance during the classification by highly-optimized reasoner will give
us more information about the potential of an AD-based modular reasoning method.

Avoidable STs are negative subsumptions and can, in theory, be used for optimiz-
ing the classification. But during the classification, reasoners make use of a range of
optimizations. We want to know whether the AD Avoidance is already included in
these other optimization techniques. For traversal-based reasoners, they ask STs from

1We classify this example ontology by the reasoner HermiT which asks this ST during classification.



86 CHAPTER 6. AD FOR AVOIDANCE-BASED CLASSIFICATION

Figure 6.1: The ⊥-AD of the example ontology in Example 6

their ETA to ST Checker. If we insert our Avoidance Checker into these reasoners,
we can count how many STs can be avoided by our AD Avoidance. That means for
a ST (A,B) from the Enhanced Traversal algorithm, we check whether (A,B) is an
AD Avoidance or not. The architecture of this approach is shown in Figure 6.2. The
Avoidance Check algorithm is shown in Algorithm 11.

Note, for the avoidance w.r.t. A, we may find several modules containing A. Based
on Theorem 11, we can use any of these modules to get the avoidance. To get more
avoidance, we pick the smallest module during these modules. For example, if we have
an ontology O:

O = { α1 : A v BtC,

α2 : E uF v A, }

we have two modules M1 = {α1} and M2 = {α1,α1} all containing A. From the
second module, we can get two avoidance (A,E),(A,F) but get nothing from the first
one w.r.t. A.

In Algorithm 11, we find this “smallest module” for the concept name A and get
the “candidate subsumers” subsumerCandidate for A. In row 12, if we can find another
small genuine module containing A, we use Algorithm 12 to find subsumerCandidate

in module ↓̃b iteratively.

This approach has a potential phenomenon: we may find several “smallest” gen-
uine module for A. For example, if we have one ontology O:

O = { α1 : BuC v A,

α2 : E uF v A, }
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Figure 6.2: The architecture of AD avoidance checker

we get avoidance (A,E),(A,F) from the module M1 = {α1} and get avoidance (A,B),(A,C)

from the module M2 = {α2}. This issue is already mentioned in [Mat16] page 69. Now
these avoidance are all “true” based on Theorem 11, and so A does not have a candidate
subsumer. This phenomenon will be discussed further in the Chapter 7.

Then following our design, we insert this avoidance checker into Pellet and HermiT.
In this chapter, we only estimate how many STs can be avoided in this way. That
means, if we detect one ST we can avoid, we only count this ST and do not avoid it
during classification to see the potential of avoidance.

For HermiT, we modify Algorithm 6 into Algorithm 13. EKPA first checks sub-
sumers of every concept name C. We firstly get our subsumerCandidate of C. Then
in row 17, if the algorithm asks O |=? C v D and D /∈ subsumerCandidate, we can use
Avoidance to avoid this ST. Note here EKPA already has a small set of possible sub-
sumers P|C. It use its “free subsumers” from the its pre-model to shrink the set P|C. So
our research question here would be:

RQ2.1 In EKPA, how many STs can we avoid further by exploiting the subsumer-
preserving property of the ⊥-AD against the set of possible subsumers P|C w.r.t.
each concept name C?
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Algorithm 11 AvoidanceChecker
Require: Given concept name A, an ontology O, A(O)

1: needToBeChecked := true
2: CheckedAtoms := /0

3: subsumerCandidate = /0

4: for every a ∈ HAtoms(A(O)) do
5: if !needToBeChecked then
6: break
7: end if
8: if A ∈ ↓̃a then
9: for every b with a� b,b /∈ CheckedAtoms do

10: if !needToBeChecked then
11: break
12: end if
13: if A ∈ ↓̃b then
14: TraverseAD(A,b,A(O),needToBeChecked,CheckedAtoms,subsumerCandidate)
15: end if
16: CheckedAtoms := CheckedAtoms∪{b}
17: end for
18: if needToBeChecked then
19: subsumerCandidate := ↓̃a∩C+(O)
20: needToBeChecked := f alse
21: end if
22: end if
23: end for
24: return subsumerCandidate

A strategy for using our avoidance for optimizing Algorithm 6 is discussed in Chap-
ter 7. The idea of it is very straightforward: we use P|C∩subsumerCandidate to further
shrink P|C for each concept name C.

For Pellet, we modify Algorithm 1 and Algorithm 2 into Algorithm 14 and Algo-
rithm 15 for the top-down phase and bottom-up phase, respectively. In Algorithm 14,
we firstly get our subsumerCandidate of A. Then in row 13, if the algorithm asks
O |=? Av B and B /∈ subsumerCandidate, we can use Avoidance to avoid this ST. Al-
gorithm 15 is a little bit different. We get our subsumerCandidate of B in row 12 for
each ST. If A /∈ subsumerCandidate, we can avoid this ST.

Here in Algorithm 15, computing subsumerCandidate of B for each ST (B,A) looks
computationally costly. We optimize this issue in Chapter 8.
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Algorithm 12 TraverseAD
Require: A concept name A, an atom a, an AD A(O) with a ∈ A(O), BOOLEAN

value needToBeChecked, a set of atoms CheckedAtoms and a set of concept names
subsumerCandidate.

1: for every b with a� b,b /∈ CheckedAtoms do
2: if !needToBeChecked then
3: break
4: end if
5: if A ∈ ↓̃b then
6: TraverseAD(A,b,A(O),needToBeChecked,CheckedAtoms,subsumerCandidate)
7: end if
8: end for
9: CheckedAtoms := CheckedAtoms∪{a}

10: if needToBeChecked then
11: subsumerCandidate := ↓̃a∩C+(O)
12: needToBeChecked := f alse
13: end if

6.2 Empirical Evaluation

Implementation The implementation of Algorithm 11 and Algorithm 12 is based on
the OWL API [HB11] Version 3.4.3, especially on the implementation of the AD2 that
is part of the OWL API, namely the one available via Maven Central (maven.org) with
an artifactId of owlapi-tools.

We modify the code of the reasoner Pellet 2.4.0 3 via Maven Central with an
artifactId of pellet-owlapi-ignazio1977 for Algorithm 14 and Algorithm 15,
called PelletAvoider, and the code of the reasoner HermiT version 1.3.84 for Algo-
rithm 13, called HermiTAvoider. All experiments have been performed on Intel(R)
Core(TM) i7-6700HQ CPU 2.60GHz RAM 8GB, allocating Java heap memory of be-
tween 1GB and 8GB. Time is measured in CPU time.

As we discussed in Section 4.4.2, we evaluate HermiTAvoider on 98 ontologies.
Figure 6.3 shows a scatter plot of the number of Avoidance against the number of
STs, i.e., each point in this diagram represents one of the 98 ontologies and its num-
ber of avoidance (y-axis) and the number of STs (x-axis). We find that for some
ontologies, we can further avoid many STs even though HermiT already supplies a

2AD implementation is only supported in OWL API version 5. We transformed this one to OWL
API version 3 so that it can be used with HermiT and Pellet.

3The code of this version can be found in https://github.com/stardog-union/pellet.
4The code of this version can be found in http://www.hermit-reasoner.com.
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Figure 6.3: The plot of avoidance number against the number of STs among 98 on-
tologies for Algorithm 13, i.e. for HermiTAvoider.

(potentially small) set of possible subsumers P|C w.r.t. each concept name C. We use
AvoidancePercentage as the number of avoidance relative to the number of STs (as per-
centage). Figure 6.4 shows that most ontologies have a relatively low AvoidancePercentage,
i.e. below 10%. The highest AvoidancePercentage is from the ontology NEMO with
49.15% (where HermiT test 236 STs and Avoidance is 116 STs).

We use our corpus with 98 ontologies discussed in Section 4.4.2 to evaluate PelletAvoider.
We further remove ontologies which PelletAvoider cannot handle (23); 5 this leaves us
with 75 ontologies. Figure 6.5 shows a scatter plot of the number of Avoidance against
the number of STs, i.e., each point in this diagram represents one of the 75 ontologies
and its number of avoidance (y-axis) and the number of STs (x-axis). It shows we avoid
most of STs for most of ontologies. But it also shows that most of ontologies need more
STs than that of in HermiT as discussed in [MPS18]. Figure 6.6 shows that not only

5PelletAvoider threw OutOfMemory exceptions or timed-out after 10 hours for 21 ontologies; it
failed to handle 2 ontologies due to unsupported syntax or syntax errors.
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Figure 6.4: The plot of avoidance percentage against the ontology size among 98 on-
tologies for HermiTAvoider.
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Figure 6.5: The plot of avoidance number against the number of STs among 75 on-
tologies for PelletAvoider.

ontologies with large TBox axioms but also with small TBox axioms have a relatively
high AvoidancePercentage, i.e. near 100%. The highest AvoidancePercentage is from
the ontology WB-BT with 99.43% (where Pellet test 4,325,472 STs and Avoidance is
4,301,025 STs).

Figure 6.7 shows a scatter plot of the number of STs for HermiT (blue point) and
Pellet (red point) against the ontology size. We have a better view of the comparison
of STs for these two reasons. Then we let the number of STs minus the avoidance to
compare how avoidance works for these two reasoners. Figure 6.8 shows a scatter plot
of the number of STs minus avoidance for HermiT (blue point) and Pellet (red point)
against the ontology size. We notice even though Pellet avoids high percentage of STs
by avoidance, its number of STs is still higher than that of HermiT minus avoidance.
But it mitigates the gap between the STs of two reasoners compared to Figure 6.7.
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Figure 6.6: The plot of avoidance percentage against the ontology size among 75 on-
tologies for PelletAvoider.
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Figure 6.7: The plot of number of STs for HermiT and Pellet against the ontology size
among 75 ontologies.

Note, in real cases, when we avoid STs in the reasoner, e.g. HermiT, the ST we test
may be changed compared to the situation where we do not avoid the ST. So in the
real case, using avoidance may not give the number of STs as minus the avoidance.
For example, testing one ST in HermiT may give “free” subsumption relations. If
we avoid this ST, we may need to test these “free” subsumption relations. Here we
only give an estimation of using avoidance for these two reasoners based on an ideal
premise that using avoidance does not change the set of STs we need to test. But for
Pellet, we treat STs as black box and do not get “free” subsumption relations. Thus the
results in Figure 6.7 show that using avoidance has great potential for improving the
computational efficiency for classification for Pellet.
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Figure 6.8: The plot of number of STs minus the avoidance for HermiT and Pellet
against the ontology size among 75 ontologies.
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Algorithm 13 processRemainingClassesWithAvoidanceChecker
Require: the ontology O, a set of concept names C(O) in O and K,P from initializ-

eRelations
1: while there exists C ∈ C(O) with P|C 6= /0 do
2: subsumerCandidate := AvoidanceChecker(C,O,A(O))
3: A := buildPreModel(s0 : Cu¬(D1t ...tDn)) with {D1, ...Dn}= P|C
4: if A := f alse then
5: remove {(C,Di) | Di ∈ P|C} from P
6: P := prune(P,O,A,K)
7: else
8: K := K∪{(C,D) | D ∈ knownSubsumers(C+(O),s0,A)}
9: remove {(C,E) |C K E} from P

10: if P|C 6= /0 then
11: (VC,HC,ρC) := hierarchy(P|C,K,⊥,>)
12: initialize a queue Q to contain all D with (D,>) ∈ HC
13: while Q 6= /0 do
14: remove the head D from Q
15: if C K D then
16: add to the end of Q each E with (E,D) ∈ HC
17: else if D ∈ P|C then
18: if D /∈ subsumerCandidate then
19: avoidanceNumber++
20: end if
21: A := buildPreModel(s0 : Cu¬(D))
22: if A := f alse then
23: remove {(C,E) | E K D} from P
24: P := prune(P,O,A,K)
25: else
26: add (C,D) to K
27: add to the end of Q each E with (E,D) ∈ HC
28: end if
29: K := K∪{(C,D) | D ∈ knownSubsumers(C+(O),s0,A)}
30: remove {(C,E) |C K E} from P
31: end if
32: end while
33: end if
34: remove {(E1,E2) | E1 K E2} from P
35: end if
36: end while



6.2. EMPIRICAL EVALUATION 97

Algorithm 14 top-down phase With AvoidanceChecker
Require: An ontology O, a partial hierarchy H =(ClassifiedC,�) and a concept name

A, the AD A(O) of O
1: initialize a queue Q with HighestClassifiedC(H )
2: initialize a set of concept descriptions CheckedC = /0

3: subsumerCandidate := AvoidanceChecker(A,O,A(O))
4: if Q is empty then
5: use a reasoner to check O |=? Av⊥
6: if O |= Av⊥ then
7: add ⊥� A into H
8: end if
9: end if

10: while Q is not empty do
11: initialize B = Q .next
12: if B is not in CheckedC then
13: use a reasoner to check O |=? Av B
14: if B /∈ subsumerCandidate then
15: avoidanceNumber++
16: end if
17: if O |= Av B then
18: add B� A into H
19: put SubConDirect(B) into Q
20: end if
21: add B into CheckedC
22: end if
23: remove B from Q
24: end while
25: add A into ClassifiedC
26: return H
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Algorithm 15 bottom-up phase With AvoidanceChecker
Require: A partial hierarchy H = (ClassifiedC,�) and a concept name A, the ontol-

ogy O
1: initialize a queue Q with all lowest concept names in ClassifiedC, the AD A(O) of

O
2: initialize a set of concept descriptions CheckedC = /0

3: if Q is empty then
4: use a reasoner to check O |=? >v A
5: if O |=>v A then
6: add A�> into H
7: end if
8: end if
9: while Q is not empty do

10: initialize B = Q .next
11: if B is not in CheckedC then
12: subsumerCandidate :=AvoidanceChecker(B,O,A(O))
13: if A /∈ subsumerCandidate then
14: avoidanceNumber++
15: end if
16: use a reasoner to check O |=? Bv A
17: if O |= Bv A then
18: add A� B into H
19: put SupConDirect(B) into Q
20: end if
21: add B into CheckedC
22: end if
23: remove B from Q
24: end while
25: add A into ClassifiedC
26: return H



Chapter 7

Duplication Avoidance

In this chapter, we explore the effect of redundant and wholly unnecessary work on
modular reasoner performance. We build the theoretical foundation of the distribution
of subsumption tests in locality-based modules using the atomic decomposition. We
extend the MORe algorithm, a prominent approach to modular ontology classification,
and modify it and one of the component reasoners so as to fully avoid unnecessary
subsumption tests using our theoretical results.

We use the AD to avoid both this duplication as well as other subsumption tests
that can be avoided by inspecting the AD. We have designed and implemented a new
AD-informed and MORe-inspired algorithm that uses Hermit and ELK as delegate rea-
soners, but avoids any duplicate subsumption tests between these two reasoners and
further minimises these tests. We have thoroughly evaluated the effects of these two
kinds of avoidance on the overall classification time on a corpus of complex ontolo-
gies. We test 3 variants of the modified MORe (called ReAD): the original, duplica-
tion avoiding, and combined avoiding algorithms against the 2017 BioPortal corpus
[MBP13] used in the last ORE competition [PMG+17] and also our SNOMED CT

extension ontologies.

7.1 Distribution of Subsumption tests

In this section, we explain the foundations of using the AD for avoiding STs during
classification. Using the AD, we identify a (hopefully small) set of subsumption tests
Subs(O) that are sufficient for classification of O. Provided that the AD has a “good”
structure, i.e., no large atoms, this should result in a low number of STs for a reasoner
to carry out, plus the opportunity to use delegate reasoners on inexpressive modules as

99
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well as to classify modules in parallel.
First, we fix some notation. Let A be a concept name, a an atom, and O an ontology.

We define the following sets:

Ats(A) := {a ∈ A(O) | A ∈ ã} the atoms of A

MinAts(A) := {a ∈ Ats(A) |6 ∃b ∈ Ats(A) with a� b} the lowest atoms of A

CanS(a) := {A | a ∈MinAts(A) and #MinAts(A) = 1} an atom’s candidate set

BTop(O) := {A | A ∈ C(O) and #MinAts(A)> 1} concept names below >

As we will discuss below, the candidate set CanS(a) of an atom a are those concept
names for which STs need to be run for a, and concepts in BTop(O) have only trivial
subsumers.

In Figure 7.1, we illustrate these new definitions using our example ontology. The
concept name A is in a1,a2,a3. If we look at a1, the candidate subsumers of A are B,D.
If we look at a2, the candidate subsumer of A is B. These two cases are all true because
⊥-modules are subsumer-preserving. So we know O 6|=AvD. Using MinAts(A) rather
than Ats(A), we hope to avoid many STs like (A,D). Then we find a3 ∈MinAts(A) and
a2 ∈MinAts(A). Hence the candidate subsumers of A can be B and also can be C,E.
Because of the subsumer-preserving property, we know the subsumers of A should be
a subset the intersection of {B} and {C,E}, i.e., all candidate subsumers of A is the
empty set. By definition A is in BTop(O) so we avoid STs.

Lemma 12. 1. C(O) =
⋃

a∈A(O) CanS(a)∪BTop(O),

2. for each a ∈ A(O), we have CanS(a)∩BTop(O) = /0, and

3. for each a,b ∈ A(O) with a 6= b, we have CanS(a)∩CanS(b) = /0.

Proof. (1). Since A(O) partitions O, we have that C(O)=
⋃

a∈A(O) ã∩NC, and thus for
each concept name A∈ C(O), #MinAts(A)> 0. If #MinAts(A) = 1, we thus have some
a ∈ A(O) with a ∈ MinAts(A) and hence A ∈ CanS(a). Otherwise, #MinAts(A) > 1
and A ∈ BTop(O). The “⊇” direction holds by definition of CanS(a) and BTop(O).

(2). This follows immediately from the facts that A ∈ BTop(O) implies that
#MinAts(A)> 1 and A ∈ CanS(a) implies that #MinAts(A) = 1.

(3). Let A∈ CanS(a). By definition, a∈MinAts(A). Assume there was some b 6= a

with A∈CanS(b); this would mean b∈MinAts(A), contradicting #MinAts(A)= 1.

Theorem 13. Given a concept name A ∈ BTop(O), we have
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Figure 7.1: The ⊥-AD of O from Example 3 and applications of the new definitions.

1. δ-mod(A,O) = /0,

2. O 6|= Av⊥, and

3. there is no concept name B 6= A, B ∈ Õ with O |= Av B.

Proof. (1). Let A ∈ BTop(O). Hence #MinAts(A) > 1, and thus there are two dis-
tinct atoms a,b ∈ MinAts(A). By definition of MinAts(A), a 6� b and b 6� a. Now
assume δ-mod(A,O) 6= /0; due to monotonicity and {A} being a singleton signature,
there is some c with δ-mod(A,O) = ↓c. Since ⊥-locality based modules are mono-
tonic, δ-mod(A,O)⊆↓a and δ-mod(A,O)⊆↓b which, together with a,b∈MinAts(A)

and A ∈ c̃, contradicts the minimality condition in the definition of MinAts(A).

(2). This is a direct consequence of (1) δ-mod(A,O) = /0: ⊥-locality based modules
capture deductive (and model) conservativity, hence δ-mod(A,O) = /0 implies that O
cannot entail Av⊥.

(3). This is also a direct consequence of (1) and the fact that ⊥-locality based
modules are closed under subsumers [CHKS08].

Based on Theorem 13, for a concept name A ∈ BTop(O), we can avoid checking
O |=? Av⊥ and any subsumptions of the form O |=? Av B. Next, we use the AD to
identify a (hopefully small) set of STs Subs(O) that are sufficient for classification.
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Definition 21. The set of STs Subs(a) of an atom a is defined as follows:

Subs(a) := {(A,B) | A ∈ CanS(a), B ∈ ↓̃a, and A 6= B}∪
{(A,⊥) | A ∈ CanS(a)}∪
{(>,B) | B ∈ CanS(a)}.

Given a module M = a1 ∪ a2...∪ an, the set of STs Subs(M ) of M is defined as

follows:

Subs(M ) := Subs(a1)∪ . . .∪Subs(an).

Finally, Subs(O) :=
⋃

a∈A(O) Subs(a)∪{(>,A) | A ∈ BTop(O)}∪{(>,⊥)}.

As a consequence of the following theorem, a reasoner that tests only STs in
Subs(O) during classification will (a) test all required, non-trivial1 STs and (b) never
duplicate a test.2

Theorem 14. For A,B ∈ C+(O) with ⊥ 6= A 6= B 6= >. If O |= A v B then (A,B) ∈
Subs(O), and (A,B) is either in exactly one Subs(a) or of the form (>,A) or (>,⊥).

Proof. Let A,B be as described in Theorem 14 and let O |= A v B. If A 6= >, then
A 6∈BTop(O) by Theorem 13.3. By Lemma 12.1, there is an atom a with A∈ CanS(a),
and by Lemma 12.3, this atom a is unique. By definition of candidate sets, CanS(a)⊆
ã ⊆ ↓̃a, and thus A ∈ ↓̃a and, by definition of AD, ↓a is a module. If B 6= ⊥, by
definition of modules, we have B ∈ ↓̃a. By definition of Subs(·), (A,B) ∈ Subs(a). If
B =⊥, we find (A,⊥) ∈ Subs(a) by Definition 21.

If A=> and B=⊥, by definition of Subs(O), we have (>,⊥)∈ Subs(O). If A=>
and B 6=⊥, by Lemma 12.1, B∈

⋃
a∈A(O) CanS(a)∪BTop(O). If B∈BTop(O), by def-

inition of Subs(O), we have (>,B) ∈ Subs(O). If B ∈
⋃

a∈A(O) CanS(a), Lemma 12.3,
there is exactly one atom with B∈CanS(a), and thus by definition of Subs(O), (>,B)∈
Subs(a).

In [DVHP+20], it is shown that the decomposition of many ontologies results in
an AD with many small atoms with a rather shallow and wide dependency relation.
As a consequence, we should be able to exploit the AD and the insights captured in
Theorem 14 to avoid almost all subsumption tests in a novel, AD-informed alternative
to well-known enhanced traversal algorithms [BHN+94, GHM+12].

1Of course we avoid testing tautologies.
2It may, though, include a test (A,C) in addition to (A,B) and (B,C).
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7.2 Duplication-avoiding ReAD

In this section, we first explain how the results from Section 7.1 can be exploited
to make use of delegate reasoners that are optimized for tractable (or less complex)
fragments, and then describe an AD-based classification algorithm.

Assume that we have, for 1 ≤ i ≤ n modules Mi ⊆ O that are in a specific de-
scription logic L for which we have a specialised, optimised reasoner.3 Based on our
observations in Section 7.1, we can partition our subsumption tests as follows:

Subs(O) =
⋃

a∈A(O),

a⊆M1∪...∪Mn

Subs(a)∪
⋃

a∈A(O),

a 6⊆M1∪...∪Mn

Subs(a)∪{(>,A) | A ∈ BTop(O)}∪{(>,⊥)}.

(7.1)
Of course, the ”global” subsumption test (>,⊥) should be carried out first.

Next, we will discuss briefly how the choice of ”lightweight” modules Mi can
affect the overall ST load. Consider the ontology whose AD is shown in Figure 7.2
with 7 atoms and modules Mi = ↓ai, and with atoms a1, a2, a5, a6, a7 being in (the
lightweight DL) L . This means there are four modules M1, M2, M6, M7 in L .

Now we can use a delegate reasoner for L to classify the set of axioms M1 ∪
M2 ∪M6. This leaves us with the subsumption tests Subs(a3), Subs(a4), Subs(a5).
For these we have the choice to carry them out w.r.t. the whole of O or we can test
Subs(ai) w.r.t. Mi.

Figure 7.2: Modules with different expressivity and their Subs(a)

Please recall that, in general, a union of modules is not necessarily a module, and

3It is straightforward to extend this to more than one DL and more than one specialised, optimised
reasoner.
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thus in our example M1 ∪M2 ∪M6 ∪M7 is not guaranteed to be a module. Never-
theless, Theorem 14 guarantees that our split of O and usage of delegate reasoners is
correct for classification.

7.2.1 An AD-based classification algorithm

In this section, we introduce a specific classification algorithm based on the observa-
tions above and its implementation in our DL meta reasoner ReAD, as sketched in
Algorithm 16. For ReAD, we have chosen to set L = EL++ and use ELK as delegate

Algorithm 16 AD Traversal Classification
Require: an ontology O

1: Initialize a hierarchy H := {(⊥,>)}
2: Compute the ⊥-A(O)
3: ELAtoms := {a ∈ ⊥-A(O) | ↓a is in EL++} {Find all EL++ modules}
4: TEL := ∪a∈ELAtomsa {Compute union of EL++ modules}
5: Classify(TEL) {use ELK for this}
6: if TEL is consistent then
7: add resulting hierarchy to H
8: else
9: return “O is inconsistent”

10: end if
11: RemainingAtoms :=⊥-A(O)\ELAtoms
12: AllCanS := {A | there is some a ∈ RemainingAtoms with A ∈ CanS(a)}
13: TRAs := {α ∈ ↓a | a ∈ RemainingAtoms}
14: if ELAtoms = /0 then
15: Check whether O |=>v⊥ {use HermiT for this}
16: if O is inconsistent then
17: return “O is inconsistent”
18: end if
19: end if
20: for each concept name A ∈ AllCanS do
21: if TRAs |= (A,⊥) {use HermiT for this} then
22: add (A,⊥) to H
23: else
24: Initialize HermiT and add non-subsumptions (A,B) for each (A,B) 6∈ Subs(a)

for a ∈ RemainingAtoms and (>,A) with A ∈ BTop(O),A ∈ T̃EL

25: end if
26: end for
27: Classify TRAs and add resulting hierarchy to H {use HermiT for this}
28: return H
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EL++ reasoner. We use HermiT as the OWL DL reasoner for the remaining STs.

Firstly, we compute the AD and get the union of EL++ modules TEL. Then we use
ELK to classify TEL and store the resulting subsumption relations in the hierarchy H ,
provided that TEL is consistent (otherwise, we stop and return the inconsistency). For
the union of modules outside EL++, called TRAs, we have modified HermiT to ensure
that it tests exactly the STs in last three terms of Equation 7.1.

HermiT works in three phases [GHM+12]: 1) it checks the consistency of the input
ontology, 2) it tests all concept names for satisfiability, 3) it traverses a graph whose
nodes correspond to satisfiable concepts while recording, as labelled edges, the re-
sults of STs (both positive and negative results, as well as disjointness relations). The
graph traversal algorithm is highly optimised and exploits transitivity of the subsump-
tion relation as well as its interaction with the disjointness relation (the latter becomes
available as “free” knowledge from STs).

The modification for HermiT is described in lines 14 to 26 in Algorithm 16. In
lines 14-19, we test consistency of O only if O has no ELAtoms as per Lemma 5. In
case O is consistent, we run HermiT’s second and third phase on (hopefully small)
TRAs , and test only the STs as per Equation 7.1. For the second phase, this is done in
lines 20-22. For the third phase, we initialise HermiT’s traversal graph with negative
subsumptions for all non-subsumption captured in (the complement of) Subs(a). In
this way, we preserve HermiT’s sophisticated traversal algorithm but

• exploit both ELK as a delegate reasoner for the set of all EL++modules,

• ensure that HermiT avoids STs for

– all non-subsumptions we can infer from the AD, and

– all STs and non-subsumptions concerning concept names of the EL++part,

i.e., we use HermiT only for STs in Subs(a) for non-EL++atoms a, and

• possibly easify STs by focusing HermiT on TRAs.

As a consequence, we combine the AD-informed avoidance described in [ZPS20] with
HermiT’s traversal algorithm and with a MORe-inspired usage of a delegate reasoner—
but avoid any overlap in testing STs between both reasoners. Next we prove the cor-
rectness of Algorithm 16.

Lemma 15. Algorithm 16 is sound, complete and terminating.
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Proof. Termination for Algorithm 16 is immediate. We only have one “for” loop over
a finite (even linear) set (of atoms) from row 20 to 26.

Given X ,Y ∈ C+(O), here soundness means that if X �Y , then O |= X vY . Sound-
ness of Algorithm 16 is immediate since ELK and HermiT are sound.

Finally we prove completeness for Algorithm 16. Here completeness means that
if O |= X v Y , then X � Y . Based on Theorem 14, Equation 7.1 and Definition 21,
following set of subsumptions we achieve completeness if we check the set of STs:

Subs(O)=
⋃

a∈A(O),

a⊆ELAtoms

Subs(a)∪
⋃

a∈A(O),

a∈RemainingAtoms

Subs(a)∪{(>,Y ) | Y ∈ BTop(O)}∪{(>,⊥)}.

We distinguish the following cases

• X =>,Y =⊥: based on Lemma 5, if the ontology is inconsistent and ELAtoms 6=
/0, TEL is inconsistent. If O |= > v ⊥ and ELAtoms 6= /0, we check that by ELK

in row 5. If O |=>v⊥ and ELAtoms = /0, we check that by HermiT in row 15.

• X = C(TEL)∪{>},Y ∈ C(TEL)∪{⊥}: we check that in row 5 by ELK. Note
here BTop(O) ⊆ C(O), thus we already check the set of tests {(>,Y ) | Y ∈
BTop(O),Y ∈ T̃EL} and the set of STs

⋃
a∈ELAtoms Subs(a).

Now the remaining STs we need to check:

⋃
a∈RemainingAtoms

Subs(a)∪{(>,Y ) | Y ∈ BTop(O),Y /∈ T̃EL}

by HermiT in TRAs.

• X ∈ C(TRAs),Y =⊥: here we only need to check the set of STs

⋃
a∈RemainingAtoms

{(X ,⊥) | X ∈ CanS(a)}

from
⋃

a∈RemainingAtoms Subs(a) based on Definition 21. That one can be rewrit-
ten into

{(X ,⊥) | X ∈ AllCanS}.

Here we do not consider BTop(O) for AllCanS because by Lemma 12.2, CanS(a)

and BTop(O) are disjoint. We check these STs in row 21.
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• X =>,Y ∈ C(TRAs): here based on Theorem 14, the set of STs we need to check
is:

{(>,Y ) | Y ∈ AllCanS}∪{(>,Y ) | Y ∈ BTop(O),Y /∈ T̃EL}.

We add non-subsumptions (>,Y ) not in this set in row 24 and test the remaining
subsumptions in row 27.

• X ,Y ∈ C(TRAs),X : here based on Theorem 14, the set of STs we need to check
is: ⋃

a∈RemainingAtoms

{(X ,Y ) | X ∈ CanS(a), Y ∈ ↓̃a, and X 6= Y}.

We add non-subsumptions (X ,Y ) not in this set in row 24 and test the remaining
subsumptions in row 27.

To add non-subsumption (X ,Y ),(>,Y ), we modify Algorithm 6 implemented
in HermiT. For its input parameters, we replace C+(O) with AllCanS∪{>} in
order only check the STs (X ,Y ) with X ∈ AllCanS∪{>}.

We also remove pairs from the remaining possible (P) subsumer pairs. We re-
move these pairs

– {(>,Y ) | Y ∈ T̃EL},

–
⋃

a∈RemainingAtoms{(X ,Y ) | X ∈ CanS(a), Y /∈ ↓̃a, and X 6= Y}

from P. Thus HermiT does not check these STs.

7.3 Genuine modules for STs

The set of STs Subs(a) of an atom can be checked w.r.t. ↓a rather than w.r.t. the whole
ontology. Then the complexity of each ST is potentially reduced by only touching
axioms of the genuine module ↓a rather than the whole ontology. That is, we check
M = ↓a |=? Av B with (A,B)∈ Subs(a) rather than TRAs |=? Av B or even O |=? Av
B. In Section 2.6.3, the authors of [MPS18] recommend that employing modularity
for optimising classification should not be motivated by ST hardness alone. Here the
situation is a bit different.
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Algorithm 17 AD Traversal Classification with Genuine modules
Require: an ontology O

1: Initialize a hierarchy H := {(⊥,>)}
2: use MORe approach to compute a (potentially large) EL++ module MEL and a

remaining module MRAs = δ-mod(C+(O)\M̃EL,O)

3: Compute the ⊥-A(MRAs)

4: ELAtoms := {a ∈ ⊥-A(O) | ↓a is in EL++} {Find all EL++ modules}
5: TEL := MEL∪a∈ELAtoms a {Compute union of EL++ modules}
6: Classify(TEL) {use ELK for this}
7: if TEL is consistent then
8: add resulting hierarchy to H
9: else

10: return “O is inconsistent”
11: end if
12: RemainingAtoms :=⊥-A(O)\ELAtoms

13: ConsistencyNotChecked := false
14: if ELAtoms = /0 then
15: ConsistencyNotChecked := true
16: end if
17: for atom a ∈ RemainingAtoms {build a HermiT for ↓a} do
18: if ConsistencyNotChecked then
19: check ↓a |=>v⊥
20: if ↓a is inconsistent then
21: return “O is inconsistent”
22: end if
23: ConsistencyNotChecked := false
24: end if
25: for each concept name A ∈ CanS(a) do
26: if ↓a |= (A,⊥) {use HermiT for this} then
27: add (A,⊥) to H
28: else
29: Initialize HermiT with neg. subsumptions (A,B) 6∈ Subs(a)

30: end if
31: end for
32: Classify ↓a and add resulting hierarchy to H {use HermiT for this}
33: end for
34: return H
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• We use ELK for classifying TEL and only check STs in Subs(a) with a being a
remaining atom. So the STs here are fewer than those of in [MPS18].

• We already have the AD structure and use it for avoiding STs, i.e. we already
have ↓a.

Algorithm 17 differs from Algorithm 16 in that it checks the remaining STs in their
genuine modules. The modification compared to Algorithm 16 is limited lines 16 to
32. Rather than checking all remaining STs in TRAs, we build a new HermiT reasoner
for every genuine module ↓a. That is, we use HermiT only for STs in Subs(a) but
focus HermiT for ↓a.

It follows from Theorem 14 that, if we check all tests in Subs(O), the classification
result is sound and complete. So even though the different HermiT reasoners do not
share results with each other, we will not miss a ST. Based on that, we can parallelize
these HermiT reasoners for each genuine module. More specifically, we can apply
parallel reasoning for the lines 16 to 32 in Algorithm 17. There are three limitations
for this approach due to interactions with other optimizations for classification.

• The first one is that HermiT uses a Hypertableau algorithm as its ST engine and
may get some ”free” inferred subsumption relations from each ST. For example,
in Figure 7.3 we may get O |=CvD as a free result when we check O |=? AvC

in HermiT for ↓a1. But when we check Subs(a2) in HermiT for ↓a2, we still
check O |=? C v D if these reasoners do not share results with each other.

• Some optimizations for STs like pseudo-model merging are not shared between
these reasoners.

• ET based algorithms avoid STs by exploring the transitivity of the (inferred)
subsumption relation but these “transitive shortcuts” are included in Subs(O).
Hence we may lose this benefit of ET for these inferred subsumption relation.
For example, in Figure 7.3 if we have the told subsumption relation CvD in the
ontology, then we check O |=? A v C and get O |= A v C for ↓a1 so we avoid
the ST O |=? AvD by exploring transitivity. But if we only get O |=C vD, we
potentially need to check O |=? A v D for ↓a1, because the test O |=? C v D is
in Subs(a2) and we use another reasoner for ↓a2 to check it. That is, when we
check O |=? A vC in a1 and O |=? A v D in a2, we do not exploit the relation
O |=C v D for ↓a2.
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Figure 7.3: Example for three limitations

In this thesis, the first and second limitations will not be further explored. We talk about
how to interact with ET and expand the benefits from this algorithm in Chapter 8.

7.4 Empirical Evaluation

The implementation of ReAD is based on the OWL API [HB11] Version 3.4.3, espe-
cially on the implementation of the AD4 that is part of the OWL API, namely the one
available via Maven Central (maven.org) with an artifactId of owlapi-tools. We
use the reasoner HermiT version 1.3.85 both as is and modified in ReAD according
to Algorithm 16 and Algorithm 17, and we use the reasoner ELK version 0.4.2 as a
delegate reasoner. We also use code from MORe6 for testing whether axioms are in
EL++. All experiments have been performed on Intel(R) Core(TM) i7-6700HQ CPU
2.60GHz RAM 8GB, allocating Java heap memory of between 1GB and 8GB. Time is
measured in CPU time.

We use the corpus described in Section 4.4.2 with 144 BioPortal ontologies and
SNOMED CT ontologies described in Section 4.2 for evaluation in this whole section.

7.4.1 Empirical Evaluation of Algorithm 16

In this section, we report on the empirical evaluation of our Algorithm 16. In particular,
we answer the following research questions:

1. Compared to the size of the whole ontology, what is the size of the union of
EL++ modules? This will help us to understand the potential benefits of using
a delegate reasoner like ELK.

4We have talked about this issue in Section 6.2
5The code of this version can be found in http://www.hermit-reasoner.com
6https://github.com/anaphylactic/MORe
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2. How many maximal modules are in the union of EL++ modules? This will
help us to understand the potential benefit of our approach compared to MORe’s
usage of a single maximal EL++ module.

3. What is ReAD’s performance in terms of classification time and the number of
STs carried out, and how do these compare to those of HermiT and MORe-like
approach?

7.4.2 EL++-part and modules

To answer Research Question 1, we computed the union of EL++ modules for the
144 BioPortal ontologies in our corpus (see line 3 of Algorithm 16); in the following,
we call this union the EL++-part of an ontology. Figure 7.4 is a scatter plot with
both axes on a logarithmic scale where each ontology is represented as a blue dot:
the x-axis indicates their size (number of axioms) and the y-axis that of their EL++-
part. We find that the size of the EL++-part varies widely across the ontologies in our
corpus, independently of the size of the ontologies but with many ontologies having
EL++-parts of substantial to large size.

To answer our Research Question 2, we consider how the number of (subset-)
maximal EL++ modules in the EL++-parts varies across the ontologies in our corpus.
In our corpus, only one ontology has only one such maximal EL++ module, the mean
number of such modules is 1,938, more than half of our ontologies have at least 110
such modules, and 10% have over 2,500. As mentioned before, a union of modules
is not necessarily a module. Across our corpus, however, we find that only 13% of
ontologies (19/144) are such that the union of their (numerous) EL++ modules is not

a module.

7.4.3 Classification time and number of STs carried out

Next, we compare ReAD’s performance with that of (unmodified) HermiT on our cor-
pus of 144 ontologies, and we do this separately for the 63 non-deterministic and the
81 deterministic ontologies since, as mentioned above, HermiT avoids all STs in phase
3 on the latter. For ReAD, the computation time excludes the time used for comput-
ing the AD. We classified each ontology five times: the runtime was so stable that we
decided to measure single runs.

Following [Gon14, GPS12], we split our corpus into three bins: into those ontolo-
gies O that HermiT can classify in (1) less than 1s; (2) more than 1s and less than 10s;
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Figure 7.4: The size of the 144 ontologies and their EL++-part in our corpus.
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(3) more than 10s. For 121/144 ontologies, (fastest) classification requires less than
1s, 13/144 ontologies require 1s∼10s, and 10/144 ontologies require more than 10s. 7

As described in [ZPS20] and rather unsurprisingly, ReAD classification time improves
over that of HermiT with the relative size of the EL++part.

In the following analysis, we use EL-ModPer as the size of the EL++ part relative
to the size of the ontology (as percentage). Similarly, we use DupliPer as the size of
the intersection of the EL++ part and the ontology considered by HermiT, i.e., TRAs,
relative to the size of the ontology (as percentage). We use CTH(O) to represent the
time HermiT takes to classify O and CTR(O) for ReAD’s classification time on O. To
compare classification times better, we consider the (relative) improvement, i.e., the
percentage of (CTH(O)−CTR(O))/CTH(O).

Deterministic ontologies are classified by HermiT without a single ST, hence any
performance improvement we see in ReAD comes from the usage of ELK and from
avoiding duplication of satisfiability tests in lines 21 of Algorithm 16. To understand
the contribution of these factors, we have implemented a variant ReADwiDupli of ReAD

by removing lines 14-26 in Algorithm 16, i.e., that only exploits ELK. In Figure 7.5,
we see that the major relative improvement is due to the usage of ELK for the 7 (non-
trivial, deterministic) ontologies in bins (2) and (3), and that avoiding duplication adds
a smaller but still considerable improvement.

For non-deterministic ontologies, the performance improvement can stem from
three factors: the usage of ELK, the avoidance of duplicate STs between HermiT and
ELK, and the avoidance of STs via the AD in line 24 in Algorithm 16. Again, to
understand the contribution of these factors, we have implemented a variant

• ReADwiDupli&noAvoid that avoids no duplication of STs between HermiT and ELK

and does not use the AD to avoid STs; this variant is again obtained by removing
lines 14-26 in Algorithm 16.

• ReADnoAvoid that does avoid duplication of STs between HermiT and ELK but
does not use the AD to avoid STs; this variant is again obtained by modifying
line 24 in Algorithm 16.

In Figure 7.6, we see that, on the 16 (non-trivial, non-deterministic) ontologies, all
three factors play a notable role.

Our corpus is too small to consider correlations between EL-ModPer, DupliPer,
and the improvements we get from ReAD or its “restricted” variants, so we will discuss

7The further data analysis for these ontologies can be viewed in [ZPS20] Figure 4.
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Figure 7.5: The classification time improvements of the 7 deterministic ontologies in
bins (2) and (3) with their EL-ModPer and DupliPer.

Figure 7.6: The classification time improvement of 16 non-deterministic ontologies
with their EL++ModPer and DupliPer in bins (2) and (3).
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Table 7.1: A summary of the number of STs carried out for the 63 non-deterministic
ontologies in our corpus. The 50th (median), 90th,..., 100th (maximum) percentiles
are shown for the STs number in HermiT and HermiT-in-ReAD.

Mean StdDev P50 P90 P95 P99 P100
#STs in HermiT 387 834 64 849 2,359 4,094 4,130

#STs in HermiT-in-ReAD 178 528 11 481 660 2,730 3,465

some interesting examples. In general, we see that ReAD can improve classification
time substantially despite the EL++part being small, but only for non-deterministic
ontologies. Consider the deterministic ontology GO: it has a large EL++part (36%
EL-ModPer) that overlaps modestly with T (33% DupliPer); ReAD gets a good im-
provement of 26% (835s to 619s), but ReADwiDupli improvement is close with 17%
(835s to 695s). Contrast this with the deterministic ontology FTC: it has an even larger
EL++part (48% EL-ModPer) that overlaps largely with T (63% DupliPer); hence it
is no surprise that its ReADwiDupli “improvement” is -14% (1446s to 1646s) whereas
its ReAD improvement is 9% (1446s to 1322s). The non-deterministic ontology CAO

also has a tiny EL++part (0.67% EL-ModPer) but we get a strong ReAD improvement
38% (1071s to 667s) due to avoiding STs in HermiT classification.

Finally, we compare the number of STs carried out by HermiT with those carried
out by HermiT during ReAD classification on TRAs, see Table 7.1: overall, ReAD halves
the number of STs.

7.4.4 Empirical Evaluation of Algorithm 17

In this section, we empirically evaluate our Algorithm 17 with, called ReADGP, and
without parallelization, called ReADG. We answer the following research questions in
this section:

1. What are ReADGP’s and ReADG’s performance in terms of classification time
and the number of STs carried out when classifying remaining modules one by
one, and how do these compare to those of HermiT and ReAD with classifying
the TRAs?

In this section, we still use the 144 ontologies from 2017 NCBO BioPortal ontology
as we described in Section 7.4. We implement Algorithm 17 using OWL API Version
3.4.3, ELK version 0.4.2 and HermiT version 1.3.8 and code from MORe for getting
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the (potentially big) EL++ module for comparisons. We implement our paralleliza-
tion part in our Algorithm 17 by using Java Fork/Join framework. We use CTRG(O)

to represent the classification time of the ontology O computed by Algorithm 17 with
ReADG (ReAD testing STs in “their” genuine modules). We use CTRGP(O) to repre-
sent the classification time of the ontology O computed by Algorithm 17 with ReADGP

(ReAD plus genuine modules and parallelization).
Then we evaluate our algorithms for two sets of ontologies.

• The first set is the 7 deterministic ontologies.

• The second set is these 16 non-deterministic ontologies.

In Table 7.2, for ontologies FTC and GO, we have a lower CTRG(O) than CTR(O),
i.e. testing STs in their genuine modules is beneficial. But for other ontologies,
CTRG(O) is higher than CTR(O), i.e. the overhead involved is not compensated by the
gains of using small ontologies to test STs against. For non-deterministic ontologies, in
Table 7.3, we also find that CTRG(O) is, for most of ontologies, higher than CTR(O).
Only ontologies PHAGE and VO get a lower classification time for CTRG(O).

Table 7.2: The classification time among 7 deterministic ontologies in bins (2) and (3).
The time is shown in second.

Ontology EL-ModPer CTH(O) CTR(O) CTRG(O) CTRGP(O)
FTC 48.12% 1,445.94 1,322.09 225.34 40.68
GO 36.23% 834.66 618.84 233.24 48.90
CHEBI 36.86 % 66.70 49.02 530.26 96.78
FYPO 69.28 % 24.88 8.27 17.76 3.74
VTO 99.99% 4.68 0.34 1.02 1.01
HRDO 4.97 % 3.88 3.86 39.91 7.73
ONL-MR-DA 0.64 % 2.75 3 6.11 1.33

We also evaluate the SNOMED CT ontologies described in Section 4.2. Table 7.5
shows that

• ELK classifies S20July and S21Jan efficiently, with 9s and 12s respectively. In
contrast to this, HermiT classifies these two ontologies with 5,199s (around 1.44
hours) and 5,929s (around 1.65 hours).

• Compared to S20July, the CTH(O) of S20July9 only increases to 617s. The
MORe-like approach shows good performance for classification, with 326s, and
we get a further speed up of more than 2 for for CTRGP(O).
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Table 7.3: The classification time among 16 non-deterministic ontologies in bins (2)
and (3). The time is shown in second. CTH(O), CTR(O), CTRG(O), CTRGP(O)
stand for the classification of HermiT, ReAD, ReADG, ReADGP.

Ontology EL-ModPer CTH(O) CTR(O) CTRG(O) CTRGP(O)
CAO 0.68% 1071.13 666.68 2392.33 1826.35
PHAGE 36.26% 606.36 449.10 120.05 50.23
DCO-DEBUGIT 15.65% 386.80 382.28 3150.41 1523.17
VO 0.23% 78.92 85.86 35.29 9.61
NTDO 1.15 % 76.65 86.61 248.09 100.52
NCIT 47.41 % 75.73 57.25 4068.86 1349.88
ONL-MSA 0.31 % 9.02 9.14 33.85 18.71
CCONT 24.56 % 8.28 7.61 37.81 16.11
FB-CV 57.23 % 5.09 5.43 8.02 7.28
FOODON 87.66 % 2.11 0.21 0.49 0.27
NEMO 1.34 % 2.09 2.26 5.47 2.47
TOK 35.58 % 1.95 2.31 2.48 2.25
ECSO 20.98 % 1.39 1.28 4.06 2.13
HUPSON 5.02 % 1.30 1.16 8.72 4.05
MHC 0.03 % 1.23 1.14 10.81 4.36
EPO 26.21 % 1.11 1.07 12.39 4.57

• For the ontology S21Jan7905, we get a time-out for HermiT (out of 40 hours).
The MORe-like approach still works and classifies this ontology in around 32
hours (117,315s). ReADGP (ReAD plus genuine modules and parallelization)
classifies this ontology in around 0.5 hour (1,792s).

• No approaches manages to classify SA21Jan1000 in 40 hours.

From the evaluation data on the BioPortal ontology, ReADG (ReAD plus genuine
modules) does not show a good performance. As discussed in Section 7.3, classifying
genuine modules may lose benefit from some optimization techniques, e.g. “free”
STs results, pseudo-models. On the other hand, we still get a good performance on
SNOMED CT ontologies by applying genuine modules and parallelization in Table 7.5.

Then raises another research question: given that the⊥-AD can be and often is very
coarse-grained, and gives that “swapping” reasoners per module involves an overhead,
can we get a performance improvement by checking STs in a more coarse-grained
approximation of the AD? If the modules in the coarsened AD are bigger, we may lose
less benefit from these optimization techniques and we have less overhead. We explore
this research question in Section 8.8.
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Table 7.4: The number of STs among 16 non-deterministic ontologies in bins (2) and
(3). STH(O) , STR(O), STRG(O), STRGP(O) stand for the number of STs checked
by HermiT, ReAD, ReADG, ReADGP.

Ontology STH(O) STR(O) STRG(O) STRGP(O)
CAO 73 61 63 79
PHAGE 4130 288 0 0
DCO-DEBUGIT 849 663 999 995
VO 847 479 15 15
NTDO 289 242 253 255
NCIT 4090 61 123 122
ONL-MSA 114 81 0 0
CCONT 3,233 2,502 10,614 16,107
FB-CV 149 32 30 29
FOODON 2,359 15 14 14
NEMO 236 124 118 143
TOK 5 0 0 0
ECSO 616 153 262 274
HUPSON 273 98 466 466
MHC 156 12 13 13
EPO 201 38 66 62

Table 7.5: Different SNOMED CT extensions with their classification time checked by
HermiT, ReADwiDupli&noAvoid(MORe like approach), ELK and ReADGP respectively.
The time is shown in second. The TimeOut for this experiment is 40 hours (144,000
s). We use N/A for not applicable.

CTH(O) CTM(O) CTE(O) CTRGP(O)
S20July 5,199 N/A 9 N/A
S20July9 5,816 326 N/A 114
S21Jan 5,929 N/A 12 N/A
S21Jan7905 TimeOut 117,135 N/A 1,792
SA21Jan1000 TimeOut TimeOut N/A TimeOut



Chapter 8

ET Algorithm with an AD-aware
order

As we have seen earlier, ETA is a well-known component of classification algorithms.
For top-down phase in ETA, Franz Baader wrote in [BHN+94] section 4.3 page 119:
“When trying to take advantage of tests that have already been performed during top
search, one can either concentrate on negative information (i.e., a subsumption test
did not succeed) or on positive information (i.e., a subsumption test was successful)”
and we will explore this question in this chapter where to concentrate on: where to
use the additional information from the AD for traversal. Exploring the transitivity
from the subsumption relation we already know during classification gives free non-
subsumptions. In particular, we explore how an AD-aware order for ETA gives free
non-subsumptions. We design an AD-aware order and design an algorithm for an AD-
aware ETA. We also explore how AD-aware ETA works with genuine modules for
easyfication.

8.1 Choices of orders of concept names for Classifica-
tion

For ETA, we have different choices for picking concept names as different orders to
add to the partial hierarchy [BHN+94, HM01a, THPS07]. Sometimes a “good” order
will gives fewer STs than a “bad” order. A common one is adding concept names in
definition order [BHN+94].

Definition 22. [BHLS17] An concept definition is an expression of the form A≡C or

119
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AvC for A a concept name and C a possibly complex concept expression.

We say that A directly uses B in an ontology O if there is a concept definition A≡C

or AvC in O such that B occurs in C. The relation “uses” is the transitive closure of

“directly uses” 1.

In definition order [BHN+94], if C uses D, then D comes before C, written D≤de f i

D. Using this definition order, we can avoid STs in ETA. In [BHN+94], it is shown
that for a purely definitional TBox 2, when classifying in definition order, the bottom-
up phase can be omitted for primitive concepts. For other ontologies, the bottom-up
phase cannot be omitted. In [HM01a], this approach is modified in order to omit the
bottom-up phase in more cases. A relation called directly refers to, which is similar
to directly uses, is designed. The relation refers to is the transitive closure of directly
refers to and then brings a partial order on a set of concept names. Any linearization
of this partial order is called a quasi-definition order.

Another feature for a good order is to get many free non-subsumptions introduced
in Definition 5 by exploiting transitivity of the subsumption relation.

Example 7.
O = { α1 : DuE v B,

α2 : B v ∃r.A,
α3 : r v s,

α4 : ∃s.A v C}

For example, if we use ETA to classify the ontology in Example 7, choosing differ-
ent order may need different STs. If we have the order E ≤D≤ A≤ B≤C, we need to
check 18 STs shown in Figure 8.1. Now if we pick another order B≤C ≤ E ≤D≤ A,
we need to check 23 STs shown in Figure 8.2 despite a lucky case (we do not need to
check O |=? B v⊥ because we check O |=? B v E before O |=? B vC ). We find the
STs

O |=? Av B,O |=? Dv B,O |=? E v B,O |=? Bv A,O |=? Bv D,O |=? Bv E

do not need to be checked for the order E ≤ D ≤ A ≤ B ≤ C but need to be for the
order B≤C≤ E ≤D≤ A. That is because we have O |=? BvC and dealing with B,C

early gives more free non-subsumptions.

1“use” may be reflexive. “directly uses” can have cycles unless O is acyclic/definitorial [BHLS17].
2An ontology only consists of ≡ concept, definitions, with “directly uses being acyclic and no con-

cept name appearing more than once on the left head side of a definition
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Figure 8.1: The STs during ETA with the order C→ B→ A→D→ E for the ontology
in Example 7.

Figure 8.2: The STs during ETA with the order B ≤C ≤ E ≤ D ≤ A for the ontology
in Example 7.
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Figure 8.3: The inferred hierarchy of the ontology in Example 8.

If we do not have any subsumption relation between concept names in the inferred
hierarchy, picking different orders give the same STs for ETA. For example, if we
classify the ontology in Example 8, we will not get any inferred subsumption relations.
During the ETA, we will not get any free non-subsumption tests.

Example 8.
O = { α1 : AuB v C,

α2 : C v E tD}

To get more free non-subsumptions, we then define an ideal order≤ideal if we have
hindsight and know the inferred hierarchy. Then we talk about why we cannot have
this order for some ontologies. So we cannot build one ideal order for getting more
free non-subsumptions.

Definition 23. Given an ontology O with two distinct concept names A,B ∈ C(O), we

say A is ideally dominated by B with, written A≤ideal B, if it satisfies:

1. O 2 Av B and O 2 Bv A.

2. there exists a concept name C ∈ C(O) with C 6= A 6= B,O 2 A v C,O 2 C v A

and O |= B@C or O |=C @ B .

In the ideal order, for any concept name A, we want to get all subsumption relation
C �D of non-subsumers of A. We put C,D before A for ETA in order to get more free
non-subsumption. Naively, we will get all free non-subsumptions if we have this ideal
order. But even if we know the inferred hierarchy, we cannot compute an ideal order
for most of ontologies.
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Figure 8.4: The inferred hierarchy of the ontology in Example 9.

Example 9.
O = { α1 : D v ∃r.E,

α2 : B v ∃r.A,
α3 : r v s,

α4 : ∃s.E v F}
α5 : ∃s.A v C}

For example, we have both B≤ideal D and D≤ideal B for the ontology in Example 9.
Now we cannot have an ideal order.

Based on these considerations, we aim at an order that:

• omit most of STs in the bottom-up phase

• get as many free non-subsumptions as possible.

8.2 An AD-aware partial order of concept names

We firstly define our AD-aware partial order and AD-ware total order separately.
Given the ⊥-A(O), we define an AD-aware partial order for classification.

Definition 24. Given an ontology O with two distinct concept names A,B ∈ C(O),

we say A is AD-dominated by B, written A <ad B, if it satisfies one of the following

situations:

1. a≺ b and A ∈ CanS(a) and B ∈ CanS(b) or

2. A ∈ BTop(O) and B /∈ BTop(O).

Lemma 16. The relation <ad on a set C(O) is a strict partial order.
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Figure 8.5: The inferred hierarchy, AD, AD-aware partial order for the example ontol-
ogy in Example 3 respectively.

Proof. Irreflexivity for <ad is immediate. We have A,B are distinct on Definition 24.
We then prove Asymmetry for <ad . If we have A <ad B with A,B ∈ C(O), for case

1 on Definition 24, we do not have B <ad A. Because if a ≺ b then b 6≺ a; for case 2,
we do not have B <ad A because now B ∈ CanS(b) implies B /∈ BTop(O).

Finally we prove Transitivity for <ad . If we have A <ad B and B <ad C, we have
B,C /∈ BTop(O). Now we have two cases based on Definition 24:

1. A ∈ CanS(a),B ∈ CanS(b) and C ∈ CanS(c) with a ≺ b and b ≺ c. Since ≺ is
transitive for atoms, we have a≺ c thus A <ad C.

2. A∈BTop(O),B∈CanS(b) and C ∈CanS(c) with b≺ c. Hence we have A<ad C

based on Definition 24.2.

For example, in Example 3, the AD-aware partial order is shown in Figure 8.5. In
the example, BTop(O) = {A}, so A is AD-dominated by any other concept name in the
ontology. We have CanS(a1) = {D},CanS(a2) = {B},a1 ≺ a2 so B is AD-dominated
by D i.e. B <ad D.

8.3 Using the AD-aware total order to cut down Baader’s
bottom-up phase

Any linearization of this strict partial order is an AD-aware total order for classifica-
tion. For two distinct concept names A,B ∈ C(O), we say A is AD-totally dominated

by B, A <adTotal B, if they are in an AD-aware total order.
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Figure 8.6: Three different AD-aware total orders for the example ontology in Exam-
ple 3.

For example, in Example 3, we have three different kinds of AD-aware total orders
shown in Figure 8.6.

The algorithms for computing ADawareBottomUpPhase and ADawareTopDownPhase

are shown in Algorithms 20 and 19. We use these two algorithms in our AD-aware ET

in Algorithm 18.

In Algorithm 18, we firstly compute an AD-aware total order and use this order to
insert every concept name into the partial hierarchy. Then in row 7, we jump into our
AD-aware bottom-up phase.

In Algorithm 19, we shrink the ClassifiedC,SupConDirect(B) into

ClassifiedC∩CanS(a),SupConDirect(B)∩CanS(a)

separately in order to avoid STs. For every input concept name A, we only check
O |=? Av B if B ∈ CanS(a). Next we explain why we can do that.

Lemma 17. Given an AD-aware total order <adTotal and two distinct concept names

A,B with B <adTotal A, if B /∈ CanS(a) with A ∈ CanS(a), then O 2 Bv A.

Proof. Since we have B <adTotal A, we can distinguish two cases.

1. we have B <adTotal A with B <ad A;

2. we have B <adTotal A without B <ad A

For the case 1, since B <ad A, based on Definition 24 we have

• a ≺ b and B ∈ CanS(a) and A ∈ CanS(b). Then we have O 2 B v A based on
subsumer-preserving property. Or

• B∈BTop(O) and A /∈BTop(O). Then we have O 2BvA based on the definition
of BTop(O).
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For the case 2, we have B <adTotal A without B <ad A. Hence we can have

• A,B ∈ BTop(O). Then we have O 2 Bv A based on the definition of BTop(O),
or

• B∈ CanS(a) and A∈ CanS(b) with a⊀ b,b⊀ a. Then we have O 2 Bv A based
on subsumer-preserving property, or

• A,B ∈ CanS(a). This conflicts with B /∈ CanS(a) with A ∈ CanS(a).

Using Lemma 17, we can omit STs the during AD-aware bottom-up phase with
the help of Avoidance. We also solve the issue mentioned in Section 6.1 about how to
apply avoidance into the bottom-up phase. Since the atom size is generally small in the
cases shown in our evaluation in Table 4.6 and Table 4.10, the number of remaining
STs is potentially also small. Note, here our avoidance does not break “free results”
from the ETA. So the number of remaining STs may (potentially) be further reduced
by exploiting transitivity from ETA.

Algorithm 18 AD-aware ET algorithm
Require: the ontology O and ⊥-A(O)

1: initialize a hierarchy H = {(⊥,>)}
2: Preprocessing
3: if O is consistent then
4: compute an AD-aware total order ADOrder
5: while ADOrder is not empty do
6: A = ADOrder.next
7: AD-aware bottom-up(H ,A,O, ⊥-A(O))
8: AD-aware top-down(H ,A,O, ⊥-A(O))
9: end while

10: else
11: return O is not consistent.
12: end if
13: return H

8.4 Expanding free non-subsumptions during Baader’s
Top-down phase
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Figure 8.7: The example of PotSubs(A),LowerPotSubs(A) respectively.

In this section, we will talk about the relation between free non-subsumptions and
our AD-aware total order in the AD-aware top-down phase. The definition of an atom’s
candidate set CanS(a) mentioned in Section 7.1 is used for several definition in this
chapter.

For our AD-based ET algorithm, concept names are checked via an AD-aware
total order. For every concept name A, the set of potential subsumers of A is defined as
follows:

PotSubs(A) := {B ∈ ↓̃a∩C+(O) | A ∈ CanS(a)}

We also define the set of lower potential subsumers of A as follows:

LowerPotSubs(A) := {B ∈ b̃∩C+(O) | A ∈ CanS(a) with a� b}

Then we can split the set PotSubs(A) into

PotSubs(A) = (ã∩C+(O))∪LowerPotSubs(A)

For example, in Figure 8.7, if A ∈ CanS(a1), we have LowerPotSubs(A) = (ã2 ∪
ã3∪ ã4)∩C+(O).
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Algorithm 19 AD-aware bottom-up phase
Require: the partial hierarchy H = (ClassifiedC,�) and a concept name A, the ontol-

ogy O, ⊥-A(O)
1: initial an atom a that A ∈ CanS(a)
2: ClassifiedC = ClassifiedC∩CanS(a)
3: initialize a queue Q with all lowest concept names in ClassifiedC
4: initialize a set of concept name CheckedC = /0

5: while Q is not empty do
6: initialize a concept name B = Q .next
7: if B is not in CheckedC then
8: if O |= Aw B then
9: add A� B into H

10: put SupConDirect(B)∩CanS(a) into Q
11: end if
12: add B into CheckedC
13: end if
14: remove B from Q
15: end while
16: add A into ClassifiedC
17: return H

In Algorithm 20, we shrink the ClassifiedC,SupConDirect(B) into

ClassifiedC∩PotSubs(A),SupConDirect(B)∩PotSubs(A)

w.r.t. the input concept name A by exploiting the subsumer-preserving property.
As we discussed at the beginning of this chapter, we want to have a “good order”

to get more free non-subsumptions. Next we use two lemmas to describe free non-
subsumptions in our AD-aware total order.

Lemma 18. Following an AD-aware total order, when we run AD-aware top-down(H ,A,O,

⊥-A(O)) in Algorithm 20, for every concept name B∈ClassifiedC with B∈ LowerPotSubs(A),

if there exists another concept name C with B≺C in the inferred hierarchy H ′, we have

B≺C in the partial hierarchy H .

Proof. To prove this lemma, we only need to prove we have C <ad A. Then when we
run AD-aware top-down(H ,A,O, ⊥-A(O)), we already have B,C ∈ ClassifiedC and
B≺C in the partial hierarchy H .

Since B ∈ LowerPotSubs(A), we have B ∈ b̃∩C+(O) with A ∈ CanS(a) with a� b

If we have B≺C in the inferred hierarchy H ′, we have C ∈ b̃∩C+(O). Then there
are three cases for C:
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Algorithm 20 AD-aware top-down phase
Require: the partial hierarchy H = (ClassifiedC,�) and a concept name A, the ontol-

ogy O, ⊥-A(O)
1: ClassifiedC = ClassifiedC∩ (PotSubs(A)∪⊥)
2: initialize a queue Q with all highest concept names in ClassifiedC
3: initialize a set of concept name CheckedC = /0

4: while Q is not empty do
5: initialize a concept name B = Q .next
6: if B is not in CheckedC then
7: if O |= Av B then
8: add B� A into H
9: put SubConDirect(B)∩ (PotSubs(A)∪⊥) into Q

10: end if
11: add B into CheckedC
12: end if
13: remove B from Q
14: end while
15: add A into ClassifiedC
16: return H

• C ∈ BTop(O) or

• C ∈ CanS(b) or

• C ∈ CanS(c) with b� c

For any of them, we have C <ad A based on Definition 24.

Corollary 18.1. Following an AD-aware total order, when we run AD-aware top-

down(H ,A,O, ⊥-A(O)) in Algorithm 20, for every concept names B ∈ ClassifiedC

with B ∈ LowerPotSubs(A), if there exists another concept name C with B ≺C in the

inferred hierarchy H ′, we have C ∈ LowerPotSubs(A).

Using Lemma 18, we now have a view for these free non-subsumptions in AD-
aware top-down phase. For example, in Figure 8.8, we have

A1,A2...A100,B1,B2...B200 ∈ LowerPotSubs(A).

In the inferred hierarchy, we have

B1 ≺ A1,B2 ≺ A1...B199 ≺ A100,B200 ≺ A100.
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Figure 8.8: A view of non-subsumptions in the AD-aware top-down phase

and
A⊀ A1,A⊀ A2...A⊀ A100

Then based on Lemma 18, we have B1 ≺ A1,B2 ≺ A1...B199 ≺ A100,B200 ≺ A100 in
the partial hierarchy. When we input A into this partial hierarchy during the AD-aware
top-down phase, we have free non-subsumptions (A,B1),(A,B2)...(A,B200) called AD-

aware free non-STs ADFNST(A) of A defined as follows:

ADFNST(A) := {(A,B) | O 2 Av B, B ∈ LowerPotSubs(A),

and B /∈ HighestNotSuperC(A)}.

Our AD-aware ETA uses avoidance to omit STs in the AD-aware bottom-up phase
and avoids AD-aware free non-STs in the AD-aware top-down phase. Figure 8.9 shows
a view of different benefit for AD-aware ETA.

8.5 Looking down from the top or looking up from the
bottom

Now we re-think the following question:

Assume we have A,B ∈ Õ and we already know that O |= A v B. We also have
C ∈ Õ but the relation between C and A,B are not clear. Now we should check firstly
O |=? C v A or O |=? C v B?

The answer depends on whether O |=Cv A or O 2Cv A. If we check O |=? Cv A
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Figure 8.9: An example of different benefit for AD-aware ETA.
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Figure 8.10: Example

first and (the test is positive) O |=Cv A, we avoid the ST O |=? Cv B. But if we check
O |=? C v B first and (the test is negative) O 2C v B (then O 2C v A), we avoid the
ST O |=? C v A.

These kinds of hierarchical avoidance are all based on the precondition that we
know about the relation between subsumers A and B. That means, given a concept
name A, the more relation between its subsumers we already know, the more hierar-
chical avoidance involving A we can get.

Before we have computed the inferred hierarchy, we do not know the exact set of
subsumers of every concept name A. With the help of modules, we can get an over
approximation of the set of subsumers for every concept name in an inexpensive way
(polynomial). With the help of an AD-aware order, we know the relation between these
subsumers if they are in LowerPotSubs(C).

In Figure 8.10, we have two atoms a1,a2 ∈A(O1), C∈ ã1 and A,B∈ LowerPotSubs(C).
Now if we classify O1 and follow an AD-induced total order, we classify (classify atom
before considering A) A,B before C. So before we check AD-aware top-down(H ,C,O1,
⊥-A(O)), we have B � A in H if O |= A v B. Then we check O |=? C v B and avoid
O |=? C v A if O 2C v B as described in Algorithm 20.

Now we consider a more complicated case. In Figure 8.10, in O2, we have A,B,E,F ∈
LowerPotSubs(C). Before checking AD-aware top-down(H ,C,O2, ⊥-A(O)), assume
that we only have B�A and F �E in H (which also means O 2AvF and O 2E vB).
Then we check O |=? C v B,O |=? C v F and avoid O |=? C v A,O |=? C v E if
O 2C v B,O 2C v F .

That is the power of ET Algorithm top-down phase: we can ‘deal quickly with
these subsumption chains in H and thereby avoid many STs. The difference here is
that we have an AD-aware total order and PotSubs(A) of every concept name A, so:
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1. we have a relatively small set of potential subsumers PotSubs(A) (and cut down
the bottom-up phase) to reduce the number of subsumption relation chains to be
tested

2. and try to build as many subsumption chains as possible for concept names
in LowerPotSubs(A) with LowerPotSubs(A) ⊆ PotSubs(A) in order to keep the
benefit from the transitivity of subsumption relations, e.g. we need to test O |=?

C v A if we put C before A,B into H .

With the help of ET algorithm, we further reduce the number of STs. In Equa-
tion 7.1, we test a ST (A,B) if A∈ CanS(a), B∈ PotSubs(A),A 6= B and PotSubs(A) =

LowerPotSubs(A)∪ (ã∩NC). If we follow an AD-aware total order, every distinct
B,C ∈ LowerPotSubs(A) has subsumption relation if it is entailed by the ontology. So
for these concept name B ∈ LowerPotSubs(A)∩notSuperC(A).

8.6 AD-aware ET Meets Genuine Modules

In Section 7.3, we explore how to use genuine modules to easify STs. In this section,
we show how an AD-aware ETA can interact with genuine modules. We start with the
example in Figure 7.3. In Section 7.3, we discuss how for O, we check STs Subs(a1) =

{(A,B) | A ∈ CanS(a), B ∈ ↓̃a, and A 6= B} in ↓a1 (and also STs Subs(a2) in ↓a2).
We also need to check {(>,A) | A ∈ BTop(O)}. Since A ∈ BTop(O), we have A ∈
MinAts(A) (defined in Section 7.1). So for ↓a1 we only consider Subs(a1).

For concept names not in CanS(a1) but in ↓̃a1, we can put them into the partial
hierarchy directly based on the definition of Subs(a1). If we find concept name A with
A ∈ ↓̃a1 \CanS(a1) and a concept name B with B ∈ Subs(a1), this implies A <ad B by
Definition 24. So B cannot be a subsumer of A. If A ∈ BTop(O), A does not have a
subsumer except >. If A is in another candidate set Subs(a2) of an atom a2, we check
subsumers of A in ↓a2.

In Algorithm 21, we describe an ETA by a genuine module. In this algorithm, for
every genuine module ↓a, we

• only check STs in the set of Subs(a)

• use the benefits from the exploration for transitivity by the ET algorithm which
means we still build a partial hierarchy

• use avoidance to cut STs in the bottom-up phase
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• put the concept names in ↓̃a \CanS(a) into the partial hierarchy firstly with-
out checking STs. Then we put the concept names in the set of CanS(a) with
checking STs.

Algorithm 21 ETA for a Genuine Module
Require: an AD A(O), an atom a, a partial order H ′ for storing and delivering posi-

tive subsumption relations
1: initialize a hierarchy H = {(⊥,>)}
2: Preprocessing
3: if H ′ is not empty then
4: H := H ∪H ′
5: end if
6: for every concept A with A ∈ ↓̃a\CanS(a) do
7: add A�> into H
8: add A�⊥ into H
9: if A ∈ BTop(O) then

10: if O |= Aw> then
11: add A�> into H
12: end if
13: end if
14: end for
15: for every concept A with A ∈ CanS(a) do
16: AD-aware bottom-up(H ,A, ↓̃a, ⊥-A(O))
17: top-down(H ,A, ↓̃a)
18: end for
19: return H

For every concept name A with A ∈ CanS(a) and B with B ∈ ↓̃a \CanS(a), we
have O 2 Bv A due to subsumer-preserving property explained in Chapter 7. We still
need to check O |=? Av B if B ∈ CanS(a). So we use AD-aware bottom-up(H ,A, ↓̃a,
⊥-A(O)) for A in line 16 of Algorithm 21.

For example, in Figure 8.11, we have ↓̃a= {A,B,C,D,E} and CanS(a) = {D,E}.
We initialize the partial hierarchy with H = {(⊥,>)} in the step (1). Then based
on line 2 to 11, we put the concept names in the set ↓̃a \CanS(a) into the hierarchy.
So A,B,C are in the hierarchy and we also get B v C from told hierarchy in the step
(2). Because A,B,C /∈ CanS(a), we jump into the Algorithm 19 AD-aware bottom-

up(H ,D, ↓̃a, ⊥-A(O)). In the step (3), we check O |=? DvC and O |=? Dv A based
on line 14. In this example we have O 2 D vC and O 2 D v A so we put D between
⊥ and > into the partial hierarchy. In the step (4), we check O |=? E w D because
D ∈ CanS(a) based on line 13. In the step (5), we check O |=? E v C,O |=? E v



8.6. AD-AWARE ET MEETS GENUINE MODULES 135

Figure 8.11: One example for the Algorithm 21

D,O |=? E v A based on line 14. In this example, these tests are all negative so we put
E between ⊥ and > and get the partial hierarchy.

Next we design the Algorithm 22 for the whole classification, i.e. for all genuine
modules. After checking consistency of the ontology, we use ETAWithAGenuineModule(A(O),a, /0)

to check a set of STs Subs(a) via row 15 to 18.

Algorithm 22 ETA with Genuine Modules
Require: an AD A(O)

1: initialize a partial hierarchy H = {(⊥,>)}
2: for every a ∈ LAtoms() do
3: if ↓a is consistent then
4: return O is consistent
5: else
6: return O is not consistent
7: end if
8: end for
9: for every a ∈ A(O) do

10: compute CanS(a)
11: end for
12: for every a ∈ A(O) do
13: H ′ := ETAWithAGenuineModule(A(O),a, /0)
14: H := H ∪H ′
15: end for
16: return H

We also design Algorithm 23 for combining the AD-aware order and the ETA
algorithm with genuine modules. The main modification begins in row 14. Here we
traverse from the HAtoms(A(O)).
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Algorithm 23 Order Aware ETA with Genuine Modules
Require: an AD A(O)

1: initialize a set of atoms CheckedAtoms = /0

2: initialize a partial hierarchy H = {(⊥,>)}
3: needConsistencyCheck:= true
4: for every a ∈ A(O) do
5: if needConsistencyCheck then
6: if ↓a is consistent then
7: needConsistencyCheck:=false
8: else
9: return O is not consistent

10: end if
11: end if
12: compute CanS(a)
13: end for
14: for a ∈ HAtoms(A(O)) do
15: initialize a partial hierarchy H ′ = {(⊥,>)}
16: for b with a� b do
17: if b /∈ CheckedAtoms then
18: OrderAwareTraverseAtoms(A(O),b,CheckedAtoms,H ′)
19: end if
20: end for
21: H ′ = H ′∪OrderAwareETAWithAGenuineModule(a,CheckedAtoms)
22: H := H ∪H ′
23: end for
24: return H

Algorithm 24 Order Aware Traverse Atoms
Require: an AD A(O), an atom a, a set of atoms already Checked CheckedAtoms, a

partial hierarchy H ′

1: for b with a� b do
2: if b /∈ CheckedAtoms then
3: OrderAwareTraverseAtoms(A(O),b,CheckedAtoms,H ′)
4: end if
5: end for
6: H ′ = ETAWithAGenuineModule(a,CheckedAtoms,H ′)
7: return H ′
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8.7 “Coarsened” AD and Crane

In Section 4.3, we find ADs are often very fine-grained and computing AD is, in par-
ticular, very costly despite it being in PTIME. In our new system, Crane, we build
“coarsened” AD as an approximation of the AD and use this for AD-based traversal
and classification. Crane is given as Algorithm 25. Furthermore, we compute this
coarsened AD on the fly interleved with classification call. This could be changed to a
pre-computation strategy.

The general idea is to get coarsened AD and thus larger atoms and modules and
classify them. When we classify a coarsened module, we check the subsumers of the
concept names in this coarsened module. We have a global set ClassifiedC of concept
names to record the concept names which are already checked for their subsumers.

We first compute the signature ΣEL from the MORe approach and use it to compute
an EL++ module M1 and a remaining module M2. We use ELK to classify M1. Now
we already checked all subsumers of concept names in M1. We add these concept
names into ClassifiedC in line 7. We make this genuine module coarsened so we get
the module w.r.t the signature of several axioms. Here picking how many axioms to get
the coarsened module is crucial and a parameter to Crane. In our experiments, we have
set this parameter to n = 100. Then we can also further decompose these modules.
Here we choose to further decompose these modules once. So we use the threshold
n

10 = 10 to extract smaller modules and then classify them.

By Definition 3, given an axiom α, ⊥-mod(α̃,O) is a genuine module. In Algo-
rithm 25, we make this genuine module coarsened so we get the module w.r.t the sig-
nature of several axioms. Here picking how many axioms to get the coarsened module
is crucial and a parameter to Crane. In our experiments, we have set this parameter
to n = 100. Then we can also further decompose these modules. Here we choose to
further decompose these modules once. So we use the threshold n

10 = 10 to extract
smaller modules and then classify them. The general idea of this processing is shown
in Figure 8.12.
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Algorithm 25 Crane
Require: an ontology O, a parameter n

1: compute ΣEL {use the code from MORe for this}
2: compute M1 =⊥-mod(ΣEL,O) and M2 =⊥-mod(Õ \ΣEL,O)

3: H := Classify(M1) {use ELK for this}
4: if M1 is inconsistent then
5: return “O is inconsistent”
6: end if
7: ClassifiedC := C+(M1)

8: UnclassifiedAxioms := O \M1

9: if M1 = /0 then
10: Check whether M2 |=>v⊥ {use HermiT for this}
11: if M2 is inconsistent then
12: return “O is inconsistent”
13: end if
14: end if
15: while UnclassifiedAxioms 6= /0 do
16: get up to n axioms T from UnclassifiedAxioms

17: compute MCO = δ-mod(T̃ ,M2)

18: UnclassifiedModuleAxioms := MCO∩UnclassifiedAxioms

19: while UnclassifiedModuleAxioms 6= /0 do
20: get up to n

10 axioms T1 from UnclassifiedModuleAxioms

21: MCOF := δ-mod(T̃1,MCO)

22: CanS := C+(MCOF)\ClassifiedC

23: for each concept name A ∈ CanS do
24: if MCOF |= (A,⊥) {use HermiT for this} then
25: add (A,⊥) to H
26: else
27: Initialize HermiT their K and P. For its input parameters, we replace

C+(O) with CanS∪{>} in order only check the STs (X ,Y ) with X ∈
CanS∪{>},Y ∈ C+(MCOF). {use HermiT for this}

28: end if
29: end for
30: Classify MCOF and add resulting hierarchy to H {use HermiT for this}
31: UnclassifiedAxioms := UnclassifiedAxioms\MCOF

32: UnclassifiedModuleAxioms := UnclassifiedModuleAxioms\MCOF

33: ClassifiedC := ClassifiedC∪C+(MCOF)

34: end while
35: end while
36: return H



8.7. “COARSENED” AD AND CRANE 139

Next we use the set F(O) of all ⊥-modules in O as defined in Section 2.4. In the
next definition, for a module M , we introduce its potential subsumption relationships
to be tested, SubsCO(O), by considering the tests from its atoms but ignoring tests
from atoms also contained in other modules in our collection.

Definition 25. Given an ontology O, we call a set FCO(O) of modules coarsened ⊥-
modules if FCO(O)⊆ F(O) and O =

⋃
M ∈FCO(O)M . We order this set in order to have

a strict total order (FCO(O), ↪→) 3 that for three distinct modules M1,M2,M3 we have:

• M1 6↪→M1

• M1 ↪→M2 or M2 ↪→M1

• if M1 ↪→M2 and M2 ↪→M3 then M1 ↪→M3

Then for every module M ∈ FCO(O), we have a set of STs SubsCO(M ) defined as

follows:

SubsCO(M ) :=
⋃

a⊆M ,

a 6⊆M1 with M ↪→M1

Subs(a)

Finally, SubsCO(O) :=
⋃

M ∈FCO(O) SubsCO(M )∪{(>,A) |A∈BTop(O)}∪{(>,⊥)}

Theorem 19. Let A,B ∈ C+(O) with ⊥ 6= A 6= B 6= >. If O |= A v B then (A,B) ∈
SubsCO(O), and (A,B) is either in exactly one SubsCO(M ) or of the form (>,A) or

(>,⊥).

Proof. Based on Theorem 14, if we prove that SubsCO(O) = Subs(O), then we prove
this theorem. That is, for every Subs(a) with a ∈ A(O), we prove that Subs(a) ⊆
SubsCO(O).

Based on Definition 25, O =
⋃

M ∈FCO(O)M . Thus for every atom a ∈ A(O), we
have at least a module M ∈ FCO(O) with a⊆M . We distinguish the following cases

• there is only one module M ∈ FCO(O) with a ⊆M . Then by Definition 25,
Subs(a)⊆ SubsCO(M )⊆ SubsCO(O).

• there are n ≥ 2 modules M1,M2, ...,Mn ∈ FCO(O) with a ⊆ M1, ...,a ⊆ Mn.
Then there exists a module Mi, i ∈ {1,2, ...,n} such that there is no module
M j, j ∈ {1,2, ...,n} with Mi ↪→M j. Now we have Subs(a) ⊆ SubsCO(Mi) ⊆
SubsCO(O).

3the ↪→ order can be any strict total order - but it is more effective for Crane if it somehow reflects
subset relationships between modules.
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Lemma 20. Algorithm 25 is sound, complete and terminating.

Proof. Termination of Algorithm 25 is immediate. We have two “while” loop over a
set of axioms (UnclassifiedAxioms and UnclassifiedModuleAxioms) from row 15 to 35.
In row 31 and 32, we always remove axioms from these two sets.

Given X ,Y ∈ C+(O), here soundness means that if X �Y , then O |= X vY . Sound-
ness of Algorithm 25 is immediate since ELK and HermiT are sound.

During the “while” loop, we compute some modules M 1
COF,M

2
COF, ..,M

n
COF. We

have FCO(O) = M1 ∪M 1
COF ∪ ...∪M n

COF. Now consider the strict total order ↪→ on
these modules as the order we classify these modules during a run of Algorithm 25.

Based on Theorem 19, to prove completeness, we prove that we check the follow-
ing set of STs:

⋃
1≤ j≤n

SubsCO(M j
COF)∪SubsCO(M1)∪{(>,A) | A ∈ BTop(O)}∪{(>,⊥)}

• {(>,⊥)}: based on Lemma 5, if the ontology is inconsistent and ELAtoms 6= /0,
M1 is inconsistent. If O |= > v ⊥ and ELAtoms 6= /0, we check that by ELK in
row 3. If O |=>v⊥ and ELAtoms = /0, we check that by HermiT in row 12.

• SubsCO(M1): we check that by ELK in row 3.

•
⋃

1≤ j≤n SubsCO(M j
COF): for every MCOF, in Algorithm 25, we check STs:

{(X ,Y ) | X ∈ CanS∪{>},Y ∈ C(MCOF)} and

{(X ,⊥) | X ∈ CanS}

Here CanS is a superset of

⋃
a⊆MCOF,

a6⊆M 1
COF with MCOF↪→M 1

COF

CanS(a)

Thus we check SubsCO(MCOF) for every MCOF.
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Figure 8.12: The general idea for the Algorithm 25.
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8.8 Empirical Evaluation

Implementation The implementation of Algorithm 23, called ReAD-Pellet, and Al-
gorithm 25, called Crane, is based on the OWL API [HB11] Version 4.0.2 and 3.4.3
respectively. For Crane, we modify the reasoner HermiT version 1.3.8 and use the
reasoner ELK version 0.4.2 as a delegate reasoner. We also use code from MORe for
testing whether axioms are in EL++ and computing ΣEL. For ReAD-Pellet, we modify
the code of the reasoner Pellet version 2.4.0 and use the reasoner ELK version 0.4.2 as
a delegate reasoner. We also use ReADwiDupli&noAvoid, called MORe like, and ReADGP

implemented in Algorithm 17 with genuine modules and parallelization all designed
and explained in Section 7.4.3.

In this section, we use the reasoner Konclude [SLG14] version v0.7.0-1135 4 as a
base reasoner. All experiments related to Konclude have been performed on Intel(R)
Core(TM) i7-5820K CPU 3.30GHz RAM 62 GB, called Mach2, running Java version
1.8 JDK with an initial heap size of 1 GB and a maximal heap size of 60 GB. 5

Table 8.1: Classification time checked by HermiT, Crane and Konclude respectively
for S20July9. The time is shown in seconds.

CT Memory Comment Machine
HermiT 5,816 ≤ 8GB Mach1
MORe like 326 ≤ 8GB Mach1
ReADGP 114 ≤ 8GB around 11 hours for getting AD Mach1
ReAD-Pellet 136 ≤ 8GB around 11 hours for getting AD Mach1

Crane 1 ≤ 8GB
2,769s for rest of processing

(including getting coarsened AD) Mach1

Konclude 106 11.52 GB Mach2

In this section, the rest of experiments have been performed on Intel(R) Core(TM)
i7-6700HQ CPU 2.60GHz RAM 8GB, called Mach1, running Java version 1.8 JDK
with an initial heap size of 1 GB and a maximal heap size of 8 GB. Time is measured
in CPU time as usual.

We first answer the following research questions in this section:

1. What is Crane’s performance in terms of classification time and memory, and
how do these compare to those of HermiT, MORe like, ReADGP, ReAD-Pellet

and Konclude?
4https://github.com/konclude/Konclude
5We firstly try these experiments on Intel(R) Core(TM) i7-6700HQ CPU 2.60GHz RAM 8GB with

an initial heap size of 1 GB and a maximal heap size of 8 GB then get the “out of memory” exception.
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Table 8.2: Classification time checked by HermiT, Crane and Konclude respectively
for S21Jan7905. In this experiment, time-out is more than 40 hours.

CT Memory Comment Machine
HermiT time-out ≤ 8GB Mach1
MORe like 38 hours ≤ 8GB Mach1

ReADGP 30 minutes ≤ 8GB
around 11 hours for
getting AD Mach1

ReAD-Pellet time-out ≤ 8GB
around 11 hours for
getting AD Mach1

Crane 8.3 minutes ≤ 8GB
123.77 minutes for rest
of processing (including
getting coarsened AD)

Mach1

Konclude 20 minutes 22.4GB Mach2

Table 8.3: Classification time checked by Crane and Konclude respectively for
SA21Jan1000.

CT Memory Comment Machine
MORe like time-out maximal 8GB Mach1

ReADGP time-out maximal 8GB
around 11 hours for
getting AD Mach1

Crane 87.48 minutes maximal 8GB
412.48 minutes for rest
of processing (including
getting coarsened AD)

Mach1

Konclude 191.32 minutes 29.5GB Mach2

We use the corpus described in Section 4.4.2 with 144 BioPortal ontologies and
SNOMED CT ontologies described in Section 4.2 for evaluation in this whole section.

We use HermiT, MORe like, ReADGP, ReAD-Pellet, Crane and Konclude to clas-
sify the SNOMED CT ontologies. The classification time results for S20July9 are
shown in Table 8.1 which is an extension of Table 7.5 with data related to Crane and
ReAD-Pellet. It shows that

• the classification time of ReAD-Pellet, with 136s, is better than that of the MORe-
like approach and HermiT but little bit worse than that of ReADGP, with 114s.

• Crane shows good performance, with only 1s and the processing time of it, with
2,769s (around 0.77 hour) is much lower than computing the AD, with around
11 hours.

• Konclude shows an impressive performance, with 106s, and is better than Crane,
with 2769+1s but uses more memory, with 11.52GB.



144 CHAPTER 8. ET ALGORITHM WITH AN AD-AWARE ORDER

Table 8.4: The classification time among 7 deterministic ontologies in bins (2) and (3).
The time is shown in seconds. PrT is short for pre-processing time (including comput-
ing coarsened AD). CTH(O),CTR(O),CTRG(O),
CTRGP(O),CTC(O) represent the classification time of HermiT, ReAD with Algo-
rithm 16, ReAD with Algorithm 17, ReAD with Algorithm 17 and parallelization,
Crane respectively.

Ontology CTH(O) CTR(O) CTRG(O) CTRGP(O) CTC(O) Crane PrT
FTC 1,445.94 1,322.09 225.34 40.68 2.54 13,335
GO∗ 834.66 618.84 233.24 48.90 2 14,438
CHEBI∗ 66.70 49.02 530.26 96.78 4 31,870
FYPO 24.88 8.27 17.76 3.74 0.14 296
VTO 4.68 0.34 1.02 1.01 0.19 2.17
HRDO 3.88 3.86 39.91 7.73 3.31 12,579
ONL-MR-DA 2.75 3 6.11 1.33 0.06 0.19

The classification time results for S21Jan7905 are shown in Table 8.2 which is an
extension of Table 7.5 with data related to Crane and ReAD-Pellet. It shows that

• ReAD-Pellet and HermiT cannot classify the ontology in 40 hours.

• Crane and Konclude can classify S21Jan7905 both in more than 4 minutes.

• Crane still shows good performance, with 8.3 minutes, and the processing time
of it, with 2,769s (around 46.15 minutes) is much lower than computing the AD,
with around 11 hours.

• Konclude shows a better performance, with 20 minutes, than that of Crane

(8.3+123.77 minutes) but uses more memory, with 22.4GB.

The classification time results for SA21Jan1000 are shown in Table 8.3 which is an
extension of Table 7.5 with data related to Crane and ReAD-Pellet. It shows that

• only Crane and Konclude can classify S21Jan7905 but both in more than 4 min-
utes.

• Konclude still shows a better performance, with 191.32 minutes, than that of
Crane (87.48+412.48 minutes) but uses more memories, with 29.5GB.

We also evaluate Crane on our BioPortal ontologies as described in Section 7.4.
Table 8.4 shows that on the deterministic ontologies, 6

6We cannot use Crane to classify GO, CHEBI and PHAGE in Mach1 with a maximal heap size of 8
GB. So we use Crane to classify them in Mach2 with a maximal heap size of 30 GB.
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• Crane is the fastest for all these 7 deterministic ontologies compared to HermiT,
ReAD, ReADGP and ReADG.

• even though Crane’s classification performance is really promising, it still in-
cludes a high preprocessing cost for 5 ontologies. Optimizing this step, including
the computation of the coarsened AD is future work for Crane.

In Table 8.5, we have similar observations for 16 non-deterministic ontologies. The
outliers are ontologies CAO and ONL-MSA, with a very low Crane PrT.

Table 8.5: The classification time among 16 non-deterministic ontologies in bins (2)
and (3). The time is shown in seconds.
Ontology CTH(O) CTR(O) CTRG(O) CTRGP(O) CTC(O) Crane PrT
CAO 1071.13 666.68 2392.33 1826.35 1,039 0.02
PHAGE∗ 606.36 449.10 120.05 50.23 2 20,699
DCO-DEBUGIT 386.80 382.28 3150.41 1523.17 109.32 0.22
VO 78.92 85.86 35.29 9.61 0.45 1.7
NTDO 76.65 86.61 248.09 100.52 10.12 0.49
NCIT 75.73 57.25 4068.86 1349.88 38.81 857.42
ONL-MSA 9.02 9.14 33.85 18.71 19.32 0.26
CCONT 8.28 7.61 37.81 16.11 0.46 19.98
FB-CV 5.09 5.43 8.02 7.28 0.1 0.484
FOODON 2.11 0.21 0.49 0.27 0.015 3.52
NEMO 2.09 2.26 5.47 2.47 0.015 0.56
TOK 1.95 2.31 2.48 2.25 0 0.038
ECSO 1.39 1.28 4.06 2.13 0.079 1.61
HUPSON 1.30 1.16 8.72 4.05 0.047 0.28
MHC 1.23 1.14 10.81 4.36 0.046 1.95
EPO 1.11 1.07 12.39 4.57 0.329 0.13



Chapter 9

Conclusion

9.1 Contributions

In this thesis, we investigate our AD-based modular reasoning approach with several
features, avoidance, duplication avoidance, delegate reasoners, genuine modules, par-
allelization, order and coarsening AD.

We first build our corpus from a snapshot of 2017 BioPortal ontologies and SNOMED CT

ontologies extensions. We design several features and use them to evaluate AD among
our corpus.

We design and implement a linear size label called PBFs for the axioms and atoms.
The experiment results show that computing the PBFs is linear w.r.t. the length of the
atoms and faster than parsing the ontologies. Among our corpus, the PBF length is
smaller than the atom length.

Our PAD module extraction algorithm is visible based on the experiment results.
It shows we can use the mature and well-implemented implementation of boolean for-
mula evaluation to extract modules. Simplified PBFs also have the potential for signa-
ture selection which is the heated issue in the ontology engineering area.

We design and implement our avoidance checker for estimate the number of avoid-
ance we can avoid during classification. We modify the ETA algorithm and EKPA
algorithm then put our avoidance checker into the inner structure of two reasoners
HermiT and Pellet. We empirically evaluate the potential of avoidance among our
corpus.

We have described the theoretical foundations of an AD-based classification algo-
rithm, called ReAD, as well as its implementation as a modification of HermiT with

146
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ELK as a delegate reasoner. We have evaluated our approach and took care to investi-
gate the effect of three factors (usage of ELK, avoiding re-testing STs in HermiT that
were already tested in ELK, avoiding STs in HermiT using information from the AD),
and learned that all three factors are clearly beneficial. Then we use ReAD to classify
genuine modules without duplication. We parallelize this approach and evaluate them
among our corpus.

We design AD-Aware ETA with AD-aware order. This algorithm omits STs during
bottom-up phase and get AD-aware free non-subsumptions during top-down phase.
We also design a algorithm that AD-Aware ETA can work with genuine modules and
parallelization.

We show the potential of our approach with coarsening AD. We design our ap-
proach, called Crane, and evaluate it among our corpus. The evaluation results show
there is still a big potential for our approach.

9.2 Limitation of this work

For a modular reasoning approach, we need to first compute a suitable modular struc-
ture, then classify these modules and combine the results. We need the computational
efficiency for three of them. If computing the modular structure takes a lot of time (in
particular if it takes longer than classifying the ontology), then the modular reasoning
approach would not be a better choice than the classic classification algorithms.

MORe find a good balance between these two steps. It has a very computationally
efficient approach for computing a large EL++ module. Thus its modular structure
(two modules) can be computed in a very short time.

In our work, we split our research question: “Can we use AD-based modular rea-
soning approach to improve the computational efficiency of existing classification ap-
proaches?” into two research questions:

1. Given an existing modular structure (e.g. AD), can we use it to improve the
computational efficiency of existing classification approaches?

2. How to compute this modular structure efficiently?

In this project, the focus was mainly on the first question: we have designed and eval-
uated a range of algorithms and we have found that some of these work very well, in
particular Algorithm 25 for the modular reasoner Crane. In contrast, the second ques-
tion has only been partially answered. We always have a very large computation time
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for computing the modular structure.

One of the design ambitions for PBF is to efficiently compute AD. Further opti-
misation could possibly be made by adapting the approach for computing an EL++

module in MORe to computing the whole AD or a suitable coarsened version of it. A
full investigation of this idea and generally Research Question 2 was beyond the scope
of this project due to time limitations.

Crane is a first attempt for balancing the costs of computing the modular structure
based on the AD and avoiding as well as easifying STs by exploiting this structure.
The “coarsened” AD shows good potential as a modular reasoning approach. Due to
the time limitations, we could not fully investigate this potential.

In the next section, we discuss some potential improvement and future work based
on this thesis.

9.3 Future Work

9.3.1 Faster Computation for AD

In this thesis, we have shown that the AD has big potential for optimizing the classi-
fication of large, complex ontologies. Optimizing the computation of the AD now is
the next step for modular reasoning. As we have shown, we can use PBFs for speed-
ing up the computation time of the AD by speeding up locality checks. We may use
hyper-graphs [All14] to further optimize this task. In addition, how to combine these
techniques for the computation of a coarsened AD seems to be a promising direction.

9.3.2 AD changes with AD-based incremental reasoning

Currently, the inferred hierarchy is used by ontology engineers for navigating their
ontologies. After modifying their ontologies, they classify the ontology and check
the inferred hierarchy. If some concept names are not in the right place, e.g. having
spider ⊆ insect in their inferred hierarchy, they can check, fix and model again their
ontologies. Thus the classification time needs to fit with this usage scenario.

We can distinguish three such scenarios: 1) given a new ontology, classify it in an
acceptable time; 2) if we add, delete, modify a small number of axioms, re-classify the
ontology.

We can use our approach for all of these. Firstly we classify the ontology using
the AD-based modular reasoning approach. Secondly, if we modify the ontology, we
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firstly analyse the effects these modifications have on the AD and then we check only
those STs related to the changed atoms using a suitably adapted version of Defini-
tion 21.

We can extend this scenario to one where several ontology engineers work on (gen-
uine) modules of the same ontology. The parallel algorithms from Chapter 7 should
be adaptable to support this “parallel” ontology engineering, in particular localised
reclassification.

9.3.3 PBF for understanding ontologies

If the future work in Section 9.3.1 and 9.3.2 works well, our modular approach would
be a generally good choice for ontology engineers. That means that we compute and
store one modular structure [DVGK+11] (e.g. coarsened AD with PBFs) and use it
for classification and incremental reasoning. PBFs give a potentially good view of
(genuine) modules and should be usable, for example, to support ontology engineers
in picking a suitable (signature for the) module for their tasks. During this project, we
made some progress on this idea and showed some initial results to ontology engineers
from the company Semantic Arts, but we ran out of time to further pursue this idea and
build suitable tools supporting this way of working.

9.3.4 Modular Reasoning with Completion-based Saturation Pro-
cedures

Using other faster delegate reasoners is another way to further improve our approach,
e.g. CB [Kaz09] for Horn-SH I Q ontologies. This was not yet pursued in this project
as it requires a mechanism to catch “free results” from these delegate reasoners. For
example, if we have two modules with M1 ⊆M2 and we can use a delegate reasoner to
classify M1 but cannot classify M2, then the remaining STs in M2 are still hard. The
saturation graphs from Konclude [SLG14] may solve this issue.

9.3.5 Modular Reasoning with model re-using

We also want to explore the relation between model re-using [Hor97] and modular
reasoning approach. If we classify modules separately, we may lose some benefits from
the optimization called model re-use. Since now there is no approach for a module-
aware model re-using approach. If we have two modules with M1⊆M2, we only reuse
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the models from M1 when we check the STs related to M2. This may be used to avoid
re-building models but it would now longer treat the ST checker as black box.
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Table 1: The list of all reasoners/their variations discussed and tested in this thesis.
Base Reasoner

Reasoner Version used in Section
HermiT 1.3.8 Chapter 7.4, 8.8
Pellet 2.4.0
Konclude v0.7.0-1135 Chapter 8.8
ELK 0.4.2 Chapter 7.4, 8.8

Base Reasoner variations
Reasoner Base Reasoner used in Section Algorithm
Crane HermiT Chapter 8.8 Algorithm 25
ReAD-Pellet Pellet Chapter 8.8 Algorithm 23
ReADwiDupli&noAvoid

(MORe-like)

HermiT

Chapter 7.4.1 Algorithm 16
ReADnoAvoid Chapter 7.4.1 Algorithm 16
ReAD Chapter 7.4.1, 7.4.4, (8.8) Algorithm 16
ReADGP Chapter 7.4.4, (8.8) Algorithm 17
ReADG Chapter 7.4.4, (8.8) Algorithm 17


