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Deutsche Zusammenfassung

Ontologien sind das semantische Modell von Daten im Web. In vielen Fillen decken
einzelne Ontologien nur einen Teil der interessierenden Doméne ab, oder es existieren
unterschiedliche Ontologien, die die Doméne unter verschiedenen Gesichtspunkten
modellieren. In beiden Féllen kann durch die Vereinigung (engl. Merging) zu einem
integrierten Wissensgraphen ihre Komplementaritit genutzt und einheitliches Wissen
tiber eine bestimmte Doméne erworben werden. Die Vereinigung ist wichtig, aber es
gibt mehrere Herausforderungen, die mit bestehenden Ansitzen nicht zufriedenstellend
gelost werden konnen. Dazu gehoren mangelnde Skalierbarkeit, Anpassbarkeit und
Qualitatskontrolle. Diese Dissertation tragt zur Verbesesser aller drei Aspekte bei .

Bestehende Anséitze aufgrund der Verwendung einer bindren Vereinigungsstrategie eher
schlecht auf das Vereinigen mehrerer Ontologien skalieren. Eine Reihe von bindren
Vereinigungen kann schrittweise auf mehr als zwei Ontologien angewendet werden.
Dieser Ansatz ist jedoch fiir eine grofse Anzahl von Ontologien nicht ausreichend
skalierbar und praktikabel. Das Vereinigen mehrerer Ontologien in einem einzigen
Schritt unter Verwendung einer sogenannten n-fachen Strategie wurde bisher nicht
ausfiihrlich untersucht. Es ist notwendig, eine effiziente n-fache-Technik zu entwickeln,
die sich auf die Vereinigung mehrerer Ontologien skalieren ldsst. Daher wollen wir
untersuchen, inwieweit die n-ary-Strategie das Skalierbarkeitsproblem l6sen kann. Um
eine grofie Anzahl von Quellontologien verarbeiten zu konnen, haben wir uns zum
Ziel gesetzt, die Zeit und die Ablaufkomplexitdt im Vergleich zu bindren Vereinigungen
zu reduzieren und gleichzeitig mindestens die gleiche Qualitdt des Endergebnisses zu
erzielen oder sogar zu verbessern.

Insgesamt tragt diese Dissertation zu folgenden wichtigen Aspekten bei:

1. Unsere n-ary Merge-Strategie verwendet eine Reihe von Quell-Ontologien und
deren Abbildungen als Eingabe und generiert eine zusammengefiigte Ontologie.
Anstatt vollstindige Ontologien paarweise nacheinander zusammenzufiigen,
gruppieren wir fiir eine effiziente Bearbeitung Konzepte iiber Ontologien hinweg
in Partitionen und fiigen diese zuerst innerhalb und dann {iiber die Partitionen



hinweg zusammen. Die experimentellen Tests an bekannten Datensitzen
bestdtigen die Machbarkeit unseres Ansatzes und zeigen seine Uberlegenheit
gegeniiber bindren Strategien hinsichtlich Ablaufkomplexitidt und Laufzeit.

. Wir machen einen Schritt in Richtung parametrierbarer
Zusammenfiithrungsmethoden. ~ Wir haben eine Reihe von GMR (Generic
Merge Requirements) identifiziert, deren Erfiillung von zusammengefiihrten
moglicherweise erwartet wird. Wir haben die Kompatibilitit der GMRs mit
einer graphbasierten Methode untersucht. Anhand von Anwendungsfallstudien
fiir die vom Benutzer ausgewidhlten GMRs zeigen wir mogliche Obermengen
kompatibler GMRs auf, die gleichzeitig erfiillt werden konnen.

. Wenn mehrere Ontologien zusammengefiihrt werden, konnen Inkonsistenzen
aufgrund unterschiedlicher ~Weltanschauungen auftreten, die in den
Quellontologien codiert sind. Zu diesem Zweck schlagen wir eine neuartige,
auf Subjektiver Logik basierende Methode vor, um die beim Zusammenfiihren
von Ontologien auftretenden Inkonsistenzen zu behandeln. = Wir wenden
diese Logik an, um die Vertrauenswiirdigkeit widerspriichlicher Axiome, die
Inkonsistenzen innerhalb einer zusammengefiihrten Ontologie verursachen,
einzustufen und abzuschétzen. In den experimentellen Tests analysieren wir die
Eigenschaften der inkonsistenten zusammengefiihrten Ontologien und zeigen,
dass die inkonsistenten zusammengefiihrten Ontologien, die durch unseren
Ansatz repariert werden, mit konsistenten zusammengefithrten Ontologien
konkurrenzfihig sind, die durch menschliches Eingreifen erreicht werden.

. Angesichts der zentralen Rolle, die die zusammengefiihrten Ontologien bei
der Realisierung realer Anwendungen spielen, besteht ein starker Bedarf an
der Entwicklung von Bewertungsmethoden, mit denen ihre Qualitdt gemessen
werden kann. Um die Qualitdt der zusammengefiihrten Ontologien systematisch
bewerten zu konnen, bieten wir einen umfassenden Kriterienkatalog in einem
Bewertungsrahmen. Die vorgeschlagenen Kriterien decken eine Vielzahl von
Merkmalen jedes einzelnen Aspekts der zusammengefiithrten Ontologie in
strukturellen, funktionalen und benutzerfreundlichen Dimensionen ab. Wir
bewerten die strukturellen Mafinahmen zusammen mit GMRs. Wir fiihren eine
systematische Formulierung ein, um die funktionalen MafSsnahmen anhand des
Verwendungszwecks und der Semantik der zusammengefiihrten Ontologie zu
bewerten und Kriterien fiir die Dimension der Usability bereitzustellen.

. Der letzte Beitrag dieser Forschung ist die Entwicklung des CoMerger-Tools,
das alle oben genannten Aspekte implementiert, auf die {iber eine einheitliche
Schnittstelle zugegriffen werden kann.
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Abstract

Ontologies represent the semantic model of data on the web. For many usecases,
individual ontologies cover just a part of the domain of interest or different ontologies
exist that model the domain from different viewpoints. In both cases, by merging
them into an integrated knowledge graph, their complementarity can be leveraged and
unified knowledge of a given domain can be acquired. Merging is important, but
there are several challenges associated with it that existing approaches do not solve
satisfactory. These include lack of scalability, customizability, and quality control. This
thesis contributes to all three.

Existing approaches scale rather poorly to the merging of multiple ontologies due to
using a binary merge strategy. A series of binary merges can be applied incrementally
to more than two ontologies. However, this approach is not sufficiently scalable and
viable for a large number of ontologies. Merging multiple ontologies in a single step,
employing what is called an n-ary strategy, has not been extensively studied so far. It
is a necessity to develop an efficient n-ary technique that scales to merging multiple
ontologies. Thus, we aim to investigate the extent to which the n-ary strategy can
solve the scalability problem. To handle a large number of source ontologies, we aimed
to reduce the time and operational complexity compared to the binary merges while
achieving at least the same quality of the final result or even improve upon it.

As a whole, this thesis contributes to the following important aspects:

1. Our n-ary merge strategy takes as input a set of source ontologies and their
mappings and generates a merged ontology. For efficient processing, rather than
successively merging complete ontologies pairwise, we group related concepts
across ontologies into partitions and merge first within and then across those
partitions. The experimental tests on well-known datasets confirm the feasibility
of our approach and demonstrate its superiority over binary strategies in terms of
operational complexity and time performance.

2. We take a step towards parameterizable merge methods. We have identified a set
of Generic Merge Requirements (GMRs) that merged ontologies might be expected



Xiv

to meet. We have investigated and developed compatibilities of the GMRs by
a graph-based method. Through use case studies, for the given user-selected
GMRs, we show possible supersets of compatible GMRs that can be fulfilled
simultaneously.

. When multiple ontologies are merged, inconsistencies can occur due to different

world views encoded in the source ontologies. To this end, we propose a novel
Subjective Logic-based method to handling the inconsistency occurring while
merging ontologies. We apply this logic to rank and estimate the trustworthiness
of conflicting axioms that cause inconsistencies within a merged ontology. In
the experimental tests, we analyze the characteristics of the inconsistent merged
ontologies and show the inconsistent merged ontologies repaired by our approach
is competitive with consistent merged ontologies achieved by human intervention.

Given the central role the merged ontologies play in realising real world
applications, there is a strong need to establish evaluation methods that can
measure their quality. Thus, to assess the quality of the merged ontologies
systematically, we provide a comprehensive set of criteria in an evaluation
framework. The proposed criteria cover a variety of characteristics of each
individual aspect of the merged ontology in structural, functional, and usability
dimensions. We evaluate the structural measures along with GMRs. We define the
systematic formulation to evaluate the functional measures against the intended
use and semantics of the merged ontology and provide criteria for the usability
dimension.

. The final contribution of this research is the development of the CoMerger tool that

implements all aforementioned aspects accessible via a unified interface.
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Introduction

This chapter starts with the motivation and problem statements of the thesis in
Section 1.1. Section 1.2 briefly discusses our proposed solution. Section 1.3 presents
the research hypothesis. The research contributions are explained in Section 1.4. The
chapter is concluded with an outline of the structure of the thesis in Section 1.5.

1.1 Motivation & Problem Statements

Ontologies are formal, explicit descriptions of a given domain [Gru+93]. They
represent the semantic model of data on the Semantic Web and allow capturing domain
knowledge. Oftentimes, more than one ontology is created for concepts of the same
domain. These ontologies either cover a part of the given domain or model the domain
from different points of view. In this fashion, multiple heterogeneous ontologies are
independently developed, where each one covers particular aspects of a domain of
discourse but overlaps to a certain degree with others. To support the interoperability
between these ontologies, they themselves need to be integrated. By merging them into
an integrated knowledge model, their complementarity can be leveraged, and unified,
more comprehensive knowledge of the domain can be acquired.

To merge the ontologies, first, the correspondences between them should be recognized
via the ontology matching process. Then, each group of corresponding entities is
combined into one single entity, and their relations are reconstructed to generate the
merged ontology. There have been considerable works on ontology matching as an
independent problem (see [RB01; KS03] for some surveys). Due to the successful
development of ontology matching systems (cf. the result of OAEI! (Ontology
Alignment Evaluation Initiative) [AFF+19]), we assume that the corresponding entities
between the ontologies are given. In this view, merging the ontologies is a process
of creating a unified merged ontology from a set of source ontologies with a set of
correspondence pairs extracted from a given mapping [PB03].

http://oaei.ontologymatching.org/


http://oaei.ontologymatching.org/
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The merge process plays an important role in multiple different aspects of the Semantic
Web, such as ontology reusing [CR16], knowledge discovery [FFK]J19], and query
processing [LBBH15] to reduce development efforts, cost, and time. Moreover, merging
ontologies is becoming increasingly important for applications from a wide variety of
domains ranging from biomedicine [FFK]J19] and food production [Doo+18] to social
networks [PC19] and cultural heritage [ZPVOS18], to name just a few.

Motivation of Merging Ontologies. To demonstrate an application of merging
ontologies, we recall a real world use-case taken from [FFK]J19] in the domain of
medical imaging, where the associated knowledge is expressed and shared across
different ontologies. Clinical imaging plays a central role in medical diagnosis and
treatment. To improve the ability to automate reasoning about diseases and their
manifestations in medical imaging examinations, the authors sought to map Radiology
Gamuts Ontology (RGO) [BLK]J14] concepts to ontologies that organize and characterize
human diseases (Disease Ontology (DO) [SAN+11]) and the manifestations of those
diseases (Human Phenotype Ontology (HPO) [RKB+08]). Integration of RGO’s causal
knowledge expressed direct causal relationships between DO diseases and HPO
phenotypic abnormalities and allowed to formulate queries about causal relations using
the abstraction properties in those ontologies. Thus, one can formulate queries of
varying levels of abstraction within their hierarchies like “Which musculoskeletal system
disease may cause an abnormality of the digestive system?” (see Figure 1.1). As a
result, RGO concepts are categorized within the hierarchies of disease and phenotypic
abnormalities in order to enable to posit axioms that link DO and HPO entities at
multiple levels in their hierarchies. This information can support clinical diagnosis, data
mining, and knowledge discovery.

Most existing ontology merging approaches such as [PK19; PC19; Fahl7; ZRL17;
MTFH14; RR14; JERS+11; JRGHBO09] are limited to merging two ontologies at a time, due
to using a binary merge strategy. However, there is an increasing demand to interoperate
with more than two ontologies toward acquiring the desired knowledge for researchers
in real-world applications of the Semantic Web. In principle, a series of binary merges
can be applied incrementally to more than two ontologies, thus merging more than
two ontologies. However, this approach is not sufficiently scalable and viable when
the number of ontologies to merge grows [Rah16]. Nevertheless, merging n ontologies
(n > 2) in a single step, employing what is called an n-ary strategy, has not been
extensively studied so far. This may be due to the much more complex search space, and
it still remains one of the key challenges in the future research agenda. It is a necessity to
investigate whether the n-ary strategy can solve the scalability problem. Thus, we aim
to develop an efficient n-ary technique that scales to merging multiple ontologies.

Motivation of performing the n-ary merge. Let us demonstrate our motivation for
performing the n-ary merge with an example and highlight the difference between the
binary and n-ary approaches. Consider the five source ontologies in Figure 1.2. To
estimate the merge effort, we measure three operations during merging: combining
the corresponding entities into an integrated entity |combine|; reconstructing the
relationship |reconst|; and output generation |output|. These measurements are not
exact efforts of the computational complexity of the merge process. However, we
believe they can provide good ground for comparing binary and n-ary strategies. In
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FIGURE 1.1: An example query on the merged ontology of RGO, DO, and HPO
from [FFKJ19].

the n-ary approach, 6 combination operations (for 6 sets of corresponding entities) and
28 reconstruction operations are carried out. This approach needs only one output
generation (see Table 1.1, second row). In the binary-ladder strategy [BLN86], in the
tirst step, O and O, are combined into an intermediate merged ontology O12. Then,
Oz is merged with O3 and so on. All intermediate ontologies and the final merged
ontology are shown in Figure 1.3, and the required operations are presented in Table 1.1.
The n-ary merged ontology has the same structure as the final merged ontology of
the binary-ladder merge for the given source ontologies. As a total, the binary merge
approach needs 10 combinations, while the n-ary method needs 6, which shows 40%
improvement in our example. The number of reconstruction operations in binary is 28,
while n-ary needs 32 operations, which indicates 12.5% improvement. The n-ary method
needs one time output generation, while the binary approach needs 4 times. While
these numbers are specific to our example, the general pattern will be the same for other
examples. This example demonstrates the n-ary approach promises to outscale binary
methods. The achieved improvements are significant compared to binary approaches,
especially when dealing with a large number of ontologies and processing large-scale
ontologies.

In the literature, processing multiple ontologies is considered a challenging task. For
instance, in the multiple ontologies matching scenario in [HCZQ11], to match 4000
web-extracted ontologies on six computers using a pairwise strategy took about one
year, which indicates the insufficient scalability of pairwise strategies in practice.
As a further example of multiple ontologies merging, the integration process in the
biomedical ontology UMLS Metathesaurus [Bod04] was highly complex and involved
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Corresponding entities

—’
is-a relationships

FIGURE 1.2: Five sample source ontologies with their correspondences depicted
by dashed lines.

FIGURE 1.3: The merged ontologies in each step of the binary merge for the source
ontologies from Figure 1.2.

TABLE 1.1: Number of operations for merging five sample source ontologies of

Figure 1.2.
Step Source ontologies |combine| | |reconst| | |output|

N-ary 1 | 01 & 02 & 03 & 0, & O; 6 28 1
1 01 & O 1 5 1

2 012 & O3 2 8 1

Binary 3 0123 & 04 4 6 1
4 ‘ O1234 & O5 3 13 1

Total 4 012345 10 32 4
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a significant effort by domain experts.

1.2 Research Solution

To handle a large number of source ontologies, we aim to reduce the time and
operational complexity while achieving at least the same quality of the final result or
even improve upon it. For efficiently applying the n-ary method on merging multiple
ontologies, we utilize a partitioning-based method inspired by ontology matching
systems [HQCO08; ADMRO05; JRASC18]. The idea is to perform partitioning in such
a way that every partition of one schema has to be matched with only a subset of
the partitions (ideally, only with one partition) of the other schema. This results in a
significant reduction of the search space and thus improved efficiency. Furthermore,
matching smaller partitions reduces the memory requirements compared to matching
the full schemas. Following that, in our n-ary method, CoMerger, we develop an
efficient merging technique that scales to many ontologies. We show that by using a
partitioning-based method, we can reduce the complexity of the search space?. Our
method takes as input a set of source ontologies alongside the respective mappings and
generates a merged ontology. At first, the n source ontologies are partitioned into £
blocks (k << n). After that, the blocks are individually merged and refined. Finally,
they are combined to produce the merged ontology followed by a global refinement. We
provide experimental tests for merging a variety of ontologies showing the effectiveness
of our approach over binary approaches.

With developing Co.Merger, we focus on three more important aspects:

Parameterizable Merge Method. One aspect that various approaches to ontology
merging differ in is the set of criteria they aim to fulfill, i.e.,, the requirements that
they expect the merged ontology to meet, such as preserving all classes contained
from the source ontologies in the result (cf. [MFRWO0O]) or avoiding class redundancy
(cf. [TBLO8]). Thus, given a comprehensive set of merge criteria, here called Generic
Merge Requirements (GMR)s, a flexible and parameterizable merge approach can be
achieved. Users can actively choose which requirements are important to them, instead
of allowing only a very indirect choice by picking a merge system that uses their
preferred set of criteria. Unfortunately, not all GMRs are compatible. For instance, one
may want to preserve all properties contained in the original ontology in the merged
ontology. On the other hand, one could wish to avoid cycles. Likely, these goals conflict.
Thus, towards the customization of the merge process, once a user has chosen a set
of important GMRs, a system is needed to check their compatibility and suggest a
maximum subset of requirements that can be met simultaneously.

Inconsistency Handling of Merged Ontology. Given consistent source ontologies, the
resulting merged ontology may be inconsistent due to differing world views encoded
into the source ontologies. An inconsistent ontology by virtue of what has been
stated in the ontology, cannot have any models and entails everything [BCM+03]. The
inconsistencies need to be repaired if one wants to make use of the merged ontology.

In our context, the search space is the set of entities and their relations that have to be processed for a
specific merge step.
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Conference.owl Cmt.owl Merged_Ontology.owl

Extended
Abstract

subClassOf

disointwith ~  _-1"T~ "7 =
Extended
Abstract

subClassOf subClassOf subClassOf

FIGURE 1.4: Excerpt of two sample ontologies that are consistent themselves, but
the merged ontology, including all of these axiomes, is inconsistent.

This resolution is, however, a challenging problem. Let us illustrate this issue with an
example of how the merged ontology can become inconsistent relatively easily. Consider
two fragments of sample ontologies of the OAEI conference benchmark® in Figure 1.4.
The source ontologies themselves are consistent. However, when the corresponding
classes are combined in the merged ontology, this results in an ontology that is
inconsistent. The merged ontology, including simultaneously the axioms {(Abstract C
Paper), (Abstract C ExtendedAbstract), (ExtendedAbstract C —Paper)}, is
inconsistent. In order to turn the merged ontology into a consistent one, one or several of
these axioms need to be removed or altered. Thus, a method is required to suggest some
axioms to be revised. This solution desirably should take into account the knowledge of
the source ontologies.

Quality Assessment of the Merged Ontology. Given the central role the merged
ontologies are supposed to play in realizing real-world applications, there is a strong
need to establish evaluation methods that can measure their quality. Assume the merged
ontology in Figure 1.5 is used in an application. The cycle between C5 19, C9, and C g will
cause a reasoner to consider all these entities to be the same [PB03]. Given the structure
of the source ontologies, quite likely, that is not the case. However, if the cycle is broken,
the structure of the source ontology either O; or O, is not preserved in the merged
ontology Ojr. Moreover, users will want to know whether the corresponding entities
are combined in Oy,. Similar evaluations are useful before using the created O, in an
application. However, the required analysis is not always straight forward, especially
in large-scale ontologies or with a large number of source ontologies. Here, a set of
evaluation indicators can significantly help users to gain an analytical perspective on the
merged ontology. These evaluations should not only focus on the correctness in terms
of structure, but they should also emphasize the correctness concerning its respective
source ontologies. Most studies in ontology merging do not include experimental tests
of the merged ontology (cf. [JERS+11]), or evaluate the accuracy of their generated
alignment on the merge scenarios (cf. [MTFH14]). Other ontology merging systems
(cf. [RR14; JERS+11]) that use a set of criteria to evaluate their methods are usually
limited to a few measures and do not fully cover quality aspects. Thus, there is a gap in
a comprehensive quality assessment of the merged ontology.

3http ://oaei.ontologymatching.org/2019/conference/
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Legend: @
« - » Corresponding entities — is-a relationships

FIGURE 1.5: The merged ontology Oy, for the given source ontologies O; and O,
based on the give correspondences.

In the remainder of this chapter, we present the research hypothesis in Section 1.3,
followed by research contribution in Section 1.4, and the outline of the thesis in
Section 1.4.

1.3 Research Hypothesis

Based on the problem statements in Section 1.1, we define our research hypotheses. The
prime hypothesis of this thesis is the processing of merging multiple ontologies with an
n-ary strategy to be more scalable rather than binary merge:

H1. To scale to many sources, merging multiple ontologies using an n-ary strategy can
generate the same or better results compared to a series of pairwise binary merges, which
results in a performance improvement regarding time and computational complexity.

Merging multiple ontologies can have a complex search space, especially when the
number of source ontologies is increasing. To perform an efficient n-ary merge on
multiple ontologies, the complexity of the search space needs to be minimized. This
requires a methodology to reduce at least two types of complexities: (1) reducing the
time complexity, (2) reducing operational complexity. Partitioning the problem into
smaller subtasks can achieve both. Thus, we present the next hypothesis as:

H2. Given a set of corresponding sets extracted from mappings between source
ontologies, the entities from n source ontologies can be efficiently partitioned into k
blocks in order to facilitate the merge process by providing smaller and more tractable
merging subtasks.

The merged ontology is expected to meet a set of Generic Merge Requirements (GMRs).
Customizing the GMRs within an ontology merging system provides a flexible merging
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approach. Thus, if a system allows users to select desired GMRs, a system is needed to
determine which user-selected GMRs can be met simultaneously.

H3. Given a set of user-selected GMRs, there is a subset of compatible GMRs that can
be fulfilled simultaneously in binary or n-ary merge method.

The entities inside each block should be merged to create a local sub-ontology where the
user selected GMRs can be applied in a local refinement. Adjusting the GMRs enables a
flexible and customizable merged method. The next step is to construct the final merged
ontology based on the sub-ontologies, which also has to ensure adherence to the GMRs
globally.

H4. The k blocks can be effectively combined to generate a merged ontology in which a
given set of Generic Merge Requirements is compatible fulfilled.

The final merged ontology should be free of inconsistencies. However, since the encoded
knowledge of source ontologies may model different world views, it can easily happen
that the merged ontology is inconsistent. These inconsistencies need to be resolved if
one wants to make use of the merged ontology in some applications. Thus, a capable
method is required to resolve potential issues. This method should make changes such
as deleting or rewriting a part of conflicting axioms to turn the inconsistent merged
ontology into a consistent one. The rewrite process necessitates a preceding step to detect
which axioms among all existing conflicting axioms should be rewritten. Thus a prior
function is required to rank the axioms, ideally by considering the source ontologies
knowledge. Because the inconsistencies in merged ontologies may stem from differing
source ontologies” perspectives on the domain at hand. The whole of this process can
be accomplished automatically, or a user can review the system’s suggestions and make
necessary changes before applying them.

H5. When the merged ontology is inconsistent, it is possible to effectively repair it into a
consistent merged ontology by changes to the ranked axioms automatically or with user
intervention.

The created merged ontology plays a central role in a variety of Semantic Web
applications. Thus, prior to its usage, the quality and correctness of the merged
ontology should be assessed. This requires a comprehensive set of evaluation criteria
that systematically cover a variety of characteristics of individual aspects of the merged
ontology. These evaluation criteria should also provide an analytic view on how well
the created merged ontology reflects the given source ontologies.

He6. A comprehensive evaluation framework can be used to systematically assess diverse
aspects of the quality of the merged ontology concerning the respective source ontologies.
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1.4

Research Contributions

This thesis exposes a novel approach for merging multiple ontologies in the Semantic
Web domain. We propose an efficient, n-ary ontology merging technique that scales to
many ontologies and addresses the mentioned research hypothesizes. We outline our
main contributions as follows:

1.

Merging Multiple Ontologies with an N-ary Strategy:

We present a scalable, multi-ontology merging method. For efficient processing,
rather than successively merging complete ontologies pairwise, we group related
concepts across ontologies into blocks and merge first within and then across those
blocks. The merged ontology built by our approach supports a set of user-selected
Generic Merge Requirements, toward assuring its quality.

Utilizing User-Driven Generic Merge Requirements:

We analyze the literature and compile a comprehensive list of Generic Merge
Requirements (GMRs) that are used by different approaches. Users can adjust
the list towards generating the customized merged ontology. We provide first
insights into the compatibility of user-selected and describe a graph-based method
for determining maximal sets of compatible GMRs for the user entry.

Inconsistency Handling of the Merged Ontology:

We propose a novel Subjective Logic-based approach [Jesl6] to handling the
inconsistency problem occurring while merging ontologies. Subjective Logic
theory can capture opinions about the world in belief models and provides a set of
operations for combining opinions. We apply this logic to rank and estimate the
trustworthiness of conflicting axioms that cause inconsistencies within a merged
ontology.

Assessing the Quality of the Merged Ontology:

We provide a comprehensive set of evaluation criteria to cover a variety of
characteristics of individual aspects of the merged ontology in three dimensions:
(1) structural criteria via the evaluation of the General Merge Requirement
(GMR)s, (2) functional measurements by the intended use and semantics of the
merged ontology, and (3) usability evaluation on ontology and entity annotation.
Evaluating the merged ontology can be performed even independently of the
merge method.

CoMerger Tool:

The final contribution of this research is the development of the CoMerger tool
that implements all aforementioned aspects accessible via a unified interface. Our
web-based application is freely accessible via http://comerger.uni-jena.
de/, and the source code is publicly available* and distributed under an
open-source license.

*nttps://github.com/fusion-jena/CoMerger


http://comerger.uni-jena.de/
http://comerger.uni-jena.de/
https://github.com/fusion-jena/CoMerger
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1.5

Outline of the Thesis

The thesis is subsequently organized as follows:

Chapter 2 surveys the literature in four subdomains (i) ontology merge
approaches, (ii) Generic Merge Requirements, (iii) ontology inconsistency
handling, and (iv) ontology quality assessment.

This concludes Part I, the introduction of this thesis. In Part II, the proposed approaches
will be discussed. This part includes five chapters:

Chapter 3 presents an overview of the proposed methods that we will present in
the next chapters.

Chapter 4 introduces the n-ary merge method applied to multiple ontologies.
The method includes three main steps, initialization, partitioning, and combining.
The workflow, algorithm, and an example of the proposed merge method will be
presented in this chapter, too.

Chapter 5 gives a classification of the Generic Merge Requirements (GMR)s. Each
GMR is discussed in detail, followed by the compatibility checking between them.

Chapter 6 presents the proposed method to handle the inconsistencies arising in
the merged ontology. The approach is based on the Subjective Logic theory. We
present, first, a brief introduction of Subjective Logic theory and then discuss how
this logic can be applied to debug merged ontologies. An example, algorithm, and
possible repair plan will be present at the end.

Chapter 7 introduces the quality assessment framework adapted for the evaluation
of merged ontologies in three dimensions. The structural dimension is measured
by General Merge Requirement (GMR)s. The functional dimension is formulated
against the intended use and semantics of merged ontologies, and the usability
dimension is evaluated by considering the ontology and entity annotation.

Part 111 is dedicated to the evaluation of the proposed methods in this thesis. It includes
six chapters:

Chapter 8 gives an overview of the experimental tests carried on the proposed
methods in this thesis. The detail of implementation and the used datasets are
introduced in this Chapter, too.

Chapter 9 presents an overview of the CoMerger tool and its components.
Moreover, the architecture of the tool in the user and system levels is presented,
followed by presenting the GUI of the tool.

Chapter 10 shows the experimental tests on the proposed n-ary merge method.
The tests include (i) presenting the characteristics of the merged results with
different settings, (ii) analyzing by the Competency Questions, and (iii) comparing
the binary approaches versus the n-ary merge.

Chapter 11 presents the experimental tests by use case studies on the compatibility
checker and the conflict resolution.
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¢ Chapter 12 presents experimental tests on the proposed inconsistency handling
method. The tests present characteristics of the inconsistent ontologies along with
analyzing the Competency Questions on the consistent and inconsistent merged
ontologies. Moreover, we show the extent to which the method is scalable.

¢ Chapter 13 shows the empirical analysis of the proposed quality assessment
dimensions. Moreover, we will present the time performance of the evaluation
metrics, along with the overall result demonstration.

Part IV presents the concluding parts of the thesis. It consists of two chapters:

¢ Chapter 14 briefly reiterate our assumption, the proposed approaches, and the
discussion of the results. Moreover, we will state the extent to which the research
hypothesizes are satisfied.

¢ Chapter 15 exposes a set of directives of future work that will enrich and
complement this research.
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Literature Review

In this chapter, first, we present a classification of the ontology merge systems in
Section 2.3. We then survey the literature on Generic Merge Requirements (GMRs) in
Sections 2.4, followed by reviewing inconsistency handling approaches in Section 2.5.
Section 2.6 discusses existing approaches on ontology quality assessment. At the
end of each sections, we briefly describe our method concerning that aspect. This
chapter is continuing by presenting existing model and ontology merging techniques in
Sections 2.2 and 2.1, respectively. We conclude the chapter with a summary of existing
approaches in Section 2.7.

2.1 Existing Ontology Merging Approaches

Ontology merging is the process of creating a merged ontology from a set of source
ontologies based on given mappings [PB03]. There have been proposed a variety of
merge approaches over the last decade. In this section, we give a detailed explanation of
each system. We will classify and analyze the ontology merging systems with respect to
different aspects in Section 2.3.

¢ ATOM [RR14] stands for Automatic Target-driven Ontology Merging. It merges
a source ontology into the target ontology and aims to preserve the preference of
one target ontology among the source ontologies. The approach at first creates
an intermediate merged result, then refines it based on some of Generic Merge
Requirements (GMRs) to produce the final merged ontology. The target-based
merge has been evaluated with a full merge concerning the number of concepts
and leaf paths.

¢ Chimaera [MFRWO00] is an interactive merging tool. It suggests a set of potential
merging candidates to the user. Chimaera is able to merge the semantically
identical concepts from source ontologies in the merged ontology. Moreover,
the system can identify concepts that should be related via the is-a, disjointness,
or instance relationships. However, it does not support merging properties and
axioms. Chimaera provides about seventy commands in the user interface to
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generally edit the ontology and leaves the decision of what to do entirely to the
user. Some of these commands are related to ontology merging, such as “merge
classes” and “move class x to become a subclass of class y”. There are also related
commands for diagnosing tasks such as check for incompleteness, cycles, and
value-type mismatches. Evaluation of this tool has been demonstrated through a
user-study in terms of user actions and the required time for performing the merge
process.

Chiticariu et al. [CKPO8] proposed a method to enumerate multiple integrated
schemas from a set of source schemas. Their method supports refining the
enumerated schemas via user interactions. The integrated schemas are built by
considering all possible choices of merging concepts. Users can specify constraints
on the merging process itself, such as enforcing a pair (or a group) of corresponding
concepts to be always merged or never merged. The evaluation of the method
is narrowed on analyzing the run time performance and the effect of the user
interactions on the number of created integrated schemas.

CleanTax [TBLO8] investigates the merging problem when the relationships
between concepts of different taxonomies can be expressed as algebraic (RCC-5)
constraints [RCC92]. The merge process is performed by combining corresponding
entities and creating a new taxonomy based on the given and inferred alignments.
The consistency of the result is evaluated under global taxonomic constraints such
as parent coverage. The evaluation has been carried with other existing systems
in the view of the characteristics of the merge systems such as disjunctive relation
support and type of supported reasoning.

CODE [FRP14] stands for Common Ontology DEvelopment. It can be used to
merge more than two ontologies at the same time. CODE merges the entities based
on four different scenarios with respect to the relations between the corresponding
entities between the source ontologies. The inconsistency handling in the view of
classical inconsistency definition in [FHP+06; HPS09] is not presented. However,
the authors deal with a certain type of disjoint conflict. CODE is evaluated through
SPARQL in order to show the knowledge preservation in the merged ontology.
However, in this evaluation, only the number of retrieved entities is compared.

ContentMap [JRGHB09Y] stands for a logiC-based ONtology inTEgratioN Tool
using MAPings. It aims at helping users to understand and evaluate the
consequences of merging two ontologies as well as identifying and handling the
possible errors. ContentMap includes computing and selecting the mapping,
computing new entailments, detect and refine of unintended entailments.
This includes any unintended entailments, not especially on the inconsistency
entailments. Thus, inconsistency handling is narrowed to the refining mappings
to prevent the inconsistency in the merged ontology. The approach has been
evaluated only on two pairs of ontologies against the human-created merged
ontology in the view of entailment satisfaction.

CreaDo [JERS+11] is a parameter-based ontology merging technique that selects a
subset of mapping based on the merge purpose. It allows the creation of a merged
ontology only with relevant information for the specific purpose. To conduct this,
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CreaDo uses the ontology modularization technique in [DTI07] to extract ontology
modules (relevant information) from each source ontology. A merge parameter
of CreaDo is a concept of the domain that should be represented in the merged
ontology. Once the merged ontology is created, the detected errors will be reported
to the user and no refinements take place for it. For the evaluation of the method,
the authors reported basic statistics about a few common pitfalls related to the
general design of the ontology taken from [PVSFGP10].

e DKP-AOM [Fahl7] imports the first source ontology as the merged ontology
and then performs several operations to build the combined definitions for each
concept from the second source ontologies. Indeed, axioms from source ontologies
are matched together, merging is performed on them, and the combined axioms
are added in the merged ontology. DKP-AOM tries to prevent the inconsistency
in the merged ontology by refining the initial mappings. For the evaluation
of the merged method, the author presented how the method can produce the
merged ontology on a pair of source ontologies by representing which entities can
be merged (based on the detected corresponding entities). The created merged
ontology did not evaluate furthermore, but the accuracy of the created alignment
has been compared with other approaches.

* FCA-Merge [SMO01], at first, extracts instances from a given set of domain-specific
text documents by applying natural language processing techniques. Then, based
on this information, it uses the Formal Concept Analysis (FCA) [GW12; Wil09]
technique to produce a lattice of concepts that relates concepts from the source
ontologies. Finally, it derives the merged ontology from the concept lattice with
human interaction. The algorithm suggests equivalence and subclass—-superclass
relations. An ontology engineer can then analyze the result and use it as a guide
for creating a merged ontology. No evaluation and consistency checker has been
studied in FCA-Merge.

* GCBOM [PK19] performs the merging ontologies by applying the granular
computing processes, including association, isolation, purification, and reduction
upon the similarity values of corresponding entities. These operations modify the
granularity level in order to produce the final merged ontology. The evaluation
has been performed on two pairs of small ontologies in terms of the size of created
merged ontologies.

* GROM [MTFH14] proposes a formal approach for merging ontologies using
typed graph grammars with algebraic graph transformations. GROM replaces the
equivalent entities from the second source ontology in the first source ontology to
build a common ontology graph. After that, the properties are assigned to create
the global merged ontology, if no conflict (such as maxCardinality conflict) in the
final result occurs through those properties. No experimental test and evaluation
result has been reported in [MTFH14], only the coverage metric (cf. [RR12]) has
been mentioned as one quality metric.

* HCONE-merge [KVS06] uses linguistic and structural knowledge about
ontologies to formalize the Latent Semantics Indexing (LSI) method [DDF+90].
Then, it makes use of the LSI mechanisms for computing all the possible
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correspondences by mapping the intended informal meaning of concepts onto
WordNet senses. Based on the detected mappings, the algorithm decides whether
to merge two concepts. For the evaluation of the merged result, the authors
used two small source ontologies, which an expert has created a gold-standard
merged ontology of them. Then, the tool created ontology is compared with the
human-created one in terms of the suggested corresponding entities to be merged.
Thus, this evaluation is not on the evaluation of the merged result, but on the
alignment accuracy.

HSSM [PC19] generates the formal context for the source ontologies and converts
them to the concept trees. Based on the similarity values (highly relevant, moderate
relevant, and least relevant) within the concept trees, HSSM performs two different
merge process. The dependent merging method merges the highly relevant nodes
with their children nodes. Independent merging technique either merges moderate
relevant nodes and all of the least relevant nodes or merges only the moderate
relevant nodes and drops the least relevant nodes. The evaluation has been
performed on two small ontologies from the social network domain in terms of
the merged ontology’s compactness.

iPrompt [NMO3] is an interactive ontology-merging tool. This system leads users
through the ontology merging process by suggesting what should be merged,
identifying inconsistencies and potential problems, and suggesting strategies to
resolve them. The assumption about inconsistency in iPrompt is different from
the classical definition of the inconsistencies. The consistency is defined as the
conflicting names (i.e., duplicated names), dangling reference (referring a concept
to another one which does not exist in the merged ontology), redundancy on the
class hierarchy (existence of more than one path from a class to a superclass), and
value restriction conflict. The evaluation is carried through a user-study on the
quality of iPrompt’s suggestion by analyzing whether the users follow the tool’s
suggestions.

Makwana & Ganatra [MG18b] used the Jaccard Similarity Index (JSI) measure to
create groups of ontologies by the k-means algorithm [Mac+67] based on a global
similarity measure. Then, the authors merged the ontologies from a given specific
group using the adapted GROM [MTFH14] tool. Although the authors deal with
merging multiple ontologies, the approach indeed is narrowed to merging two
ontologies per time due using GROM, a pairwise ontology merger. In addition to
the SPARQL queries analyzing, the created merged ontologies have been evaluated
with compactness, coverage, and redundancy (introduced criteria in [RR12]). The
authors extend the explanation of the approach in [MG18a].

MeMo [ALL10] is a system that calculates the similarity among the source
ontologies to define an order in which the ontologies should be merged. MeMo
uses a clustering technique in order to group the most similar ontologies. Although
the system deals with merging multiple ontologies, it uses a set of the binary merge
to achieve the final merge result. In each step of the running binary merge, MeMo
takes the most two highest similar ontologies and combines them based on the
ideas of Vanilla [PB03] in order to define the merge function. After each binary
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merge, MeMO requires to calculate the similarity between the newly merged
ontologies with the remaining source ontologies. The tool created merged ontology
has been compared with the gold standard ontologies in which they were built
by domain experts using iPrompt tool [NMO03]. This evaluation emphasized on
difference between the characteristic on the tool created merged ontology with the
human-created one, such as the number of entities, class hierarchy, and label of
entities. The ontologies used in this study are small, where the biggest one has 42
classes, only.

* MoA [KJH+05] finds the alignment between two source ontologies and based on
the type of mappings between two concepts, decides whether to merge them. The
method has been evaluated on three small pairs of ontologies by analyzing the
expert’s positive responses on the MoA’s suggestions.

¢ OIM-SM [ZRL17] stands for Ontology Integration Method based on Semantic
Mapping. OIM-SM first generates a network-based knowledge model for two
source ontologies by merging the corresponding concepts. Then this model is
split into several blocks. For each block, OIM-SM creates the mapping between
its concepts, and re-align these concepts into a branch of the tree-based model.
Finally, the network-based model is reconstructed to generate a tree-based model
(cycle free) of the final merged ontology. Besides evaluating the accuracy of the
generated mappings, the authors evaluated one pair of source ontologies against
the human-created one in terms of the number of merged concepts and the time of
processing.

¢ OM [GAC10] merges two ontologies A and B to produce a third ontology C (the
merged result) in order to accumulate enough knowledge about a certain topic.
OM imports the ontology A in the merged result (C) completely, then incrementally
adds and merges the concepts from ontology B on the A’s entities if they do not
contradict knowledge from A. In this view, this method considers the restriction
from both ontologies. The merged ontology achieved by OM has been evaluated
against the human-created merged ontology in terms of result compactness.

* OMerSec [MFBB10] can merge more than two ontologies at the same time. It
performs the merging process by clustering different entities belonging to source
ontologies and making inferences on initial axioms. Then it uses the information
in source ontologies to validate the axioms and build a global ontology. The
classical inconsistency has not been investigated in OMerSec. However, synonymy
and homonymy conflicts have been handled in the global set of concept pairs.
The accuracy of the created correspondences has been compared with the other
approaches, only.

¢ Onto-Integrator [EGED09] is an interactive tool to merge the ontologies axioms by
providing a set of suggestions to the user. Based on the similarity values between
source ontologies” entities, Onto-Integrator decides whether to merge them, create
a common superconcept for them, or make one of the concepts as a subconcpet
of the other one. This method creates at first an initial integrated ontology,
then constructs a multiple-lattice to detect additional subsumption cases and
discover new higher-level concept abstractions. Based on the refined mappings,
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Onto-Integrator prevents of inconsistency in the merged ontology. The evaluation
has been narrowed to a user-study, in which the users’ discussions on the tool’s
suggestions have been analyzed.

PORSCHE [SBHO08] stands for Performance ORiented SCHEma mediation. It
semi-automatically merges several tree-structured XML schemas and holistically
clusters all matching elements in the nodes of the merged schema. Initially, it
creates an intermediate schema based on one of the source schemas, and then
it incrementally merges the other source schemas with this schema. During the
merge process, if a node from a source schema has no correspondence in the
intermediate schema, a new node is created to accommodate this node. The
classical inconsistency has not been studied in PORSCHE, and only the data type
conflict has been analyzed. The integrity of the merged schema has been evaluated
regarding completeness and minimality measures.

Radwan et al. [RPSY09] proposed a top-k ranking algorithm for the automatic
generation of the best candidate schemas. The algorithm gives more weight to
schemas that combine the concepts with higher similarity or coverage. The top-k
generated integrated schema is presented to the user, in which the user can select
the final desired merged schema. To carry the merge operation, the authors used
the proposed method of Chiticariu et al. [CKP08]. The evaluation of the proposed
tool has been carried via a user-based study by analyzing the number of actions
that the users perform to achieve the final merged result.

SAMBO [LT06] is a general framework for aligning and merging ontologies in
interaction with the user to decide on the suggested alignments. SAMBO uses a
simple technique to merge the corresponding entities. However, the underlying
assumption about the merge method is not made explicit. The users can ask the
SAMBO system to check the consistency of the merged result using an existing
reasoner, but to the best of our knowledge, there is no explicit inconsistency
handling in this system. The evaluation is mostly related to the alignment accuracy
in order to compare the quality of the corresponding entities” suggestions with the
human suggested ones.

SASMINT [UA10] stands for Semi-Automatic Schema Matching and INTegration
system. The input of the system is a pair of schemas of relational databases, and
XML is chosen as the output in SASMINT for representing the integrated schema.
The user can modify and approve the result of the created alignment. After the user
validation process, schema integration is performed by applying several schema
derivation rules. These rules are customized in the relational schemas such as table
renaming or columns union’ rules. The approach follows an asymmetric strategy,
which in the case of naming conflict, the preferred source ontology” naming is
applied. The authors checked certain types of conflicts in the area of the database
schema, such as databases’ key conflict. For the evaluation, the authors used the
completeness and minimality criteria.
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2.2 Overview of Existing Data Model Merging

There are quite different studies on the merging data models such as [BDK92; PB03;
BDK92; QKL07; MRBO03]. Since our contribution is related to ontologies merging not
model merging, we briefly survey the literature in the model merging studies in this
section. However, we emphasized to a greater extent on the details of ontologies merging
systems in the previous section.

A theoretical aspect of model merging has been started in the early work in [BDK92].
The authors give a general formalism of merge operation and show how to resolve
a certain kind of conflict on the database schema level to produce a unique result.
Later, in the Vanilla system [PB03], the authors provided a more practical solution by
expanding the work in [BDK92]. Vanilla is a system that proposed several operations
for the model merging with instantiating on ontologies merging. The first notation
of Generic Merge Requirements (GMRs) has been introduced in Vanilla to present
a set of requirements for model management. These works were later extended by
GeRoMe [QKL07] and Rondo [MRBO03] systems. GeRoMe presents a merge algorithm
that is based on the intensional relationships between models. This enables the
integration of models represented in different modeling languages. Rondo is introduced
as a model management system prototype in which high-level operators are used to
manipulating models and mappings between models. A set of generic operators,
including merge operation, has been implemented in Rondo. In general, these merging
model prototypes have been used as the base for the several ontology merging systems
such as [RR14; CKP08; ALL10].

2.3 Classification of the Ontology Merge Approaches

Merge approaches can be outlined from three different perspectives: (1) binary vs. n-ary,
(2) one-level vs. two-levels, and (3) symmetric vs. asymmetric.

2.3.1 Binary vs. N-ary Merge

Merging strategies basically have been divided into two main categories [BLN86]:
“binary” and “n-ary”. The binary approach allows the merging of two ontologies at a
time, while n-ary strategy merges n ontologies (n > 2) in a single step. To deal with
merging more than two ontologies, the binary strategy requires a quadratic complexity
of the merging process in terms of involved ontologies. However, the number of
merging steps is minimized in the n-ary strategy. Most methodologies in the literature,
such as [RR14; NMO03; JRGHB09] agree on adopting a binary strategy due to the
simplicity of the search space. Applying a series of binary merges to more than two
ontologies is not sufficiently scalable and viable for a large number of ontologies [Rah16].
The existing n-ary approaches [SBHO08; FRP14; CKP08; MFBB10] deal with merging
multiple ontologies in a single step, however, each of these systems suffers certain
drawbacks. In [SBHO8], the final merge result depends on the order in which the source
tree-structured XML schemas are matched and merged. The scalability of the approach
in [FRP14; MFBB10; CKP08] is not clear since the experimental tests carried on a few
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small source ontologies. For instance, in [CKP08], only three source ontologies have been
merged. Despite the efforts of these research studies, developing an efficient, scalable
n-ary method has not been practically applied and still is one of the crucial challenges in
this field.

In our proposed method, we develop a scalable n-ary strategy to merge multiple
ontologies at the same time by utilizing a divide and conquer approach.

2.3.2 One-level vs. Two-levels Merge

Merging ontologies either in a binary or n-ary strategy can be categorized into two
different types: “one-level merge” and “two-levels merge”. The one-level merge approaches
tend to create the merge result in one processing step without creating an intermediate
result (cf. [JERS+11, MFRWO00; SMO1]). In contrast, in the fwo-levels merge type, an
intermediate merge result is produced at the first level. Then, in the second level, the
intermediate result is processed to generate a final merge result. In this merge type,
a set of refinements is carried on the intermediated result. For instance, applying a
set of GMRs in ATOM [RR14], utilizing granular processing in GCBOM [PK19], and
considering source ontologies’ restrictions in OM [GAC10] have been performed. The
output of the second level in literature identically is called merged ontology. Whereas, the
outcome of the first level comes under different names, such as an integrated concept graph
in ATOM [RR14], network-based knowledge model in OIM-SM [ZRL17], common ontology
graph in GROM [MTFH14], or intermediate schema in PORSCHE [SBHO8].

The proposed method of this thesis, CoMerger, is built upon the two-levels technique.
CoMerger creates at first an initial merged model. Then, through local and global
refinements, the intermediate result is refined to generate the final merged ontology.

2.3.3 Symmetric vs. Asymmetric Merge

The merge process can be performed based on the two natures [RR14]: “symmetric merge”
and “asymmetric merge”. The newly created merged ontology can keep safe the structure
of one of the preferred source ontologies. This case calls an asymmetric merge, where
the source ontologies have a different priority and are not considered equally important
(cf. [RR14; MTFH14; Fah17]). In contrast, the symmetric merge considers all of the source
ontologies with equal priority, where the merged ontology may or may not resemble
any of the source ontologies’ structure (cf. [CKP08; MFRWO0O; JERS+11]). The symmetric
merge aims at maintaining all information of the source ontologies to achieve complete
coverage. On the other side, the purpose of asymmetric approaches is to discard part
of the information from the non-preferred source ontology to reduce redundancy in the
merged ontology.

In CoMerger, the user can decide to perform the symmetric or asymmetric merge. In the
last case, the user can adjust the preferred ontology.
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2.4 Survey on Generic Merge Requirements

The Generic Merge Requirements (GMRs) have been first introduced in the Vanilla
system [PB03]. Later other merge approaches implicitly or explicitly took them into
consideration [RR14; MFRW00; CKP08; TBL08; FRP14; JRGHB09; JERS+11; SM01; PK19;
MTFH14; PC19; NMO03; ALL10; ZRL17; GAC10; EGEDO09; SBHO08; RPSY09; LT06; UA10].
GMRs are a set of Generic Merge Requirements that the merged ontology is expected
to achieve. To provide customizable GMRs through CoMerger, as our contribution,
we surveyed the literature to compile a list of GMRs. This investigation leads to
extracting twenty GMRs, summarized in Table 2.1, which will be explained in more
detail in Chapter 5. We extracted GMRs by studying three different research fields:
(1) ontology and model merging methods, (2) ontology merging benchmarks, and (3)
ontology engineering domain:

1. Ontology and model merging methods: The GMRs R1-R6, R8-R16, R19 have been
extracted from existing ontology and model merging methods such as [RR14;
JRGHBO09; JERS+11]. These approaches aim to implicitly or explicitly meet at least
one of the GMRs on their created merged ontology.

2. Ontology merging benchmarks: The existing benchmarks [MFH16; RR12] on
the ontology merging domain introduced general desiderata and essential
requirements that the merged ontology should meet. The criteria stated in
these benchmarks are based on earlier research in [DB10], a study of the quality
measurement of the merged ontology. In this respect, R1, R4, R7- R9 have been
extracted from these research studies.

3. Ontology engineering: Researchers of the ontology engineering domain [NM+01;
PVSFGP12; RDH+04] came up with a set of criteria to present the correctness of an
ontology, which is developed in a single environment. It is worthwhile to consider
these criteria also on the merged ontology because the newly created merged
ontology may be viewed the same as the developed ontologies in this category.
Not all of these criteria can be extended in the ontology merging scenario since
some relate to the problem of the source ontologies modeling, in which the merge
process can not affect them. In this regards, we recast R15 - R20 from this category.
By recast, we mean customizing them in the ontology merging scenario in which,
if the source ontologies do not fulfill those criteria, the merged ontology does not
obligate to follow them. For example, R20 emphasizes that the classes should not
be unconnected in the merged ontology. However, if the source ontologies include
unconnected classes, then this GMR is hard to be achieved in the merged ontology.
To make GMRs’ definitions free of the source ontologies modeling errors, we recast
them in the context of the ontology merging domain. In this follow, the recast
definition of R20 is that all connected classes from the source ontologies should
not be unconnected in the merged ontology.

There is a slight overlap between the criteria of the categories above. Some of GMRs such
as R16 and R19 belong to both merge approaches and ontology engineering categories.
Some others, e.g., R1, and R8 are shared between the ontology merging systems and
benchmarks. This is due to the fact that the mentioned categories are not significantly
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separated because all are covering particular aspects of ontology modeling but overlap
to a certain degree of ontology process.
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TABLE 2.1: Generic Merge Requirements (GMRs).

R1- Class preservation

All classes of (all/target) source ontologies should be preserved in the
merged ontology [RR14; MFRW00; CKP08; TBL0S; FRP14; JERS+11; MTFH14]
[NMO03; MG18b; SBHO08; RPSY09; DB10; PB03; MFH16; RR12; UA10; ALL10].

R2- Property preservation

All properties of (all/target) source ontologies should be preserved
in the merged ontology [RR14; CKP08; TBL08; FRP14; PB03; EGED09].
R3- Instance preservation

All instances of (all/target) source ontologies should be preserved
in the merged ontology [RR14; CKP08; FRP14; SM01; PB03].

R4- Correspondence preservation

The corresponding entities from source ontologies should be
mapped to the same merged entity [RR14; NM03; PB03; RR12].

R5- Correspondences’ property preservation

The merged entity should have the same property of its
corresponding entities [NM03; PB03].

R6- Property’s value preservation

Properties’ values from the (all/target) source ontologies should be
preserved in the merged ontology [NMO03; PB03].

R7- Structure preservation

The hierarchical structure of source ontologies’ entities should
be preserved in the merged ontology [DB10; ALL10; SJRG14].

R8- Class redundancy prohibition

No redundant classes should exist in the merged ontology [TBLO08]
[PK19; PC19; GAC10; SBHO0S8; LT06; DB10; MFH16; PB03; RR14; UA10].

RY- Property redundancy prohibition

No redundant properties should exist in the merged ontology [CKP08; MFH16; EGED09].

R10- Instance redundancy prohibition

No redundant instances should exist in the merged ontology [SM01; MTFH14].
R11- Extraneous entity prohibition

No additional entities other than the source ontologies’ entities should be
added in the merged result [PB03].

R12- Entailment deduction satisfaction

All entailments of the (all/target) source ontologies should
be satisfied in the merged ontology [JRGHBO09; TBLO8].

R13- One type restriction

Any merged entity should have one data type [PB03].

R14- Property value’s constraint

Restriction on property’s values from source ontologies should
be applied without conflict in the merged ontology [JRGHBO09; PB03].
R15- Property’s domain and range oneness

The merge process should not result in multiple domains
or ranges defined for a single property [PVSFGP12].

R16- Acyclicity in the class hierarchy

The merge process should not produce a cycle in the class hierarchy [CKP08]
[ZRL17; RPSY09; LT06; DB10; JERS+11; NM+01; PB03; PVSFGP12; RR14].

R17- Acyclicity in the property hierarchy

The merge process should not produce a cycle between properties
with respect to the is-subproperty-of relationship [PVSFGP12; FMB12].

R18- Prohibition of properties being inverses of themselves

The merge process should not cause an inverse recursive definition on
the properties [PVSFGP12].

R19- Unconnected class prohibition

Each connected class from source ontologies should not be
unconnected in the merged ontology [JERS+11; PB03; PVSFGP12].

R20- Unconnected property prohibition

Each connected property from the source ontologies should not be
unconnected in the merged ontology [NMO03; PVSFGP12].
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2.5 Literature on Ontology Inconsistency Handling

The classical inconsistency definition has been stated in [FHP+06; HPS09]. According to
that, an inconsistent ontology is an ontology, that by virtue of what has been stated in the
ontology, cannot have any models and entails everything. In this section, we survey the
inconsistency handling concerning this definition.

Mostly, ontologies” inconsistency handling in the literature (cf. [HVHH+05; KPSCGO06;
LPSV06; SPF+12]) has been contemplated in the context of ontology development in
the single environment. However, the possibility of inconsistencies handling in the
ontology merging domain has not sufficiently been examined in the literature. The main
difference between the two is that inconsistencies in a single ontology are typically the
result of modeling errors and thus relatively easy to correct. In contrast, inconsistencies
in merged ontologies may stem from differing perspectives on the domain at hand, each
of them correct in their own right. Resolving these inconsistencies is more problematic
and can be facilitated by determining the degree of trust of the respective source
ontologies. This can be a considerable challenge even for experts in the face of modestly
sized ontologies. In this regard, we distinguish between two different inconsistency
handling scenarios: (1) ontology inconsistency handling in a single development
environment, and (2) inconsistency handling in the ontology merging domain.

2.5.1 Ontology Inconsistency Handling in the Single Development
Environment

Handling inconsistencies developed in the single environment has attracted
considerable attention within the research community. In [FHP+06], the authors
provided a well-accepted notion of inconsistency. Upon that, in other studies [HPS09;
KPSHO05; SC+03; PSKO05], the authors provided a systematic way to detect
the unsatisfiable concepts and their justifications within an inconsistent ontology.
Unsatisfiable concepts are those who cannot be true of any possible individual, that is,
they are equivalent to the empty set. Justification is a minimal subset of an ontology that
causes it to be inconsistent. The detected justification sets have been further processed
with a variety of research studies such as [KPSCGO06; LPSV06] to be ranked or analyzed.
In [KPSCGO06], a single metric is used to rank the justifications. The approach in [LPSV06]
ranks the axioms based on the history of the ontology’s editing process, which might
not be realistic in practice. Similarly, there is a group of studies such as [HVHH+05;
PDTO06] on handling inconsistency in the ontology evolution process. These approaches
commonly keep different versions of the ontology to handle inconsistencies.

2.5.2 Inconsistency Handling in the Ontology Merging Domain

In the ontology merging domain, the merged result is built basically based on the
knowledge provided by the source ontologies. The impact of the source ontologies’
knowledge on the merged results is a key point that must be taken into account
when we deal with inconsistencies in the merged ontology. This consideration has
been investigated in [JHQ+09; PTP+18] within the multiple ontologies domain. The
approach in [JHQ+09] considers multiple ontologies that are networked via mappings
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for distributed and networked environments, only. For the repair process, the approach
focuses on repairing the mappings, and only axioms in the mappings could be removed
to resolve the inconsistency. Moreover, their ranking function does not depend on
the assumption of the source ontologies. The proposed method in [PTP+18] builds a
consistent ontology in the ontology aggregation setting, which mostly depends on using
a reference ontology result, the submitted preference profile by the users.

Techniques used in alignment debugging can also be reviewed in this scenario. For
instance, research studies in [EGED09; FMB12; JRGHB09; JRGHI12] examined the
inconsistency problem in the merged ontology based on the alignment of the respective
source ontologies. In principle, this type of study deals with the initial stages of
the ontology merging process to prevent the inconsistency in the merged ontology by
analyzing the list of mappings. They process the given mapping before using them in
the merging entities. If the specific mapping makes the merged result inconsistent, this
mapping is dropped, i.e., a set of corresponding entities does not consider as correspond
and does not merge. The removal of these alignments would achieve consistency in the
merged ontology. The approach in [FMB12] is quite different from the works above.
The assumption about inconsistency definition in this method is different from the
well-known inconsistency definition in [FHP+06; HPS09]. The authors considered other
types of modeling errors, such as redundancy and cycle on class or property hierarchies
with the notation of inconsistency. However, following [FHP+06; HPS09], we do not
consider these types of modeling errors as the inconsistency. Moreover, our method is
not narrowed to debugging alignment since we aim to generalize it on handling the
inconsistent merged ontology, independent of the merge method that it builds upon.

In this thesis, we consider the knowledge of source ontologies in the handling of the
inconsistencies within the merged ontology by using the Subjective Logic theory [Jos16].
This provides the necessary mechanisms to capture the subjective opinion of different
communities represented by the source ontologies on the trustworthiness of each axiom
in the merged ontology and identifies the least trustworthy axioms. To the best of
our knowledge, the only study which considers Subjective Logic in this context is the
approach in [SPF+12]. However, the authors only utilized the atomicity value and
omitted the belief, disbelief, and uncertainty degree from this theory. Moreover, no
agent’s opinion combination has been considered. Lastly, we apply Subjective Logic to
handle inconsistencies within the ontology merging domain, not in a single development
environment, where the source ontologies assumptions play a central role.

2.6 Survey on the Ontology Quality Assessment

We distinguish between two different ontology evaluation scenarios: (i) ontology
evaluation in a single deployment scenario, and (ii) ontology evaluation in the context
of ontology merging. The first one focuses on how well (in terms of structure) the
single ontology is created, independent of any other ontology. While the evaluation
in the second scenario emphasizes the correctness and comparisons concerning to its
respective source ontologies. The evaluation methods developed for the first scenario are
not sufficient to address all relevant aspects in the second scenario, therefore, warrants
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its own evaluation methods. Although the first scenario has been widely covered, the
evaluation of merged ontologies has received far less attention.

2.6.1 Ontology Quality Assessment in the Single Deployment Scenario

Many approaches aim to assess the quality of one given ontology independent of its
relatedness to other ontologies or the ones it was built upon. These approaches are
analyzed and classified in a few research studies [H514; BGMO05; RC15]. In this section,
we present a summary of the introduced classifications.

* Gold-standard comparison [HS14; RC15]: This typically compares an ontology
against a gold-standard, which is suitably designed for the domain of interest. The
gold-standard evaluation methods require a well-constructed ontology to serve as
areference in that domain. According to [HS14], a major limitation of this approach
is that the gold standard itself needs to be evaluated, and it is crucial to establish
the quality of the gold standard. Creating a suitable gold ontology is a challenging
task [RC15] since it should be one that was created under the same conditions with
similar goals to the ontology that want to be evaluated.

 Application or task-based evaluation [HS14; BGMO05]: This analyzes how effective an
ontology is in the context of an application or a use-case. This type of evaluation
considers that a given ontology is intended for a particular task, and is only
evaluated according to its performance in this task. There exist two main issues
with the task-based approach to ontology evaluation [HS14]. First, it is hard to
generalize the results of a task-based evaluation because what is applicable in
one application context may not be applicable in another. Second, this is highly
suitable for a small set of ontologies and would certainly become unmanageable in
an automated setting with a variable number of ontologies.

o User-based evaluation [HS14]: This generally involves evaluating the ontology
through users” experiences. User study evaluation concerns two problems [HS14]:
it is difficult to establish objective standards on the criteria for evaluation, and it is
also hard to establish who the right users are.

* Data-driven evaluation [HS14; BGMO05; RC15]: Corpus-based approach [RC15] or
namely data-driven evaluation [HS14; BGMO05] compares the ontologies with
existing data about the respective domain. They are used to evaluate how
far an ontology sufficiently covers a given domain. Based on [HS14], the
major limitation of data-driven ontology evaluation is that domain knowledge
is implicitly considered to be constant. This is contradictory to the literature’s
assertions about the nature of domain knowledge.

* Criteria-based evaluation [RC15; BGMO5]: These approaches mainly measures how
far an ontology adheres to certain desirable criteria. In [RC15], criteria-based
evaluation approaches are considered as the most efficient technique in evaluating
the clarity of an ontology. The clarity could be evaluated using simple
structure-based measures, or more complex metrics. In addition, this type of
approach is capable of measuring the ability of the used tools to work with the
ontology by evaluating the ontology properties. Moreover, criteria-based measures
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are efficient in detecting the presence of contradictions by evaluating the axioms in
an ontology. The general problem of criteria based evaluation in [BGMO05] has been
relegated to the question of how to evaluate the ontology concerning the individual
evaluation criteria. On the positive side, these approaches allow us to combine
criteria from different aspects. In this regard, we evaluate mainly the CoMerger by
criteria-based evaluation technique.

2.6.2 Quality Assessment in the Ontology Merging Context

In this section, we present the evaluation strategy of the existing ontology merging
systems categorized in the introduced classification from Section 2.6.1.

* Gold-standard comparison: The tool-created merged ontology has been compared
against a human-created one in a couple of ontology merging systems
such as [JRGHB09; ZRL17, GAC10; ALL10] and in the ontology merging
benchmarks [MFH16; RR12]. In the proposed ontology merging systems, the
comparison has been performed in terms of the size of merged result [ZRL17;
GAC10], class hierarchy and size [ALL10], the time of processing [ZRL17], and the
entailment satisfaction [JRGHBO09]. The evaluation in these approaches encounters
with two main drawbacks. First, the ontologies in these tests are small in size.
For instance, in [ALL10], the biggest ontology includes 42 classes, only. So,
the assessment of the quality on the medium or large scale ontologies is not
intelligible. Second, only a few pairs of ontologies have been evaluated. Thus,
we cannot generalize that the underlying evaluation is accurate on a variety of
ontologies. For instance, in [JRGHB09; ZRL17; GAC10], one or two pairs of source
ontologies have been tested. Two benchmarks for the ontology merging domain
are introduced in [MFH16; RR12]. Benchmark [RR12] includes simple taxonomies,
and only the number of paths and concepts of the tool-created merged ontology
with the human-created ones are evaluated. Other criteria on the properties are not
considered. Thus, it could not be extended for non-taxonomy ontologies. To our
knowledge, this benchmark is not publicly available, so others are unable to use
it. Benchmark [MFH16] included a few small ontologies. The authors presented
criteria, achieved by their tool [MTFH14] without any comparison with human
results.

* Application or task-based evaluation: To the best of our knowledge, the evaluation of
the merged ontology in the context of an application or a use-case scenario has not
been covered in the literature.

o User-based evaluation: Some researchers in [MFRWO00; RPSY(09; EGED09; NMO03;
KJH+05] provided a platform for user-based evaluation in the ontology merging
scenario. Mostly, the authors analyzed the number of actions that a user performs
to achieve the merged ontology (cf. [MFRWO00; RPSY(9]), or on the required time
for the merge process (cf. [MFRWO00]). In [NMO03; EGED09; KJH+05], the authors
analyzed to what extent users agree with the tool’s suggestions. Thus, it is mainly
related to the merge method’s evaluation, not on the merge result. Moreover, the
ontologies in this evaluation are small, and mostly only a few pairs of ontologies
are evaluated by the users (cf. [KJH+05]). The task of user-based evaluation
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generally is a labor-intensive task for humans, and insufficient, especially for
large-scale ontologies or a large number of source ontologies.

* Data-driven evaluation: To the best of our knowledge, this approach is also barely
used. Some semi-related attempts, such as [LBBH15] have been proposed, where
a set of corpora and ontologies are merged to build a merged ontology. Their
evaluation focuses only on query processing analysis. However, data-driven
evaluation requires analyzing how well the created merged ontology covers a topic
of the domain-corpus or how well it fits the domain knowledge by comparing
ontology concepts. These issues are not covered in [LBBH15].

o Criteria-based evaluation: The authors in [RR14; PK19; PC19; FRPP14] considered
the evaluation of the merged ontology’s size or compactness (introduced metric
in [RR12]). In addition, in [RR14], the number of leaf path is examined. In
other researches [MG18b; SBHO8; UA10] two more criteria, namely coverage, and
redundancy (introduced criteria in [RR12; DB10]) have been considered. Moreover,
in CreaDo [JERS+11], the authors reported basic statistics about a few common
pitfalls related to the general design of the ontology taken from [PVSFGP10].

To summarize, most approaches lack sufficient experimental evaluation on the
merged result (cf. [SMO01]). In others, such as GROM [MTFH14], the experimental
evaluations have been narrowed down to the detected mappings, not the merged
result. Moreover, user-based evaluation is a complex, time-consuming, error-prone
task, and hard to achieve for large-scale ontologies. State of the art is far from an
adequate benchmark. The ontology merging systems that evaluate their methods with
criteria-based techniques are usually limited to a few measures and do not fully cover
the most required aspects of the merged ontology’s quality. This concludes a need for
a comprehensive evaluation and demonstrates a gap in analyzing how well the merged
result is.

In this thesis, we propose a new quality assessment for the merged ontology based
on a set of criteria. In [GCCLO5], the authors provided a theoretical framework for
modeling ontology evaluation. We extend our evaluation criteria on top of the categories
proposed there classified into structural, functional, and usability measures. We provide
the formulation for them and analyze how these dimensions can be evaluated on the
merged ontology in practice. We formulate the structural measures via General Merge
Requirement (GMR)s, define the systematic formulation to evaluate the functional
measures against the intended use and semantics of the merged ontology, and provide
criteria for the usability dimension. As our novelty, we bring these dimensions with
the systematic formulations rather than the theoretical aspects in [GCCL05] within
the context of the merged ontology’s evaluation. Moreover, we consider desirable
characteristics towards an ideal evaluation into our formulation.

2.7 Summary

Table 2.2 shows a summary of existing ontology merge approaches in six main features
introduced in the previous sections. The merge strategy (binary or n-ary) and the type of
merge (one-level or two-levels) for each approach are specified in columns 3-4. Whether
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the nature of the merge process is symmetric or asymmetric, is presented in column 5.
Column 6 indicates the GMRs that are fulfilled implicitly or explicitly by each ontology
merge approach.

Column 7 shows to what extent the approach deals with inconsistency on the merged
result in three categories: (i) the symbol v demonstrates that the system deals with
inconsistency based on the assumption of classical inconsistency defined in [FHP+06;
HPS09]; (ii) the notation x indicates that no inconsistency handling is carried; and (iii)
the symbol x* shows that the approach deals with other types of inconsistencies rather
than classical inconsistency.

The last column illustrates the evaluation technique used in each system in order to
assess the quality of the merged result. If the evaluation technique belongs to none
of the categories in Section 2.6, we mark it by “others”. However, the exact evaluation
technique of each method is already explained in Section 2.1. In case that the ontology
merge approach provided no evaluation on the merged result, we mark it by x in
Table 2.2. Those approaches which are narrowed only on the evaluation of the generated
alignments and did not perform further evaluations on the merged ontology’s quality
are also shown by x. The last row of Table 2.2 reports the characteristics of CoMerger,
the proposed method of this thesis.
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TABLE 2.2: Summary of existing ontology merging methods: Merge strategy
(binary or n-ary); Merge type (one-level or two-levels); Merge nature (symmetric
or asymmetric); Fulfilled GMRs; Inconsistency handling (v') or not (x), x* shows
the approach handles other types of inconsistencies rather than classical ones;

Evaluation technique of the merged result.

No.| appacn | Mowe [ Mo | Mo Tuied | nc | staion
1 ﬁgﬁﬁ binary | two-levels | asymmetric RIIQ-IR:’ x criteria-based
2 [ﬁgﬁl‘?\fgg] binary one-level | symmetric = RI1, R16 X user-based
3 Chiticariu n-ary one-level | symmetric RI-RS, X others

et al.[CKPO08] R9, R16
4 (E}FQE (")l"g]x binary | two-levels | symmetric IZQQ;: 115125 x* others
5 [glgll’jli] n-ary one-level | symmetric R1-R3 x* | criteria-based
6 C[]Ol?éelr_;gg;]p binary | two-levels | symmetric = R12,R14 | v | gold-standard
7 U%;f;}?ﬁ] binary | one-level | symmetric Rléfgl 6, X criteria-based
8 Dléziﬁ%M binary | two-levels | asymmetric = v x
9 Fc[gﬁﬂl\/é%ge binary one-level | symmetric | R3, R10 X X
10 G[ISIE%I;/I binary | two-levels | asymmetric RS X criteria-based
11 [1\5[;;{1:?_11\;[ 4] binary | two-levels | asymmetric | R1, R10 X X
12 meljgi?KN\ES_O 6] binary | tow-levels | symmetric - X X
13 [I;I)Scsllg/g binary | one-level | asymmetric R8 X criteria-based
14 }I;&rgglt binary | one-level ?;?E;S:;ﬁ 11:;,' 15?(_) x* user-based
15 Gai/lazitl:;v[aMHZbe] binary | two-levels | asymmetric - X criteria-based
16 [X[Iflli/ig] binary one-level | symmetric R1,R7 X gold-standard
17 [Klj\ﬁ)ﬁﬁ] binary | one-level | symmetric - X user-based
18 [OZI?{/II:?%[ binary | two-levels | symmetric R16 X gold-standard
19 [ Ggg[l 0] binary | two-levels | asymmetric R8 x* | gold-standard
20 [g\)/[l\l/:[]e;]'BSleOc] n-ary | two-levels | symmetric = x* X
21 On[tg-cl;r];t[e)%;?tor binary | two-levels | symmetric R2,R9 v user-based
22 Pglgil%;E n-ary two-levels | symmetric R1,R8 x* criteria-based
23 ot alia[c[l{‘/lzggog] binary one-level | symmetric | R1,R16 X user-based
24 S[IE,I}/([)]Z? binary | one-level | symmetric = R8, R16 X X
25 S?SZ/I%(I)\}TT binary | one-level | asymmetric | R1, R8 X criteria-base