RIGA TECHNICAL UNIVERSITY
Faculty of Computer Science and Information Technology
Institute of Information Technology

Henrihs Gorskis

Doctoral Student of the Study Programme “Information Technology”

DEVELOPMENT OF ONTOLOGY-
BASED INTELLIGENT DATA
RETRIEVAL METHODOLOGY

Summary of the Doctoral Thesis

Scientific supervisors
Professor Dr. habil. sc. comp.
ArkadijsBORISOVS]
Professor Dr. sc. ing.
Ludmila ALEKSEJEVA

Research consultant
Assistant Professor, Dr. sc. Ing.
Inese POLAKA

RTU Press
Riga 2018



Gorskis H. Development of Ontology-based Intelligent Data Retrieval
Methodology. Summary of the Doctoral Thesis. — Riga: RTU Press, 2018. —
40 p.

Published in accordance with the decision of the Institute of Information
Technology Council on 24 January 2018, Minutes No. 12100-2/1.

The doctoral thesis was developed with the support
of the project "Advancement of Scientific Activity in
University" of the Faculty of Computer Science and
Information Technology of RTU.

ISBN 978-9934-22-099-9 (print)
ISBN 978-9934-22-100-2 (pdf)



DOCTORAL THESIS
PROPOSED TO RIGA TECHNICAL UNIVERSITY FOR THE
PROMOTION TO THE SCIENTIFIC DEGREE OF DOCTOR OF
ENGINEERING SCIENCES

To be granted the scientific degree of Doctor of Engineering Sciences, the present
Doctoral Thesis has been submitted for the defence at the open meeting of RTU
Promotion Council on 1 October 2018 at the Faculty of Computer Science and

Information Technology of Riga Technical University, 1 Setas Street, Room 202.
OFFICIAL REVIEWERS

Professor Dr.habil.sc.ing. Janis Grundspenkis

Riga Technical University

Professor Dr.sc.ing. P&teris Grabusts
Rezekne Academy of Technologies

Professor Dr.sc. Aleksandrs Bozenuks

Taganrog Technological Institute of Southern Federal University, Russia

DECLARATION OF ACADEMIC INTEGRITY

I hereby declare that the Doctoral Thesis submitted for the review to Riga
Technical University for the promotion to the scientific degree of Doctor of Engineering
Sciences is my own. I confirm that this Doctoral Thesis has not been submitted to any

other university for the promotion to a scientific degree.

Henrihs Gorskis ..............coceveiiiini. (signature)

Date

The doctoral thesis has been written in Latvian. It consists of an introduction;
4 chapters; result analysis and Conclusions; 4 appendices; 13 tables; 35 figures; the
total number of pages is 181. The Bibliography contains 121 titles.



TABLE OF CONTENTS

GENERAL CHARACTERISTICS OF THE WORK .....ccccccctniiiiiiiniiineineeeceee e 5
Problem dOmaIn ......c.oeiiiiiriiiiieieieee ettt 5
TOPICALIEY ettt ettt ettt ettt b bbbttt ene 5
Problem StAtBMENT ........c.ooviiriiiiiiiiiitee ettt ettt 5
Research aim and tasks. .........coevieieiiiiiiicce e 6
Research object and fleld..........ooeriiieiiieiiiiee e 7
ReSEArCh NYPOtRESES....c.viieiiciieie ettt 7

Research methodology ...

Scientific novelty...........
Practical SINIICANCE.........cc.iiiiiiiieicie e 8
ADPPIODALION ...ttt 9
Structure and content of the thesiS.......c.ccoueiiiiiiiiiiiii e 12
SUMMARY OF THESIS CHAPTERS .....ootiiitiirieiiieeetet ettt 12
1. Technology related to ontology-based data retrieval ...........cccoevvevievenienieeeeee, 12
Fundamental technologies to ONntolOZIES ........c.ecuiruerieieiriiriniiriesiesieeeee e 13
Ontology in Information TeChNOlogY .......cccceeirviriirieiieiiieieeseeeeeee e 14
Ontology-based data retrieval CONCEPT.......cceriruiriirieiiiiinereriererteeee e 15
2. Ontology-based data retrieval Methods.........ccevveieiririiiiiiirieeeeeeeee e 15
Ontology-based data retrieval SYSTEIMS. ......ccuerveruirieieiiiriirerereeeeeee et 16
Database and ontology linking approaches............c.cocceveirieerinenincnineinceneereeee 17
Ontology creation MEthOdS ........cevveriiriirieieriee e 18
3. Ontology-based data retrieval methodology development...........ccccoveveeirerenenenennenn 18
Methodological requirements for the SYStem ...........ceovevvevireririrenieeieieeeeeeeevene 19
Fundamentals and stages of methodology ..........coccoveiririnieninineneiceeeecee 19
Implementation of ontology and database linking ...........c.ccceceevverinernicncinecinceen. 20
The creation of the knowledge base...........ccceviviriiiiiinininnceeeeene 21
System BUIlding PhaSE........cc.eiiriirieiiieieeeee e 22
4. Development of intellectual respondents data calculation system...........cccceceevvrreennne 22
Preparing KnoOwledge Dase.........co.eveieieiiiiriiieieieeeeese e 23
Realization of ontology fUNCHONS ......cc.eveieieieiiriiieeeeeee e 24
PrototyPe INEETTACE ....cvvevieiieeiieie ettt e s enseens 25
Data retrieval and ProCESSING .........cccovrueirieiiriiiiiricinteereeieete ettt 26
Structure Of the SYSIEIM ....c.vieuieiiceieieeee ettt sse e enees

Determining the suitability of the developed system
RESULTS AND CONCLUSIONS .....cciutimiiiieieteitininieieteiettt sttt sttt eeseseseseesensns 29

BIBLIOGRAPHY ..ottt 32



GENERAL CHARACTERISTICS OF THE WORK

Problem domain

Owing to the latest advancements in information technologys, it is possible to store
and process large amounts of information. Almost every sector needs to keep track of
events and objects, as well as collect and analyze different types of information. Storage
of information is fundamental for further analysis and information processing. Any size
organization or company, in time, is confronted with data access issues [106]. The more
data collected in the database, the more difficult it is to retrieve the necessary
information. During the life of the project, the internal structure of the database changes.
This phenomenon can be observed, in particular, in scientific studies where it is not
known at the beginning of the study how the future will develop or change the project
and how the data will be analyzed in the future. Even if the designed data structure is
adequate for the information, the problem with storing large volumes of heterogeneous
data may still arise. In any case, it becomes necessary to access data in a way that makes
it easy to work with. One of the technologies that has arisen precisely because of this
need is ontology. This work examines the use of ontologies for simplifying data

retrieval.

Topicality

A methodology has been developed for the development of an ontology-based data
retrieval system. Although there are other approaches and systems that promise to
introduce similar functionality, existing systems offer the transformation of a classic
database into semantic networks or other structures that are largely different from those
used by current systems. Existing ontology approaches handle all data at the same time,
which greatly slows down the performance in case of a large amount of data. Some of
the existing systems use only part of what the ontology offers (see Chapter 2). These
systems only offer classes and create a hierarchy of classes. Typically, these types of
systems skip the development of complex classes (classes with restrictions) that have
properties and limitations. When using such systems, there is a problem, because it is
precisely in the complex classes that a large part of knowledge is stored, which allows

the classification of individuals by attributes.

Problem statement

There are situations where an existing data processing system uses a separate data
storage system (database) that contains complex structured information consisting of
many heterogeneous records. The data can be found in several tables, with no clear
links between the tables, and without any restrictions. The tables are large and complex;

they contain many columns. There are no rules for how columns are filled or left empty.



Retrieving data from such a system is a complex and time-consuming process, which
can only be performed by an experienced database expert. Retrieving the correct and
necessary data requires in-depth knowledge of the structure of the database, which is
not simply transferable to all data users.

Therefore, the task is to describe the expert's knowledge along with knowledge
from other sources in the shared knowledge model. The purpose of creating such a
model is to construct a system that clearly defines the terms for describing and reflecting
the content of the database. These terms must be based on the terms used in the domain.
It is important that such a model is not a database model, but a domain model with
domain terminology, which links the database and data retrieval rules, so that a domain
expert can use it. Ontologies provide an opportunity to supplement existing database
schema information with domain descriptions and classes.

In the approbation of this work, a fragment of a medical research database is
explored with the aim of applying the developed methodology for the implementation
of an ontology-based data retrieval system. The methodology developed by the system
would allow connecting and retrieving data from this database in a simplified manner
using the terminology of the staff employed in the study. This must be achieved by

providing the necessary knowledge about the domain and the database in the ontology.

Research aim and tasks

The aim of the Doctoral Thesis is to develop a methodology for realizing ontology-
based data retrieval, which is aimed at the simplification of usability and is intended as
a supplement to an existing relational database. To accomplish this goal, it is necessary
to perform the following tasks.

e To explore ontology and ontology-based data retrieval technologies to gain
insight into the potential of these technologies.

e To explore and compare existing data retrieval-focused intellectual technologies
and software and their design approaches to identify possible gaps and set
requirements for methodology.

e To develop methods and approaches that allow the implementation of all the
operations needed to retrieve data in an ontology-based manner.

e To develop a methodology that describes methods, approaches and guidelines
for ontology-based data retrieval.

e To create an ontology-based data retrieval system prototype in accordance with
the developed methodology, with the purpose of approbating the prototype and
methodology.

The methodology for developing an intellectual data retrieval system is designed
to describe the approach and set of methods by which it is possible to implement an

ontology-based data retrieval system as an extension to an existing relational database.
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Research object and field

The object of the research is a methodology for the creation of an ontology-based
intelligent data retrieval system. The field of the research is ontology, ontology creation
methods, the use of ontologies in the task of retrieving data, the possibilities of

describing knowledge with ontology.

Research hypotheses

During the development of the Doctoral Thesis, three hypotheses were put forward
for testing related to the research and analysis of ontology-based technology and data
retrieval approaches.

1. Ontology capabilities are sufficient for linking ontologies and databases,
defining a subset of data, validating data, and discovering additional knowledge
about classes and individuals, without additional technologies.

2. Defining database concepts within a domain ontology is sufficient information
for the process, which dynamically generates SQL queries to populate the
ontology with individuals.

3. The system developed by the methodology provides an interactive semantic
layer to the extent that the user is capable of the creation of ad hoc data requests
using familiar terms without having to deal directly with the database

technologies.

Research methodology

The Doctoral Thesis uses methods for creating ontology and several ontology
learning approaches, which are automatic methods for creating ontology [37], [41],
[44], merging and mapping methods, methods for database processing [37], data
analysis methods [37], database "health" testing methods [37], implementation of
ontology reasoning [39], [42]. The method used in this Doctoral Thesis to define and
extend the developed ontology (see Chapter 4), is described in the Ontology 101

document, which is a fundamental material on ontology creation [87].

Scientific novelty

A methodology has been developed that describes the process of developing an
ontology-based data retrieval system. It describes the process of developing a data
retrieval system that implements abstraction of the database and simplifies the
description of the required data. Several new approaches have been developed in the
process of developing the methodology that are needed to implement such a system.

1. A new ontology and database linking approach has been developed. In this
approach, ontologies use concepts to describe database objects, which serve as
connecting points between the ontology domain concepts and information from
the database.



2. A new ontology learning approach has been developed. The purpose of this
approach is to create ontologies that use connecting elements. As a result of
using this ontology learning approach, a domain ontology is created that uses
database concepts as connecting points. Using this approach, an interconnected
ontology is obtained, which can serve as a knowledge base for the data retrieval
System.

3. Anassessment approach for interconnected ontology has been developed. Using
this evaluation approach, one can determine to what extent the ontology domain
concepts are related to the elements of the database, as well as discover domain
concepts without mappings to the database.

4. An approach to distinguish the concepts of the database and domain concepts
has been developed. For the developed system to be able to take into account
the diversity of concepts, to differentiate between the concepts and to use the
correct concepts for creating a SQL query, it is necessary to identify the database
concepts. For this purpose, the methodology proposes an approach that uses the
concept identifier prefix parts to indicate the types of concepts.

5. A SQL query creation approach has been developed that uses queries related to
the query description to discover the database concepts involved in the query.
By using the ontology information and reasoning functions, queries are created
for the retrieval of databases.

6. A user interface has been developed that allows the user to select domain
ontology concepts to describe the data to be searched. The user, by choosing
familiar terms, creates a conceptual description that is interpretable in the
ontology. The ontology updates the description and the system transforms them

into a SQL query.

Practical significance

The developed system helps to get data from a complex database by offering
domain terminology instead of complex queries. The prototype of the medical data
retrieval system IRDIS, developed in the Thesis, allows access to data from medical
research personnel who do not have the technical knowledge of the database. The
system allows them to retrieve the necessary information in a complete and convenient
way. Using the system interface, users can describe the search information in
understandable medical and research-related terminology, which have implicit
definitions and data descriptions. The system possesses functionality in which it
replaces these terms and describes the structure with the data acquisition query. The
resulting data are structured to meet user requirements. This allows the staff to obtain
the information they need conveniently and directly from the database. Before the

introduction of this tool, each time it was necessary to retrieve a subset of previously



unplanned data, the staff had to turn to the database specialists. It took extra time,
experts' efforts, and introduced the mistakes that might have arisen from such
mediation. The developed tool facilitates the work of an expert and enables users to
work quickly, comfortably and in an iterative manner directly with the content of the
database.

Based on work-tested and developed approaches, data retrieval software for
medical research was implemented. The developed system was introduced in a medical
study, which uses it to retrieve the necessary data from the database.

A system was developed, using the ontology concepts associated with the research
activity, to connect to the database and retrieve information that is needed for the
medical staff. An employee can find and select the concepts necessary for him. The

concept corresponds to what the user has put forward as desired.
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DOK.DITF” (01.2016-12.2016).

Structure and content of the Thesis

The first chapter examines basic technologies that directly affect the capability
and functionality of ontologies. It provides an insight into the essence of ontology;
discusses what other technologies affect it, what its history is and what features it offers
for describing knowledge and information.

The second chapter looks at the state of ontology-based data retrieval. It
summarizes what is being done and which methods are available to implement the
ontology-based retrieval of data with existing approaches. The second chapter also
examines and compares existing software applications that implement ontology-based
data retrieval.

The third chapter is devoted to the development of methodology for the
realization of an ontology-based data retrieval system. It describes the modifications of
existing methods that are used in methodology, as well as the missing steps for which
there is no ready-made solution and their implementation approaches. The chapter
describes all the structure and operational steps of the methodology.

The fourth chapter outlines the implementation of a prototype of the intellectual
data retrieval system (IRDIS), which has been developed following the developed
methodology.

The results and conclusions section describes the insights obtained during the

execution of the work, and lists the achieved results and interpretations.

SUMMARY OF THESIS CHAPTERS

1. TECHNOLOGY RELATED TO ONTOLOGY-BASED
DATA RETRIEVAL

This chapter describes the technologies that serve as the basis of ontologies:
ontologies themselves and ontology use in data retrieval task. An overview of these
technologies provides an insight into the possibilities and uses of ontology. Ontologies
relied on the semantic technologies that existed before them. Semantic technologies are
technologies that handle information that is provided in a free and unstructured way,
using concepts. Semantic technologies are based on semantic networks that describe

information using nodes and links.
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Fundamental technologies for ontologies

Semantic technologies are diverse and have many realizations. There are different
types of semantic networks that provide knowledge descriptions using nodes. One of
the types of semantic networks is concept maps (CM), which are used to represent semi-
formal semantic knowledge [50]. The Resource Description Framework (RDF) is a
technology that is designed to standardize resource description [92]. Typically, when it
comes to describing information, data structures are created. This structure is a way a
model of the data that affects the information collection process. In cases where all
possible information is unknown or very diverse, it is difficult to build a strictly
structured model. One of the possible approaches to solving the problem of unstructured
data is to use semantic networks together with RDF. Semantic networks allow the
description of information in a less restrictive way. Any inbound information can be
viewed as a central node representing an information item (object) and a list of links
that connect this node with data or other objects. Semantic networks of this type can be
described by naming related objects (or objects and data units) and the link that connects
them. Within the framework of the description of resources, this is referred to as an
expression consisting of triples. A triple is the formations of a subject, a predicate, and
an object where

e the subject is the element on which the statement is made;

e the predicate is a connection, link or property that indicates a relationship or a
type of property;

e the object is the part of the triple, which passively participates in the statement
and is connected to the subject through the predicate.

Simple RDF is not sufficiently complex for the conceptual description of domain
information, since all information is homogeneous, and RDF is not sufficiently capable
of describing all ideas. RDF solved the problem of the diversity of information. The
lack of a rigorous structure made it possible to describe any kind of information. This,
however, led to the fact that this type of network could grow disproportionately large
and obtain an exponentially large number of links. A network that is formed from
resources, referring each other, with many nodes becomes inimitable opaque. In
addition, all resources are the same. These are simple property collections. There was a
need for classes or ways to divide them to simplify the selection of the required
resources. RDF scheme [93] was created to complement RDF with greater ability to
describe the information.

RDF scheme is an RDF extension [56] to extend the RDF's ability to describe the
data on a meta-level. The RDF scheme introduced concepts such as class and property.
Ontology uses the level of classes created in the RDF scheme and complements it with

a certain type of reasoning [1] and some other class-level elements. It is important to
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understand that ontology is not a substitute for the implementation of the class level
defined in the RDF framework. It is a very specific extension. Introduction of the class
level in RDF data allowed distinguishing between different types of properties. This
made it possible to describe classes and class properties. However, this approach does
not have a strict mechanism for classification with the RDF scheme alone and there is
no unified approach to what a class is and what resources may or may not belong to

classes.

Ontology in Information Technology

Ontology is a way to describe knowledge, which permits the definition of classes
and class relationships, in a way that it makes classification and inheritance possible.
Classification is performed by looking at the set of properties of an information unit. In
an ontology, such a unit is called an individual. Each individual has a set of properties
that can be classified. It is also possible to deduce the default properties by class
relation. In information technology, the ontology is a specially structured knowledge
base, which defines all concepts that are considered important in a domain. The concept
describes classes, data types, and links to various types of attributes. Several authors
offer their formal ontology definitions [31], [87], [107]. Based on these definitions, in

the Thesis, ontology is formally defined as a set of these elements (see Expression (1)).

0 = {C,R®,R!,D,HS, HR" HF' \HP, I, I, A} (1
where C class set;
D data type set;
RP data set of properties;
R! object property set;
H¢ class hierarchy;
HP data type hierarchy;
HR® data property hierarchy;
HR object property hierarchy;
Ic class instances — individuals;
I property instances;
A individual axioms.

Ontologies are formed from several classes C, data types D, data properties R,
object properties R’ and individual Ic types. These types of concepts are used in the

ontology to create a domain definition. Each concept type has its own hierarchy (HC,
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HP, etc.), after which conceptual relationships are established. With Axiom, all
assertions about domain concepts that describe the content of the model are made.
Ontology differs from other semantic technologies and class models in that it
describes the criteria for the existence of concepts (similar to the philosophical
ontology). This unique approach has an impact on the definition of classes and
reasoning mechanisms. Often, the philosophical part is ignored, leading to
misunderstandings and disagreements about how ontologies are created and used.
Sometimes ontologies are mistaken for simple class models. Ontologies are mistakenly
treated as an object-oriented class modelling approach. Ontologies are not intended to
define object templates. It is possible on the ontology to point to the class properties
that are characteristic of all its individuals, but it refers only to existentially important
properties, not to all possible common properties. Ontology classes are only associated

with properties if these properties are existentially important.

Ontology-based data retrieval concept

Ontology-based data retrieval is a combination of the above technologies and
approaches aimed at retrieving data from an ontology or other data source by using
ontology. The purpose of retrieving ontology-based data is to enable the use of
knowledge and reasoning inherent in ontology to describe the desired data. After the
description is created, the knowledge stored on the ontology is used and the selection
of data is carried out together with the reasoning procedures. This process retrieves data
from the data source. Ontology-based data retrieval originates from the use of ontology
queries to retrieve ontology information [72]. With the SPARQL query language, it is
possible to retrieve nodes and link information from RDF and ontology descriptions
[105]. Ontology-based data retrieval was based on the use of this query language to
combine a data source with an ontology description. This will ensure that information
is retrieved not only from ontology but also from the data from a data source using
ontology. The purpose of such functionality is to retrieve not only the desired
information from the data source, but also to supplement it with the known domain

classifications.

2. ONTOLOGY-BASED DATA RETRIEVAL METHODS
This chapter provides a deeper look at the ontology-based data retrieval process
and approaches to its implementation. It explores the elements of the ontology-based
data retrieval process, which technologies are associated with this process, and which
principles are used in their implementation. Several systems that rely on the retrieval of
ontology-based data in a variety of ways are considered; it also explores how existing

systems implement this process.
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Ontology-based data retrieval systems

To understand how the existing systems have been developed and what
methodologies they are designed for, it is necessary to look at their functionality and
technologies used. Systems that use ontologies for the realization of intellectual data
retrieval are considered. In most of the existing systems, the SPARQL query language
is used. It can be used directly, graphically, as a basis for another solution, or as an
access point that must be accessed with another tool to retrieve the desired data. The
solutions offered at the University of Latvia [6], [7], [8], [9], [95], the Ontop [18]
project for the Free University of Bozen-Bolzano, the large data project Optique [67]
supported by the European Commission, as well as some separate articles on various
studies in ontology-based data retrieval, are examined. As a result of this review, these
tools have been compared by the following criteria: simplicity of implementation, query
technology, suitability for semantic layer functions, model independence and

performance dynamics. The comparison is shown in Table 1.

Table 1
Comparison of Tools and Approaches
. .. Query Data and .
Ay . Simplicity (.)f involved | Semantic layer model Dynamic
approach implementation performance
technology relevance
Weak
Ontop Easy SPARQL abstraction Independent Yes
+ - - + +
Visual
. Average tool, Weak Independent Yes
Optique SPARQL abstraction
+ + - + +
Star Average Fast query Partla.I Strongly Yes
ontology and language abstraction connected
QL + + + + +
RDF store Difficult SPA_RQL No abitiaction United I\io
Ontology DB Difficult S_Q_L No abitiaction United I\io
Good
Methotdology Easy Concepts abstraction Independent Yes
system + + + + +

Ontop and Optique create virtual RDF descriptions from a database using a
mapping document that links database queries with ontology concepts. Data retrieval is
performed with SPARQL queries. In the Optique case, there is a visual tool that helps
create a SPARQL query. Execution takes place dynamically, the model exists

separately from the data, but the semantic layer is not fully realized due to the
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complexity of the query. The star ontology developed by LU, combined with the fast
query language, uses the description of the database as an ontology. Using a special
query language that is similar to SQL with some additions and Latvian syntax, a tool is
proposed that selects the data stored in the memory from the database. Tools that use
ontology to store data or a database to store ontologies and data combinations are not
able to work in an independent manner. Data retrieval is performed using SPARQL or
SQL. The systems user will not know SPARQL and will not be able to create a suitable
query. Consequently, the methodology asserts that the task must be based on ontology
capabilities. Although SPARQL queries can retrieve ontology elements, the query itself
is not a concept and is not directly related to ontology.

The system established by the methodology must overcome these gaps and offer a
solution that implements the data in a separate model, which is available to users in an

understandable way, for dynamic data retrieval.

Database and ontology linking approaches

There are several approaches that implement data linking between ontologies and
databases, and these approaches are differently implemented. The most commonly used
typing approaches are as follows.

e Using a separate mapping document [2], [ 18], [96], [103]. This approach creates
a separate document that describes how the ontology concepts are related to the
data source. Such a document is created using technologies that are not directly
related to ontologies. Typically, such a document consists of a list of related
concepts combined with a database query.

e Ontology annotation [17], [23]. In this approach, the ontology document is
expanded with annotation elements that describe how to get class individuals.
The advantage of this approach is that the ontology developer can immediately
see the query on the element. The downside of this approach is that the
developer needs to look at each element individually to find all the annotations
associated with the database.

e Database ontology approach [22], [94]. In this approach, the entire ontology is
created from the database schema [115], [116]. This kind of ontology is often
the result of automated ontology creation [34], [36, [43]. The ontology becomes
a description of the database using ontology semantics [89]. The advantage of
this approach is that the ontology itself is closely linked to the database [82] and
the ontology developer does not need to take care of the database mapping as a
separate element of the ontology. The disadvantage is excessive focus on the
database and a weak domain description.

e Only ontology [102]. Instead of linking the database and ontology, only
ontologies are used, which in addition to the model contains completely all the
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data from the database. In this way, it is not necessary to connect to the database
and all operations are performed only within the ontology framework. This
approach is only possible in the case of a small amount of data, since ontology
processing technologies are not optimized for large amounts of data for
processing.

e Ontology Database [3], [4], [28], [57]. Similar to the previous approach,
ontology and data are combined together, with the difference that the ontology

is implemented and maintained in a database [120].

Ontology creation methods

The purpose of the ontology is to describe different levels of expertise, domain,
task, application, or data. As ontologies gain popularity, ontologies that already
describe a specific area of the problem are likely to exist, but in most cases, it is
necessary to create a new knowledge description, when a fitting ontology has not yet
been created. Since ontologies can be different, there are various ways to create them.
It is possible to create different, often incompatible, ontologies for the same domain.
Not all ontologies can be guaranteed to be useful to the task. The process of creating an
ontology is predominantly manual. This process is interactive because it is necessary to
validate whether the created ontology meets the requirements [101]. There is no one
correct way to create ontologies, there are always alternatives that are acceptable
depending on the situation [87]. There are also several attempts
to partially automate the creation of an ontology using existing formal materials
[41], [44], [45], [66]. Some of these techniques were influenced by the methodology

developed in the work, the process of creating ontology.

3. ONTOLOGY-BASED DATA RETRIEVAL
METHODOLOGY DEVELOPMENT

Based on the research of all approaches and solutions related to ontology and
ontology-based data retrieval, a new ontology-based data retrieval system has been
developed. The establishment of such a methodology is based on the fact that all such
existing systems have shortcomings. Systems that implement ontology capabilities are
not easy to use because they are too focused on resource descriptions and query
languages. Easy-to-use systems do not use all ontology capabilities or distance
themselves from ontologies, creating systems that are only inspired by ontologies, but
do not use their full potential [6]. The developed methodology is intended for:

e the creation of OBDI systems that are fully based on ontologies;

e ensuring that all functions related to data retrieval are mainly realized using

ontology;

e creating an easy-to-use system.
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This chapter describes a developed methodology that seeks to summarize approaches

and methods that enable the implementation of ontology-based data retrieval systems.

Methodological requirements for the system

The task of the methodology is to offer a set of processes and methods that enable
the implementation of an ontology-based data retrieval system that complements the
existing relational database with user-friendly functionality for data retrieval. The
shortcomings and weaknesses found in the second chapter have been identified (see
Table 1). Based on the developed methodology, requirements to the system have been
established to address the identified deficiencies. The system requirements address the
following aspects of the system:

e implementation requirements;

e technology involved in query;

e semantic layer support;

e data and model interconnection;

e query execution dynamics.

Implementation requirements should be as minimal as possible. These are related
to the necessary changes in existing systems or databases. After the stated purpose of
work and the analysis of existing systems, a system to be developed must be a
complement to an existing solution. The system being developed must be able to
connect and use the existing relational database without the need for changes in the
structure or content. It is also argued that the system being developed does not have to
implement a substitute for an existing database. The developed system does not

implement a data storage alternative.

Fundamentals and stages of methodology
The approaches and stages of the developed methodology are shown in Fig. 1. The

ontology-based data retrieval system consists of three large parts.

Ontology-based linking principle System development
Database object pt: The datab P Ontology-based data request realization
in the ontology identifiers

* Realize the ability to define an ontology concept
* Realization of query pt based search

SQL Query Generation from Ontology Elements

* Determination of linked elements
* Realization of the search and
collection of database concepts

Implementation of ontology-based data classification

« Linking the acquired data with basic concepts
« Supplementing the acquired data with
all relevant concepts

Fig. 1. Methodological approaches and stages.
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The core of the methodology is the principle of the ontology-based mapping. The
proposed way to map ontology concepts and database objects influences the way in
which all other activities need to be implemented. The methodology is divided into two
major stages related to the development of the system. The knowledge preparation stage
describes the activities and approaches that are related to the creation of a connected
ontology. This is an ontology that will be the central knowledge base of the developed
system.

The System properties stage describes the steps, techniques, and approaches that
should be applied and implemented in the system. This chapter describes all stages,
approaches and principles of the methodology. The steps are shown in Fig. 2. These
stages are divided into specific activities that must be performed at each stage. The
approaches include the type of mapping between the ontology and the database, and the
type of identification of the mapping elements. The methodology consists of two stages:

e creation of a knowledge base, and

e system creation.

Knowledge base creation System creation

@ Y

> Remeym_g database
insights

| Realization of ontological functions |

Implementation
I of the interface I
Implement SQL Query

Ontology Creation

Ontology evaluation

v

Creation Mechanism

Modules implemented
in the system

—

Fig. 2. The process of operations according to the methodology.

Implementation of ontology and database linking

The developed methodology is based on the approach used to map between the
database and ontology. It affects the knowledge base and system development steps.
Three types of interconnected ontology concepts are used in this mapping approach.
These are tables (or views), columns, and relational concepts:

e the concept of a table is a class. This class indicates a database table or view,

because the views are processed in exactly the same way as tables;

e columns are data properties. Data properties are directly attributed to table
columns. This is due to the fact that the data properties refer to an individual’s

data, but the table column contains a record’s data;
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e relations are described by object properties. Object properties point to the
relationship between individuals. It is possible to describe the relations between

database tables using the object properties.

In addition to these three major types of database concepts, there are additional
concepts that are also related to the database. Since the reflection of the database table
in ontology is a class concept, the individual of such a class must have a database entry.
This means that the reflection of the database entry on ontology is an individual. Since
the data retrieval task must separate the data and model, individuals that are not used to
define the class are not added to the ontology.

In order to implement the developed ontology and database linking approach, it is
necessary to distinguish and identify database and domain concepts. This is necessary
in those cases where it is needed to define a domain concept with the same name that
has already been used to identify a database concept. For this purpose, an approach was
developed that uses a variety of prefixes for domain and database identifiers. By using
different prefixes, it is possible to distinguish between database concepts and domain

concepts and use multiple objects with the same basic name.

The creation of the knowledge base

Creating the knowledge base is a stage of the methodology that creates a database-
mapped ontology that will serve as a knowledge base for the system. According to the
methodology, the ontology must contain elements that refer to the elements of the
database. To create a suitable ontology, the database must be explored to gain the
necessary insights on the elements that need to be described in the ontology. During the
database analysis, important elements (tables and columns) are identified, and lists of
values (specific values in columns) and links between tables are searched. This
information may be available from the description of the database or found during the
analysis. The transfer of tables, columns, and values to related ontologies is mostly
manual work for an expert. The analysis helps to identify the elements that are needed
to look at the expert in decision making. Enumerated values are found using the

following algorithm:

Select count (F) from T where not F is null and not F = "'
If count < min then not enum
Select count(distinct F) where not F is null and not F =

D= w N

if distinct count < sqgrt(count) then is enum

where F is the column under consideration, and T is the table under consideration.
Finding all the unique (not empty) column values and comparing them with the number

of all records exposes potential enumerators.
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The table relations are detected by checking whether all column values are found
in the column of another table's key column.

After analyzing the database and noting objects and values, a basis of the linked
ontology is created. This foundation is complemented by domain concepts derived from
the viewing of the problem domain.

The ontology creation process ended with evaluation. The ontology created is
evaluated by checking whether all the database concepts are used in the definitions of

domain concepts.

System building phase

The system development stage is the part of the methodology, which describes the
techniques, principles and actions that need to be applied to implement the system.

Since the developed methodology involves a completely new approach to creating
a data query, it is necessary to develop an appropriate interface. According to the
methodology, the system to be developed must fulfill all data retrieval tasks using the
ontology as the basis and the ontology-based reasoning abilities.

To implement an interface that does not use query language to be handled
separately from ontology, an approach is introduced that uses the query concept instead
of the query. Query concept is a special class concept, representing the desired
individuals or set of information.

The created concept describes the set of individuals that possess the specified
properties of the user. By executing the ontology-based reasoning process, it is possible
to identify all the database concepts related to the query concept and to create a data
query.

Creating a SQL query is based on the exploration of a query concept. A query
concept is selected within an ontology. The query concept hierarchy is searched to find
concepts related to the database. These can be both the concepts of database table
classes and the characteristics of database column data that are used in the definitions
of complex concepts; they can also be properties of objects that refer to table
relationships. All the database concepts found will affect the created SQL query.

All the described parts and processes need to be combined into a common system.
For this purpose, a module is implemented for each part of the system. All modules are
capable of operating independently, referring to a common ontology and retrieving the

necessary knowledge.

4. DEVELOPMENT OF INTELLECTUAL RESPONDENT DATA
CALCULATION SYSTEM

Based on the developed methodology (see Chapter 3), an intellectual retrieval

system for medicine research data IRDIS has been developed [38]. The purpose of this
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system is to offer medical personnel (data users) the opportunity to obtain data on
treated persons (hereinafter referred to as respondents), acting as an intermediary with
the existing database of respondents. The intellectual abilities of this system (reasoning,
knowledge management) ensure the use of ontology as described. This chapter
describes the development process and develops the implementation of system

prototypes as well as the results of the approbation of the system.

Preparing knowledge base

The Thesis deals with a database that stores medical data on respondents. This
database has 60 tables. Some of these tables contain metadata and technical information
for which the user does not need access. From these tables, seven most important tables
(see Fig. 3) have been selected and identified for description in the ontology of the
prototype. The decision on the tables to be used is accepted by the database expert.

Analizes
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Fig. 3. Structure of the database fragment.

Based on the selected tables, a database analysis has been carried out, which has led
to the discovery of all useful values and relationships between the tables. From this
information the basis of the ontology is formed. After extending the base with domain
concepts, a linked ontology for the system is obtained, which serves as the systems
knowledge base. The class level of the created ontology is depicted in Fig. 4.
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Fig. 4. IRDIS ontology.

Realization of ontology functions

The core of the created system is the ontology and its reasoning mechanisms.
Although it is possible to implement ontology management mechanisms using existing
ontology software libraries [58], the ontology implementation of the created system,
has been redesigned to simplify the search for the concepts needed to create a SQL
query. The ontology management functions, as well as the prototype itself, are created
in Java language. The Ontology Management module consists of 53 Java classes that
provide all the basic functions of ontology, and another 2 classes that provide OWL /
XML document retrieval.

All ontological resources are divided according to one of the five types of elements
and is stored and processed in the corresponding element type module. These are
modules for classes, object properties, data properties, annotation properties and data
types. The class module processes all knowledge associated with class concepts, their
definitions, and the class hierarchy. The Data Properties module does the same, but
contains only the data properties concepts. The Object Properties module manages the
concepts and hierarchy of object properties. The data type module manages the types
of data defined ontology, as well as the concept of standard data types and the hierarchy
of these concepts. The Annotation Properties module manages the properties and their
hierarchy of annotations.

Each element of the ontology module manages unique elements of ontology
concepts. All the elements that are to be processed in the ontology (see Table 2) are

divided into elements by function and category.
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Table 2

Types of Concepts
. Annotation
Class Datatype Object property | Data property property
Named element Named class e s pamed Damed
datatype object property data property annotation property
Element Class Datatype Object property Data property Annotation property
Individual Value
g Value element Tase datatype
£
*E ‘E Conjunction (.:l”ss. Dsftaty‘fe
] £ 1] 1
=3
£ £
L] ] Disjunction - ?lass. Jl.)a.itaty;.)e
M = ]
i g
0 .
= €] Object property
Other group i
Cardinality class D““T‘YP € \IVEER O
restriction property
Other el
Key class Language type

Ontology reasoning mechanisms are partly realized in the hierarchy of elements (it
is possible to draw several conclusions from the addition of a new element to the
hierarchy) and partly in the reasoning module in which the existing knowledge is
replenished in an iterative manner by looking for certain situations corresponding to the

rules described in the reasoning module.

Prototype interface

The interface for the system developed for the Thesis has been created as a visual
tool in which the concept to be defined is a set of classes. By choosing from a list of
related classes, the user extends the set of classes to be created and forms a class
conjugation. An interface implementation is illustrated in Fig. 5. It shows that the query
concept is defined as a group of other classes (conjunction or disjunction).

Each panel (blue) represents a separate concept. The largest box, containing
everything, is the defined query class. In this case, the query concept is based on the
class "From the table 'Respondents' ", which is the label for the database concept that

indicates the database table "Respondents".
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Fig. 5. Query concept creation interface window.

This basic concept is needed to restrict the users' concepts from the menus.
Subsequently, classes follow the conjugation of the query concept. It is evident that this
is a conjuncture, because all rows begin with the word "and". By clicking on this
keyword, the conjunction is converted to disjunction and all lines are started with "or".
Each row can specify a class concept that is an element of this group (conjuncture or

disjunction).

Data retrieval and processing

The query element created in the interface is added to the ontology. After
completing the reasoning functions, it is supplemented with all deducible relationships
with other elements. By locating all the elements in the ontology, all the mappings to
the database are discovered. An example of this process is shown in Fig. 6. The concept
of the query is defined, which after its definition is linked to several existing classes.
When searching for the concept transcripts, they look for those classes that are defined

as database mapping points or use mapped elements in their definitions.
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Fig. 6. Topic concept for query concept.
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Summarizing the related mapping points, the SQL generator creates and executes
a query to the database. The query result is added to the ontology. Each database entry
represents an individual. When processing each resulting entry, a new individual is
created that has a programmatically assigned name. This individual has data properties
that coincide with the column name. By completing the ontological reasoning process
in this step, all individuals and class relations are inferred. By selecting all created
individuals who are classified as belonging to the query class, they and all their intrinsic

properties are returned as the result of the query.

Structure of the system
All the developed modules together form the system (see Fig. 7). The center of the

system is an ontology management module that corresponds to the storage and use of

knowledge.
Database "IRDIS" prototype User
Data extraction Ontology management USerintenrace
module module

] SQL query IRDIS ontology Query concept [

creator SR TN,

— §§ A | =

NS Query ontology < =]
Data — individual o — :

transformer

%Eg > Dataoég\tglogy B> ‘__/

Bo

Fig. 7. Structure of the system.

All other parts of the system use the central ontology to carry out their functions.
The user interface uses the ontology to offer the concepts to be used for query
description. The data retrieval module, which creates SQL queries and loads data into
the ontology, uses the ontology to create a SQL query that matches the query concept.
The Ontology module itself is a multi-layer ontology. Each layer extends the previous
ontology layer. In the beginning, the ontology module only contains the ontology of the
system (IRDIS). Creating of a query concept creates a temporary query ontology layer
that contains an ontology that refers to the basic ontology, but also contains the query
concept. Data is loaded into a data ontology that itself contains only data individuals
and refers to the previously created ontologies. When the user finishes working, the

created ontology layers are removed, maintaining only the fixed base ontology.

Determining the suitability of the developed system
To investigate and determine the suitability of the developed intellectual data

retrieval system IRDIS, two experimental series are defined.
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The first set of experiments is to determine the correctness of the developed
prototype. In this series of experiments, it is verified that the knowledge described in
the developed ontology is sufficient and suitable for validating and selecting data. In
this series of experiments, several concept descriptions are created to test the datasets
that have been deduced and retrieved. The execution of the experiments showed that
the ontology functionality had been developed, and the system as a whole was capable
of constructing suitable SQL queries for the described concepts. Successful queries for
complement concepts were created, and empty classes were found.

The purpose of the second series of experiments is to check that the created system
serves as a suitable semantic layer in the data retrieval task. In this series, users create
concept descriptions based on a predetermined task. Query relevance is determined by
comparing the system output with the result obtained by the expert's query. Each
experiment consists of three parts.

1. The user sets up an experiment task statement. In the form of a free description,

a task is created for retrieving the subset of the data. It describes what
information you need to retrieve from the database.

2. The user creates a concept of the search query according to the task statement.
Using the developed prototype interface, the user creates a conceptual
description of the search data. The system executes data retrieval.

3. The database expert creates a SQL query and retrieves the data for comparison
with the system result.

The concept definition that has been created for a complex data description is

presented in Fig. 8. The screenshot shows the user interface of the prototype developed

for this work, which allows to define concepts by using terms from the ontology.
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Fig. 8. Definition of query concept

The displayed concept description defines all active respondents from Vidzeme

who are non-smokers and who have incomplete eradication therapies. The description
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of these concepts matches and yields the same result for comparison purposes with an

SQL quiz created by an expert. Corresponding SQL Query is as follows:

select * from Respondenti, Anketa SmekesanasParadumi, Eradikacija

where
Respondenti.Statuss = '"AC' and
(Respondenti.Centrs = 'LV1I01' or Respondenti.Centrs = 'LV102') and

Anketa SmekesanasParadumi.RespID = Respondenti.RespID and

Anketa SmekesanasParadumi.VailzsmekejaVismazlOOCigaretes = 0 and
Eradikacija.RespID = Respondenti.RespID and
Eradikacija.KursaTips = 'STD' and
Eradikacija.VaiMedikamentilLietotiAtbilstosiShemai is null;

The series of experiments showed that the developed system can realize data
retrieval by transforming the conceptual description of the SQL query and retrieving
the same data as the expert retrieves. The number of records retrieved in experiments
is shown in Table 3. This table shows the result of the queries made by the system and
expert in Experiment 4. Because of the ontology specific reasoning, the result of the
system differs from that of the expert’s due to the incomplete description of the concept

sought by the user. After the concept was perfected, the results were similar.

Table 3
Number of Entries Retrieved During Experiments
Experiment
1 2 3 4
System 3521 702 673 0/434
Expert 3521 702 673 434

This chapter discussed the use of the established methodology by creating an
intelligent respondent data retrieval system. The developed approach to database
analysis has been implemented and applied with the aim of obtaining insights into the
data, using the result as a source of information for the development of ontology.
Actions were reviewed and executed with the aim of obtaining information about the
contents of the database, which makes it possible to create data-based concepts. The
established system has been approbated by several experiments, which showed its

compliance with the set task.

RESULTS AND CONCLUSIONS

The Thesis has explored the possibilities of using ontology to access a database
and retrieve data from it. Related technologies and existing solutions have been studied.

As a result of this analysis, a methodology has been developed that describes the
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approaches and methods for developing ontology-based intelligence retrieval systems.
Such systems are focused on improved usability by providing a semantic layer for data
retrieval tasks. The methodology offers an approach to the creation of a linked ontology
that is mapped to the existing relational database. To create the linked ontology needed
for the system the methodology describes the database analysis approaches. The use of
this approach results in an ontology that contains mapping elements.

By realizing the ontology's reasoning for data elements that are included in the
ontology described in the methodology, it is possible to use knowledge about the
structure of the linked database. In this way, knowledge of the domain and the
knowledge of the data are complementary. Knowledge of data and the structure of the
database helps to focus on domain knowledge and describe only what is retrieved from
the database. Domain knowledge complements database data with affiliation with
conceptual domain classes.

This approach facilitates the technical part of the ontology-based data retrieval
task. In order to make intellectual data retrieval more accessible to the end user, the
methodology offers an approach to the creation of a user interface. One of the
possibilities of ontology is its ability to promote communication and mutual
understanding. However, if these opportunities are concealed behind complex
technologies that mitigate them, usability and awareness are lost. For ontology-based
data retrieval to be used also by those who are not ontology experts, the methodology
offers access to the semantic layer. The semantic layer is provided by implementing an
interface to the user that offers domain concepts. Using domain concepts, the user
defines a new concept that has certain properties. The user is able to describe the desired
data class using familiar terminology, without knowledge of data-storage technologies
and data structures.

The following results have been achieved during the development and study of the

work.

e The technologies related to the ontology and ontology-based data retrieval have
been studied. This analysis gave an insight into the possibilities of ontology, its
reasoning functions and applications. This allowed the creation of missing
approaches to ontology-based interconnection, the identification of database
concepts, and ontology-based SQL queries. Based on the OWL 2 language
analysis, a Java software library is developed that implements ontology

management and reasoning functions.

e Existing intellectual data retrieval software and their construction approaches
have been researched and compared. The result of this analysis is a comparison
of existing tools and a summary of identified shortcomings. On this basis, there

have been developed methodological requirements for the system to be
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developed. There are gaps in the link between databases and ontology and the

use of systems that directly affected the foundations of the methodology.

Methods and approaches have been developed that allow the realization of
intelligent data retrieval in an ontology-based way. An ontology-based database
and ontology linking, a way to create SQL queries from linking concepts, and

an ontology-type database classification entry is developed.

Based on the intermediate results, the main result of the thesis has been
achieved — the development of a methodology for realizing data retrieval based
on ontology. A methodology has been developed that summarizes database
analysis methods, methods for creating ontologies, methods for the
implementation of the system, and approaches to linking concepts to database

objects.

For the purpose of methodological approbation, a prototype of an Intelligent
Reporter Data Retrieval System (IRDIS) has been developed, based on the
developed methodology. In the prototype approbation, it showed all the
properties described in the methodology by retrieving data from a linked

relational database from technologies in abstract form.

During the development and research of the Doctoral Thesis, the following main

conclusions have been made on the basis of the results and achievements obtained.

The developed prototype has shown that the ontology capabilities are sufficient
to implement database linking, defining a subset of data, validating data and
discovering additional knowledge about classes and individuals, without
additional technologies. The developed prototype does not apply ontology-
compliant technologies (typing document or SPARQL query interpreter). All

functions are realized only with an ontology that confirms the first hypothesis.

The developed prototype system creates SQL queries to retrieve the necessary
data using ontology-based knowledge of database tables, columns,
relationships, and values. In the developed prototype, it is possible to use the
ontology reasoning and concept hierarchy crawling to retrieve sufficient

information to create a SQL query. This confirms the second hypothesis.

The IRDIS prototype users did not have to deal with database terms or
technologies when creating an ad hoc data request. The interface offered in the
prototype gives the user the ability to define the desired data class using only
the domain terminology. The user does not need to know database technology,

database structure, or specific value used. The user also does not need to know
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the semantic technology and does not need to be able to create SPARQL queries.

Consequently, the third hypothesis will be confirmed.

e Using the concept of a query and the reason for ontology, it is possible to
perform data validation without accessing the database. The described ontology
model, combined with the ontology's reasoning capabilities, is capable of
identifying non-executable data queries at model level without the need to refer
to the database. Erroneous querying at the system level allows to minimize

database loading.

The developed methodology describes the implementation of an ontology-based
data retrieval system with the aim of supplementing existing relational databases with
semantic information, intellect (in the form of ontological knowledge), and providing a
semantic layer between used and database technologies. Future research can be a visit
to the ontology capability to work directly with databases. This would streamline
knowledge management and reasoning processes in relation to the approaches of
relational databases for storing data, and eliminating the complexities of ontology

implementation moments.
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