Universidade Federal do Espirito Santo

Patricia Marcal Carnelli Campos

Designing a Network of Reference Ontologies for the Integration of
Water Quality Data

Vitéria - ES, Brazil
October, 2019



Patricia Marcal Carnelli Campos

Designing a Network of Reference Ontologies for the Integration of Water
Quality Data

Dissertacdo apresentada ao Programa de Pds-
Graduacdo em Informatica do Centro
Tecnologico da Universidade Federal do
Espirito Santo como requisito parcial para a
obtencéo do titulo de Mestre em Informatica.

Orientador: Prof. Dr. Jodo Paulo Andrade
Almeida.

Vitéria - ES, Brazil
October, 2019



Ficha catal ogréfica disponibilizada pelo Sistema Integrado de

Bibliotecas - SIBI/UFES e elaborada pelo autor

C198d

Campos, PatriciaMarcal Carnelli, 1983-

Designing a Network of Reference Ontologies for the
Integration of Water Quality Data/ PatriciaMarcal Carnelli
Campos. - 2019.

140f. : il.

Orientador: Jodo Paulo Andrade Almeida.
Dissertac@o (Mestrado em Informética) - Universidade
Federal do Espirito Santo, Centro Tecnol égico.

|. Almeida, Jodo Paulo Andrade. I1. Universidade Federal
do Espirito Santo. Centro Tecnologico. I11. Titulo.

CDU: 004




DESIGNING A NETWORK OF
REFERENCE ONTOLOGIES FOR THE
INTEGRATION OF WATER QUALITY

DATA

Patricia Marcal Carnelli Campos

Dissertagdo submetida ao Programa de Pés-Graduagdo em Informatica da Universidade Federal
do Espirito Santo como requisito parcial para a obtengéo do grau de Mestre em Informatica.

Aprovada em 21 de outubro de 2019:

PO
Pujf Dr. éao Paulo ﬁma
Orientador(a)

embro Interno

Proj?/ Dr*. Maria Lunzﬁ hado Campos

Membro Externo, participagcdo remota

UNIVERSIDADE FEDERAL DO ESPIRITO SANTO
Vitdria-ES, 21 de outubro de 2019.



Jodo Paulo Meneguelli Campos, for being my love
and my greatest supporter.

To Vitéria Carnelli Campos and Sofia Carnelli
Campos, for making my life lighter and happier.
To Paulo Ruy Valim Carnelli and Maria Martha
Marcal Carnelli, for the love, dedication and
values transmitted.

To Rebecca Marcal Carnelli and Bianca Margal

Carnelli, for the love and complicity.



Acknowledgements

First, | thank God and my family. For the family, this is not an easy time, as we often need to
be absent. So, | want to thank my family, who gave me support, affection, patience and

understanding.

| also thank the dedication of the professors and other collaborators of the Postgraduate
Program in Informatics of the Technological Center of the Federal University of Esp rito
Santo, mainly those from the NEMO laboratory. They work hard to improve this important
instrument for the formation of new teachers, researchers and professionals in the computer
field.

In particular, 1 thank my advisor Prof. Dr. Jo®o Paulo Andrade Almeida for the opportunity to
work with him, for the exchange of knowledge and for his valuable guidance in the

development of this work.

| also thank my colleague CAssio Chaves Reginato for his participation in my academic

experience. He shared with me most of the activities that have resulted in this work.
Finally, I thank my friend Evellin Cristine Souza Cardoso for introducing me to my advisor.

This work was partly supported by CNPq (407235/2017-5) and CAPES Finance Code 001
(23038.028816/2016-41).



Abstract

Data semantic heterogeneity poses a signi cant challenge to integrated environmental data
reuse. This challenge can be addressed with the use of ontologies that can provide a common
semantic background for data interpretation, supporting meaning negotiation. However, there
are some barriers to build ontologies for data integration in complex domains such as the
environmental one. A relevant problem is the development of new ontologies disregarding
previous knowledge resources such as reference models and vocabularies. To deal with this
problem, in this work, we propose a systematic approach for the identification and selection
of reusable knowledge resources for building ontologies with the purpose of scientific
research data integration. The approach (dubbed CLeAR) follows some principles of the
Systematic Literature Review, supporting the search for knowledge resources in the scientific
literature. We apply the approach to the environmental domain, focusing on water quality. A
total of 543 publications were surveyed. The results obtained provide a set of 75 knowledge
resources for the environmental domain, evaluated according domain coverage and some
quality attributes. In the case of water quality data, there is an ample spectrum of subject
domains covered (including geographical features, spatial coordinates, environmental quality
parameters, measurement activities, sampling activities, involved organizations, etc.). None of
the knowledge resources on their own covers all aspects required to address the integration of
water quality data. In addition, they are not always explicitly related, which makes them
unsuitable for data integration in their current form. Because of this, in this work, we propose
the design of a network of reference ontologies for the integration of water quality data, based
on some of the identi ed knowledge resources. The proposed ontology network is grounded
in the Unified Foundational Ontology (UFO), which provides basic notions of object, relation,
property, event, and others necessary to model the environmental domain, besides allowing
the analysis and adaptation of the concepts represented by different knowledge resources, in

order to enable their integration into the ontology network.

Keywords: Data integration; water quality data; reuse; systematic search; ontology network.



Resumo

A heterogeneidade sem ntica representa um grande desafio para a reutiliza 2o integrada de
dados ambientais. Esse desafio pode ser enfrentado com o uso de ontologias que fornecem
uma base sem ntica comum para a interpreta 20 dos dados, apoiando a negocia 20 de
significados. No entanto, existem algumas barreiras para a constru 2o de ontologias com o
prop sito de integra 20 de dados em dom nios complexos como o dom nio ambiental. Uma
delas @ o desenvolvimento de novas ontologias sem considerar o reuso de recursos de
conhecimento existentes, como modelos de referEncia e vocabulfrios. Para lidar com esse
problema, nesse trabalho, propomos uma abordagem sisteméktica para a identifica 20 e a
sele 2o de recursos de conhecimento reutiliziveis na constru 2o de ontologias com o objetivo
de integrar dados de pesquisas cient ficas. A abordagem (denominada CLeAR) segue alguns
princ pios da Revis?o Sistemktica da Literatura, apoiando a busca de recursos de
conhecimento na literatura cient fica. Aplicamos a abordagem ao dom nio ambiental, com
foco em qualidade de £gua. Foram pesquisadas 543 publica 1es. Os resultados obtidos
fornecem um conjunto de 75 recursos de conhecimento para o dom nio ambiental, avaliados
de acordo com a cobertura do dom nio e alguns atributos de qualidade. No caso de dados de
qualidade de £gua, existe um amplo espectro de dom nios envolvidos (incluindo
caracter sticas geogrificas, coordenadas espaciais, par metros de qualidade ambiental,
atividades de medi 2o, atividades de amostragem, organiza 1es envolvidas, etc.). Nenhum
dos recursos de conhecimento identificados abrange por si s todos 0s aspectos necessfrios
para abordar a integra 2o de dados de qualidade de £gua. Aldm disso, eles nem sempre est2o
explicitamente relacionados, o que os torna inadequados para a integra 20 de dados em sua
forma atual. Por isso, nesse trabalho, propomos o projeto de uma rede de ontologias de
referEncia para a integra 20 de dados de qualidade de £gua, com base em alguns desses
recursos de conhecimento. A rede de ontologias proposta estt fundamentada na Ontologia
Fundamental Unificada (UFO), que fornece no 1es bAsicas de objeto, rela 2o, propriedade,
evento e outras necessArias para modelar o dom nio ambiental, aldm de permitir a anflise e a
adapta 20 dos conceitos representados por diferentes recursos de conhecimento, a fim de
possibilitar sua integra 2o na rede de ontologias.

Palavras-chave: Integra 2o de dados; dados de qualidade de £gua; reuso; busca sistemé&tica;
rede de ontologias.



List of Figures

Figure 1 - Impact of the mud wave on the Doce River. (A) the river in the Camargos Municipality few
days after the disaster, (B) dead fishes nearby the Doce River Park, (C) dead fishes at Governador

Valadares, and (D) the Doce River mouth 25 days after the dam burst [13]. .....cccoooeiiiieiiiiee 16
Figure 2 - Ontology Network Architecture proposed By [28].........cccoiiriiiiinenieeee e 19
Figure 3 - Activities performed in the development of this WOrK. ............cccoovveviiiiieii i, 20
Figure 4 - Main Activities in Ontology Engineering extracted from [33]. ....cccocovoviiiiiiiieiciieee 26
FIQUIE 5 - CLEAR ACHIVITIES. ...viivieiiiiiicie ettt sttt st e st e st e ta e st e s reenaestesneeeesre e 33
Figure 6 - Language used by the StruCtUred rESOUICES. ........ccueiereeiieeee e 57

Figure 7 - Popularity of structured resources according to the number of identified publications that
MENTION TNEIM. ...ttt bbbt b et bbbt en 57

Figure 8 - Level of reuse of structured resources according to the number of structured resources that

Lo (0] o1 14T o OSSPSR 58
Figure 9 - A fragment 0f UFO-A [24] ..o oottt st 71
Figure 10 - A fragment of UFO-A related to Qualities [24][25][26][50]. ...vcverereeeerrreeieneeeereeeenn 72
Figure 11 - A fragment of UFO-B [24][25]. .....ccveieiiiieie sttt 74
Figure 12 - A fragment of UFO-C related to agents, objects and normative descriptions [25]. ........... 74
Figure 13 - The basic Observation type extracted from [51]. ...ccccceviiiiiiiiiiece e, 75
Figure 14 - The SamplingFeature core extracted from [51]......cccccvviiiiiiiiiiie e 77
Figure 15 - The Specimen model extracted from [S1]. ......cccooiiiiiiiiiiieeee e 78
Figure 16 - Conceptual Model of QUDT extracted from [52]. .....ccoovvveiiiiiieie e, 81

Figure 17 - UML Class Diagram for the Hydro - Physical Waters conceptual schema extracted from
S22 TS U TSP T TSP ST PR PP PRI 85

Figure 18 - UML Class Diagram for the AdministrativeUnit spatial object extracted from [55]. .... 86

Figure 19 - Fragment of the UML Class Diagram for the Environmental Monitoring Facilities
conceptual schema related to environmental monitoring facilities extracted from [56]. .........c.ccc.e..... 88

Figure 20 - Fragment of the UML Class Diagram for the Environmental Monitoring Facilities
conceptual schema related to observations and measurements extracted from [56]...........cccocerennennee 89

Figure 21 - UML Class Diagram for the Coordinate Reference System package extracted from [58]. 93
Figure 22 - UML Class Diagram for the Coordinate System package extracted from [58].................. 94
Figure 23 - Tree view of part of the EnvO related to material terms [61]. ......cccoovevieveiiveveiiiieien, 96
Figure 24 - Tree view of part of the ChEBI Molecular Structure Ontology extracted from [63]. ...... 100

Figure 25 - Architecture of the Network of Reference Ontologies for the Integration of Water Quality
DIALA. ...t 105

Figure 26 - The Core Level ONtOIOGIES. .......coviieieiiee et enes 106
Figure 27 - The Material Entity ONtOIOgY........cccveveiieiiiiiece e 106



Figure 28 - The Spatial Location ONtOlOgY........c.cieiieieiiiiiie s 107

Figure 29 - The Scientific Research Activity ONntology.........ccocviiiiiiieiiiieeeeeee e 110
Figure 30 - The Research Activity ONtolOgY. ......cccooveiiiiiiie s 111
Figure 31 - The Sampling ONtolOgY. ......ccooiiiiieie et 112
Figure 32 - The Preparation ONtOIOQY. ......ccoieiieiiiiee ettt ens 112
Figure 33 - The Measurement ONLOIOQY. ......ccviieiiiieie ittt ens 113
Figure 34 - The Environmental Monitoring Ontology. .......cccoviieriiiieie e 116

Figure 35 - The Water Quality ONtOIOQY. ......cvcveiiiiieieii et 117



List of Tables

Table 1 - Inputs, Outputs and Actors of Integration Questions Definition ...........cccccoocvveveiiiriceinnnnnn 34
Table 2 - Inputs, Outputs and Actors of Data Sources Selection ...........ccccevvviveiiiiiecece e, 35
Table 3 - Inputs, Outputs and Actors of Domain Aspects ldentification...........c..ccoceviveeeiiiceiieiennnnn 36
Table 4 - Inputs, Outputs and Actors of Systematic Search Configuration .............ccccceevvvnneienennene 39
Table 5 - Inputs, Outputs and Actors of Publications Selection............c.cccccvvviviiiiieiece e, 40
Table 6 - Inputs, Outputs and Actors of Structured Resources Identification.............ccoceeevviiinnenn. 41
Table 7 - Inputs, Outputs and Actors of SNOWDAIlING..........ccooeiiieiii e 41
Table 8 - Inputs, Outputs and Actors of Systematic Search Reporting..........ccoevvveiiieiinincnenenene 42
Table 9 - Structured Resources Domain Coverage MatriX ..........ccoeoveiririnineneneee s 43
Table 10 - Structured Resources Quality AttributeS MatriX.........ccccveveiieiiiiiiiece e 45
Table 11 - Inputs, Outputs and Actors of Structured Resources Analysis .........cccvoerereeieniesieenennnnn. 45
Table 12 - Inputs, Outputs and Actors of Structured Resources Classification............c.cccccvviiveeiennnnn, 46
Table 13 - Inputs, Outputs and Actors of Structured Resources Evaluation............c...cccceeeveiivenennnn, 46
Table 14 - INtegration QUESTIONS ........cciiieie ettt ettt e et e seesreeneeseesneeneeseeens 49
Table 15 - Fragment of a Table from the Renova Foundation Weekly Water Quality Bulletin (04-Feb-
019) ettt e e e et et e e e ee e e e 51
Table 16 - Concepts of Water Quality used by Brazilian Organizations...............ccoccevvvveveiesvenvennnn, 52
Table 17 - Keywords related t0 Structured RESOUICES .........ccveveiieeieiieie e se ettt 53
Table 18 - Keywords related to Research DOMAaIN..........coooiiiiiiiiiiereceee e 53
Table 19 - CONLIOI PAPEIS. ....ecuiciieiece sttt sttt st te et e be s te e b e sbeesaesbesneentesreans 54
Table 20 - Publications Inclusion and EXCIUSION CrtEria..........ccccoeiiiiriiininenereeeee e 54
Table 21 - Structured Resources Inclusion and EXCIUSION Crteria............ccocvverereicieieneneneseseenes 54
Table 22 - Domain Coverage for the Structured Resources on the Water Quality Domain ................. 59
Table 23 - Quality Attributes for the Structured Resources on the Water Quality Domain.................. 61
Table 24 - Fragment of the Structured Resources Classification............cccccvvviveiiiiene v, 63
Table 25 - Fragment of the Structured Resources EValuation..............ccocuviireneneicieiseseesesees 65
Table 26 - Relations used to classify knowledge resources elements according to UFO concepts
(eXraCted TrOM [49]) ..uei ittt et e s et e re et et e et et e e te et e nreenaenrenre s 69
Table 27 - Relations between O&M Conceptual Model elements and UFO concepts...........cc.ccevenee. 80
Table 28 - Relations between the QUDT Ontologies elements and UFO cONCepts........cccevvrvevennenn. 84

Table 29 - Relations between the Hydro - Physical Waters conceptual schema elements and UFO
(000] 0 (00 o KT PP U TRV PTURTURTUUROTRN 90

Table 30 - Relations between the AdministrativeUnit spatial object elements and UFO concepts... 91



Table 31 - Relations between the Environmental Monitoring Facilities conceptual schema elements

a0 OO oo g [ol o PSS 92
Table 32 - Relations between the Coordinate Reference System UML schema elements and UFO

(o00] 0 (00T o KT TSP U PP PTURTURTUUROTRN 95
Table 33 - Relations between the EnvO Material Terms elements and UFO concepts ...........c.cccevee. 98

Table 34 - Relations between the ChEBI Molecular Structure Ontology elements and UFO concepts

Table 35 - Correspondences between Material Entity Ontology concepts and EnvO Material Terms
12T 1= o] £ PRSP SUR R TRPRP 107

Table 36 - Correspondences between Spatial Location Ontology concepts and knowledge resources
FEUSEO EIBIMEINTS ...ttt bbbttt et 109

Table 37 - Correspondences between Research Activity Ontology concepts and O&M Conceptual
MOGEI BIBIMENTS ...t b ettt 111

Table 38 - Correspondences between Sampling Ontology concepts and O&M Conceptual Model
L] T PSPPSR 112

Table 39 - Correspondences between Preparation Ontology concepts and O&M Conceptual Model
L] T USRS 113

Table 40 - Correspondences between Measurement Ontology concepts and knowledge resources
FEUSEA BIBIMEIES ... .ttt bbbttt bt bbbttt bbb 115

Table 41 - Correspondences between Environmental Monitoring Ontology concepts and

Environmental Monitoring Facilities UML Model of INSPIRE elements ...........cccocvvivevvieevesenane 116
Table 42 - Correspondences between Water Quality Ontology concepts and knowledge resources

=IO Y=o =] FoT 0 g T=] o (SR 118
Table 43 - Checking the ontology network elements that answer the integration questions.............. 119
Table 44 - Weights assigned to parameters for WQI calculation extracted from [14]..........ccccccce..e. 120

Table 45 - Checking the ontology network concepts that represent the elements of the data sources to
0TI L1 (=T | -1 (- o SR 124



1

Table of Contents

INEFOQUCTION ...t bbbttt nn e 14
1.1 MIOTIVATION ..ottt bbb 14
1.2 Context: The DOCE RIVEI PrOJECL ......ccveiiiiieieiie ettt 16
I T O | o1 T £ SRR SSSSRRN 17
O N o] o] o= Tod o SRS 17
1.5 SHUCTUE et sr e 21

2 7= 100 (o | 0] 1T ST 22
/0 R © 101 (0] o[- TSR 22
P © 3110 o0 Y N [=1 1T o o PSS 23
2.3 Ontology Engineering MethodOIOGIES .........ccveriiiieiiie et 25

2.3.1 The NeON MethodOIOgY .....cc.coviiiieieieccc e 26

2.3.2 REUSE-REIALEA GAPS ....eveviiiieitet e 28
2.4 SystematiC Literature REVIEW .......c.ccciiiiiiiiiie ettt 29

The CLEAR APPIOACK ...ttt ettt e st et e e saeeneesaeeneenaeaneas 32
3.1 Overview Of CLEAR ACHIVITIES ..o 32
3.2 Cycle I: Data Integration Requirements Definition ............cccccoccvviveieiicicc s 33

3.21 Integration QUeStioNS DEfINItION.........ccooi i 34

3.22 Data SOUICES SEIECTION........ccuiiiiiiiiiieii e 34

3.2.3 Domain ASpects 1dentifiCation ...........c.ccoiiiieiiie e 35
3.3 Cycle Il: Structured Resources Systematic Search ...........ccccccevviiveiivie s 36

3.3.1 Systematic Search ConfIgUIation ............ccoocviieiiiieie i 37

3.3.2 Publications SEIECTION ..........ciiiiiiiiee e 40

3.33 Structured Resources 1dentifiCation .............cooeieiieiiiiniineee 40

3.34 RS L0 1T o L] 1T o USSP 41

3.35 Systematic Search REPOITING........cccvviiiiiiiii e 41
3.4 Cycle IlI: Structured ReSOUrCes SEIECLION...........cociiiiiiiieiiieiees e 42

34.1 Structured RESOUICES ANAIYSIS .......ccviiviiiiiiiieie sttt 42

3.4.2 Structured Resources ClassifiCation ............ccceoeeiriinininenee e 45

343 Structured Resources EValUAtioN ... 46
R T o o Tod [N 1o [T g To =] o T T TSR 46

Applying CLeAR to the Water Quality DOMaiN ..........cccoccveviiieiiiiiice e 48
4.1  Definition of the Water Quality Data Integration Requirements ...........ccccceovvvvrvrienencrnenen. 48

4.1.1 Integration Questions for the Water Quality Domain............cccccooviieveiiveiene e, 48



4.1.2 Data Sources to be iNtegrated..........ccveviiiiiieie e 49

4.1.3 Water Quality DOMAIN ASPECES .......oiueiiieieieeie sttt see e 50
4.2 Systematic Search for Structured Resources on the Water Quality Domain ........................ 53
4.2.1 Configuring the Systematic SEArch ........c.ccccoveiiiic e 53
4.2.2 Selecting PUDICALIONS ..........coeeieieee et 55
4.2.3 Identifying Structured RESOUICES .......ccvcieiieeiecie et 55
4.2.4 APPIYING SNOWDATTING ..o 55
4.25 Reporting the Results of the Systematic Search ..........cccocvviviveviiicce e 56
4.3  Selection of the Structured Resources on the Water Quality Domain ............cc.ccocvvrenienen. 59
4.3.1 Analyzing the StrUCtUIred RESOUICES.......cc.eiveieiieiieie sttt st 59
4.3.2 Classifying the Structured RESOUICES. .........coveieiieieie e ree e 62
4.3.3 Evaluating the Structured RESOUICES ........ecveiieiieeie et 63
4.4 REIAEA WOTK ...ttt 66
I O] Tod [N o 11 1o T 4 1 TSR 67
Ontological Analysis of the Knowledge Resources Selected for ReUSE ..........ccccevevviveienenn, 69
5.1  The Unified Foundational ONtology ...........cooiiiiiiiiiiee e 69
51.1 UFO-A: An Ontology Of ENAUIANES.........ccciiieiiiicic e 70
51.2 UFO B: An Ontology Of Perdurants..........ccoceeeiiieieneieeie et 73
51.3 UFO C: An Ontology of Social ENtItIES .......c.coeiieieiiieeie e 74
52  The O&M Conceptual MOTEL ..........ccoiviiiiiiiiiiee e 75
521 Overview of the O&M Conceptual Model...........cccooeiiiieiii e 75
522 Ontological Analysis of the O&M Conceptual Model ..., 78
53  The QUDT ONIOIOGIES ......eouiiuiiiiriiteieieeeiiee ettt 81
53.1 Overview of the QUDT ONLOIOQIES ....c.vecvveiiiiieiesie et 81
5.3.2 Ontological Analysis of the QUDT ONtOIOGIES........ccovivriririiienieieeeese e 83
5.4  The INSPIRE Conceptual MOEL .........c.ccoviviiiiiiiiice e 84
54.1 Overview of the INSPIRE Conceptual Model ............ccocoiiiiiiiniiccsee e 84
5.4.2 Ontological Analysis of the INSPIRE Conceptual Model ............ccccvevvvviieieiecenn, 90
5.5 B 4 L= T ST T I O SRR 92
55.1 Overview of the Coordinate Reference System UML Schema..........cccccvoveeiiiieennnnnnn 93
55.2 Ontological Analysis of the Coordinate Reference System UML Schema..................... 95
5.6  The Environment ONtology (ENVO).......cccoiiiiiiiiiiieie et 95
5.6.1 Overview of the ENVO Material TEIMS..........cccviiiiiiiiieiccese e 96
5.6.2 Ontological Analysis of the EnvO Material TermS ........ccoocviieiiieiiene e 97
5.7  The ChEBI ONOIOQY .....ocvviieiiiitieiie sttt sttt sttt steesnenneenes 98

57.1 Overview of the ChEBI Molecular Structure Ontology .........ccooevviienriieeinirceeeee 99



8

5.7.2 Ontological Analysis of the ChEBI Molecular Structure Ontology ..........cccceevevvernnee. 100

5.8  CoNCIUAING REMAIKS ..ottt 101
The Network of Reference Ontologies for the Integration of Water Quality Data............. 102
6.1  The Ontology Network Development PrOCESS.........cccvveiviiierieieiie et sie st se e 103
6.2  The Ontology Network ArChiteCIUI. ........cvi it 104
6.3  The Core LeVEl ONTOIOGIES ......cveiieiiieii ittt sttt re e aenne e 105
6.3.1 The Material Entity ONtology .......ccoooveiiiiiieiecee e e 106
6.3.2 The Spatial Location ONtOlOgY.........ccvevveiiiiieiiiieie e 107
6.3.3 The Scientific Research Activity ONtology ........ccoveivriereieee e 109
6.4  The Domain Level ONtOIOgIeS .......cccveiiiiieieiese ettt 115
6.4.1 The Environmental Monitoring ONntology ..........cooeiviieneieeese e 115
6.4.2 The Water Quality ONtOlOgY .......c.cocviveiiiiiieie st 116
6.5  Evaluation of the ONtology NEtWOIK ........cc.coiiviieiiiree e 119
6.5.1 Verification of the Ontology NEetWOIK .........c.coviiiiiiiiee e 119
6.5.2 Validation of the Ontology NEtWOIK...........ccoiiiiiiiiiiece e 123
6.6 REIAEU WOTK ... 125
6.6.1 Models for the Integration of Water Quality Data............ccccccoevveieveieciene e, 125
6.6.2 Models related to Scientific Research ACtIVITIES ..........cccooviiiiiiicicc e 126
6.7  CONCIUAING REMAIKS ......cueiiiitiiiecieceee sttt sttt te et et e s be e e beaneeeenre e 127
FINAl CONSIABIATIONS ..ot 130
7.1 SUMMArY OF the WOTK ... e 130
7.2 Applicability of the Work in other SCENArios...........ccccvevviiiieie i 132
7.3 Limitations and DIffICUITIES ..........ccviiiiiiiii e 133
T4 FULUIE WOTK .ottt bbb 133
RETEIEINCES ...ttt bbbttt r e 135



14

1 Introduction

1.1 Motivation

Research, management and environmental decision-making involve the systematic collection,
interpretation and evaluation of environmental data. Given the high costs involved in
producing such data [1], it is no surprising that significant gains can be achieved from data
sharing, reuse and integration [2]. However, environmental data are often provided by a
variety of sources (such as academic institutions, government agencies, private companies and
independent research groups), in different contexts (e.g., scientific research, government
actions), and for many purposes (analysis of water quality, air quality, etc.). As a

consequence, environmental data are available, when they are, in heterogeneous forms.

Data heterogeneity can occur in terms of syntax, schema or semantics [3]. Syntactic
heterogeneity is mainly caused due to the use of different serialization formats and
technologies. Schematic heterogeneity occurs when data sources use different schemas (with
different structures) to represent the same information. Finally, semantic heterogeneity is
caused by divergent interpretations of data according to the different contexts in which such
data can be used. Semantic heterogeneity, which is the focus of this work, has been frequently

approached with the use of ontologies [4].

As presented in [5][6], ontologies can be used, among other possibilities, as global (or
shared) conceptualization for data integration. In this sense, ontologies can promote data
interoperability by providing a common semantic background for data interpretation, reducing
conceptual ambiguities and inconsistencies, and supporting meaning negotiation. In the last
decades, several ontologies have been built for this purpose. In some success cases, they have
become reference models reused by a large community, e.g., the Gene Ontology proposed by
[7] has had a signi cant impact in the sharing of scienti ¢ knowledge about the functions of
genes. In other cases, they have failed to establish de facto shareability, and consequently to

support data interoperability.

This failure may have many reasons. A relevant one surfaces when new ontologies are
developed disregarding previous knowledge resources (i.e., any type of artifact that represents
knowledge about a domain, including ontologies and other kinds of reference models and

representation schemes). This creates new interoperability problems among existing
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ontologies. As a result, reuse has become a common concern in the ontology engineering area

[81[9].

Some ontology engineering methodologies describe specific activities to deal with
reuse [10][11]. Despite that, many challenges still need to be tackled to promote reuse. The
NeOn methodology [10], for example, proposes eight scenarios for building ontologies from
the reuse of previous knowledge resources. However, NeOn provides only generic guidelines
for the search and selection of reusable knowledge resources. Since no other ontology
engineering methodology consulted provides a systematic method for accomplishing these

activities, we realize the need to propose an approach to do so in a systematic way.

Even when systematic strategies for searching and selecting reusable knowledge
resources are available, we still often have to deal with the integration of different knowledge
resources. In the case of environmental data, there is an ample spectrum of subject domains
covered (geographical features, spatial coordinates, environmental quality parameters,
measurement activities, sampling activities, involved organizations, etc.). Given this broad
spectrum, none of the available knowledge resources on their own covers all subject domains
needed to integrate such data. Because of this, existing knowledge resources need to be
integrated. Thus, we decided to propose the design of a reference ontology for the integration
of environmental data, based on the combined reuse of some of these knowledge resources.

It is worth mentioning that the reusable knowledge resources on environmental
domain are not always explicitly related, which makes them unsuitable for data integration in
their current form. Consequently, some effort is required for their integration. This task will
be addressed in this work with the adoption of a common foundational ontology [12]. A
foundational ontology provides basic notions of object, relation, property, event, and others.
This makes it possible to correlate and, if necessary, adapt the elements of different

knowledge resources.

This work is inserted in a project entitled An eScience Infrastructure for Water
Quality Management in the Doce River Basin , called henceforth Doce River Project for
brevity. This project is concerned with the integration of water quality data produced by
various sources to assess the impacts of the mining disaster that occurred in the city of

Mariana, in Brazil, in 2015, when the Fund@o tailings dam broke, contaminating the Doce
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River Basin. Thus, the proposed ontology focuses on the integration of water quality data
(particularly data from the Doce River Basin).

1.2 Context: The Doce River Project

The Doce River Project originates from the Brazilian environmental disaster that occurred
with the rupture of the Fund®o tailings dam in the city of Mariana, in the state of Minas
Gerais (MG), on November 5th, 2015. This event discharged 55 62 million m3 of iron ore
tailings slurry directly into the Doce River Basin, an important basin in the Southeast of
Brazil. The mine slurry filled hydrologic networks along 663.2 km of the Doce River through
the states of Minas Gerais (MG) and Esp rito Santo (ES) before reaching its estuary, in the
city of Linhares (ES). As shown in Figure 1, this has caused irreversible environmental
damage to hundreds of watercourses and associated ecosystems [13].

Figure 1 - Impact of the mud wave on the Doce River. (A) the river in the Camargos Municipality few
days after the disaster, (B) dead fishes nearby the Doce River Park, (C) dead fishes at Governador
Valadares, and (D) the Doce River mouth 25 days after the dam burst [13].

In response to this disaster, autonomous groups of researchers and governmental (e.g.,
ANA [14], CPRM [15], IBAMA [16], IGAM [17], IEMA [18]) or non-governmental agencies

(for example, Renova Foundation [19]) began to take actions to evaluate its consequences,
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producing a large volume of data in different knowledge areas (hydrology, geochemistry,
biology, among others). In order to support these activities, it is necessary to make these data
available, and to support their integrated use. To do this, one has to deal with data
heterogeneity problems, and to avoid wrong comparisons when data is obtained by
incompatible techniques or when produced for different purposes according to the interest of
each data provider.

The research carried out in the Doce River Project aims to produce and analyze water
quality data of the Doce River Basin as an attempt to answer questions about the water quality
in the basin in general, and, more specifically, concerning the impact of the disaster on the
affected environment. To enable the integration of heterogeneous data, the project aims to
develop an ontology to provide a shared conceptualization for these data. The ultimate goal is
the development of an e-Science infrastructure [20] based on this ontology for the publication
of such data according to the principles of FAIR Data [21]. To achieve these goals, the project
counts with a team composed of researchers from the areas of Geochemistry, Aquatic

Biodiversity and Computer Science.
1.3 Objectives

This work has the main objective of developing a reference ontology to enable the integration
of water quality data from the Doce River Basin. Such data are heterogeneous, produced by
many sources for different purposes. Thus, the reference ontology has the purpose of serving
as a shared conceptualization to solve the semantic heterogeneity caused by divergent

interpretations of data according to the different contexts in which they are used.

To avoid the unnecessary proliferation of new ontologies, we have decided to reuse
existing knowledge resources on the environmental domain. However, reuse-focused
ontology engineering methodologies present very general guidelines for the search and
selection of knowledge resources to be reused. Thus, a second objective of this work is to
propose an approach to perform these activities in a systematic way.

1.4 Approach

To develop the reference ontology for the integration of water quality data, we chose to
follow some guidelines from the NeOn methodology [10]. This is because NeOn focuses on
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the reuse of existing knowledge resources. Since NeOn provides only generic guidelines for
the search and selection of reusable knowledge resources and no other ontology engineering
methodology consulted provides a systematic method for accomplishing these activities, we
propose an approach to carry them out systematically. The approach is dubbed CLeAR
(Conducting Literature Search for Artifact Reuse). As CLeAR focuses on specific activities in
the ontology engineering process, it should be embedded in a comprehensive ontology

engineering methodology (such as NeOn).

CLeAR is based on some practices of the Systematic Literature Review (SLR)
[22][23]. The search in the scientific literature becomes the basis for the identification of
knowledge resources that jointly cover the domain and exhibit properties considered desirable
for reuse (proper documentation, community acceptance, among others). In general, CLeAR
activities consists of: (i) defining data integration requirements; (ii) finding reusable
knowledge resources on the domain of interest; and (iii) selecting some of the identified
knowledge resources to be reused in the development of ontology for data integration

purposes.

In order to define data integration and, consequently, ontology requirements, CLeAR
proposes the use of both top-down and bottom-up analysis. The top-down analysis is
performed through the definition of integration questions (1Qs) driven by the needs of domain
experts. 1Qs are questions about the domain that can only be answered through the integration
of different data sources. The bottom-up analysis is done by studying the elements of the data
sources to be integrated. This enables the identification of the domain aspects. Domain
aspects are elements of the domain that can be handled in a modular way (e.g., research
activities, actors and roles description, and characterization of researched entities). They need

to be covered by the reusable knowledge resources.

We have applied CLeAR to the water quality domain. A total of 543 publications were
surveyed. The results obtained provide a set of 75 knowledge resources on this domain. This
set of knowledge resources make up a knowledge base on the domain to be revisited and
reused whenever necessary. This justifies the effort employed in performing the systematic
search for a domain for the first time.

Six of the retrieved knowledge resources were selected for reuse in the development of
the proposed ontology. However, as they differ from each other and cannot be integrated into
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their original format, it was necessary to perform an ontological analysis of them based on a
foundational ontology [12]. This analysis reveals the correspondences between the knowledge
resources elements and concepts in the foundational ontology. This makes it possible to adjust

previous knowledge resources or portions of them for integration into the proposed ontology.

Particularly, to model the water quality domain, we need the general concept of events
to deal with research activities (sampling, measurement, etc.); the basic concept of object to
represent geographic features (river, lake, etc.), material entities (e.g., water, sediment),
devices and procedures used by the research activities, etc.; the concept of agent, to deal with
involved people and organizations; the concepts related to qualities, to account for
environmental quality parameters and their quantification; and so on. As the Unified
Foundational Ontology (UFO) [24][25][26] provides these basic concepts, we have used UFO
to analyze the reusable knowledge resources and ground the proposed ontology.

Moreover, we realize that in environmental research there are many general concepts
that are applicable across a number of (sub) domains. For example, the concepts related to
research activities, spatial location (geographic features and geographic coordinates) and
material entities are pervasive notions in environmental research. Thus, they can be
represented by means of core ontologies. Core ontologies provide a precise definition of
structural knowledge in a specific field that spans across different application domains in this
field [27]. They can be reused and extended to incorporate particularities of the domains of

interest, that is, for the construction of domain ontologies.

Due to these characteristics and the complexity of the environmental domain, we have
decided to modularize the ontology into an ontology network [10] This facilitates the
maintenance and growth of the ontology. The architecture adopted to organize such ontology

network, proposed by [28], is shown in Figure 2.

Domain-specific Layer

Core Layer Core Ontologies

» Foundational Layer Foundational Ontology

<_ Generality level

Figure 2 - Ontology Network Architecture proposed by [28].

At the bottom layer, UFO [24][25][26] is used to provide the general ground

knowledge for classifying concepts and relations. In the center, core ontologies are used to
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represent the general domain knowledge (about research activities, spatial location, etc.),
being the basis for the sub (domain) networked ontologies. Finally, (sub) domain ontologies
reusing foundational and core ontologies are used to describe the more specific knowledge

(about water quality and environmental monitoring).

It is noteworthy that most of the concepts of the networked ontologies were reused
from the knowledge resources selected for reuse with the application of CLeAR to the water

quality domain. New concepts have been added as needed.

Lastly, we evaluated the proposed ontology network. For that, we have checked
whether the elements of the ontology network can support answering each of the integration
questions defined during the ontology requirements definition. In addition, we have shown
how the elements of the data sources to be integrated correspond to concepts in the ontology
network. Figure 3 presents the various activities that were performed in the development of

this work.

Development of the CLeAR Approach

CLeAR Approach
Application of CLeAR to the Water
Quality Domain
l Set of knowledge resources

Ontology requirements on the water quality domain

Knowledge resources
selected for reuse

}

Ontological Analysis of the Knowledge
Resources Selected for Reuse

Concepts of reusable
knowledge resources
analyzed based on UFD

|

Development of the Network of
Reference Ontologies for the
Integration of Water Quality Data

Netwark of reference
ontologies for the integration
of water quality data

L & Evaluation of the Ontology Network
Subtitle

Netwark of reference ontologies Activity
evaluated according ontology
requirements Input/ Output

Figure 3 - Activities performed in the development of this work.
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1.5 Structure

The remainder of this work is organized as follows.

Chapter 2 presents some background knowledge that supports our investigation on the
development of ontology networks with reuse. The chapter addresses ontologies, ontology
networks, ontology engineering methodologies (in particular the NeOn methodology), and
identifies gaps of these methodologies related to reuse. In addition, it presents an overview of
Systematic Literature Review (SLR) practices used in this work as inspiration for searching

and selecting existing knowledge resources.

Chapter 3 describes the CLeAR approach. CLeAR is a systematic approach to find and
select reusable knowledge resources for building ontologies with the purpose of scientific

research data integration. CLeAR adopts some practices of SLR.

Chapter 4 discusses the results of the application of CLeAR to the water quality
domain in the context of the Doce River Project. The objective is to find and select existing
knowledge resources to be reused in the development of the network of reference ontologies

for the integration of water quality data.

Chapter 5 presents an ontological analysis of the knowledge resources selected for

reuse based on UFO, focusing on their concepts that are relevant to this work.

Chapter 6 presents and evaluates the network of reference ontologies for the
integration of water quality data. It was developed based on the knowledge resources selected

for reuse in Chapter 4 and is organized in the layered architecture previously presented.

Chapter 7 discusses final considerations and future work. A summary of the main
contributions is provided, the difficulties and limitations are discussed and future research

directions are presented.
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2 Background

In this chapter, we review some background knowledge that was required for the development
of this work. They include ontologies, ontology networks, ontology engineering
methodologies, in particular the NeOn methodology [10], gaps of existing methodologies
related to reuse, and the Systematic Literature Review (SLR) [22][23].

2.1 Ontologies

The term ontology has its origin in Philosophy and refers to both a philosophical discipline
(Ontology with a capital O ) and a domain-independent system of categories that can be
used in the conceptualization of domain-specific scientific theories. Since its introduction in
Computer and Information Science literature in 1967, ontology has become popular and has
been used with di erent senses by di erent communities. In information systems, ontology is
used in ways that conform to its definitions in philosophy. As a system of categories, an
ontology is independent of language. In contrast, in Artificial Intelligence and Semantic Web
communities, ontology is, in general, a concrete engineering artifact designed for a specific
purpose and represented in a specific language. Languages, formalisms, and tools to create,
store and communicate ontologies have proliferated in recent years (e.g., KIF, Ontolingua,
UML, OWL) [29].

We have adopted the ontology definition presented by [30] where “An ontology is a
formal, explicit specification of a shared conceptualization”. In this definition,
conceptualization refers to a set of relevant concepts and relations used to represent some
phenomenon of the real world. Explicit means that the type of concepts used, and the
constraints on their use are explicitly defined. Formal refers to the fact that that the
ontology should be machine readable, which excludes natural language. Shared reflects the
notion that an ontology captures consensual knowledge, that is, it is not private to some

individual, but accepted by a group.

In this sense, an ontology can be seen as an engineering artifact defined in terms of
classes or types of entities, their properties and relations, along with axioms to establish the
admissible combinations of entities in a given domain. In addition, an ontology may define

instances of the types considered.
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Ontologies can be classified in several ways. One distinguishes ontologies according
to their level of abstraction in: (i) foundational (or top-level) ontologies that span across many
fields and model very basic and general concepts and relations that make up the world, such
as space, time, matter, object, event, action, etc. [12]; (ii) core ontologies that provide a
precise definition of structural knowledge in a specific field that spans across different
application domains in this field (they are built based on foundational ontologies and provide
a refinement to them by adding detailed concepts and relations in their specific field) [27];
and domain ontologies that represent knowledge about a particular domain (they are based on
foundational or core ontologies by specializing their concepts) [27]. In this work, ontologies
employed cover these various levels of abstraction.

Another classification takes into account a representation s intended use and
differentiates ontologies as conceptual models, called reference ontologies, from ontologies as
computational artifacts, called operational ontologies [29]. A reference ontology is
constructed with the goal of making the best possible description of the domain in reality,
representing a model of consensus within a community, regardless of its computational
properties. Once users have already agreed on a common conceptualization, operational
versions (machine-readable ontologies) of a reference ontology can be implemented. Contrary
to reference ontologies, operational ontologies are designed with the focus on guaranteeing
desirable computational properties [11]. In this work, we are concerned primarily with the

design of reference ontologies.

2.2 Ontology Network

The representation of complex domains through a single ontology leads to the creation of
large monolithic ontologies that are difficult to reuse and maintain. In such cases,
modularization must be considered as a way of structuring ontologies. This means that the
development of a large ontology must be based on the combination of self-contained,
independent and reusable knowledge components [31]. An ontology network is essentially a
modular ontology, made of components (the individual ontologies) related together via a
variety of relationships, such as alignment, modularization, and dependency. A networked
ontology, in turn, is an ontology included in such a network, sharing concepts and relations
with other ontologies. This representation favors the reuse, maintenance and growth of the
model [10].



24

In [28], it is argued that an ontology network must be equipped with mechanisms that
allow it to be gradually improved and expanded. Thus, an ontology network must take into
account three main premises: (i) be based on a well-founded grounding for ontology
development; (ii) offer mechanisms to easy building and integrating new (sub) domain
ontologies; and (iii) promote integration by keeping a consistent semantics for concepts and
relations along the ontology network. As shown in Figure 2, a layered architecture is proposed
to organize the ontology network. At the bottom layer, a foundational ontology is used to
provide the general ground knowledge for classifying concepts and relations. In the center,
core ontologies are used to represent the general domain knowledge, being the basis for the
sub (domain) networked ontologies. Finally, on top of core and domain ontologies, (sub)

domain ontologies are used to describe the more specific knowledge.

There are three different ways to incorporate ontologies to the ontology network,
considering the origin of the ontology to be integrated. In the first way, new ontologies are
created based on foundational and/or core ontologies, and also taking other existing
networked ontologies into account. Besides the extensions made from the foundational/core
ontologies, they tend to use the related concepts already defined in the other networked
ontologies. This is the best way for increasing the ontology network, since it reduces

modeling and integration efforts, by reusing already defined elements [28].

In the second way, new ontologies are developed based on foundational and/or core
ontologies, however, independently of the other networked ontologies. Thus, some additional
integration effort is still required to adapt the common parts focusing on a shared

representation [28].

In the third way, external ontologies, developed without taking the foundational and/or
core ontologies as basis, are integrated to the ontology network. In this case, if one has access
to modify these ontologies, it is necessary to perform an ontological analysis and
reengineering them before the integration. By this process, the ontologies elements are
analyzed and adapted to the foundational and/or core ontologies concepts. The knowledge
represented by the external ontologies is then preserved, but the representation is adjusted for
a better integration into the ontology network. On the other hand, if the ontology cannot be
modified, one must to make the necessary links and adaptations only in the ontology network

side. In this case, techniques for ontology alignment apply [28].
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In this work, the proposed ontology network will be organized in this layered
architecture. Existing knowledge resources will be analyzed based on a foundational ontology

and adapted, if necessary, to be integrated into the ontology network.
2.3 Ontology Engineering Methodologies

Ontology Engineering is formally defined as ““the set of activities that concern the ontology
development process, the ontology life cycle, and the methodologies, tools and languages for
building ontologies™ [32]. Ontology engineering methodologies provide guidelines for the
development, management and maintenance of ontologies. Such methodologies decompose
the ontology engineering process in a number of steps, and recommend activities and tasks to
be performed for each one. In addition, they de ne the roles of the individuals and
organizations involved in the ontology engineering process. In general, domain experts
provide knowledge with respect to the domain to be modeled, ontology engineers have
expertise in elds such as knowledge representation and development tools, and users apply
the ontology for a particular purpose [33].

In [32], the authors di erentiate three types of activities within an ontology
engineering process: management, development and support activities (see Figure 4). The rst
covers the organizational setting of the overall process. In particular, at pre-development time,
a feasibility study examines if an ontology-based application, or the use of an ontology in a
given context is the right way to solve the problem at hand. The second type of activities
refers to classical activities such as domain analysis, conceptualization and implementation,
but also maintenance and use, which are performed at post-development time. Ontology
support activities such as knowledge acquisition, evaluation, reuse, and documentation are

performed in parallel to the development activities [33].
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Ontology Management (Scheduling, controlling, quality assurance)
Feasibility study (problems, opportunities, potential
solutions, economic feasibility)
Ontology Development and Support
Domain analysis (motivating scenarious, competency

questions, existing solutions)

Conceptualization (conceptualization of the model,
integration and extension of existing solutions)

uonejuswnaog
uolenjeas
uopsinbae
abpsjmouy

ashal ABojoup

Implementation (implementation of the formal medelin a
representation language)

Ontology Use

Maintenance (adaptation of the ontology according to new
requirements)

Use (ontology based search, integration, negotiation)
Figure 4 - Main Activities in Ontology Engineering extracted from [33].

A distinction between ontology engineering methodologies takes into account the
strategy adopted for building ontologies, that is, building from scratch or building from
existing knowledge resources [32]. Examples of methodologies that address building
ontologies from scratch can be found in [34]. As examples of methodologies that describe
specific activities for addressing reuse, we can cite NeOn [10] and SABIO [11]. These
methodologies advocate that the reuse of previous knowledge resources enables speeding up
the ontology development process and avoids the proliferation of unnecessarily new models
[8][9]. Next, we present the NeOn methodology [10] because in this work we have adopted

some of its guidelines for the development of the proposed ontology network.

2.3.1 The NeOn Methodology

The NeOn methodology [10] provides nine possible scenarios for building ontologies and
ontology networks. Eight of them are designed to deal with the reuse of existing knowledge
resources [10]. In general, the activities proposed by these scenarios are: (i) specification of
ontology requirements, (ii) search for reusable knowledge resources, (iii) assessment of
candidate knowledge resources, (iv) selection of knowledge resources, (v) adaptation of
selected knowledge resources (reengineering, alignment, merging, etc.), (vi) ontology
conceptualization, (vii) ontology formalization, (viii) ontology implementation, and (ix)

ontology evaluation.

The objective of the activity specification of ontology requirements is to output the
ontology requirements speci cation document (ORSD) that includes the purpose, the scope,

and the implementation language of the ontology network, the target group, and the intended
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uses of the ontology network, as well as the set of requirements that the ontology network
should ful Il, mainly in the form of competency questions (CQs) [10]. CQs are questions
writing in natural language that the ontology should be able to answer [35]. This activity is

performed by ontology developers (ontology engineers), domain experts and users [10].

After the speci cation of ontology requirements, it is recommended to carry out a
search for candidate knowledge resources to be reused in order to speed up the ontology
development process. These knowledge resources can be ontologies, non-ontological
resources (e.g., thesauri, glossaries, databases) and ontology design patterns. Ontology
developers and domain experts use the terms that have the highest frequency in the ORSD to
search for non-ontological resources that cover the desired terminology. This search is
performed in highly reliable websites, domain-related sites, and resources within
organizations [10].

In the case of the search for ontologies, ontology developers reformulate CQs with
vocabulary that may belong to reusable ontologies but that do not explicitly appear in CQs.
They identify de nitions and axioms that can be potentially reused in the ontology to be
developed. The terms whose de nition could be reusable from other ontologies are those
appearing in the ORSD and the reformulated CQs. Ontology developers search for ontologies
that implement these de nitions and axioms in general purpose search engines (e.g., Google),
Semantic Web search engines (e.g., Swoogle, Watson), and repositories (e.g., the Prot@dg@
ontology library, the Open Biological and Biomedical Ontologies). The output of the search
for reusable knowledge resources is the set of candidate knowledge resources to be reused
[10].

In the next activity, assessment of candidate knowledge resources , the set of
candidate knowledge resources obtained is assessed. Ontology developers must inspect the
content and granularity of ontological resources to verify that they meet the needs identi ed in
the ORSD. Ontologies are compared, taking into account a set of criteria (e.g., reuse
economic cost, code clarity, and content quality). Non-ontological resources are assessed by
means of the following criteria: coverage, precision, quality and consensus about the
knowledge and terminology used in the resource, which is a subjective criterion. Based on the
assessment performed, ontology developers select the set of knowledge resources that are the

most appropriate for the ontology network requirements [10].
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The selected knowledge resources often need to be adapted before being reused in the
ontology network. Non-ontological resources are analyzed in order to identify its underlying
components and re-engineer them by creating ontological representations of the resource at
the different levels of abstraction (e.g., conceptual, computational). Ontologies are adapted

through reengineering, alignment, merging, and so on [10].

In the ontology conceptualization , ontology developers organize and structure
knowledge into meaningful conceptual models at the knowledge level. This activity is
independent of the way in which the ontology implementation will be carried out. In the
ontology formalization , the conceptual model is transformed into a formal or semi-
computable model according to a knowledge representation paradigm (e.g., description logics,
frames, rules, etc.). In the ontology implementation , a computational model (implemented
in an ontology language such as OWL) is generated [10].

Finally, ontology evaluation is de ned as the activity of checking the technical
quality of an ontology against a frame of reference. NeOn distinguishes two types of ontology

evaluations depending on the frame of reference used [10]:

* Ontology veri cation is the ontology evaluation activity that compares the
ontology against the ontology speci cation document (ontology requirements
and competency questions), thus ensuring that the ontology is built correctly (in
compliance with the ontology speci cation).

* Ontology validation is the ontology evaluation activity that compares the
meaning of the ontology de nitions against the intended model of the world that
aims to conceptualize. In this case, the participation of domain experts and
ontology users is essential. Besides expert judgment, another relatively easy way
to validate an ontology is by means of instantiation.

2.3.2 Reuse-Related Gaps

Reuse is pointed out as a promising approach to ontology engineering [8], since it enables
speeding up the ontology development process and avoids the unnecessary proliferation of
new models. As stated earlier, some ontology engineering methodologies such as NeOn [10]

and SABIO [11] describe specific activities for addressing reuse. However, SABIO presents
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only some types of reuse; and NeOn provides only generic guidelines for searching and
selecting reusable knowledge resources.

For example, NeOn [10] instructs ontology developers and domain experts to use the
terms that have the highest frequency in the ontology requirements speci cation document
(ORSD) to search for non-ontological resources that cover the desired terminology. This
search must be performed in highly reliable websites, domain-related sites, and resources
within organizations. In this case, NeOn does not show how to perform the search and record
the search results.

To search for ontologies, NeOn [10] suggests that ontology developers reformulate
CQs with vocabulary that may belong to reusable ontologies but that do not explicitly appear
in CQs. In addition, they have to identify de nitions and axioms that can be potentially reused
in the ontology to be developed. The terms whose de nition could be reusable from other
ontologies are those appearing in the ORSD and the reformulated CQs. Ontology developers
must search for ontologies that implement these de nitions and axioms in general purpose
search engines. Besides not showing how to search and record the results, NeOn suggests a
subjective process, since one has to make assumptions about terms, definitions and axioms

that may belong to reusable ontologies.

For the assessment of candidate resources, NeOn [10] guides ontology developers to
inspect the content and granularity of ontologies to verify that they meet the needs identi ed
in the ORSD. Ontologies must be compared, taking into account a set of criteria (e.g., reuse
economic cost, code clarity, and content quality). Non-ontological resources are assessed by
means of the following criteria: coverage, precision, quality and consensus about the

knowledge and terminology used in the resource, which is a subjective criterion.

2.4 Systematic Literature Review

As we have discussed in the previous section, there is explicit support for reuse in ontology
engineering methodologies such as NeOn. However, NeOn provides only generic guidelines
for reusable knowledge resources search and selection activities, and no other ontology
engineering methodology consulted provides a systematic method for accomplishing them.
This justifies a more systematic approach to perform these activities. We draw inspiration for

such approach from the practices of the Systematic Literature Review (SLR) [22][23].
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SLR is one of the main mechanisms that support evidence-based research. This
research paradigm has been advocated as a good practice for decision-making or
troubleshooting in many areas such as Medicine, Economics, and Software Engineering
[22][36]. An SLR is a secondary study method based on evaluating and interpreting all
available research relevant to a particular research question, topic area, or phenomenon of
interest, and then on reporting the used methodology and the obtained results. Although an
SLR requires considerable effort to be implemented when compared to ad hoc literature

reviews, SLRs are auditable, more trustworthy and rigorous [23][37].

An SLR (following [23]) has three phases: planning the review, conducting the review
and reporting the review. In the planning phase, the first step is to identify the need for the
review, that is, the reason the review is being carried out. Then, the review protocol is
developed. A review protocol specifies the methods that will be used to perform a specific
SLR. It must contain: the research questions that the review aims to answer; the strategy to
search for primary studies, including search terms, search string, and search engines; the
criteria and procedures for selecting studies; the checklist and procedures for assessing the
quality of studies; the strategy for extracting data; and the strategy for the synthesis of
extracted data. The protocol is refined in the following phases, but must be defined in
planning to make it less likely that the results of the literature will be biased and search

assumptions explicit.

In the conduction phase, the search is performed and the primary studies are retrieved.
Next, the selection criteria are applied to identify the studies that provide direct evidence
about the research questions. Then, the quality of the selected studies (related to the extent to
which the studies minimize bias and maximize internal and external validity) is evaluated.
Finally, some data are extracted from the selected studies and synthesized in tables so that the
meta-analysis (i.e., statistical techniques aimed at integrating the results of the primary
studies) can be performed. In the reporting phase, the main report with final results is

prepared and evaluated to verify if the search need has been met [23].

As a way to enhance the quality of the search, Snowballing can be performed [38].
Snowballing refers to using the reference list of a study or the citations to the study to identify

additional studies. Using the references and the citations respectively is referred to as
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backward and forward snowballing. The studies obtained from the snowballing are analyzed

in the same way that the studies returned directly by the search.

In this work, SLR is useful because we are interested in searching for reusable knowledge
resources on a scientific research domain. However, we aim to investigate scientific literature
and technical papers to find available knowledge resources in the domain of interest. Thus,
the SLR planning, conducting, and reporting activities need to be adapted to accommodate

this characteristic. This is the subject of CLeAR as discussed in the next chapter.
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3 The CLeAR Approach

CLeAR (Conducting Literature Search for Artifact Reuse) is a systematic approach to find
and select reusable knowledge resources (here called structured resources) for building
ontologies with the purpose of scientific research data integration. By structured resources we
mean those that represent knowledge through the use of formal specification of concepts,
relations and properties as ontologies, and also other types of artifacts that capture semantic
value for the concerned domain, such as reference models, representation schemas
(knowledge base schemas, database schemas), data exchange formats, metadata standards,

vocabularies, and thesauri.

As discussed in Chapter 2, the proposed approach adopts some practices of the
Systematic Literature Review (SLR) [22][23]. More specifically, publications in a given
domain are analyzed as a strategy for finding structured resources available on that domain.
This aims to increase the scope of the search and reduce the bias, promoting the identification
of structured resources that jointly cover the domain and exhibit properties considered
desirable for reuse (proper documentation, community acceptance, among others). As a result,
the set of retrieved structured resources make up a knowledge base on the domain to be
revisited and reused whenever necessary. This justifies the effort employed in performing the

systematic search for a domain for the first time.

CLeAR addresses specific ontology engineering activities. As a consequence, it is
designed to be used as a complement to existing ontology engineering methodologies such as
NeOn [10] and SaBiO [11].

This chapter is structured as follows. Section 3.1 provides an overview of CLeAR
activities. Section 3.2 presents activities related to the definition of data integration
requirements. Section 3.3 discusses activities that deal with the search for reusable structured
resources. Section 3.4 discusses the activities required to select reusable structured resources.

Finally, section 3.5 presents concluding remarks.

3.1 Overview of CLeAR Activities

CleAR is structured in three cycles as shown in Figure 5. The activities of cycle | aim at

defining the data integration requirements and the scope of the ontology to be developed.
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These requirements are necessary to perform the activities of the other two cycles. The
activities of cycle Il aim at systematically identifying structured resources candidates to be
reused in the development of the ontology, based on the requirements defined in cycle 1. Once
identified, the structured resources can be selected to be reused, which is the goal of cycle IlI.
The three cycles are intended to be executed in an iterative fashion. In the same way, the
activities of each cycle itself should be visited iteratively. As knowledge about the domain is
gathered and requirements are refined, new structured resources are identified and should be
considered for reuse. CLeAR activities are detailed in the sequel.
integration

Questions
Definition

RSN Domain Aspects Data Sources
P A Identification Selection :\\
Cycle : Data Integration
Requirements Definition
Systematic
Search

Structured Configuration
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Figure 5 - CLeAR activities.

3.2 Cycle I: Data Integration Requirements Definition

The Data Integration Requirements Definition cycle (I) is composed of three activities: (a)
Integration Questions Definition, (b) Data Sources Selection and (c¢) Domain Aspects
Identification. In the first activity, a top-down analysis of the integration requirements is made
through the definition of integration questions (1Qs). 1Qs are questions about the research
domain that can only be answered through the integration of different data sources [3]. In the
second activity, the data sources needed to address the 1Qs are selected by ontology engineers
and domain experts. In the third activity of this cycle, a bottom-up analysis of the integration
requirements is done by studying the selected data sources. The analysis of data sources, 1Qs
and domain standards combined with the knowledge of domain experts, allows the ontology
engineers to identify the domain aspects. Domain aspects are elements of the domain that can

be treated in a modular way. They must be enough to represent the universe of discourse.
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They are used in cycle Il to support the systematic search for structured resources, and in
cycle 111 to guide the selection of structured resources found in cycle I1.

3.2.1 Integration Questions Definition

In this activity, a top-down analysis of the integration requirements is made through the
definition of integration questions (1Qs) driven by the needs of domain experts. 1Qs are
questions about the research domain that can only be answered through the integration of
different data sources [3]. That is because the contents of data are different and/or
complementary to each other, or because different views of the same content must be
contrasted. As 1Qs are answered from the integration of different data sources, some candidate
data sources to be integrated are known to domain experts prior to the application of CLeAR.
These data sources serve as input to the definition of 1Qs. In turn, 1Qs support the selection of

the data sources to be integrated.

As will be seen below, IQs are also used in the definition of the domain aspects.
Besides that, in the joint use of CLeAR with ontology engineering methodologies (e.g.,
[10][11]), 1Qs are broken down into competency questions. Thus, they are used to define the
ontology scope and also for the evaluation of the developed ontology. Since CLeAR is
iterative, it allows the refinement of 1Qs throughout the process, which can be done by
adding, grouping, uncoupling and updating actions. Table 1 shows the inputs, outputs and
actors of this activity.

Table 1 - Inputs, Outputs and Actors of Integration Questions Definition
Integration Questions Definition

Needs for knowledge about a particular research domain and candidate data sources to

Inputs be integrated to provide this knowledge
Outputs Integration questions (1Qs)
Actors Domain Experts

3.2.2 Data Sources Selection

After the definition of 1Qs, data sources required to answer them are selected by ontology
engineers and domain experts. These data sources will be integrated with the support of the
ontology to be developed from the reuse of the found structured resources. The selection of

data sources can be challenging considering that: (i) data producers may be many
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(researchers, government entities, non-profit organizations, industry and laboratories) and
sometimes unknown; (ii) data can be difficult to find and obtain due to organizational
barriers; and (iii) data can be large, heterogeneous and of varying quality. Table 2 shows the

inputs, outputs and actors of this activity.

Table 2 - Inputs, Outputs and Actors of Data Sources Selection

Data Sources Selection

Inputs Candidate data sources to be integrated and integration questions (IQs)
Outputs Data sources to be integrated
Actors Ontology Engineers and Domain Experts

3.2.3 Domain Aspects Identification

In this activity, a bottom-up analysis of the integration requirements is done by studying the
selected data sources. The analysis of data sources, 1Qs and domain standards combined with
the knowledge of domain experts, allows the ontology engineers to identify the domain
aspects. Domain aspects are elements of the domain that can be treated in a modular way.
They must be enough to represent the universe of discourse. That is, any information about
the domain must be part of a domain aspect. They can be related to activities, actors and roles

description, characterization of researched entities, and so on.

To define domain aspects, one can use general questions to characterize a scientific
research. Examples of these questions are: How is scientific research done? , Where? ,
When? , What is researched? , Who is the agent or principal? and Why is scientific
research done? . Similarly to 1Qs, domain aspects can be refined continuously by adding,
grouping, uncoupling or updating actions. They are used in cycle Il to support the systematic
search for structured resources, and in cycle 11l to guide the selection of structured resources

found in cycle II.

It is important to note that the analysis of the selected data sources elements provides
significant knowledge for the identification of domain aspects. This is because our ultimate
goal is to find structured resources to be reused in the development of ontologies for the
integration of these data sources. However, as mentioned before, data sources content can be
large, heterogeneous and of varying quality. Therefore, care must be taken when analyzing it

to identify domain aspects. This involves: correlating different terms used to represent the
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same concept; understanding the different granularities used to represent data; and verifying
the meaning of the absence of data when not justified. This should be done with the support of

the domain experts.

Table 3 shows the inputs, outputs and actors of this activity.

Table 3 - Inputs, Outputs and Actors of Domain Aspects Identification
Domain Aspects Identification

Data sources to be integrated, integration questions (1Qs), domain standards, and

Inputs knowledge of domain experts
Outputs List of domain aspects
Actors Ontology Engineers and Domain Experts

3.3 Cycle II: Structured Resources Systematic Search

The Structured Resources Systematic Search cycle (1) is mostly inspired in practices of SLR
[22][23]. CLeAR, unlike SLR, investigates scientific literature and technical papers to find
available structured resources in the domain of interest. Thus, the SLR planning, conducting,
and reporting activities were adapted to accommodate this characteristic. In CLeAR, the
planning activity is called (a) Systematic Search Configuration. The conducting activity is
divided into three: (b) Publications Selection, (c) Structured Resources Identification, and (d)
Snowballing. The reporting activity is called (e) Systematic Search Reporting. They are
performed by ontology engineers who are interested in finding structured resources to

improve their work.

In Systematic Search Configuration, the strategy required to perform the search is
defined. Steps such as the specification of the search goals and the definition of inclusion and
exclusion criteria are executed. In Publications Selection, the systematic search for
publications is performed. The returned publications are analyzed and selected by applying
the inclusion and exclusion criteria of publications. After the publications selection, the
structured resources presented or mentioned by the selected publications are analyzed and
selected by applying the inclusion and exclusion criteria of structured resources. This is done
in the Structured Resources Identification activity. To enhance the quality of the search, the
Snowballing activity can be performed. The snowballing technique [38] can be applied to
both publications and structured resources. As a result of these activities, we have the sets of
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identified and selected publications and structured resources. Finally, in Systematic Search
Reporting, the results of the systematic search are presented and evaluated to verify if the

search goals were reached.

3.3.1 Systematic Search Configuration

In Systematic Search Configuration, the following steps are executed: specification of the
search goals (which concerns ultimately the identification of structured resources in the
particular research domain); selection of keywords to compose the search string; elaboration
of the search string; selection of search engines; definition of inclusion and exclusion criteria
whose purpose is to select only publications and structured resources that meet the search
goals; definition of the publications selection procedure; definition of the structured resources

identification procedure; and definition of the snowballing procedure.

In CLeAR, the selection of keywords reflects the dual nature of the search goals. Thus,
keywords represent not only the domain but also the types of structured resources to be found
(ontologies, reference models, database schemas, etc.). In addition, there are two different
types of inclusion and exclusion criteria (one for publications, the other for structured

resources). The eight steps of this activity are explained below.

Search Goals Specification. In this first step, the search goals are specified to guide

systematic search activities. They must be related to the structured resources to be searched.

Keywords Selection. In this step, the terms to compose the search string are selected. Once we
are searching for structured resources on a specific domain, we need to define some keywords
related to structured resources and others related to the domain. To make reference to
structured resources, terms such as ontology , reference model , vocabulary , taxonomy

and their related terms must be considered. Regarding the domain, keywords that depict the
domain itself, the super domain (i.e., a domain more generic than ours) or the domain aspects

should be used.

Search String Improvement. The terms obtained in the previous step are organized in a
search string. This string should group the keywords into a logical expression (typically using
OR and AND operators). In CLeAR, the expression is formed by two main terms connected
by AND: the first one selects publications concerned with structured resources and the second

one selects domain-specific publications. Each of these main terms is disjunctive in order to
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include alternative terms that are used to denote structured resources and to identify the
research domain. The search string is tested gradually, including terms subsequently in the
disjunctions, in order to test whether they actually increase the search results and should be

kept in the string.

Search Engines Selection. After the search string was constructed, the search engines to be
used need to be selected. They include digital libraries, specific journals and conference
proceedings as recommended by [23]. Checking search engines results against lists of already
known primary studies, called here control papers, can be useful for selection of the search

engines [23].

Inclusion and Exclusion Criteria Definition. In this step, the criteria to select (inclusion) or
discard (exclusion) publications and structured resources obtained by the systematic search
are defined. Then, only those that directly reach the search goals are maintained. For
publications, a general inclusion criteria recommended by CLeAR is that the publications
must present or mention structured resources about the domain or an aspect of it. Other
inclusion criteria could be: language, journal, authors, setting, participants or subjects,
research design, sampling method and date of publication [23]. For structured resources, an
inclusion criteria proposed by CLeAR is that they must address the domain or its aspects. As
exclusion criteria, both for publications and structured resources we can check their
availability. That is, publications and structured resources whose content is not fully available

must be excluded.

Publications Selection Procedure Definition. In this step, the process to be followed for the
publications selection is defined. Initially, one must determine the scope of the search, that is,
if the string terms will be searched only in title, abstract, or any part of the publications.
Second, one must define data to be registered about the publications and the form to be used
to record them. Regarding publications data, it is necessary to register: the year, the title, the

authors and the source. Additional information may be added.

Structured Resources ldentification Procedure Definition. In this step, the process to be
followed for the structured resources identification is defined. One must define data to be
registered about the structured resources and the form to be used to record them. In relation to
the structured resources data, it is necessary to register: the name, the source, the language,
the owner, the description, the key concepts, the upper level ontology (applicable only to
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ontologies), the resources that reuse the structured resource, the selected publications that
present the structured resource, and the selected publications that mention the structured

resource. Additional items may be added.

Snowballing Procedure Definition. As a way to enhance the quality of the search,
snowballing [38] can be performed. In CLeAR, the snowballing technique has been adapted
to be applied to both publications and structured resources. In the case of publications, it can
be used in the same way as in the SLR, that is, by checking the reference lists and citations of
selected publications. In the case of structured resources, it selects structured resources that

are reused by each one analyzed.

Table 4 shows the inputs, outputs and actors of the Systematic Search Configuration.

Table 4 - Inputs, Outputs and Actors of Systematic Search Configuration
Systematic Search Configuration

Search Goals Specification
Inputs The motivations for the systematic search
Outputs The systematic search goals

Keywords Selection

Inputs The systematic search goals
Outputs List of keywords related to structured resources, and list of keywords related to domain

Search String Improvement
Inputs List of keywords related to structured resources, and list of keywords related to domain
Outputs Search string

Search Engines Selection
Inputs List of control papers
Outputs Search engines selected

Inclusion and Exclusion Criteria Definition

Inputs The systematic search goals

List of publications inclusion criteria, list of publications exclusion criteria, list of

Outputs structured resources inclusion criteria, and list of structured resources exclusion criteria
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Publications Selection Procedure Definition
Inputs The systematic search goals
Outputs Process to be followed for the publications selection, form to record publications data
Structured Resources ldentification Procedure Definition
Inputs The systematic search goals

Process to be followed for the structured resources identification, form to record

Outputs structured resources data

Snowballing Procedure Definition

Inputs The systematic search goals
Outputs Process to be followed for the snowballing
Actors Ontology Engineers

3.3.2 Publications Selection

In this activity, the process defined in Publications Selection Procedure Definition is
performed. The search engines are configured according to the search scope and some
inclusion and exclusion criteria, such as the publication language, journal, authors and date of
publication. Then, the search is performed. The returned publications data are recorded in the
publications form. Publications are analyzed and selected by applying the inclusion and
exclusion criteria of publications. Table 5 shows the inputs, outputs and actors of this activity.

Table 5 - Inputs, Outputs and Actors of Publications Selection
Publications Selection

Process to be followed for the publications selection, form to record publications data,

Inputs list of publications inclusion criteria, and list of publications exclusion criteria
Outputs Selected publications
Actors Ontology Engineers

3.3.3 Structured Resources Identification

After the publications selection, the process defined in Structured Resources ldentification
Procedure Definition is performed. The structured resources presented or mentioned by the
selected publications are identified. The structured resources data are recorded in the

structured resources form. Structured resources are analyzed and selected by applying the
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inclusion and exclusion criteria of structured resources. Table 6 shows the inputs, outputs and

actors of this activity.

Table 6 - Inputs, Outputs and Actors of Structured Resources Identification

Structured Resources ldentification

Process to be followed for the structured resources identification, form to record

structured resources data, list of structured resources inclusion criteria, and list of

Inputs structured resources exclusion criteria
Outputs Selected structured resources
Actors Ontology Engineers

3.3.4 Snowballing

In this activity, the process defined in Snowballing Procedure Definition is performed. The
new publications and structured resources data are recorded on the corresponding forms. New
publications and structured resources are analyzed and selected by applying the respective

inclusion and exclusion criteria. Table 7 shows the inputs, outputs and actors of this activity.

Table 7 - Inputs, Outputs and Actors of Snowballing

Snowballing

Process to be followed for the snowballing, form to record publications data, form to
record structured resources data, list of publications inclusion criteria, list of publications

exclusion criteria, list of structured resources inclusion criteria, and list of structured

Inputs resources exclusion criteria
Outputs Additional selected publications and structured resources
Actors Ontology Engineers

3.3.5  Systematic Search Reporting

In this activity, the results of the systematic search are presented and evaluated to verify if the
search goals were reached. This is done by analyzing (including graphically) some of the
information collected about publications and structured resources. Table 8 shows the inputs,

outputs and actors of this activity.
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Table 8 - Inputs, Outputs and Actors of Systematic Search Reporting

Systematic Search Reporting

Inputs Selected structured resources data
Outputs Systematic search report
Actors Ontology Engineers

3.4 Cycle IlI: Structured Resources Selection

Th