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Abstract

Ontologies and other knowledge organization systems, such as controlled vocabularies, can be
used to enhance the findability of information. By describing the contents of documents using a
shared, harmonized terminology, information systems can provide efficient search and browsing
functionalities for the contents. Explicit descriptive metadata aims to solve some of the prevailing
issues in full text search in many search engines, including the processing of synonyms and
homonyms. The use of ontologies as domain models enables the machine-processability of
contents, semantic reasoning, information integration, and other intelligent ways of processing the
data.

The utilization of knowledge organization systems in content indexing and information retrieval
can be facilitated by providing automated tools for their efficient use. This thesis studies and
presents novel methods and systems for publishing and using knowledge organization systems as
ontology services. The research is conducted by designing and evaluating prototype systems that
support the use of ontologies in real-life use cases. The research follows the principles of the design
science and action research methodologies.

The presented ONKI system provides user interface components and application programming
interfaces that can be integrated into external applications to enable ontology-based workflows.
The features of the system are based on analyzing the needs of the main user groups of ontologies.
The common functionalities identified in ontology-based workflows include concept search,
browsing, and selection.

The thesis presents the Linked Open Ontology cloud approach for managing and publishing a
set of interlinked ontologies in an ontology service. The system enables the users to use multiple
ontologies as a single, interoperable, cross-domain representation instead of individual ontologies.
For facilitating the simultaneous use of ontologies published in different ontology repositories, the
Normalized Ontology Repository approach is presented.

As a use case of managing and publishing a semantically rich knowledge organization system
as an ontology, the thesis presents the Taxon Meta-Ontology model for biological nomenclatures
and classifications. The model supports the representation of changes and differing opinions of
taxonomic concepts.

The ONKI system and the ontologies developed using the methods presented in this thesis have
been provided as a living lab service http://onki.fi, which has been run since 2008. The service
provides tools and support for the users of ontologies, including content indexers, information
searchers, ontology developers, and application developers.
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Tiivistelma

Ontologioita ja muita tietdmyksen jarjestdimisen menetelmid, kuten kontrolloituja sanastoja,
voidaan kéyttda tiedon 16ytdmisen parantamiseksi. Kun dokumenttien sisillot kuvaillaan
kayttamalld jaettua, yhtendistettya terminologiaa, tietojarjestelmait voivat tarjota tehokkaita haku-
ja selaustoiminnallisuuksia sisdlt6ihin. Eksplisiittisesti esitetty, kuvaileva metatieto pyrkii
ratkaisemaan monien hakukoneiden kayttiméan kokotekstihaun ongelmia, kuten synonyymien ja
homonyymien huomioimisen. Ontologioiden kdyttdminen késitemalleina mahdollistaa siséltGjen
koneellisen késittelyn, semanttisen pééttelyn, tiedon integroinnin ja muita dlykkaitd menetelmia.

Tietamyksen jarjestimisen menetelmien hy6dyntédmisti sisdlt6jen indeksoinnissa ja haussa
voidaan helpottaa tarjoamalla kayttdjille automatisoituja tyokaluja niiden tehokkaaseen
kayttdmiseen. Téssi vaitoskirjassa tutkitaan ja esitetdan uudenlaisia menetelmia ja jarjestelmia
tietdmyksen jarjestamisen menetelmien julkaisemiseksi ontologiapalveluina. Tutkimus on
toteutettu suunnittelemalla ja arvioimalla prototyyppijarjestelmia, jotka edistavat ontologioiden
kayttdmista todellisissa kayttotapauksissa. Tutkimus nojautuu suunnittelutieteen ja
toimintatutkimuksen metodologioiden periaatteisiin.

Tyossa esitetty ONKI-jarjestelma tarjoaa kayttoliittymakomponentteja ja ohjelmallisia
rajapintoja, jotka voidaan integroida ulkoisiin sovelluksiin ontologiaperustaisten tyonkulkujen
mahdollistamiseksi. Jarjestelman ominaisuudet on toteutettu perustuen ontologioiden keskeisten
kéyttdjaryhmien tarpeiden selvittdmiseen. Ontologiaperustaisista tyonkuluista tunnistettuja yleisia
toiminnallisuuksia ovat késitteen haku, selailu ja valinta.

Tassa tyossi esitetddn linkitetyn avoimen ontologiapilven menetelma toisiinsa linkitettyjen
ontologioiden yllapitadmiseen ja julkaisemiseen ontologiapalvelussa. Jarjestelman avulla kayttajat
voivat kiyttad useita ontologioita yhteni, yhteentoimivana, alat yhdistdvana kokonaisuutena
erillisten ontologioiden sijaan. Eri ontologiapalveluissa julkaistujen ontologioiden samanaikaisen
kayton helpottamiseksi esitetddn normalisoidun ontologiapalvelun menetelma.

Kayttotapauksena semanttisesti rikkaan tietimyksen jirjestimisen menetelmén yllapitdmisesta
ja julkaisemisesta tyGssé esitetddn biologisten nimist6jen ja luokitusten taksonominen
ontologiamalli. Malli mahdollistaa taksonomisten kisitteiden muutosten ja toisistaan poikkeavien
nakemysten esittdmisen.

ONKI-jarjestelma ja tyGssa esitetyilld menetelmilld kehitetyt ontologiat ovat olleet kaytettavissa
living lab -palvelussa http://onki.fi, joka on ollut toiminnassa vuodesta 2008 ldhtien. Palvelu
tarjoaa tyGkaluja ja tukea ontologioiden kayttajille, kuten tiedon indeksoijille, hakijoille,
ontologioiden kehittgjille ja sovelluskehittgjille.

Avainsanat semanttinen web, tietdmyksen jirjestimisen menetelmét, metadatan tuottaminen,

ontologiapalvelut
ISBN (painettu) 978-952-60-7456-6 ISBN (pdf) 978-952-60-7455-9
ISSN-L 1799-4934 ISSN (painettu) 1799-4934 ISSN (pdf) 1799-4942
Julkaisupaikka Helsinki Painopaikka Helsinki Vuosi 2017

Sivumaairia 198 urn http://urn.fi/URN:ISBN:978-952-60-7455-9







Preface

The seeds for this dissertation were planted in 2007 when I started working
in the Semanting Computing Research Group (SeCo), at the Department
of Computer Science, Aalto University (formerly the Department of Media
Technology, Helsinki University of Technology) and the Department of
Computer Science, University of Helsinki, Finland.

I have had the opportunity to work with a lot of wonderful colleagues
and collaborators during these years. I have been enjoying the guidance
and support of professor Eero Hyvonen, who has made the work possible
by fertilizing my imagination and encouraging me to continue my work.

I wish to thank the pre-examiners professor Vagan Terziyan and professor
Mathieu d’Aquin for valuable feedback and suggestions for improving this
thesis.

When I started in SeCo, I was handed to the gentle care of my colleagues
Kim Viljanen and Eetu Mé#kela. Kim has been my trusted wingman
in building the ONKI service and an elevating mentor—for that I will
always be grateful. Eetu has given me valuable guidance and support on
methodological and technological decisions.

During my doctoral studies, I have been collaborating widely with Matias
Frosterus. All the work would have been much less fun without him.
I would like to thank Nina Laurenne for introducing me to the world
of biological taxonomies, and diving with me in the great ball pool of
colorful organisms. I wish to thank Tomi Kauppinen for his fruitful ideas
on ontology services and showing by example how to be a productive
researcher, and Tuukka Ruotsalo for always emphasizing the importance
of scientific rigor in our work.

The ontology services presented in the thesis would be of no use without
the actual ontologies. I express my gratitude to the head ontologist Katri

Seppild and Tuomas Palonen, who have been working with the ontologies



Preface

of the KOKO cloud. I wish also thank Osma Suominen, Sini Pessala,
Jussi Kurki, Reetta Sinkkild, and Robin Lindroos for participating in
building the tools for supporting the ontology infrastructure, and Mikko
Salonoja, Rami Aamulehto, Alex Johansson, and Henri Ylikotila for their
work on the user interfaces of the ONKI service. Mikko Koho and Hannu
Saarenmaa have been valuable contributors on the biological taxonomies. I
am grateful for the support and collaboration of Erkki Heino, Esko Ikkala,
Petri Leskinen, Arttu Oksanen, Claire Tamper, and all my other colleagues
in SeCo and collaborators I have been working with during the years.

The work presented in this thesis has been carried out as part of the
National Semantic Web Ontology Project in Finland (FinnONTO, 2003—
2012) and Linked Data Finland project (2012—-2014), both funded by the
Finnish Funding Agency for Innovation (Tekes). The work has also received
funding from Lusto — Finnish Forest Museum (2008), EU project MedIEQ
(2006-2008), EU FP7 project SMARTMUSEUM (2008-2010), and EU
FI-PPP project ENVIROFT (2011-2013). I have received grants from the
Finnish Cultural Foundation (2013) and KAUTE Foundation (2015) for the
doctoral research.

During the thesis work, I have also worked in the National Gazetteer
of Historical Places project (2015-2016), funded by the Finnish Cultural
Foundation, the Semantic Finlex project (2015-2017), funded by the Min-
istry of Justice and the Ministry of Finance, the Linked Open Data Science
Service project (2015-2016), funded by the Ministry of Education and
Culture, and the Cultures of Knowledge project (2015-2017), funded by
The Andrew W. Mellon Foundation. I have received funding for short term
scientific mission from the European Cooperation in Science and Technol-
ogy (COST, 2016) and travel grants from the Helsinki Doctoral Programme
in Computer Science (2014, 2015).

I would like to thank my parents for their support and encouragement
on the path I have chosen. Finally, I wish to express my deepest gratitude

to Krista for her love and understanding during the long hours.

Helsinki, May 10, 2017,

Jouni Tuominen



Contents

Preface

Contents

List of Publications
Author’s Contribution

1. Introduction
1.1 Background and Research Environment . . . . ... ... ..
1.2 Objectivesand Scope . . . . . . ... ... ...

1.3 Research Process and Dissertation Structure . . . . ... ..

2. Theoretical Foundation
2.1 Modeling Knowledge Organization Systems . . . . . ... ..
2.1.1 Knowledge Organization Systems . ..........
2.1.2 Interlinked Ontologies . . ... ... ..........
2.1.3 Biological Nomenclatures and Taxonomies . . .. ..
2.2 Publishing and Using Knowledge Organization Systems
2.2.1 Ontology Servers . .. ... ...............

2.2.2 Semantic Annotation and Information Retrieval . . .

3. Results
3.1 Ontology Services(RQ1) . . . . .. ... ... ... ......
3.2 Publishing Multiple Ontologies (RQ2) . ... ... ......
3.3 Complex Knowledge Organization Systems (RQ3) . . . . ..

3.4 Summary . . . . ... .. e e

4. Discussion
4.1 Theoretical Implications . . .. ... ..............
4.1.1 Ontology Services(RQ1) . . .. ... ... .......

13
13
15
17

19
19
19
21
22
25
25
29



Contents

4.1.2 Publishing Multiple Ontologies (RQ2) . . .. ... ..
4.1.3 Complex Knowledge Organization Systems (RQ3) . .
414 Summary . . .. . . ... e
4.2 Practical Implications. . . . .. ... ..............
4.2.1 Ontology Services(RQ1) . . ... ... ... ......
4.2.2 Publishing Multiple Ontologies (RQ2) . . . ... ...
4.2.3 Complex Knowledge Organization Systems (RQ3) . .
424 Summary . . . .. . ...
4.3 Reliability and Validity . . . . . ... ... ... ... .....

4.4 Recommendations for Further Research . . . ... ... ...
Bibliography

Publications

46
47
47
47
49

50
50
54

57

81



List of Publications

This thesis consists of an overview and of the following publications which

are referred to in the text by their Roman numerals.

I Kim Viljanen, Jouni Tuominen, and Eero Hyvonen. Ontology Libraries
for Production Use: The Finnish Ontology Library Service ONKI. In
The Semantic Web: Research and Applications: 6th European Semantic
Web Conference, ESWC 2009, Heraklion, Crete, Greece, May 31—June 4,
2009, Proceedings, Lora Aroyo, Paolo Traverso, Fabio Ciravegna, Philipp
Cimiano, Tom Heath, Eero Hyvonen, Riichiro Mizoguchi, Eyal Oren,
Marta Sabou, and Elena Simperl (editors), Lecture Notes in Computer
Science, volume 5554, pages 781-795, ISBN 978-3-642-02120-6, Springer-
Verlag, June 2009.

IT Jouni Tuominen, Matias Frosterus, Kim Viljanen, and Eero Hyvonen.
ONKI SKOS Server for Publishing and Utilizing SKOS Vocabularies and
Ontologies as Services. In The Semantic Web: Research and Applications:
6th European Semantic Web Conference, ESWC 2009, Heraklion, Crete,
Greece, May 31-June 4, 2009, Proceedings, Lora Aroyo, Paolo Traverso,
Fabio Ciravegna, Philipp Cimiano, Tom Heath, Eero Hyvonen, Riichiro
Mizoguchi, Eyal Oren, Marta Sabou, and Elena Simperl (editors), Lecture
Notes in Computer Science, volume 5554, pages 781-795, ISBN 978-3-
642-02120-6, Springer-Verlag, June 2009.

IIT Jouni Tuominen, Tomi Kauppinen, Kim Viljanen, and Eero Hyvénen.
Ontology-Based Query Expansion Widget for Information Retrieval. In
Proceedings of the 5th International Workshop on Scripting and Develop-



List of Publications

ment for the Semantic Web at ESWC 2009, Heraklion, Greece, May 31,
Soren Auer, Chris Bizer, and Gunnar Aastrand Grimnes (editors), CEUR
Workshop Proceedings, volume 449, pages 52-57, ISSN 1613-0073, online
CEUR-WS.org/Vol-449/ShortPaperl.pdf, May 2009.

IV Matias Frosterus, Jouni Tuominen, Sini Pessala and Eero Hyvonen.
Linked Open Ontology cloud: managing a system of interlinked cross-
domain light-weight ontologies. International Journal of Metadata, Se-
mantics and Ontologies, 10, 3, pages 189-201,

DOI 10.1504/1IJMS0.2015.073879, December 2015.

V Kim Viljanen, Jouni Tuominen, Eetu Mikel4 and Eero Hyvonen. Nor-
malized Access to Ontology Repositories. In ICSC 2012: 2012 IEEE
Sixth International Conference on Semantic Computing, Palermo, Italy,
19-21 September 2012, pages 109-116, ISBN 978-1-4673-4433-3, IEEE,
September 2012.

VI Jouni Tuominen, Nina Laurenne, and Eero Hyvonen. Biological Names
and Taxonomies on the Semantic Web — Managing the Change in Sci-
entific Conception. In The Semantic Web: Research and Applications:
8th Extended Semantic Web Conference, ESWC 2011, Heraklion, Crete,
Greece, May 29 — June 2, 2011, Proceedings, Part II, Grigoris Antoniou,
Marko Grobelnik, Elena Simperl, Bijan Parsia, Dimitris Plexousakis,
Pieter De Leenheer, and Jeff Pan (editors), Lecture Notes in Computer
Science, volume 6644, pages 255-269, ISBN 978-3-642-21063-1, Springer-
Verlag, June 2011.

VII Nina Laurenne, Jouni Tuominen, Hannu Saarenmaa and Eero Hyvonen.
Making species checklists understandable to machines — a shift from
relational databases to ontologies. Journal of Biomedical Semantics, 5,
40, DOI 10.1186/2041-1480-5-40, September 2014.

VIII Jouni Tuominen, Nina Laurenne and Eero Hyvonen. Publishing
and Using Plant Names as an Ontology Service. In Proceedings of the
first international Workshop on Semantics for Biodiversity at ESWC
2013, Montpellier, France, May 27, Pierre Larmande, Elizabeth Arnaud,
Isabelle Mougenot, Clement Jonquet, Therese Libourel, Manuel Ruiz

(editors), CEUR Workshop Proceedings, volume 979, ISSN 1613-0073,



List of Publications

online CEUR-WS.org/Vol-979/WS_s4biodiv2013_paper_2.pdf, May 2013.



List of Publications



Author’s Contribution

Publication I: “Ontology Libraries for Production Use: The Finnish
Ontology Library Service ONKI”

The author contributed significantly to the design and specification of the
ONKI library system, and the general requirements of ontology library
services. The author was one of the two primary developers of the ONKI
SKOS server and the ONKI selector widget, and implemented the ONKI
API in the ONKI SKOS server.

Publication II: “ONKI SKOS Server for Publishing and Utilizing
SKOS Vocabularies and Ontologies as Services”

The author is the first author of the publication. The author was one of
the two primary designers and developers of the ONKI SKOS server and
the ONKI selector widget, and primary developer of the ONKI API and
SKOS support for the system. The author implemented the demonstration
search interface for using ontology-based query expansion in the Kantapuu

system.

Publication lll: “Ontology-Based Query Expansion Widget for
Information Retrieval”

The author is the first author of the publication. The author designed
and implemented the query expansion functionality of the ONKI selector
widget, configured the ontologies used in the use case and implemented

the demonstration search interface.



Author’s Contribution

Publication IV: “Linked Open Ontology cloud: managing a system of
interlinked cross-domain light-weight ontologies”

The author contributed significantly to the principles guiding the building
of the ontology cloud and the management process of the cloud. The author
designed the publication of the KOKO ontology cloud in the ontology
service, and developed the functionalities in the ONKI service to support
the processing of the ontology cloud and individual domain ontologies

mapped to the general upper ontology.

Publication V: “Normalized Access to Ontology Repositories”

The author participated in the design of the Normalized Ontology Reposi-
tory (NOR) approach and its API. The author was the primary developer
of the HTTP API used to access the ontologies in the ONKI SKOS server.
The author contributed to the design of the ONKIS3 user interface and the

ontology metadata specification.

Publication VI: “Biological Names and Taxonomies on the Semantic
Web — Managing the Change in Scientific Conception”

The author shares the first authorship of the publication. The author
was the one of the two primary designers of the Taxon Meta-Ontology
(TaxMeOn), responsible for the computer science expertise, and was in
charge of the technical implementation of the model. The author committed

the technical details related to the use cases.

Publication VII: “Making species checklists understandable to
machines - a shift from relational databases to ontologies”

The author contributed to the publication equally as the first author. The
author was one of the two primary designers of the taxonomic meta-
ontology, and responsible for the computer science expertise, the technical
comparison of the LSID and HTTP URI identifiers, and evaluation of the

models for managing taxonomic information.

10



Author’s Contribution

Publication VIII: “Publishing and Using Plant Names as an Ontology
Service”

The author is the first author of the publication. The author was one of the
two primary designers of the ontology model of the vernacular names, re-
sponsible for the computer science expertise, published the ontology in the
ONKI service, and designed the management process of the nomenclature

based on the SAHA metadata editor.

In addition to these publications, the thesis contains references to related
work by the author. They include the description of the first version of
the ONKI widget [268], the FinnONTO ontology infrastructure [136], the
ONKI2 user interface [258], the SPARQL-based ontology service ONKI
Light [248], the deployment and further development of the ONKI service
by the National Library of Finland [249], and the use of ontology services
in the legal domain [87].

The author has also published other work related to ontology services,
including using the ONKI service in cultural heritage [133], birdwatch-
ing [129], for publishing historical places as on ontology time series [135],
and for visualizing automatically enriched ontology relationships based on
co-occurrences of concepts in annotations [153]. Furthermore, the author
has worked on publishing ontologies in a linked data service [134] and

developing a federated ontology service for historical places [130].

11



Author’s Contribution

12



1. Introduction

1.1 Background and Research Environment

As the amount of information in information systems grows, it is harder
for the users to find relevant information for their needs [137]. Not only
is the information hard to find, but it is not connected to other relevant
information—thus getting an extensive understanding about a topic is
challenging. These issues are intensified in the massive World Wide Web,
which was estimated to contain 11.5 billion indexable web pages already
in 2005 [102], and almost 50 billion of them in a more recent study [263].
The full text search employed by many search engines has several limi-
tations. A simple search algorithm does not distinguish significant words
from non-significant ones in the document, leading to the loss of precision
of the search [46]. The issue can be compensated by ordering the search
results based on their assessed relevancy for the search task [181], effec-
tively displaying the most relevant results first. On the other hand, all
significant terms regarding the information content of the document might
not appear in the document, decreasing the recall of the search [114].
The Semantic Web! [28, 77] is an extension of the current World Wide
Web, providing technologies for processing information based on their
semantics. Managing textual contents on the conceptual level resolves
the issues of purely lexical full text search, such as handling synonymy
and homonymy. A practical subtopic of the Semantic Web is the Linked
Data [27, 112] concept, which is a method for publishing data in an inter-
linked way. The semantic interoperability and interlinking of the infor-
mation contents in the web changes the nature of the web from the web

of documents to the web of data. These technologies enable building of

Ihttp://www.w3.0rg/2001/sw/
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Introduction

services on top of the integrated datasets, for example, providing users
novel search and recommendation interfaces, thus improving information
findability.

Ontologies are at the core of the Semantic Web infrastructure, as they
model the domains of interest in a formal, machine-understandable way.
An ontology acts as a shared conceptualization of a domain [98, 35, 244],
enabling different parties to use a common language when communicating
about the domain [100]. When information objects are described with meta-
data [222, 17, 71, 46] referring to concepts of an ontology, machines can
interpret their meanings. This semantic content annotation enables, e.g.,
the integration of heterogeneous data collections and automatic reasoning
based on the properties of concepts [143, 239].

An ontology can be built by a domain expert, but also methods for auto-
matic and semi-automatic ontology generation exist [176]. Also the content
annotation can be done manually or (semi-)automatically [159, 234, 276].
In addition to ontologies, semantically lighter knowledge organization
systems (KOS) originating from library and information science, such as
subject headings, classifications, and thesauri can be used to harmonize
the used terminology in content descriptions and search [124, 95]. KOSs
can also be utilized in, e.g., query expansion, cross-language search, and as
a navigation aid for accessing contents. Knowledge organization systems
can be interlinked in order to facilitate the integration of data described
using different KOSs, by utilizing the methods of ontology mapping [127]
and matching [233].

An alternative method for using explicit ontology-based metadata for
improving the information findability is to use automatic methods analyz-
ing the contents of information objects. For example, natural language
processing methods can be used to identify the meanings of words based
on their context in a text document [53]. However, the strength of using
explicit metadata is its applicability also to non-textual objects, such as
images and videos, as otherwise text search would not be possible without
reliable content analysis methods.

For facilitating the use of ontologies, specialized software systems—
ontology servers, have been proposed for publishing ontologies and pro-
viding services for using them [79, 68, 9, 108, 60]. Most of the ontology
server implementations introduced in the Semantic Web research have
been designed for developing ontologies, and not for their actual usage,

e.g., in content annotation or information retrieval, and therefore lack

14



Introduction

crucial functionalities needed in applications [9]. The common function-
alities of ontology servers include user interfaces for visualization and
browsing of ontologies, and searching for concepts in an ontology. Several
implementations also provide application programming interfaces (API)
for the programmatic use of the ontologies. In addition to APIs, ontology
functionalities may be integrated into client systems with user interface

components.

1.2 Objectives and Scope

The aim of this thesis is to provide methods and technological solutions for
publishing knowledge organization systems in such a way that they can be
utilized cost-effectively in external applications. As a solution, the notion of
an ontology service is presented. An ontology service is a software system
that can be used by ontology developers for publishing their ontologies,
and by content indexers, information searchers, and application developers
to use ontologies in their tasks. The user needs for knowledge organiza-
tion systems are analyzed, and based on them a set of requirements for
functionalities is formulated. As a proof-of-concept system, implementa-
tions of such an ontology service are provided and their application to
real life cases is reported. The KOSs used in the cases include Finnish
and international thesauri, lightweight ontologies covering general and
domain-specific concepts, and semantically richer biological nomenclatures
and classifications.

The objectives of the ontology services presented in this thesis are:

¢ Ontology publication channel. Provide a complete publication work-
flow for the ontology developers to publish an ontology, or a new version

of it.

e Heterogeneous ontologies. Support for distinct ontology formats by

using a harmonizing data model and configuration options.

¢ Tools for metadata creation. Provide means to ontology-based con-

tent indexing.

e Support for distributed content creation. Facilitate content cre-
ation in distributed workflows, where content is curated by independent

parties and aggregated into one system, e.g., a web portal.

e Facilitate search tasks. Support the use of published ontologies in

15
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information retrieval by offering functionalities, e.g., for query expansion.

e Multiple ontologies and repositories. The users should be able to ac-
cess multiple ontologies, even originating from different ontology services,

simultaneously in a coherent way.

e Programmatic access. Applications should be able to use the on-
tologies via application programming interfaces (API) for searching for

concepts and getting their properties.

e Evaluation by applying into practice. The applicability of the ser-
vices will be tested by building a proof-of-concept system, which is piloted

in real life scenarios.

¢ Promote complex KOSs. The system should support not only simple,

but also richer knowledge organization systems.

Based on these objectives that guide the design and implementation of
the ontology services this thesis seeks to find solutions for the following

research questions (RQ):

1. How can lightweight ontologies be published on the Semantic Web so
that they can be utilized in content indexing and information retrieval

tasks?

2. How can a collection of independent or interconnected ontologies—in dif-
ferent formats and repositories—be published and utilized using shared

user interfaces and APIs?

3. How can richer knowledge organization systems, such as biological
nomenclatures and classifications, be managed as an ontology and pub-

lished using an ontology service?

The research questions are answered with the publications I-VIII. Table 1.
shows which research questions the individual publications contribute to.

The contributions of the publications are summarized in Chapter 3.

1.3 Research Process and Dissertation Structure

The research presented in this thesis has been conducted by applying the
methodologies of design science [182, 116, 211] and action research [24, 42,
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Research question PI PII PIII PIV PV PVI PVII PVIII
RQ1 X X X

RQ2 b X

RQ3 b b X

Table 1.1. The relationship between the research questions and the publications.

62].

Design science is a technology-oriented paradigm in the information sys-
tems discipline that aims to create things that serve human purposes [182].
The significance of a research is determined by the value or utility it
provides—does it work, is it an improvement? Instead of new theories,
the outcomes of design science are innovative and useful artifacts, which
include constructs, models, methods, and implementations. The process of
design science includes two phases: building and evaluation. The nature of
design science tends to be applied: it exploits knowledge created by basic
research to develop new technologies. However, the created artifact and
its working environment might not be well understood, and in such case
the artifact itself presents new scientific questions. By designing, building,
and applying an artifact, knowledge and understanding about a problem
domain and its solution is achieved [116]. As opposed to routine design
and systems building work, design science builds novel ways to solve im-
portant, unsolved problems or provides more effective or efficient ways to
address previously solved problems. The solutions are generalizable and
provide new knowledge for the application domain. The applicability of the
artifact is evaluated in real-world scenarios by observational, analytical,
experimental, testing, or descriptive methods.

Complementing the technological aspect of design science, action re-
search emphasizes the social elements of information systems research.
In an action research setting, scientists and the subjects of the study col-
laborate in order to study and solve problems in organizations [24]. The
research involves two phases: the diagnostic stage to analyze the current
situation and the therapeutic stage to carry out changes to improve the
situation. In contrast to case studies, in action research the researcher
is involved in the studied phenomenon and the research is carried out in
a more rigorous way [23]. The rigor is ensured by following the action
research cycle: diagnosis, action planning, action taking, evaluating, and
specifying learning.

The design of the ontology services presented in this thesis is based on
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analyzing the user requirements of ontology users and existing ontology
server implementations by a) conducting a literature and system review, b)
formulating illustrative use scenarios, and ¢) running a prototype system
as a living lab service, gathering feedback from the actual users of the
system. Based on the cyclic nature of design science and action research,
similar methods have been used to evaluate the purposefulness of the
developed ontology services. The prototype system itself acts as a proof of
concept, demonstrating the utility or suitability of the software artifact for
the given requirements [210]. Furthermore, using the system in an action
research setting in real use cases evaluates the effects of the system use
in real-world situations. By basing the functionalities of the system on
existing research and illustrative use scenarios, the utility of the system is
ensured.

This thesis is organized as follows. The theoretical background of the
work is presented in Chapter 2. Building on the theory and based on
the publications included, the results of the thesis are summarized in
Chapter 3. Finally, the implications of the results, the validity of the work,

and further research are discussed in Chapter 4.
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2. Theoretical Foundation

2.1 Modeling Knowledge Organization Systems

2.1.1 Knowledge Organization Systems

Knowledge organization systems (KOS) originate from library and infor-
mation science, where they are used as schemes for organizing information
and promoting knowledge management [124, 95]. Examples of different
types of KOSs include classification schemes, subject headings, authority
files, taxonomies, thesauri, and ontologies [124, 119, 238, 95]. They provide
a controlled vocabulary in the given domain of interest, and harmonize
the terminology used to describe the information items in information
collections, e.g., in digital libraries or document databases.

In its simplest form, a controlled vocabulary is a list of terms, where
each term corresponds to a concept of the domain. It can also include other
information about the terms, such as synonyms, descriptions, and source
information. A taxonomy arranges the terms in a controlled vocabulary
into a hierarchy, aiding the users selecting a suitable term in, e.g., content
description or information retrieval [91]. Extending taxonomies, thesauri
may include richer information about the terms, such as associative rela-
tions between them [91]. Guidelines for creating, displaying, and managing
thesauri are documented in international and national standards, such as
ISO 25964 [6, 66] and SFS 5471 [2].

Thesauri and other controlled vocabularies are used primarily for im-
proving information retrieval [11, 236]. This is accomplished by using the
concepts or terms of a thesaurus in content indexing, content searching,
or in both of them, thus simplifying the matching of query terms and

the indexed resources (e.g., documents) when compared with using free,
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uncontrolled natural language. The relations of thesauri can be utilized
in information retrieval, for example by expanding query terms to more
specific terms based on the concept hierarchy. Multilingual thesauri can
be used for cross-language search where the information contents or the
related metadata are expressed in different language than the one used by
the end user.

Knowledge Organization Systems, such as thesauri, are of great benefit
for the Semantic Web [19, 282, 193, 106, 262, 278], enabling semanti-
cally disambiguated data exchange and integration of data from different
sources, though not to the same extent as ontologies [240] where the se-
mantics of concepts is defined in more refined and machine-understandable
ways [232, 10]. Ontologies based on thesaurus-like structures can be called
lightweight ontologies [82, 159, 93, 143].

The Simple Knowledge Organization System (SKOS) [188, 19, 189] de-
veloped within W3C is a data model and a syntax for expressing concept
schemes such as thesauri, and is largely compatible with the ISO 25964
thesaurus standard [66, 139]. SKOS provides a standard way for cre-
ating vocabularies and migrating existing vocabularies to the Semantic
Web. SKOS solves the problem of diverse, non-interoperable thesaurus
representation formats by offering a standard convention for presentation.
Existing thesauri can be transformed into SKOS format via conversion
processes [261, 245, 193, 237, 282]. When a thesaurus is expressed as a
SKOS vocabulary, it can be processed with standard RDF/SKOS tools in a
uniform way.

There are also methods for converting thesauri into semantically richer
OWL ontologies [262, 136, 44, 162]. Compared with SKOS conversion
techniques, the OWL-based methods cannot be fully automated, as they re-
quire human effort for refining the semantic relations of the concepts [162].
Especially the is-a hierarchy of the ontology needs to be carefully con-
structed since the hierarchy of a thesaurus may have been built using a
mix of different hierarchical relations [136, 162], which cannot be used as
is for, e.g., subclass reasoning. The use of existing thesauri as the basis for
ontologies enables the backwards compatibility with legacy data annotated
with the thesauri, and facilitates the publication of the data as Linked
Data.

This thesis seeks to develop publication methods for the cost-effective
utilization of KOSs in, e.g., content indexing and information retrieval. In

this context, SKOS is applied as a harmonizing model for representing
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KOSs.

2.1.2 Interlinked Ontologies

In Linked Data paradigm, entities can be linked on many levels: data
instances [112, 140, 103], metadata schema fields [267], and concepts of
ontologies [286] can be interlinked to facilitate interoperability between
datasets. Linking the data through ontologies allows additional interoper-
ability due to the inferred knowledge gained through the shared ontology
semantics [121]. When integrating datasets that use different ontolo-
gies (or KOSs), the ontologies need to be reconciled. Ontology reconcili-
ation [104, 283] is a broad term, covering ontology merging, alignment,
and integration. Most of the reconciliation methods are automatic or semi-
automatic, which can lead to lower quality [32], especially if the ontologies
were originally expert-made [73].

To faciliate the interoperability between different ontologies, there have
been efforts to establish guidelines for the creation and management of
ontologies, e.g., in the context of the OBO Foundry initiative [235]. The
focus in OBO Foundry is on coordinating the development of different
ontologies in the biomedical domain under shared principles. General,
domain-independent ontology design principles have been proposed by
several researchers [99, 260, 101, 191, 273, 89]. Linked Open Vocabularies
(LOV) [267] is an effort on building a high quality catalogue of reusable
vocabularies, and making their interconnections visible. Instead of KOSs,
LOV focuses on metadata schemas.

Ontology linking methods are used also in ontology modularization [243,
71, where ontologies are divided into smaller interlinked parts to facilitate
distributed development and re-use. There have been several efforts on
building a general upper ontology [184] that can be used as a foundational
basis for domain ontologies. Some of the upper ontologies have been
developed from scratch, such as CYC [170], while, e.g., the Suggested
Upper Merged Ontology SUMO [194] was created by merging existing
ontologies.

For ensuring the consistency of interlinked ontologies, the changes of the
ontologies have to be communicated to the dependent ontologies, e.g., by
applying methods from the field of ontology evolution [281, 111, 169, 81,
128]. Methods include the detection of changes in an updated ontology by
using logs [242, 157, 144] or comparing two versions of the ontology [164,
272]. To facilitate the processing of changes, different change types can be
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identified [246, 186], or more abstract change patterns can be constructed
from atomic changes [160, 157, 144]. There has also been research on the
nature of the change types the users are most interested in [37]. Also, the
extra challenges of distributed ontology development [160, 241, 175, 146]
have to be addressed when operating with interlinked ontologies.

This thesis aims to design methods and tools for managing and publishing
an interlinked cloud of cross-domain ontologies in such a way that they can
be utilized using shared user interfaces and APIs. The approach is based
on modularizing the ontology development work into an upper ontology
and domain ontologies extending it, and keeping track of their semantic

dependencies.

2.1.3 Biological Nomenclatures and Taxonomies

Management of names and taxonomies of organisms in biology is an
example use case for the need of a complex KOS that cannot be rep-
resented using simple, general KOS presentation languages, such as
SKOS. In biology, taxonomy refers to the discipline that identifies, de-
scribes, and names groups of organisms (taxa) based on their shared
characters [150]. The organism groups are organized into taxonomic hi-
erarchies. Taxon names and classifications are important when integrat-
ing biological data from multiple sources [225, 201, 145, 253], and are
therefore considered central resources, for example in biodiversity man-
agement [25, 200, 228, 215, 85, 86, 105, 206, 219]. The changing nature of
the names poses challenges for their management [148, 166, 208, 229].
There are several issues that make the biological nomenclatures and
classifications a suitable domain for the study of the modeling and pub-
lishing a rich KOS as an ontology. 1) Biological names are not stable or
reliable identifiers for organisms as they or their meaning change in time.
2) The same name can be used by different authors to refer to different
taxa, and a taxon can have more than one name. 3) Taxonomic knowledge
is changing all the time and increases due to new research results. The
number of new organism names in biology increases by 25,000 every year
as new taxa to science are discovered [163]. At the same time, the rate
of changes in existing names has accelerated by the implementation of
molecular methods suggesting new positions to organisms in taxonomies.
4) The notion of ’species’ in the general case is actually very hard to define
precisely. For example, some authors discuss as many as 22 different ways

of defining the concept of species [185].
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Figure 2.1. A hypothetical example of changes in taxonomic concepts and taxon names
in time. First, two separate species A and B partly overlap (a). Then the two
species are merged into a single species that has the name A, and the name B
becomes a synonym to the name A (b). Finally, the species A is split into two
separate species. The name A remains a valid name with a narrower meaning,
and the name C is given to the new taxonomic concept. The black squares
illustrate the biological characters of organisms, and the ellipses describe the
limits of taxonomic concepts.

Although biological naming convention is regulated by nomenclature
codes, e.g., International Code of Zoological Nomenclature (ICZN) [138]
and International Code of Nomenclature for algae, fungi, and plants
(ICN) [187], the names cannot be used as reliable identifiers when re-
ferring to taxa due to their ambiguity. Figure 2.1 depicts a typical series
of changes in taxonomic concepts and their names. The border between
the two species is unclear, and later the two species are merged into a
single one, which is finally split into two (or more) species again. The taxon
names may or may not change accordingly. Both the taxonomic concepts
and their names change over time, and tracing the meaning of a name is
impossible without a reference to a study. The reason for the continual
changes is that every study has a different set of taxa, biological characters,
and methods, and consequently their results are different.

A species checklist is a collection of names of organisms of a certain
taxonomic group, compiled into a single taxonomic hierarchy by scientific
experts. Checklists often present the species occurring in a particular
geographical area. Comprehensive reference lists and catalogues of the
names have been proposed as a solution to facilitate the access to the names
and harmonize their usage [285, 105, 65, 208, 225, 173]. The need for such
a list has been recognised, e.g., for vascular plants by the Convention on
Biological Diversity (CBD) [5].

There are efforts on curating or aggregating taxon names from authorita-
tive sources covering all species groups in the world, such as the Catalogue
of Life (CoL) [223], the Encyclopedia of Life (EoL) [207], the Universal
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Biological Indexer and Organizer (uBio) NameBank [225], WikiSpecies!,
the NCBI Taxonomy database [76], Open Tree Taxonomy [120], GBIF
ChecklistBank [94], Index to Organism Names (ION)2, and BioNames [203].
Other efforts are focusing on specific taxonomic groups or regions, such as
ZooBank [215], the International Plant Names Index (IPNI) [55], World
Register of Marine Species [51], Fauna Europaea [64], and the Atlas of
Living Australia®.

Berendsohn [25] introduced the concept of a "potential taxon” to overcome
the name ambiguity issues. A potential taxon is a combination of a taxon
name and a literature reference to the taxonomic concept, that can be
used, e.g., in databases for taxon references, enabling the interlinking of
differing taxonomic views [26]. The importance of persistent identifiers for
organism names has been further discussed by several researchers [200,
209, 225, 205, 219].

Pullan et al. [214] presented the Prometheus data model for manag-
ing taxonomic nomenclature and multiple related classifications sepa-
rately, while Ytow et al. have developed the Nomencurator data model
for representing and managing taxonomic nomenclature in a relational
database [280]. Page [200] presented a simple data model for present-
ing taxon names and their relations, using using Life Science Identifiers
(LSID) for identifying them. The use of LSIDs has been suggested also
by organizations publishing taxonomic data [212, 56, 221], and piloted,
for example in the Catalogue of Life database [148]. Further, Schulz et
al. [228] presented an ontology model of biological taxa and its application
to physical individuals. The model is based on a single unchangeable clas-
sification. Franz and Peet [85] formulated the use of semantics in relating
taxa to each other, within a single taxonomic hierarchy and between two
distinct hierarchies. Franz and Thau [86] evaluated the limitations of
applying ontologies to the scientific names and concluded that ontologies
should focus either on a nomenclatural point of view or on strategies for
aligning multiple taxonomies.

As a use case for taxonomic ontologies, Lepage et al. [171] have im-
plemented the Avibase database system for managing and organizing
taxonomic concepts from major bird taxonomic checklists. There are also

practical efforts on publishing taxonomic concepts as Linked Data, such

1http ://species.wikimedia.org
2http ://www.organismnames . com
3http ://www.ala.org.au
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as Taxonconcept.org? and Geospecies® that aim to provide Linked Open
Data identifiers for species concepts and link them to related data from
different sources. Chawuthai et al. [48] have presented an ontology model
for managing the change of taxonomic concepts and publishing them as
Linked Data.

In addition to data models that are focused on taxonomic information,
there are metadata schemas for exchanging biodiversity data on broader
scope, such as Darwin Core (DwC) [61, 277], the related Taxonomic Concept
Transfer Schema (TCS) [251, 155], created by the Biodiversity Information
Standards (TDWG), Access to Biological Collection Data (ABCD) [125],
and Biological Collections Ontology (BCO) [271]. Darwin Core has a set
of taxonomic extensions, Global Names Architecture (GNA) Profile [220],
that introduces properties for richer nomenclatural details of taxa. Also, a
semantically refined version of Darwin Core, Darwin-SW [22], has been
proposed.

Methods of ontology versioning [161], evolution [195], and matching [233,
74] are relevant in management of taxonomic and nomenclatural informa-
tion, as there exist multiple views on taxonomy and taxonomic knowl-
edge changes as new research results are published. Thus, systems
that support the usage of multiple versions of ontologies [128] and con-
cepts [252] simultaneously are needed. There are approaches that are
focused on life science ontologies, providing support for mapping ontolo-
gies [97, 110, 158], and systems for matching taxonomic concepts between
databases [115, 202, 148, 51, 36, 218, 266, 84].

This thesis uses biological nomenclatures and classifications as an exam-
ple use case of modeling and managing a richer KOS as an ontology. The

focus is on practical management of the names and their changes.

2.2 Publishing and Using Knowledge Organization Systems

2.2.1 Ontology Servers

Once an ontology is modeled and serialized in some format, such as SKOS
or OWL, it can be published for the wider community to be used as a

shared domain model. In order to facilitate the usage of ontologies, on-

4http ://www.taxonconcept.org
5http ://1lod.geospecies.org
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tology servers [79, 68, 9, 108, 60] have been proposed for publishing on-
tologies and vocabularies on the web. Together with ontologies they have
been considered a key resource for enabling the vision of the Semantic
Web [136, 18, 108, 60]. The motivation for publishing ontologies using
ontology servers instead of making them available as mere data files is to
support the use of ontologies in applications. Ontology servers can provide
ready-to-use services that can be integrated into information systems in
a cost-effective way. Without such services, the user organizations have
to implement the common functionalities for accessing ontologies in their
own systems, leading to redundant work.

Parallel terms with ontology server are ontology library, ontology reposi-
tory, and ontology service, each with a slightly different emphasis on the
topic. In addition, the community of Networked Knowledge Organization
Systems (NKOS)8, that aims to develop web-based information services to
support the description and retrieval of diverse information resources us-
ing KOS, uses the terms terminology registry and terminology services [95].
Common to these systems is that they are intended for publishing, manag-
ing, sharing, finding, and reusing ontologies and vocabularies for content
indexing, information retrieval, content integration, and other purposes.
Traditionally, the main focus in ontology server systems has been in sup-
porting ontology development instead of the runtime usage of ontologies
such as indexing and ontology-based end-user applications [68, 9]. The
features of the systems vary greatly as they are designed for different
purposes and based on specific user requirements [60].

An ontology server can support different phases in the ontology lifecycle,
which can be defined as 1) design, 2) commit, and 3) runtime [9], or in
a more fine-grained way as 1) acquisition, creation, and modification of
vocabularies, 2) publication of vocabularies, 3) access, search, and discovery,
4) use, and 5) archiving and preservation of vocabularies [95]. The different
lifecycle phases involve different user groups, which can be classified into
ontology developers, ontology users, and application developers [60], or
similarly in the NKOS community into KOS owners or creators, end users,
and system developers [95]. The design phase covers tasks involved in
ontology development, such as ontology engineering or editing, storing,
versioning, mapping, and publishing. Once an ontology is published, the
commit phase refers to the activity where a user is trying to find a suitable

ontology for her needs, and needs support for discovering and evaluating

6http://nkos .slis.kent.edu
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candidate ontologies. In the runtime phase, the user needs tooling for
finding concepts for a given task, such as content indexing. Based on
a survey of ontology servers, d’Aquin and Noy [60] have identified the
key functions of an ontology server to be search, browsing, selecting and
evaluating ontologies, and programmatic access to ontologies. Similar
features have been recognized also by other researchers [108, 18, 95].
Most ontology servers are web-based systems that catalogue ontologies
on a specific domain, such as biomedical sciences [235, 279, 196, 52], agri-
culture’, oceanography [224, 167], government®, by a specific organization,

such as Library of Congress Linked Data Service?

, or with no such restric-
tion. They provide access mechanisms to ontologies as user interfaces,
APIs, or both of them [9, 60]. The user interfaces typically include search
and browsing functionalities for finding ontologies and concepts in them.
Search functionalities can be provided as string search based on the labels
or other textual properties of the concepts, and utilizing the semantic rela-
tions of the concepts. Browsing interfaces typically visualize the structure
of an ontology as a hierarchical tree or as a graph, where the concepts
are presented as nodes and the relations as arcs between them. Ontology
servers can provide users with listings of available ontologies, which are
often classified based on different criteria. In some implementations, the
set of ontologies can be further filtered and investigated using a faceted
search.

Some ontology servers have been implemented for publishing a single,
specific ontology, such as SUMO Browser [230] and GTAA Browser [40],
whereas some systems focus on providing a directory-like listings
of ontologies, such as DAML Ontology Library'®, Protégé Ontology
Library!l, OBO Foundry [235], 0eGOV, OntologyDesignPatterns.org [33],
SHOE ontology library [113], Basel Register of Thesauri, Ontologies &
Classifications (BARTOC) [168], and TaxoBank [122]. There are sys-
tems that focus on the ontology development and editing functionalities,
such as iQvoc [20], PoolParty [226], VocBench [43], TemaTres'?, SKOS
Shuttle!3, TopBraid Enterprise Vocabulary Net [255], SKOS editor [50],

7http://agroportal.lirmm.fr

8http://oegov.us

9http://id.loc.gov

10http://www.daml.org/ontologies/
11http://protegewiki.stanford.edu/wiki/Protege_Ontology_Library
12http://www.vocabularyserver.com

13http://skosshuttle.ch
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PeriodO gazetteer [231], Neologism [21], Open Metadata Registry [213],
WebOnto [69], Adapted Ontology Server [49], Ontolingua Server [75], and
Medical Ontology Server [92].

Inter-ontology relations are considered important in several ontology
servers, such as BioPortal [196], ACOS [172], MMI Ontology Registry
and Repository [224], CATCH Vocabulary and alignment repository [264],
ROMULUS [156], and Ontohub [190], as they support the creation and
representation of concept mappings. There are systems that emphasize
community-based aspects, such as uploading, rating and commenting on
the ontologies. These ontology servers include, e.g., BioPortal, ACOS, and
CupBoard [58].

There exist several search engines that crawl the web for RDF data and
index them, such as Swoogle [67], Watson [59], and Sindice [198] for any
data, whereas OntoSelect [41] and Falcons [217] are designed especially
for ontologies. OntoSearch2 [254] is a similar ontology search engine, but
it uses its own repository as opposed to crawling the public web. Such
systems can be useful when searching for suitable ontologies to use in
applications, and provide an overview of web-published ontologies in a
specific domain.

Many ontology servers provide APIs for accessing the ontologies, typi-
cally for querying for ontologies and/or their concepts, and getting infor-
mation about them. There are several specifications for APIs, such as
Foundation for Intelligent Physical Agents (FIPA) Ontology Service [4]
and Ontology Web Services (OWS) [57]. There are API implementations
for processing ontologies in programming languages, e.g., the Java-based
SKOS API [151], OWL API™, and the APIs in DOGMA Server [141] and
KAON Server [197]. For accessing ontologies on the web, there are several
ontology servers that provide Web Service (SOAP) APIs, e.g., SKOS Web
Service API [257], OCLC Terminology Services [269], Ontology Lookup
Service (OLS) [52], Watson, CATCH Vocabulary and alignment reposi-
tory, and NERC Vocabulary Server [167]. A more recent approach is to
provide access to ontologies through a RESTful HTTP API, such as in
the case of SISSVoc [54], OCLC Terminology Services, Otago Ontology
Repository [204], BioPortal, iQvoc, PoolParty, NERC Vocabulary Server,
HIVE [96], TemaTres, and SKOS Shuttle. SPARQL [107] is the standard
way to provide an application interface to Semantic Web databases, and it

can be used also to access ontology repositories. Similarly, general RDF

14http ://owlapi.sourceforge.net

28



Theoretical Foundation

libraries can be used for processing ontologies, such as Apache Jenal®
and RDFLib'®. Ontology servers such as OCLC Terminology Services and
BioPortal provide widgets, user interface components that can be inte-
grated into applications, to enable ontology-based search functionalities in
applications.

To facilitate simultaneous access to several ontology servers, shared
access mechanisms and protocols are needed. Open Ontology Repository
(OOR) [18] is an initiative that aims to specify an architecture and in-
terfaces for interoperability between ontology repositories. Also other
researchers have emphasized the importance of interoperability between
ontology repositories [60, 108]. Ontohub is an ontology repository engine
that follows the ideas of the OOR initiative, and provides inter-repository
access by defining a generalized federation API that needs to be imple-
mented in the participating repository or as a wrapper around the legacy
API of the repository. Common Ontology API Tasks (OntoCAT) [8] is a
programming interface to query multiple ontology repositories seamlessly
from an application. The system is based on wrappers that are imple-
mented for each supported ontology repository. OLS20WL [90] is a plugin
for Protégé ontology editor enabling simultaneous queries to multiple on-
tology servers by using a similar wrapper approach as in OntoCAT. JSKOS-
API [168] is a general HTTP API for accessing knowledge organization
systems, with methods for concept search and lookup. By implementing the
API in multiple ontology servers or using wrappers, it is possible to provide
inter-repository search and browsing interfaces. There are also general
protocols for accessing knowledge bases, such as the Open Knowledge Base
Connectivity (OKBC) [47], and agent communications languages FIPA-
ACL [3], the Knowledge Query and Manipulation Language (KQML) [80],
and the Semantic Agent Programming Language (S-APL) [152].

Regarding the different aspects of ontology servers, the focus of this
thesis is to provide publication channels for ontologies in different formats
and support for their runtime use, e.g., in a network of distributed content
creation. One of the design principles is the support for the use of multiple

ontologies and ontology repositories simultaneously.

15https ://jena.apache.org
16https://rdflib.readthedocs.io/en/stable/
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2.2.2 Semantic Annotation and Information Retrieval

The typical use cases for ontologies and other knowledge organization sys-
tems are semantic annotation and information retrieval. Both these tasks
can be facilitated with ontology services. In ontology-based manual an-
notation human cataloguers create content descriptions using ontological
concepts [159, 199, 16]. The annotation process is usually guided by index-
ing guidelines and conventions that may be general [1, 15] or shared by
particular disciplines or organizations. The created metadata can be based
on a specific schema, which can be a simple collection of key-value-pairs,
such as Dublin Core [63], or a semantically richer model with relations
between the individual metadata fields [250, 227]. The annotation task
can be defined as a process of analyzing the content to be annotated, find-
ing relevant ontological concepts from the selected ontologies, and storing
them in metadata fields. The process can be streamlined and made more
effective with different kinds of automated tools [17].

Based on a user study, Hildebrand et al. [118] have identified the follow-

ing use cases of a human annotator for a concept search:

e The user already knows the concept she would like to use as a descriptor

for the content, and wants to find the concept from the used thesauri.

e The user does not know the most suitable concept for the content descrip-

tion beforehand and she needs to examine the thesauri to find one.

e The user suspects that the used thesauri do not contain a concept she
would need for the task, and she needs to ensure this before she adds a

new concept into one of the thesauri.

The human annotator’s task to find the best matching concepts for her
needs can be aided by providing concept search and browsing functional-
ities. These general functionalities can be provided by ontology servers
as APIs and user interface components that can be used for integrating
them into applications. The importance of such services for thesaurus
use, sharing, and interoperability has been emphasized by several re-
searchers [95, 183, 216, 284, 30, 119, 124]. Such an approach relates to
the notion of service-oriented architecture (SOA) [231, 70, 154], where
software components are provided as technology independent services to
other applications to be used over a network through a communication

protocol.
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Regarding the ontology services discussed in the previous section, OCLC
Terminology Services provides a widget for querying controlled vocabu-
laries and displaying information about their terms in the sidebar of the
Internet Explorer browser, and transferring selected terms into a web-
based cataloging application [269]. BioPortal provides web widgets that
can be integrated into web applications, for concept search, selection, and
visualizing ontologies [196]. The use of SKOS Web Service API as web
widgets has been demonstrated in the STAR project by providing function-
alities for concept search, expansion, and presentation [31].

Hildebrand et al. [117] have implemented a configurable autocompletion
search widget for RDF repositories, based on which Amin et al. [14] have
conducted a user study on the organization strategies for the autocom-
pletion suggestions to provide effective means of navigation and finding
relevant terms. Further, Hildebrand et al. [118] performed a user study in
which museum professionals used the widget for annotation. They reported
on different strategies for matching, sorting, grouping, and displaying con-
textual information for the autocompletion suggestions. Malaisé et al. [179]
conducted a user study on expert annotators using GTAA Browser, and
concluded that the users mainly used the alphabetical search functionality
to find relevant concepts, whereas the concept hierarchy browser was not
used that much.

The ability of the information retrieval systems to produce relevant
search results depends on the user’s ability to represent her information
needs in a query [270]. If the vocabularies used by the user and the system
are not shared, or if the vocabulary is used in different levels of specificity,
the search results are usually poor. Query expansion has been proposed to
solve these issues and to improve information retrieval by expanding the
query with terms related to the original query terms [45]. Query expansion
can be based on a corpus, e.g., analyzing the co-occurrences of terms,
or on knowledge models, such as thesauri [83, 274] or ontologies [270].
Methods based on knowledge models are especially useful in cases of
short, incomplete query expressions with few terms found in the search
index [270, 274].

Ontology-based query expansion can be used interactively to guide the
user to formulate his query, for example by providing an autocompletion
text search for disambiguating and selecting ontological concepts [132],
and automatically by adding concepts to the initial query based on their

ontological relations [34, 123, 29, 180, 149]. Typical relationships used in
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query expansion are the synonym, hyponym, hypernym, and associative
relations [14, 126, 147, 142, 72]. When considering general associative
relations, caution should be exercised as their use in query expansion can
lead to an uncontrolled expansion of result sets, and thus to potential loss in
precision [256, 126]. In an experiment by Navigli and Velardi [192], it was
noted that extracting the query expansion terms from the sense definitions
of the query terms from an ontology produced better results than using
the taxonomic relations (e.g., synonym, hypernym). Ontology-based query
expansion can also be used for cross-language information retrieval [45],
and in addition to general-purpose ontologies, domain-specific ontologies
can be utilized, e.g., for spatial query expansion [88]. A concrete example
of a terminology service with query expansion support is the FACET
Web demonstrator [30] that provides a web service and user interface for
accessing thesauri.

This thesis aims to develop practical solutions and tools for ontology-
based content annotation and information retrieval. The common user
tasks of such workflows are catered by providing user interface components

and APIs that can be integrated into external applications.
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3. Results

In the following, the results to the research questions of this thesis are
presented. Furthermore, the results are reflected against previous research

in Chapter 4.

3.1 Ontology Services (RQ1)

The research question 1 concerns publishing thesauri in such a way that
they can be easily and cost-effectively used in ontology-based workflows,

especially in content indexing and information retrieval.

1. How can lightweight ontologies be published on the Semantic Web so
that they can be utilized in content indexing and information retrieval

tasks?

The publications I-III provide solutions for this question by presenting
ontology services. The main idea is to publish the ontologies not only
as data, but as services that can be used by humans and machines for
integrating ontology-based functionalities into applications, provided as
user interfaces and application programming interfaces (API). The func-
tionalities of the developed ontology services were developed based on the
analysis of the user groups of ontologies, acting in different phases of the
life cycle of an ontology.

The main user groups of ontologies were identified as 1) ontology de-
velopers, 2) content creators, 3) information searchers, and 4) software
developers. In Publication I, their needs for using ontologies are classified

into the following tasks.

1. Designing the ontologies. The structure and modeling principles of

an ontology are developed based on the analysis of the subject domain
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and the use cases of the ontology. Ontology developers need tools for

creating the ontology, collaborative editing, reuse, and alignment.

2. Populating the ontologies. An ontology may contain a high amount
of instances, e.g., people, organizations, and places. To save efforts, they
can be harvested from existing sources, or collected from the end users.

Tools may provide support for content collection and updating processes.

3. Publishing the ontologies. To promote the use and reuse of an on-
tology, the ontology owners can make it accessible to the users. Prior
to publishing the ontology, its quality can be ensured with manual and

automatic methods.

4. Finding, comparing, and committing to ontologies. When there
is a need to use an ontology in an information system, the information
architect of the system needs support for selecting a suitable ontology for

her needs.

5. Ontology-based semantic application creation. Application de-
velopers need to learn, evaluate, and apply methods for integrating
ontologies into applications, e.g., by using user interface components and
APIs.

6. Ontology-based semantic content creation. The work of content
indexers can be facilitated by providing tools, e.g., for browsing the ontolo-

gies, searching and selecting concepts, and (semi-)automatic indexing.

7. Ontology-based end-user applications. Application developers can
utilize an ontology for building end-user applications, such as semantic
portals, to facilitate information findability. The ontology can function as

an educational resource for end users to learn about its domain.

The common functionalities for utilizing ontologies in ontology-based
applications of different kinds were identified as concept search, browsing,
and selection. The developed user interfaces, widgets, and APIs are de-
signed to support these basic tasks. The proposed ONKI ontology service is
based on several implementations of ontology servers suited for ontologies
of different kinds due to distinct needs for accessing them. For example,
a natural way to display a thesaurus is a tree-like visualization, whereas
the users of geographical ontologies may prefer map-based user interfaces.
Publication II presents an ontology server for thesaurus-like, lightweight

ontologies, the ONKI SKOS system. The system supports publishing of
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syntactically, semantically, and structurally differing thesaurus formats,
with the requirement that the thesaurus has to be in RDF format and
have some basic structure including concepts, their labels, and possible
inter-concept relations.

Existing thesauri in legacy formats can be converted into W3C’s SKOS
data model, which acts as a harmonizing model for expressing knowledge
organization systems. Such thesauri can be published in the ONKI SKOS
server, which then provides functionalities for the users of the ontology.
Thus, organizations developing thesauri do not have to implement their
own thesaurus-specific publication systems and the users can use different
thesauri with shared tools. The real-life benefits of using the ONKI SKOS
server have been demonstrated by applying the system to use cases of
a) content indexing in health promotion and cultural heritage context,
among others, and b) information retrieval in the collections of the Finnish
museums of forestry. The ONKI service enables content creation in a
distributed network of organizations, where each organization uses shared
ontologies and ontology services for accessing them, thus harmonizing the
created metadata and facilitating information integration.

Publication III gives a detailed view on how the query expansion facil-
ities of the ontology service are used in practice in information retrieval
scenarios. The query expansion widget uses the semantic relations of the
ontology to refine the query with additional query terms to increase the
recall of the search. For example, if the user is searching for "animals”,
the query can be expanded to include also ”cats” and "dogs” based on the
concept hierarchy.

As a proof of concept for the process of converting a legacy thesauri
into the SKOS data model and publishing it in the ONKI SKOS service,
the case of Finnish General Thesaurus YSA, is reported. YSA has been
developed in the National Library of Finland since 1987 and is widely used
in libraries, museums, and archives in Finland. In addition to YSA, over
80 national and international vocabularies, taxonomies, and ontologies are
published in the ONKI SKOS system.

The user interface of the ONKI service, including the ontology directory,
search view, and ontology browser have been developed in an iterative
process where different versions of the system have been published and
made accessible online as ONKI1 (Publication I), ONKI2 [258], ONKI3 [12],
and ONKI Light [248]. The ONKI system has been run as a living lab

ontology service since the official announcement in the autumn of 2008,
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and before the successor service, Finto! of the National Library of Finland,
was publicly released in January 2014, the ONKI service had over 10 000
monthly users (excluding the widget and API users), with 400 registered

user domains for the widget and API use.

3.2 Publishing Multiple Ontologies (RQ2)

The research question 2 extends the research question 1 by introducing
the dimension of multiple ontologies and ontology repositories used simul-

taneously.

2. How can a collection of independent or interconnected ontologies—in dif-
ferent formats and repositories—be published and utilized using shared

user interfaces and APIs?

Such a multi-ontology scenario is prevalent in many cases, for example
when indexing content with more than one ontology, or when trying to find
and choose a relevant ontology for a specific use case. The publications IV
and V present methods for solving issues in such use cases.

Publication IV discusses the publication of an ontology cloud consisting
of individual, interconnected ontologies. The system is based on an upper
ontology and domain-specific ontologies extending it. The publication
process involves merging the component ontologies into a single, coherent
representation, and using the ONKI service to publish it to end users.
The structure of the ontology cloud appears as a single whole to the users,
without emphasizing the ontology boundaries. Thus, the users should be
able to use it in a straightforward way, for example in content indexing,
focusing only on the main task of choosing relevant concepts, not ontologies.

The motivation for building such an ontology cloud is to facilitate the
data integration of heterogeneous datasets from different domains, using
domain-specific ontologies. The approach complements other existing
techniques in data integration on the Semantic Web—data entity linking
in Linked Open Data (LLOD) and metadata schema linking in Linked
Open Vocabularies (LOV). The formation of an ontology cloud can be more
efficient since the mappings between ontologies can be reused for different
datasets. Using an upper ontology as the base for the cloud instead of

mapping individual ontologies on a one-to-one basis eliminates redundant

Ihttp://finto.fi
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mapping work.

For building such an ontology cloud for end users, ontology development
and management processes need to take into account the semantic depen-
dencies between the individual ontologies. This includes the identification
of conceptually overlapping parts of the ontologies to avoid redundant
development work, and the communication of the changes of the upper on-
tology to the domain ontologies extending it. The feasibility of the approach
was demonstrated in practice by building the ontology cloud KOKO of more
than 47,000 concepts, based on the Finnish General Finnish Ontology YSO
and 15 domain ontologies. The ontologies were developed by a network of
domain experts, where each organization took responsibility for managing
a single domain. Based on the experiences in building KOKO, a set of seven
principles guiding the building and management process of the cloud, was
formed. The principles are general enough to be applied to other ontology
clouds as well. The principles aim to streamline the ontology development
process and ensure the semantic integrity of the resulting cloud, especially
concerning the transitive subclass hierarchies of concepts. The developed
approach of the proactive linking of ontologies as part of their development
phase instead of mapping them afterwards aims to minimize redundant
work and maximize interoperability.

Publication V discusses an environment consisting of several ontology
repositories, where users need to access the repositories concurrently. The
proposed Normalized Ontology Repository (NOR) approach allows access-
ing ontology repositories using shared tools and user interfaces based on
a) harmonizing the representation of concepts in ontologies by using the
SKOS data model, and b) providing a uniform API that encompasses the
general ontology access needs, such as functionalities for getting the meta-
data of ontologies in the repository, searching for concepts, and querying
their properties.

Based on the approach, it is possible to give the user an overview of
the ontologies available in a set of ontology repositories. This helps the
user to choose a suitable ontology repository or a specific ontology for her
needs. The user can browse the ontologies using a uniform browser view,
eliminating the need for learning to use ontology-specific user interfaces.
The NOR API and concept representation is an extra layer on an ontology
repository, meaning the functionalities of the repository are not restricted
in any way. When the user has found a suitable ontology, she can move

from the uniform NOR browser to the possible own, specialized user inter-
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face provided by the underlying ontology repository. This mechanism is
motivated because different ontologies might benefit from access mecha-
nisms of different kinds, such as user interfaces and APIs. The system also
allows the simultaneous usage of public ontology repositories and private
repositories of organizations.

To demonstrate the feasibility of NOR, it has been applied in real-life
use scenarios. The ONKI ontology repository itself uses such an approach
for providing a uniform user interface for searching and browsing over 80
vocabularies and ontologies published in the ONKI SKOS backends. The
backends encompass ontologies in different RDF-based formats, such as
SKOS and RDFS, which are accessible via an HTTP API that provides
a concept search functionality and normalizes the representation of the
concepts. The ONKI frontend provides users with a possibility to perform
a global search to all the ontologies at the same time. The system also in-
cludes a directory listing of all the ontologies available and offers a faceted
search view to them, so the user can find such ontologies, for example,
whose subject domain is "business” and are published by "FinnONTO
Consortium”. The directory listing is built using a uniform metadata
representation of the ontologies in the system. ONKI Widget uses the
NOR approach in an even more heterogeneous environment, by providing
users with access to not only ONKI SKOS backends, but also to the ONKI
Geo ontology server [131], offering access to the geographical ontology of
Finnish contemporary place names. The approach has also been tested by
implementing a metasearch prototype for accessing the ontologies of ONKI
and BioPortal repositories simultaneously, and even for accessing more
general data repositories than ontology repositories, the CultureSampo
portal [178] and SAHA metadata editor [165].

The relationship between the ontology cloud and NOR methodologies is
a complementary one. The ontology cloud enables interoperability on the
ontology level, whereas the NOR approach is focused on compatibility on
the ontology service level. Building an ontology cloud requires mapping
effort between the domain ontologies and the general upper ontology,
and thus makes evident the relations between datasets described using
different domain ontologies. On the other hand, in the NOR approach the
ontologies are presented using a harmonized data model, but there is no
need to map the ontologies to each other on the concept level. Thus, the
system can be used for simultaneously accessing and processing even a set

of mutually unrelated ontologies with shared tools.

38



Results

3.3 Complex Knowledge Organization Systems (RQ3)

The research question 3 concerns the applicability of the Semantic Web
technologies to managing richer KOSs as ontologies and publishing them

using ontology services.

3. How can richer knowledge organization systems, such as biological
nomenclatures and classifications, be managed as an ontology and pub-

lished using an ontology service?

As a case study, the publications VI-VIII present the modeling and man-
agement of biological names and classifications. The proposed solution is
an ontology model for taxonomic concepts and their scientific and vernacu-
lar names. Publication VI presents the Taxon Meta-Ontology (TaxMeOn)
model which is aimed for the following data: 1) species checklists and map-
pings between them, 2) vernacular name collections, and 3) the changes of
scientific names and classifications, and differing opinions of taxonomic
concepts based on biological research results. The model makes a dis-
tinction between the taxonomic concept and its name. Thus, they can be
managed separately, and the nomenclatural changes and re-classifications
of a concept can be tracked and managed.

The model is flexible in a sense that it is designed to be suitable for
data with different levels of details. The simplest use case is to express a
static list of taxon names, but the model also supports more complex needs
of representing the changes of names and taxonomic concepts. As the
model is based on Linked Data, it offers possibilities to link divergent data
serving divergent purposes and detailed information with more general
information.

An advantage of the model is its practicality and applicability to real-life
use cases. This is demonstrated by applying it into three use cases: 1)
publishing biological species checklists in an ontology service (27 lists,
over 80,000 names), 2) collaborative management of vernacular names (ca.
26,000 taxa), and 3) management of individual scientific name changes
resulting from biological research results (9 genera).

Publication VII presents the use case of applying TaxMeOn into modeling
and publishing species checklists of scientific names, and compares the
ontology model with storing the checklists in a legacy relational database.
The model allows mapping of taxa between different checklists (e.g., based

on their congruency) and representing and managing the changes in taxo-

39



Results

nomic concepts, their classifications, and names in individual checklists.
The main advantages of the ontology model as opposed to a traditional
database are the linkability to other datasets, extendability of the data
model, (re)usability of the data via standard publication mechanisms, and
possibility to edit the data with standard RDF tools. This means that the
ontologies can be utilized in applications using general ontology services,
without the need to implement domain-specific access mechanisms for
biological name collections.

The species checklists were published in the ONKI ontology service, fa-
cilitating their reuse via user interfaces and APIs. The ONKI browser
interface can be used for searching and browsing taxa, finding currently
valid names, and tracing the temporal changes in the scientific names.
The ONKI autocompletion widget provides a way for integrating an access
mechanism to checklists into user applications, e.g., a content management
system. Furthermore, HTTP and SOAP APIs are available for program-
matic access and a SPARQL endpoint for querying the ontologies.

Publication VIII gives a more thorough presentation on how the TaxMeOn
model can be applied into management of vernacular names. The model
provides a solution for managing the approval process of common names,
supporting the temporal tracking of their changes via statuses and their
time stamps. The system is used by the Finnish Biology Society Vanamo?
to manage the Finnish names of vascular plants in a collaborative way.
In the typical workflow, a new common name is first proposed for a plant,
after which it can be accepted to be the recommended name, and finally it
can be made an alternative if another recommended name is introduced
later.

We present the complete workflow for managing a vernacular name
ontology from a collaborative development of the ontology to publishing it
as Linked Open Data and in an ontology service which makes it accessible
to the general public. The ontology is available in machine-processable
RDF format, with explicit semantics, e.g., the hierarchical relations are
set between the plant URIs, facilitating data integration and information
retrieval in cases where data is combined from heterogeneous sources. The
plant name ontology helps harmonizing the terminology, which in turn
enhances communication between various users. Application developers
can utilize the ontology by using the plant name URIs for unambiguous

referencing to plant species.

2http://www.vanamo.fi
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The applicability of the TaxMeOn model for its most complex use case,
the management of individual scientific name changes based on biological
research, has been demonstrated with a test dataset representing changes
in the taxonomic classification of Afro-tropical beetle family Eucnemidae
in Publication VI. The family has gone through numerous taxonomic treat-
ments. For example, the position of the species Pterotarsus historio in the
taxonomic classification has changed 22 times and at least eight taxonomic
concepts are associated to the genus Pterotarsus. The TaxMeOn repre-
sentation of the dataset encompasses the different conceptions of a taxon
(e.g., Pterotarsus), the temporal order of the changes, and the references to
scientific publications whose results justify these changes. Such a detailed
information source provides a unified view of a complex taxon, which can
be beneficial even to the researchers of biology, as the details of taxa have
traditionally been scattered across the original publications, and piecing
them together can be difficult and time-consuming. The detailed data
can be further linked to other datasets with less taxonomic information,
such as species checklists, which provides their users with more precise

information.

3.4 Summary

To summarize the results, the research questions are re-visited in this

section.

1. How can lightweight ontologies be published on the Semantic Web so
that they can be utilized in content indexing and information retrieval

tasks?

To faciliate the use of ontologies, they should be published as ontology
services to fulfill the needs of different user groups, supporting their work-
flows during the phases of the life cycle of an ontology, e.g., in content
indexing and information retrieval. For the cost-efficient reuse of the
ontologies, user interface components and APIs can be used to integrate
ontology-based functionalities into applications. The common function-
alities for ontology use include concept search, browsing, and selection.
W3C’s SKOS data model can be used for harmonizing different legacy
thesauri, which facilitates their publication via shared mechanisms in on-
tology services. Ontologies of different kinds might benefit from differing

user interfaces, e.g., a thesaurus can be visualized as a tree, whereas a
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geographical ontology might employ a map view.

2. How can a collection of independent or interconnected ontologies—in dif-
ferent formats and repositories—be published and utilized using shared

user interfaces and APIs?

A set of interconnected ontologies can be combined into an ontology cloud
that can be made accessible to end users via an ontology service as a
single representation encompassing the different domains of the member
ontologies. For building such an ontology cloud, ontology development
and management processes need to take into account the semantic depen-
dencies between the individual ontologies. The ontology development can
be streamlined by formulating practical ontology design principles that
guide the work and ensure the consistency of the cloud. The use of multi-
ple ontology repositories simultaneously can be accomplished by using a
shared upper data model for the ontologies, e.g., SKOS, and providing a
shared API for accessing the ontologies. The approach facilitates, e.g., the
building of aggregated ontology directories and global search on a network

of ontology repositories.

3. How can richer knowledge organization systems, such as biological
nomenclatures and classifications, be managed as an ontology and pub-

lished using an ontology service?

Designing an ontology model for the specific needs of the domain, and
mapping it to a harmonizing data model, e.g. SKOS, allows the publication
of the ontology in shared ontology services. This way, the ontology can be
accessed with general ontology user interfaces and APIs, without losing the
detailed representation of the information. In the case study of biological
names and classifications, the main modeling solutions in the TaxMeOn
model are the separation of the taxonomic concepts and names, represen-
tation of the changes and their temporal order, and mappings between
the different conceptions of the taxonomic concepts. The management and
publication workflow of the ontology can be implemented using a general

RDF editor and ontology service.
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4. Discussion

Traditional, comparative evaluation of the models, processes, and tools de-
veloped in this thesis is difficult, as the systems provide novel solutions for
the problems described in Chapter 1. In particular, evaluation of Semantic
Web applications is difficult as the usefulness and usability of the systems
depend on multiple factors: the quality of the heterogeneous source data
used, the underlying search and inference software, and the user inter-
face [265]. In more mature fields of computer science, such as in relational
databases or text-based information retrieval, established data models and
search algorithms are often available to be used as building blocks for cre-
ating new methods. In Semantic Web, such existing components are rare,
and they usually have to be designed for every application. The state adds
complexity to the development process and requires a level of maturity
from the system to be properly evaluated. Unless all the components are
of high quality, the system is not useful for the user.

As the evaluation method in this thesis, the extensive application to prac-
tice has been used as a proof of concept with the developed artifacts being
adjusted based on real-life experiences in accordance with the principles
of action research. Burstein and Gregor [42] have proposed criteria for
evaluating systems development research, covering the following aspects:
1) theoretical and practical significance, 2) internal validity, 3) external
validity, 4) objectivity, and 5) reliability. In the following, the research of

this thesis is evaluated according to these criteria.
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4.1 Theoretical Implications

4.1.1 Ontology Services (RQ1)

In comparison to the earlier ontology server research presented in Chapter 2,
the main contribution of the ONKI ontology service model is the tight in-
tegration and support for the runtime use of ontologies, focusing on the
content indexing and information retrieval use cases. Many previous
efforts have been focusing on development and editing capabilities [20,
226, 43, 50, 231, 21, 213, 69, 49, 75, 92] of ontology servers, or merely
publishing ontologies via ontology directories [235, 33, 113, 168, 122] or
ontology browsers [40, 230] without providing modular components or web
services that can be integrated into external applications. The developed
system is domain-agnostic, general solution for publishing and using on-
tologies, and thus is not restricted to a single KOS or domain, as opposed
to several other ontology servers. Compared with general semantic web
search engines [67, 59, 198], the ONKI system provides focused support
for ontology-based tasks, e.g., by displaying concept hierarchies. Ontology
search engines [41, 217, 254], on the other hand, are tools suited especially
for finding suitable ontologies, but not for using individual ontologies, e.g.,
in content indexing.

ONKI widget for integrating concept search and selection functionalities
into external applications is similar to the widget models and implemen-
tations of the OCLC Terminology Services and BioPortal. The ONKI
approach is more general than the OCLC widget, as ONKI widget can
be integrated directly into the user interface of the application, and is
not used as a separate browser toolbar. ONKI widget aims to provide
a streamlined user experience, where the ontology-based functionalities
are served with as little interference with the original user interface as
possible. ONKI widget [268] was published earlier than the BioPortal
widget [275], to the best of the author’s knowledge!l. The autocompletion
component by Hildebrand et al. for general RDF repositories is based
on similar ideas as ONKI widget. However, ONKI widget is focused on
ontology-based interactions and is packaged as a ready-to-use service. One

of the novelties of ONKI widget is the combination of the autocompletion

IThe history of the NCBO Widgets (BioPortal) documentation page
https://www.bioontology.org/wiki/index.php/NCBO_Widgets dates to 12 May
2009.
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search and ontology browsing mechanism. Thus, the user can start the
concept search task by typing in a query term, select a matching concept,
and further refine the selection by browsing the ontology, e.g., to find more
specific concepts based on the concept hierarchy. The system also sup-
ports semantic query expansion in similar vein as piloted in the FACET
Web demonstrator and STAR project widgets, but has been made publicly
available as a widget that can be integrated into external applications.

The HTTP and SOAP API of the ONKI service provide high level ab-
straction access to ontologies with a compact API specification, focusing
on supporting concrete use cases of content indexing and information
retrieval. The APIs are web-based, meaning they can be utilized in dis-
tributed systems, promoting loosely coupled services and complying with
the resource- [78] and service-oriented [70] architectures. The use of the
APIs is not tied to a single ontology modeling or programming language, as
opposed to implementations such as SKOS API and OWL API, or general
RDF libraries, such as Jena and RDFLib. Compared with the general RDF
query language SPARQL, ONKI is focused on providing ontology-based
functionalities on a more abstract level.

The common functionalities of an ontology server identified in this study
based on the analysis of the user requirements of KOS—the concept search,
browsing, and selection—are supported by previous literature [60, 108, 18,
95]. Also, the decision of using the SKOS vocabulary as the harmonizing
model for publishing KOSs is reaffirmed by existing research [261, 237, 54,
50].

4.1.2 Publishing Multiple Ontologies (RQ2)

The ontology cloud model presented in this thesis is based on the idea of
expressing multiple interlinked ontologies as a single coherent system,
published in an ontology service. Previous research on the inter-ontology
support in ontology servers has been focused on the creation and repre-
sentation of concept mappings between individual ontologies [196, 172,
224,264, 156, 190], and not providing them as a shared, easy-to-use, cross-
domain ontology for use cases such as content indexing. The model is
supported by previous research on upper ontologies [184, 170, 194] and
ontology modularization [243, 7], where the ontology content is divided
into subsets based on the generality and domain of the concepts.

The presented principles and methods for the creation and management

of the ontology cloud complement the previous guidelines for ontology
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interoperability [235] and general ontology design principles [99, 260, 101,
191, 273, 89], by emphasizing the importance of the consistency of the
concept hierarchy. The proposed methods and tools for identifying the
overlappings of the participating ontologies and propagating the changes
of the upper ontology to the domain ontologies aim to ensure that the
ontology cloud is valid, up-to-date, and easy to use. The cloud model
is based on utilizing existing legacy thesauri, and as such the system
maintains the backward compatibility with existing annotations, providing
a cost-efficient way to publish legacy data as Linked Data.

The NOR approach of accessing multiple ontology repositories simulta-
neously is based on a distributed architecture, whereas many previous
ontology server models are centralized services. The system is not tied
to a single ontology server implementation, but is based on a shared API
instead. The NOR API is comprised of access methods to ontologies and
concepts on a high abstraction level, with a focus on the concept search
and representation of concept information and ontology metadata. The
API is not based on a specific ontology language, as opposed to lower level
APIs, such as SKOS API and OWL API. On other hand, in contrast to
general knowledge and agent communication languages, such as OKBC,
FIPA-ACL, KQML, and S-APL, NOR API is focused on practical use cases
of content indexing and information retrieval. To avoid the building of
extraneous wrappers, which are used in many federated ontology access
systems [8, 90], NOR is designed to be lightweight and simple in order to
be easy to implement in ontology servers. The approach of using a highly
abstracted API and harmonizing metadata model is similar to the more
recent approaches of Ontohub and JSKOS-API, of which the latter uses
the same SKOS data model and basic methods of entity search and lookup
as NOR API. The ontology metadata used in NOR utilizes the existing
metadata models VoID [13], Dublin Core, and FOAF [38], complements
them by adding information of the NOR endpoint address, and can be
extended with other ontology and dataset description vocabularies, such as
Ontology Metadata Vocabulary (OMV) [109] and Data Catalog Vocabulary
(DCAT) [174].

4.1.3 Complex Knowledge Organization Systems (RQ3)

The developed TaxMeOn model for managing biological nomenclatures
and classifications is an example of how a rich KOS can be modeled and

maintained as an ontology and published in an ontology service. Compared
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with traditional species databases that aim to aggregate taxon names from
various sources and harmonize their usage [223, 207, 225, 76, 94, 215, 64],
TaxMeOn provides an explicit data model that is a general solution for
managing heterogeneous biological name collections, and not tied to a
single database system. As the model is based on Linked Data technologies,
the data model can be extended in a flexible way and integrated with
other data sources. The use of URIs as global identifiers in TaxMeOn is
supported by the previous research which has emphasized the need for
persistent identifiers when referring to taxa [25, 200, 209, 225, 205, 219],
either in the form of a taxon name combined with a literature reference or
a technical string.

Compared with previous ontology models on taxonomic information [228,
85, 86, 48], TaxMeOn is focused on practical name management of species
checklists, research results, and other nomenclatural collections. The
model supports the management of parallel classifications and nomenclat-
ural conceptions of taxa in a semantically rich way, whereas some of the
previous research have concentrated on modeling a single, unchangeable
classification [228, 76]. Many Linked Data publishing projects of biological
data and biodiversity data models [61, 251, 125, 220] are not focused on
semantic rigor and therefore do not promote the machine processability of

the contents optimally.

4.1.4 Summary

The theoretical implications of the methods and tools presented in this
thesis are summarized in Table 4.1, by re-visiting the objectives of the

ontology services defined in Section 1.2.

4.2 Practical Implications

4.2.1 Ontology Services (RQ1)

ONKI service provides out-of-the-box support for publishing and utilizing
SKOS vocabularies and other lightweight ontologies in, e.g., content index-
ing, without needing to implement application specific user interfaces for
end users. The system caters for many common, sharable tasks in ontology-
based applications related to, e.g., concept finding, browsing, selecting, and

query expansion. Lots of work and costs can be saved by implementing
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Objective

Methodological and technological solutions

Ontology publication channel

Heterogeneous ontologies

Tools for metadata creation

Support for distributed content creation

Facilitate search tasks

Multiple ontologies and repositories

Programmatic access

Evaluation by applying into practice

Promote complex KOSs

General publication channel for various ontologies, created by different
parties, including user-uploaded ontologies and ones fetched from external
sources by automated processes.

Support for ontologies in different RDF-based formats, not tied to a single
domain, modeling language, or a publisher.

Widgets and APIs that can be integrated into applications to support ontology-
based cataloging practices.

Public living lab ontology service that can be used by a heterogeneous network
of memory organisations for creating interoperable metadata based on shared
ontologies.

The widgets and APIs support information retrieval by providing query ex-
pansion and cross-language search facilities.

Publication of interlinked ontologies as a coherent, cross-domain cloud, and
ability to perform federated search and uniform access to multiple ontology
repositories based on a harmonized data model and shared API.

HTTP and SOAP APIs for common ontology-based tasks, including concept
search and lookup.

The feasibility of the developed ontology services has been demonstrated by
extensive piloting in diverse use cases.

Rich knowledge organization systems can be mapped to a harmonizing data
model, such as SKOS, and published in shared ontology services. The man-

agement of such a KOS can be realized using a general RDF editor.

Table 4.1. The objectives of the ontology services and the corresponding solutions pre-
sented in this thesis.

such functionalities in standard ways and providing them for production
use as ready-to-use services. In this way, the use patterns of utilizing vocab-
ularies in the user interface can be harmonized, which makes the systems
easier to learn and use, as there is no need for vocabulary-specific access
mechanisms. The ONKI service provides simple, yet powerful APIs and
an autocompletion widget for content indexing and query expansion. The
services can be used not only in ontology-based applications, but in legacy
systems, which can utilize the ontologies in a similar way as traditional
thesauri.

ONKI has been run as a living lab service since 2008 and has acted
with the KOKO ontology cloud as the backbone of the Finnish national
ontology infrastructure [136], which aims to enhance the interoperability
of the collections of museums, libraries, archives, companies, and other
organizations. Also, several international ontologies, such as Iconclass2,
Medical Subject Headings (MeSH)?, the United Nations Standard Products
and Services Code (UNSPSC)*, and Integrated Public Sector Vocabulary

2http ://www.iconclass.nl
3http ://www.nlm.nih.gov/mesh/
4http://www.unspsc.org
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(IPSV), have been published in ONKI to facilitate their use in applications.
The ONKI service has been used in the distributed ontology-based content
creation approach of several semantic portals, such as CultureSampo,
HealthFinland [247], and BookSampo [177]. The ontology infrastructure
has gained maturity in Finland, and through technology transfer, ONKI’s
production level successor, Finto service has been run by the National

Library of Finland since 2014 [249].

4.2.2 Publishing Multiple Ontologies (RQ2)

The design principles and tools presented in this thesis for building and
managing a cloud of interlinked ontologies have been used to build the
cross-domain KOKO cloud of Finnish ontologies. The ontologies are based
on existing, established thesauri that have been used in various organi-
zations for describing heterogeneous contents. The users of the legacy
thesauri have been shifting to use the KOKO cloud, which facilitates the
cross-domain interoperability of their datasets, as the novelties of KOKO
include the mappings between the individual domain ontologies and the
semantic consistency of the concept hierarchies. The maintenance and fur-
ther development of the KOKO cloud have been transferred to the National
Library of Finland, where it is managed by a network of domain ontology
developers using the ontology cloud design principles and tools that are
being further developed by the library.

The NOR approach of accessing multiple ontology repositories has been
used as the internal architecture of the ONKI service, where multiple
ontology backend servers are accessed and their information is aggregated
by the frontend server. The system enables global search on the distributed
ontology network, facilitating the comparison of different ontologies and
using multiple ontologies simultaneously, e.g., in content indexing. By
publishing ontologies using a shared API and metadata format, the users
can access the ontologies using common tools and interfaces, making it
easier for them to start using new ontologies and ontology repositories,
and integrating them into external applications. The workflow of the users
is streamlined as they do not have to access the ontology repositories
separately and be familiar with the repository-specific user interfaces,
modeling solutions, and other features. For the ontology publishers, NOR

aims to increase the visibility of the ontologies as it is easier to incorporate

Shttp://id.esd.org.uk/IPSV
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them into services that aggregate ontologies from different sources, such
as ontology directories. The approach is applicable also to other kinds of

data sources in addition to ontology repositories.

4.2.3 Complex Knowledge Organization Systems (RQ3)

The developed TaxMeOn model is a practical solution for managing various
kinds of biological name collections. Its design principles include using
terminology that is established in biology, focusing only on taxonomic
information, and supporting data of various levels of granularity and of
alternative views, in order to be simple, yet flexible to use. Accompanying
the data model, the research presented in this thesis has contributed by
providing a collaborative ontology maintenance and publication workflow
utilizing existing tools, such as SAHA metadata editor and ONKI ontology
service. By following the approach, it is straightforward and cost-efficient
to develop and publish new ontologies for public use. The use of HTTP URIs
as identifiers instead of LSIDs that are used in many previous taxonomic
databases [148, 51, 55, 225, 215, 64] simplifies the publishing process
and use of the taxonomic nomenclature. The system relies on standard
resolving and locating mechanisms of the web infrastructure, without the
need to implement a specialized LSID resolver.

As a proof of concept of the ontology model, several species checklists
of the Finnish Museum of Natural History have been converted into
TaxMeOn ontologies and published in the ONKI service. Different stake-
holders, such as environmental authorities or biodiversity researchers, can
use the system for cataloging, finding, and integrating information from
heterogeneous sources, enabling the use of unambiguous taxon references.
The ability to link scientific and vernacular names together is useful espe-
cially in the citizen science context and information retrieval by laymen as

non-professionals might not be familiar with scientific nomenclature.

4.24 Summary

The practical implications of the methods and tools presented in this thesis
are summarized in Table 4.2, by discussing how the ontology services and

models have been applied in the case studies.
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Application in a case study

Creation of interoperable metadata for memory organizations and semantic portals

Shared ontologies

Support for legacy data

Tools for content indexing

Semantic interoperability of heterogeneous data sources by creating ontology-
based metadata.

By basing the ontologies on existing thesauri backwards compatibility to pre-
viously created contents is achieved.

Support for common cataloging workflows in a cost-effective way, minimizing

manual work.

Building the Finnish national ontology infrastructure

National level ontology services

Formation of the KOKO cloud

Management process of the KOKO cloud

Harmonized data model and API

Free public services support the creation of standardized metadata in a
shared way by governmental agencies, companies, and other organizations.

A single interlinked representation of a set of domain ontologies makes the
cross-domain data integration possible, acting as semantic glue. The redun-
dant work of ontology developers can be eliminated as the overlapping parts
of individual ontologies are identified.

The domain ontologies are kept up-to-date regarding the changes of the gen-
eral upper ontology, ensuring the validity and consistency of the ontology
cloud.

Multiple ontologies, possibly originating from different repositories can be
used simultaneously with shared tools in ontology-based workflows, e.g., in

content indexing.

Management and publication of biological name collections

Support for diverse name resources

Temporal management

Extendability and external linking

Tools for complete workflow

The data model can be used for various kinds of name collections, facilitating
their interoperability and linking.

The changes and different interpretations of the names and classifications can
be tracked and controlled, supporting the scientific processes of taxonomy.
The data model can be expanded to support new use cases and linked to exter-
nal data sources providing additional information.

The processes for creating, managing, publishing, and using name collections
are supported by general RDF editors, ontology services, and the web infras-

tructure.

Table 4.2. The features of the ontology services and models presented in this thesis and
their application in the case studies.
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4.3 Reliability and Validity

The reliability refers to the consistency of the research process and its
stability over time and across researchers and methods. The research
questions and objectives of this study are stated in Chapter 1, and the
research questions are revisited when the results of the study are presented
in Chapter 3. The developed models and prototype systems are presented
explicitly in Chapter 3, and discussed in more details in the individual
publications that are included in the thesis. The objectivity of the research
is ensured by describing the research methods, the ontologies used in
the study, and the organizations involved. The author of the thesis has
no competing interests regarding the research presented and does not
recognize personal biases that might affect the process.

The internal validity concerns the achievement of the stated objectives
of the research and requirements of the developed systems, the alternative
methods, and the limitations of the research. The models and systems
developed meet the objectives presented in Chapter 1 as discussed in
Chapter 3 and Sections 4.1 and 4.2, as evidenced by applying them in
real-world use cases. The ONKI service has been used for publishing
several ontologies, integrating them into external applications for creating
interoperable metadata of distributed collections of museums and other
organizations, and run as a living lab for supporting the users, including
content indexers, information searchers, ontology developers, and applica-
tion developers. The developed ontology models and principles have been
used for the creation and management of the ontology cloud KOKO and sev-
eral biological nomenclatures. The system demonstrates its applicability
to the simultaneous usage of multiple ontologies and ontology reposito-
ries. The models and software implementations have been compared with
relevant related work.

The usability of the user interface of the ONKI system was evaluated
and improved by Rami Alatalo [12]. Based on the conducted user survey
and interviews focusing on professional content indexers, and heuristic
evaluation of the ONKI2 user interface, a new version of the user interface
was built. The resulting user interface ONKI3 gained a mean usability
score of 48/100 in the System Usability Scale (SUS) [39], based on a user
survey. Considering the varying use cases and needs of the target users,
the score can be viewed as decent.

In September 2011, a user inquiry was conducted for the users of the
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ONKI service using an online questionnaire, consisting of Likert scale and
open-ended questions. The inquiry received 107 responses from Finnish li-
braries, museums, archives, research institutes, and government agencies.
The preliminary results of the inquiry were presented in a FinnONTO
project board meeting [259]. Below, key findings regarding the functional-
ities of ONKI are summarized, based on the respondents who answered

that they use ONKI daily or weekly.

e 58 % of the users regard the functionalities of ONKI as good or excellent
for their needs, whereas 40 % of them think that the functionalities are

poor or satisfactory.

e 57 % of the users who use the concept search continuously or occasion-
ally regard the functionalities of ONKI as good or excellent for their
needs, whereas 38 % of them think that the functionalities are poor or

satisfactory.

e 45 % of the users who the use the ontology browsing continuously or
occasionally regard the functionalities of ONKI as good or excellent for
their needs, whereas 36 % of them think that the functionalities are poor

or satisfactory.

e 55 % of the users think that ONKI is as good or better than the VESA
Web Thesaurus Service®, as opposed to 28 % who think that ONKI is
worse than VESA.

When comparing ONKI with VESA, it should be noted that the results
give insight on the usefulness of the two systems in relation to each other,
not on the absolute quality of the systems. Based on the responses, the
most used functionality of ONKI is the concept search. Overall, the ONKI
service was regarded as important.

While the ONKI service can be considered an abstract concept, the
concrete implementation introduces some limitations. For example, the
KOSs that are to be published in the system need to be serialized in
the RDF format. RDF is a non-proprietary format, and converting data
into it is straightforward in many cases, but some complex data models

might require careful and laborious design work. The proposed content

6A majority of the Finnish libraries, museums, and other memory organizations
have used VESA previously to access established Finnish thesauri maintained
by the National Library of Finland. VESA has been since replaced by the Finto
service.
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indexing methods are mainly manual, meaning they require expensive
human efforts, though the methods streamline existing manual indexing
processes and thus aim to save costs. In addition to manual indexing, the
ontologies published in the ONKI system can be used via APIs, which can
be used as components in automatic annotation systems.

The external validity refers to the generalizability of the research results
and congruency with prior theory. The applicability of the developed meth-
ods to other settings has been ensured by demonstrating representative,
diverse use cases in the proof-of-concept systems. The ONKI service has
been used as a publishing platform for national and international thesauri
and ontologies, covering different domains, ontology modeling languages,
owners, and users. In addition to lightweight ontologies, the ONKI APIs
and autocompletion widget have been used for accessing more complex geo-
graphical ontologies and biological classifications, with use cases in content
indexing and query expansion. The tool that was developed for detecting
overlappings between ontologies has been used not only in building the
KOKO cloud, but also for generating the first version of a combined ontol-
ogy of legal concepts, based on three vocabularies in the field of the Finnish
legislation [87]. The NOR approach has been tested in three different use
cases, including a demonstration involving an external ontology repository.
The TaxMeOn model for biological nomenclatures has been applied into
three distinct types of name collections, each with specific requirements.

The systems presented in the thesis have been designed by taking the
previous research into account. The key functionalities of the ONKI service
and NOR API are supported by the previous work on ontology servers,
as the user requirements and common tasks in ontology-based workflows
identified in this thesis are similar to findings by other researchers. The
principles of building the ontology cloud complement existing, general
ontology design patterns. The TaxMeOn model aims to be a simple, yet
semantically rich solution, taking inspiration both from more theoretical

modeling approaches and practical publishing efforts of the previous work.

4.4 Recommendations for Further Research

The research presented in this thesis paves way for future work on several
areas. Deeper understanding about the roles and requirements of different
ontology user groups and the suitability of the developed interfaces and

tools for them would require more thorough user evaluation. The work
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includes testing of the user interfaces of the ONKI service and the suit-
ability of the APIs for various use cases. The use of ontology services in
information retrieval needs to be further studied, as more information
is required for the optimal selection of the relations used for expanding
the queries, and for improving the user interactions in the ONKI widget.
Such insight can be gained by conducting a formal evaluation covering
alternative options.

Concerning the publication of ontologies, it would be beneficial to make
the different versions of an ontology available for the users, not only
the latest version as in the ONKI service. By doing so, users would be
able to compare the different versions of ontologies, analyze their changes,
change frequencies, etc. Access to historical versions of ontologies is needed
especially in situations where the user has content that has been indexed
with an older version of the ontology and wishes to make it compatible
with the current version. Implementing such functionalities would require
further research on ontology versioning and visualization methods and
their application to concrete use cases.

Regarding the management of a cloud of interlinked ontologies, the
processes and tooling for tracking and communicating the changes of the
upper ontology to domain ontologies need to be refined. In addition, a more
formal process for the development and overall coordination of the ontology
cloud would further guide the ontology developers and streamline their
work. Research on methods for validating the consistency of the ontology
cloud is needed in order to ensure the high quality of the cloud, e.g., to
avoid logical errors when reasoning over the class hierarchies. The work of
developing the management processes of the ontology cloud is currently
underway in the National Library of Finland.

The NOR API that is used for accessing multiple ontology repositories
simultaneously could be extended to allow more functionalities. In order
to keep the basic API as simple and cost-effective to implement as possible,
the extensions could be defined as optional modules that are not required
to be implemented in every ontology repository participating in the NOR
network. The possibilities for the extensions include more fine-grained
ways to restrict the concept search, support for mappings between on-
tologies, and ranking of the search results, e.g., based on the ontology or
repository they are included in.

To facilitate the development and maintenance of biological nomencla-

tures using the TaxMeOn model, user-friendly tools are needed, as the
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existing, generic RDF editors do not support efficient management of such
complex ontologies. The user interface of the tool should hide the complexi-
ties of the data model and present the data in an intuitive and established
way to biologists. To this end, research on developing a configurable RDF
editor that can be adjusted to different data models would be beneficial.
The TaxMeOn model could be extended with new structures to enable a
more fine-grained modeling of hybrid taxa and taking into account the
distinct features of zoological and botanical nomenclature. The value of
the species checklists and name collections published in the ONKI service
could be added by developing or using mapping tools to generate links from

taxon names to complementing datasets, such as DBpedia.
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Knowledge organization systems such as
thesauri and ontologies are used for
improving the findability of information.
They harmonize the content descriptions and
provide interoperability in and between
information systems, such as museum
collections, digital libraries, and online stores.

Ontology services facilitate the use of
knowledge organization systems in
applications. This thesis presents methods for
cost-effective ontology access for content
indexers, information searchers, and
application developers.

The developed tools are provided as a public
living lab service, and they facilitate the
simultaneous use of ontologies from different
domains, such as music, economics, and
agriculture. A method is presented for
managing the changes of biological
taxonomies as an ontology.
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