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RESUMO 

A conceção de ontologias é amplamente influenciada pelos conhecimentos e experiências dos 

autores, sua interpretação do domínio e aplicação alvo, resultando em ontologias distintas. 

Portanto, quando duas organizações precisam de interagir usando ontologias, não está garantido 

um entendimento comum do domínio. 

O alinhamento de ontologias (ou esquemas), como processo de criação de correspondências entre 

entidades de duas ontologias (ou esquemas) diferentes, é visto como uma solução para ultrapassar 

as heterogeneidades encontradas. 

Apesar da existência de algoritmos de alinhamento automático, estes geram alinhamentos 

incompletos, incorretos e contraditórios, o que impede a sua aplicação direta em cenários de 

interoperabilidade baseada em ontologias. De facto, os resultados obtidos com os sistemas de 

alinhamento automático encontram-se abaixo do exigido por algumas tarefas de mediação de 

ontologias, tal como consulta e transformação de dados entre sistemas, exigindo por isso a 

intervenção do perito. 

O objetivo deste trabalho é o de propor um método que auxilie o perito a corrigir e completar os 

alinhamentos gerados automaticamente de modo a obter alinhamentos capazes de suportar a 

integração de informação. 

O processo de corrigir e completar os alinhamentos consiste em identificar e resolver os cenários 

de alinhamento que necessitam de uma decisão contextualizada, semântica e muitas vezes baseada 

no ser-humano: aceitar ou rejeitar correspondências. Como as decisões influenciam outros 

cenários, tanto as decisões de aceitação como as de rejeição de correspondências são consideradas 

no processo, influenciando e ajudando a resolver outros cenários. 

Para isso, são definidas regras que capturam as condições nas quais uma correspondência requer 

uma decisão do ser-humano. 



 
Resumo 

x 

Propõe-se um Sistema de Apoio à Decisão (SAD) que aplica essas regras de modo a reduzir o 

número de decisões do utilizador, (i) permitindo diferentes níveis de participação (variando de 

automático a dependente do utilizador) e (ii) propagando as decisões a outras situações. 

Para proporcionar uma prova de conceito para a arquitetura, bem como para realizar experiências, 

é desenhado e implementado um protótipo que incorpora a investigação teórica e que oferece uma 

interface gráfica intuitiva e fácil de usar na tomada de decisão. O protótipo é ainda aplicado a um 

caso de negócio. 

A avaliação do protótipo é realizada utilizando conjuntos de dados disponíveis on-line e os 

resultados das experiências são avaliados qualitativamente através de métricas analíticas padrão. 

As experiências mostram que os resultados obtidos com o Sistema de Apoio à Decisão melhoram 

(i) independentemente do modo de operação e (ii) à medida que a participação do perito no 

processo aumenta. 
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ABSTRACT 

The design of ontologies is largely influenced by the ontology designers’ backgrounds, their 

interpretation of the domain and targeting application. For that reason, when two organizations 

adopting ontologies need to interact, a common understanding of the domain is not guaranteed 

due to the heterogeneity of their ontologies. 

Ontology (or schema) matching, as a process of establishing correspondences between entities of 

two different ontologies (or schemas), known as alignment, is seen as a solution in overcoming the 

heterogeneities that are found. 

Despite the existence of automatic matching algorithms, they generate incomplete, incorrect and 

contradictory alignments; preventing their direct application in ontology-based interoperability 

scenarios. In fact, the ontology matching results obtained with automatic systems are below the 

requirement for certain ontology mediation tasks, such as query and data transformation between 

systems; thus, it requires the expert intervention. 

The goal of this work is to propose a method that assists the expert in correcting and completing 

automatically-generated alignments, towards information-integration suitable alignments. 

The correction and completion process consists in identifying and resolving the matching scenarios 

that need a contextualized, semantic and often human-based decision: accepting or rejecting 

correspondences. Because the decisions have influence in other scenarios, both the acceptance and 

rejection correspondence decisions are considered in the process, influencing and helping in 

resolving other scenarios. 

For that, declarative rules are defined in order to capture the conditions in which a correspondence 

requires a human-based decision. 
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A rule-based Decision Support System (DSS) applies these rules in order to reduce the number of 

user decisions, both by (i) allowing different participation levels (ranging from automatic to human-

dependent) and (ii) propagating the decisions to other situations. 

To provide a proof of concept for the architecture, as well as a testbed for the experiments, a 

working prototype that embodies the theoretical research is designed and implemented, offering 

an intuitive, easy to use and clear graphical interface, to assist the users deciding. The prototype is 

also applied to a business case. 

The prototype evaluation is performed using available online data sets and the experiment results 

are evaluated qualitatively through standard analytical metrics. 

The experiments show that the accuracy attained with the DSS improves (i) regardless of the 

operation mode and (ii) as the participation of the expert in the process increases. 

 



xiii 

 
PALAVRAS-CHAVE 

Ontologia, alinhamento de ontologias, integração de informação, envolvimento do utilizador, 

sistema de apoio à decisão, regras. 





xv 

 
KEYWORDS 

Ontology, ontology matching, ontology alignment, information integration, user involvement, 

decision support system, rules. 





xvii 

 
CONTENTS 

Acknowledgments .............................................................................................................. vii 

Resumo ................................................................................................................................ ix 

Abstract ................................................................................................................................ xi 

Palavras-chave ................................................................................................................... xiii 

Keywords ............................................................................................................................ xv 

Contents ............................................................................................................................ xvii 

List of Tables ................................................................................................................... xxiii 

List of Figures ................................................................................................................... xxv 

List of Definitions ............................................................................................................ xxix 

List of Abbreviations ....................................................................................................... xxxi 

Chapter 1 Introduction ..................................................................................................... 1 

1.1 Context ........................................................................................................................................... 1 

1.2 Research Problem ......................................................................................................................... 2 

1.3 Thesis Statement ........................................................................................................................... 3 

1.4 Research Method .......................................................................................................................... 3 

1.5 Research Contributions ............................................................................................................... 6 

1.6 Thesis Structure ............................................................................................................................. 7 

Chapter 2 Background Knowledge .................................................................................. 9 

2.1 Information Integration ............................................................................................................. 10 

2.2 Relational Database Schemas .................................................................................................... 11 

2.3 Ontologies .................................................................................................................................... 12 

2.4 Ontologies vs. Database Schemas ............................................................................................ 16 

2.5 Decision Support Systems ......................................................................................................... 18 

2.6 Summary ....................................................................................................................................... 21 



 
Contents 

xviii 

Chapter 3 Ontology Matching ....................................................................................... 23 

3.1 Types of Heterogeneity .............................................................................................................. 24 

3.1.1 Linguistic Heterogeneity .............................................................................................. 24 

3.1.2 Terminological Heterogeneity ..................................................................................... 25 

3.1.3 Conceptual Heterogeneity ............................................................................................ 25 

3.1.4 Pragmatic Heterogeneity .............................................................................................. 26 

3.2 Matching Techniques ................................................................................................................. 26 

3.3 The Matching Process ................................................................................................................ 29 

3.4 Properties of an Alignment ....................................................................................................... 33 

3.5 Alignment Representation Formats and Languages .............................................................. 35 

3.5.1 Alignment Format ......................................................................................................... 35 

3.5.2 Expressive and Declarative Ontology Alignment Language .................................. 36 

3.6 Evaluation Measures .................................................................................................................. 38 

3.7 Summary ....................................................................................................................................... 40 

Chapter 4 State of the Art ............................................................................................... 41 

4.1 User Involvement in Ontology Matching ............................................................................... 41 

4.1.1 User Expertise ................................................................................................................ 45 

4.1.2 User Intervention .......................................................................................................... 45 

4.1.3 User Interfaces ............................................................................................................... 47 

4.2 Ontology Matching Systems ..................................................................................................... 50 

4.2.1 AgreementMaker ........................................................................................................... 51 

4.2.2 AgreementMakerLight .................................................................................................. 52 

4.2.3 AlViz ................................................................................................................................ 53 

4.2.4 CogZ ................................................................................................................................ 55 

4.2.5 COMA 3.0 ...................................................................................................................... 56 

4.2.6 LogMap 2 ........................................................................................................................ 57 

4.2.7 RepOSE .......................................................................................................................... 58 

4.2.8 SAMBO .......................................................................................................................... 59 

4.2.9 MAFRA Toolkit ............................................................................................................ 60 

4.3 Summary ....................................................................................................................................... 61 



Rule-based and user feedback-driven decision support system for transforming automatically- 
generated alignments into information-integration alignments 

xix 

Chapter 5 Proposal ......................................................................................................... 65 

5.1 Foundational Concepts .............................................................................................................. 65 

5.2 Ambiguous Alignment ............................................................................................................... 69 

5.3 Information-Integration-Ready Alignments ........................................................................... 73 

5.4 Disambiguation Process ............................................................................................................ 74 

5.4.1 Disambiguation Assertions .......................................................................................... 75 

5.4.2 Ambiguous Scenario Identification Rules ................................................................. 76 

5.5 Rule-based Decision Support System ...................................................................................... 80 

5.5.1 Operation Modes .......................................................................................................... 81 

5.5.2 Decision Supporting Heuristics and Parameters ...................................................... 83 

5.5.3 System Classification ..................................................................................................... 85 

5.6 Walk-through Example .............................................................................................................. 85 

5.7 Summary ....................................................................................................................................... 92 

Chapter 6 Prototype and Application Case .................................................................... 95 

6.1 Architecture ................................................................................................................................. 95 

6.2 Implementation ......................................................................................................................... 100 

6.2.1 Client App .................................................................................................................... 102 

6.2.2 DSS-based ii-Ready Mapping System ...................................................................... 105 

6.2.3 Automatic Matchers .................................................................................................... 108 

6.2.4 Disambiguation Matchers .......................................................................................... 108 

6.2.5 Summary ....................................................................................................................... 109 

6.3 Application to Business Case .................................................................................................. 111 

6.3.1 Context .......................................................................................................................... 111 

6.3.2 Architecture .................................................................................................................. 112 

6.3.3 DSS and DSL Ontology Alignment Process .......................................................... 115 

6.4 Summary ..................................................................................................................................... 116 

Chapter 7 Experiments ................................................................................................. 117 

7.1 The Data Set .............................................................................................................................. 119 

7.1.1 Ontologies from the OAEI Conference Track ...................................................... 119 



 
Contents 

xx 

7.1.2 Schemas from Database Answers ............................................................................. 122 

7.2 Trial with Participants .............................................................................................................. 123 

7.3 Evaluation .................................................................................................................................. 124 

7.3.1 Adopted Evaluation Measures .................................................................................. 125 

7.3.2 Accuracy ....................................................................................................................... 126 

7.3.3 User vs. Automatic Decisions ................................................................................... 127 

7.3.4 Relevance of Multi-Step Paths .................................................................................. 127 

7.3.5 Time Spent ................................................................................................................... 129 

7.4 Summary ..................................................................................................................................... 130 

Chapter 8 Conclusions .................................................................................................. 131 

8.1 Overview of the Thesis ............................................................................................................ 131 

8.1.1 Contextualization and Motivations ........................................................................... 132 

8.1.2 Theoretical Research ................................................................................................... 133 

8.1.3 Development and Experiments ................................................................................ 133 

8.2 Summary of Contributions ...................................................................................................... 134 

8.3 Limitations and Future Work ................................................................................................. 136 

8.4 Final Remarks ............................................................................................................................ 137 

Bibliography ...................................................................................................................... 139 

Appendix A Characterization of Ontologies ................................................................. 155 

A.1 Generality ................................................................................................................................... 155 

A.2 Granularity ................................................................................................................................. 157 

A.3 Formality .................................................................................................................................... 157 

Appendix B Ontology Models and Languages ............................................................. 161 

B.1 Resource Description Framework (RDF) ............................................................................. 161 

B.2 Resource Description Framework Schema (RDFS) ............................................................ 163 

B.3 Web Ontology Language (OWL) ........................................................................................... 166 

Appendix C Representational Model Translation ........................................................ 171 

C.1 Representational Model Translation Process ....................................................................... 171 



Rule-based and user feedback-driven decision support system for transforming automatically- 
generated alignments into information-integration alignments 

xxi 

C.2 Relational Database to Ontology Translation ...................................................................... 172 

 





xxiii 

 
LIST OF TABLES 

Table 1 – User involvement characteristics addressed by the state-of-the-art systems ................... 63 

Table 2 – Ontology matching characteristics addressed by the state-of-the-art systems ................ 64 

Table 3 – Table-based representation of source knowledge base ....................................................... 71 

Table 4 – Table-based representation of target knowledge base for the Person’s single-step 
path ............................................................................................................................................. 72 

Table 5 – Table-based representation of target knowledge base for the Company’s single-
step path ..................................................................................................................................... 72 

Table 6 – Table-based representation of target knowledge base for ConceptSubsumption-
related Concept ......................................................................................................................... 72 

Table 7 – Table-based representation of target knowledge base for Property-related Concept .... 73 

Table 8 – OAEI Conference track ontologies characterization ........................................................ 120 

Table 9 – Reference alignments of the pairs of ontologies of the OAEI Conference track ........ 120 

Table 10 – AML alignments submitted for the pairs of ontologies of the OAEI Conference 
track ......................................................................................................................................... 121 

Table 11 – Characterization of the ontologies used in experiments ................................................. 122 

Table 12 – Characterization of the pairs of ontologies and the alignments used in 
experiments ............................................................................................................................ 123 

Table 13 – Detailed accuracy results ...................................................................................................... 128 

 





xxv 

 
LIST OF FIGURES 

Figure 1 – Simple relational database schema ........................................................................................ 12 

Figure 2 – Decision support systems classification ............................................................................... 21 

Figure 3 – Ontology matching techniques classification ...................................................................... 27 

Figure 4 – The matching process ............................................................................................................. 30 

Figure 5 – Simple and complex correspondences ................................................................................. 31 

Figure 6 – Semi-automatic matching process ......................................................................................... 32 

Figure 7 – Alignment cardinality .............................................................................................................. 34 

Figure 8 – Alignments as sets of correspondences (adapted from [Euzenat and Shvaiko 
2013]) ......................................................................................................................................... 38 

Figure 9 – PartOf, InstanceOf and RelatedBy perspectives [Mocan, Cimpian, and Kerrigan 
2006] .......................................................................................................................................... 44 

Figure 10 – Tree and graph representations [Fu, Noy, and Storey 2013] .......................................... 50 

Figure 11 – Tree-map representation [López-García and Schulz 2016] ............................................ 50 

Figure 12 – Screenshot of AgreementMaker interface [Cruz et al. 2009] .......................................... 52 

Figure 13 – Screenshot of AgreementMakerLight interface [Faria et al. 2014] ................................ 53 

Figure 14 – Screenshot of AlViz interface [Lanzenberger and Sampson 2006] ............................... 54 

Figure 15 – Screenshot of CogZ interface [Falconer and Storey 2007] ............................................. 55 

Figure 16 – Screenshot of COMA interface ........................................................................................... 56 

Figure 17 – Screenshot of RepOSE interface [Ivanova and Lambrix 2012] ..................................... 58 

Figure 18 – Screenshot of SAMBO interface [Lambrix and Kaliyaperumal 2017] .......................... 59 

Figure 19 – Screenshot of MAFRA Toolkit interface [Silva 2004] ..................................................... 61 



 
List of Figures 

xxvi 

Figure 20 – Simple ontology alignment scenario (example) ................................................................. 67 

Figure 21 – Complex ontology alignment scenario (example) ............................................................. 67 

Figure 22 – Ambiguity in a property-correspondence .......................................................................... 70 

Figure 23 – Disambiguation process ........................................................................................................ 75 

Figure 24 – Concept-ambiguous scenario ............................................................................................... 77 

Figure 25 – Accepted and rejected concept-correspondences ............................................................. 78 

Figure 26 – Path-ambiguous scenario ...................................................................................................... 79 

Figure 27 – Accepted ii-ready scenario .................................................................................................... 79 

Figure 28 – Rejected ii-ready scenario ..................................................................................................... 80 

Figure 29 – Automatic operation mode .................................................................................................. 82 

Figure 30 – Human operation mode ....................................................................................................... 82 

Figure 31 – Supported operation mode .................................................................................................. 83 

Figure 32 – Only one contextualization scenario ................................................................................... 84 

Figure 33 – Ontologies of the walk-through example .......................................................................... 86 

Figure 34 – Concept-ambiguous scenarios of the walk-through example ......................................... 86 

Figure 35 – Single-step path-ambiguous scenario of the walk-through example ............................. 87 

Figure 36 – First accepted ii-ready scenario of the walk-through example ....................................... 87 

Figure 37 – Two-step path-ambiguous scenario of the walk-through example ................................ 88 

Figure 38 – Another concept-ambiguous scenario of the walk-through example ........................... 88 

Figure 39 – Path-ambiguous scenario of the walk-through example ................................................. 89 

Figure 40 – Second accepted ii-ready scenario of the walk-through example ................................... 90 

Figure 41 – Another path-ambiguous scenario of the walk-through example .................................. 90 

Figure 42 – Third accepted ii-ready scenario of the walk-through example ...................................... 91 

Figure 43 – Overall logical view of the system ....................................................................................... 96 

Figure 44 – Overall deployment view of the system ............................................................................. 97 

Figure 45 – Expert-level disambiguation process view ......................................................................... 98 

Figure 46 – Logical view of the DSS-based ii-Ready Mapping System .............................................. 99 



Rule-based and user feedback-driven decision support system for transforming automatically- 
generated alignments into information-integration alignments 

xxvii 

Figure 47 – Process view of the automatic alignment generation ....................................................... 99 

Figure 48 – Overall disambiguation process view ............................................................................... 101 

Figure 49 – Screenshot of the UI: concept-ambiguous scenario ....................................................... 103 

Figure 50 – Screenshot of the UI: single-step path-ambiguous scenario ......................................... 104 

Figure 51 – Screenshot of the UI: two-step path-ambiguous scenario ............................................ 104 

Figure 52 – Rule execution order ........................................................................................................... 106 

Figure 53 – Component-based diagram of the new uebe.Q and configurator ............................... 113 

Figure 54 – Detailed component-based diagram of the new uebe.Q ............................................... 114 

Figure 55 – Combination of DSS and DSL information integration alignment process .............. 115 

Figure 56 – Accuracy results ................................................................................................................... 127 

Figure 57 – Searching for multi-step paths results .............................................................................. 129 

Figure 58 – Average F-measure based on time spent by participant (represented as yellow 
dot) ......................................................................................................................................... 129 

Figure 59 – Classification of ontologies proposed by Guarino [Guarino 1997] ............................. 156 

Figure 60 – Representation of the classification of ontologies as proposed by Studer and 
colleagues .............................................................................................................................. 157 

Figure 61 – Classification of ontologies proposed by McGuinness [McGuinness 2003] .............. 158 

Figure 62 – RDF graph (example) .......................................................................................................... 162 

Figure 63 – UML modeling of an ontology using RDFS primitives ................................................ 165 

Figure 64 – Translation process .............................................................................................................. 172 

Figure 65 – Simple relational database schema .................................................................................... 174 

 





xxix 

 
LIST OF DEFINITIONS 

Definition 1 – Concept-correspondence ................................................................................................. 65 

Definition 2 – Property-correspondence ................................................................................................ 66 

Definition 3 – Step ...................................................................................................................................... 67 

Definition 4 – Path ..................................................................................................................................... 68 

Definition 5 – Information-integration-ready scenario ........................................................................ 73 

Definition 6 – Information-integration-ready alignment ...................................................................... 74 

Definition 7 – Not-concept-correspondence ......................................................................................... 75 

Definition 8 – Not-ii-ready scenario ........................................................................................................ 76 

Definition 9 – Concept-ambiguous scenario .......................................................................................... 77 

Definition 10 – Path-ambiguous scenario ............................................................................................... 78 

 





xxxi 

 
LIST OF ABBREVIATIONS 
ABox Assertion Box 

AML Agreement Maker Light 

API Application Programming Interface 

ASP Active Server Pages 

BPMN Business Process Model and Notation 

BRMS Business Rules Management System 

cf. Latin expression: confer. It means: “compare”. 

CQRS Command Query Responsibility Segregation 

CSS Cascading Style Sheets 

CWA Closed World Assumption 

DBMS Database Management System 

DDL Data Definition Language 

DL Description Logics 

DRL Drools Rule Language 

DSL Domain-Specific Language 

DSS Decision Support System 

DTD Document Type Definition 

e.g. Latin expression: exempli gratia. It means: “for example”. 

EDOAL Expressive and Declarative Ontology Alignment Language 

et al. Latin expression: et alia. It means: “and others” or “and co-workers”. 

GUI Graphical User Interface 

HTML HyperText Markup Language 

i.e. Latin expression: id est. It means: “that is” or “in other words”. 

IRI Internationalized Resource Identifier 

ISO International Organization for Standardization 



 
List of Abbreviations 

xxxii 

LHS Left-Hand-Side 

OAEI Ontology Alignment Evaluation Initiative 

OCL Object Constraint Language 

ORM Object Relational Mapping 

OWA Open World Assumption 

OWL Ontology Web Language 

RDF Resource Description Framework 

RDFS Resource Description Framework Schema 

REST Representational State Transfer 

RHS Right-Hand-Side 

SOA Service-Oriented Architecture 

SQL Structured Query Language 

SWRL Semantic Web Rule Language 

TBox Terminological Box 

UI User Interface 

UIX User Interaction and Experience 

URI Uniform Resource Identifier 

vs. Latin expression: versus. It means: “against”. 

W3C World Wide Web Consortium 

XML eXtensible Markup Language 

  

 



1 

Chapter 1  
 

INTRODUCTION 

This chapter starts by describing the technological and socio-organizational context of the work 

presented in this thesis. Following that, the problem to be solved, the thesis statement and the 

research method are presented. Finally, the contributions and the structure of this thesis are 

outlined. 

1.1 Context 

According to [Fensel 2001], ontologies are conceptual models that allow one to formally describe 

what to understand about a specific domain. While conceptually different, ontologies and schemas 

share similar characteristics, namely because both capture and are built around a 

structure/organization of domain concepts [Uschold 2015]. Sharing the ontology with other 

communities, allows it to be used in establishing and improving the interoperability with the 

community that provides or adopts it [Fensel 2001]. 

Consider two organizations dealing with books: the first one is a cultural product electronic 

commerce site (which sells books, music, movies, etc.) and the second is a public library. 

Both organizations deal with some related products, the books, but are concerned with 

different aspects of these. While both are interested in author(s), publisher and edition, the 

former is concerned with the size and weight, and the latter, in turn, is concerned with the 
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bibliographic categories and topics. Moreover, despite considering common characteristics, 

they may consider them differently. E.g. while the commerce company is interested in the 

net price, the taxes and shipping fees expressed in different currencies, the public library is 

interested in the overall price. Moreover, the seller may organize the books according to their 

commercial types and the library according to their literary types. In summary, these two 

organizations will obviously have different and heterogeneous ontologies.  

These two organizations may have to interact, for example, because the library wants to order 

books from the seller, or because the seller wants to digitize the collections of the library. To 

do it, they need to find a common understanding of the domain. For that, correspondences 

between the seller and the library will be identified and established between the entities in 

their respective ontologies. Correspondences may express that what a book in the ontology 

of the seller stands for what is called a volume in the ontology of the library. Furthermore, 

the price in the seller ontology should be multiplied by a tax rate for obtaining the 

corresponding price in the library ontology. 

Example adapted from [Euzenat and Shvaiko 2013]  

The process of finding these correspondences is called “ontology matching”. 

Ontology (or schema) matching is the process whereby correspondences between entities of two 

different ontologies (or schemas) with common or overlapping domains are established [Euzenat 

and Shvaiko 2013]. Ontology matching is particularly relevant in many areas of application of 

ontologies, ranging from traditional scenarios, such as ontology engineering (e.g. ontology 

evolution) and information integration; to more recent applications, such as peer-to-peer 

information sharing, web service composition, autonomous communication systems, chat bots and 

query answering [Otero-Cerdeira, Rodríguez-Martínez, and Gómez-Rodríguez 2015; Shvaiko and 

Euzenat 2013; Staab and Studer 2009]. 

1.2 Research Problem 

Designing ontologies is not a formal, deterministic process [Cheatham 2014]. Instead, the ontology 

designers’ backgrounds, their interpretation of the domain and targeting application will influence 

their decisions in different ways. They may use synonyms for the same concept or the same word 

for different concepts, they may adopt different levels of abstraction, they may not include the 

same concepts, and even adopt different representation formalisms. The bottom line is that, even 
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two ontologies which represent the same domain may not be equal, hence preventing immediate 

ontology-based interoperability. 

Ontology matching is seen as a solution to overcome these heterogeneities and, therefore, support 

ontology mediation [de Bruijn et al. 2006; Euzenat, Scharffe, and Zimmermann 2007] (ontology-

based information exchange), by determining when and how an entity in one ontology is 

semantically related to an entity in another ontology. 

Despite the existence of automatic matching algorithms, they generate incomplete, incorrect and 

contradictory alignments — preventing their direct application in ontology-based interoperability. 

In fact, the ontology matching results obtained with automatic systems are below the requirement 

for certain ontology mediation tasks, such as data transformation, ontology merging, query 

answering or for browsing the Semantic Web [Shvaiko and Euzenat 2013; Euzenat and Shvaiko 

2013]. Thus, requiring the user/expert intervention in correcting and completing the automatic 

alignments into information-integration suitable alignments. Some existing semi-automatic 

approaches propose systems that benefit from the user involvement [Lambrix and Kaliyaperumal 

2017; Balasubramani, Taheri, and Cruz 2015; Duan, Fokoue, and Srinivas 2010]; however, none of 

them is focused on improving and completing the automatically-generated alignments into fully-

capable alignments. 

1.3 Thesis Statement 

This thesis claims on the benefits of adopting a rule-based decision support system, to assist the 

expert in improving and completing the automatically-generated alignments into information-

integration alignments, balancing the precision and recall of the system with the user participation 

in the process. 

1.4 Research Method 

The design-science paradigm [Hevner et al. 2004] was adopted as the research method. Design-

science “addresses important unsolved problems in a unique or innovative way or solved problems 

in more effective or efficient ways” [Hevner et al. 2004] through an iterative and incremental 

process, comprehending two complementary phases:  
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• The construction/build phase, whose output is a set of design artifacts, such as constructs 

(vocabulary and symbols), models (abstractions and representations), methods (algorithms 

and practices) and instantiations (prototype system);   

• The evaluation phase, which provides essential feedback to the construction phase as to 

the quality of the design artifacts. 

Furthermore, this paradigm suggests seven research guidelines to assist both researchers and 

readers (e.g. reviewers, editors). These guidelines were followed as described next. 

Design as an Artifact. The research efforts resulted in the following artifacts: 

• A formal definition of a method that assists the user/expert in correcting and completing 

the automatically-generated alignments, into fully-fledged information-integration 

alignments (cf. Chapter 5); 

• A rule-based decision support system prototype that allows different user participation 

levels (ranging from automatic to human-dependent) and that propagates the user’s 

feedback (cf. Chapter 6). 

Problem Relevance. The relevance of the problem is emphasized by identifying the state-of-the-

art limitations (cf. Chapter 4) and by describing a use case scenario (a walk-through example), 

composed by different use cases and the systematization of existing problems in those 

scenarios (cf. Chapter 5). 

Design Evaluation. To demonstrate the utility, quality and effectiveness of the produced artifacts, 

a prototype is developed and applied to a business case (cf. Chapter 6). Controlled 

experiments are conducted throughout the project, hence providing useful feedback that is 

adopted in the following iterations of the design process, improving the outcomes. The 

experiment results are evaluated qualitatively through standard analytical metrics, as 

described in Chapter 7. 

Research Contributions. Based on novelty, generality and significance of the designed artifacts, 

a clear and systematized identification of the contributions is firstly introduced in this chapter 

(cf. section 1.5), further extended in Chapter 5 and Chapter 6 and systematized in Chapter 8. 
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Research Rigor. The proposed approach, method and algorithms are presented in Chapter 5, 

following syntactical and semantically formal and rigorous nomenclature and languages. The 

proposals are rigorously and ethically evaluated through experiments described in Chapter 7. 

Design as a Search Process. By its nature, design-science is an iterative process aiming at 

continuously improving artifacts, alternating between the construction/build phase and the 

evaluation phase. In that respect, the work presented along Chapter 5 and Chapter 6 resulted 

from a set of iterations during the design and prototyping processes, including the 

progressive refinement of the content of the other chapters. To clearly understand the 

proposed artifacts, the fundamental background knowledge of the solution domain is 

described in Chapter 2 and Chapter 3. The state of the art on the application domain is 

presented in Chapter 4. 

Communication of Research. The proposed and described artifacts were presented and 

published in international conferences and, therefore, evaluated by the respective research 

community. This reveals the pertinence of the proposed approach to the problem presented 

here. The performed research was communicated in the following publications: 

• Alexandre Gouveia, N. Silva, J. Rocha (2012). Automatic Ontology Alignment 

Disambiguation based on Ontological Structural Dimension. In Proceedings 

of the 14th International Conference on Enterprise Information Systems: ICEIS 

2012, Volume 2, pages 164-167. Wroclaw, Poland. ISBN: 978-989-8565-11-2. DOI: 

10.5220/0004000401640167; 

• Alexandre Gouveia, N. Silva, J. Rocha, P. Martins (2012). Iterative ontology 

alignment debugging using a scenario- and strategy-driven approach. In 

Proceedings of the 23rd IEEE International Workshop on Database and Expert 

Systems Applications: DEXA 2012, pages 254-258. Vienna, Austria: IEEE 

Computer Society. ISBN: 978-0-7695-4801-2. DOI: 10.1109/DEXA.2012.37; 

• Alexandre Gouveia, J. Rocha, P. Martins, N. Silva (2012). Debugging multi-

property correspondences in ontology alignment scenarios. 4º Simpósio 

Nacional de Informática: INForum 2012. Lisbon, Portugal; 

• Alexandre Gouveia, N. Silva, P. Martins (2017). Rule-based system enriched with 

a folksonomy-based matcher for generating information integration 

alignments. In Proceedings of the 9th International Conference on Knowledge 
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Engineering and Ontology Development: KEOD 2017, Volume 2, pages 211-218. 

Funchal, Madeira, Portugal. ISBN: 978-989-758-272-1. DOI: 

10.5220/0006505302110218; 

• Alexandre Gouveia, N. Silva, P. Martins (2017). A rule-based DSS for 

transforming automatically-generated alignments into information 

integration alignments. In Proceedings of the 19th International Conference on 

Information Integration and Web-based Applications & Services: iiWAS 2017, pages 

181-187. Salzburg, Austria. ISBN: 978-1-4503-5299-4/17/12. DOI: 

10.1145/3151759.3151837; 

• Alexandre Gouveia, P. Maio, N. Silva, R. Lopes (2018). DSS-based ontology 

alignment in solid reference system configuration. In Proceedings of the 18th 

International Conference on Hybrid Intelligent Systems: HIS 2018, Porto, Portugal 

& In Hybrid Intelligent Systems, volume 923, pages 530-539. Advances in Intelligent 

Systems and Computing book series. Springer. ISBN: 978-3-030-14347-3. DOI: 

10.1007/978-3-030-14347-3_52. 

1.5 Research Contributions 

The scientific research conducted throughout the work of this thesis gave rise to the following 

contributions: 

• Identification and systematization of ambiguous situations, which prevent the direct 

application of automatically-generated alignments in ontology-based interoperability 

scenarios. This research work resulted in three publications: [Gouveia, Silva, and Rocha 

2012], [Gouveia, Silva, et al. 2012] and [Gouveia, Rocha, et al. 2012]; 

• Proposal of a method, based on rules, that allows the disambiguation of automatically-

generated alignments. This method was first published in [Gouveia, Silva, and Martins 

2017b]; 

• Design of a system that supports the expert on improving and completing the 

automatically-generated alignments into fully-capable alignments. This contribution was 

published in [Gouveia, Silva, and Martins 2017a]; 

• Development of a prototype and its evaluation. This was published in [Gouveia, Silva, and 

Martins 2017b] and in [Gouveia, Silva, and Martins 2017a]; 
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• Proposal of an architecture for re-engineering business legacy software, in the context of 

solid referential information systems. This contribution was published in [Gouveia et al. 

2018]. 

1.6 Thesis Structure 

This thesis is composed of 8 chapters, bibliography and 3 appendices. 

Chapter 1 (Introduction). Describes the context of the research, motivations, thesis statement, 

research method adopted and the contributions of this thesis. 

Chapter 2 (Background Knowledge). Introduces the reader to the background knowledge 

required for understanding some of the concepts that underlie this work. The background 

knowledge refers to the following subjects: 

• Information integration; 

• Relational database schemas; 

• Ontologies; 

• Decision support systems. 

Chapter 3 (Ontology Matching). Describes matching as a process of finding correspondences 

between ontology entities. Different types of heterogeneity are presented, and the matching 

techniques used by the ontology matchers to solve them are discussed. Characterizes the 

ontology matching results (i.e. the alignments) according to their level and cardinality. 

Compares Alignment Format and EDOAL regarding expressivity and ends with some 

measures adopted to evaluate the matching process. 

Chapter 4 (State of the Art). Provides an analysis of the current state of the art, identifying 

challenges regarding ontology matching using user feedback. A comparative analysis between 

the most relevant systems that consider the user’s involvement, is further presented. 

Chapter 5 (Proposal). Presents and proposes a general-purpose rule-based method that assists 

the expert in improving and completing the automatically-generated alignments into fully-

capable alignments. Describes the rule-based DSS, respecting different user participation 
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levels and promotes the idea of propagating the user’s feedback. Ends with a walk-through 

example, that demonstrates the execution of the DSS, step-by-step. 

Chapter 6 (Prototype and Application Case). Illustrates the architecture of the system and 

describes how the prototype of the DSS was envisaged and implemented. The adoption to a 

business case is described. 

Chapter 7 (Experiments). Describes the various experiments performed to assess the validity of 

the proposal presented in this thesis. 

Chapter 8 (Conclusions). Synthesizes and discusses contributions and limitations of the 

described research and finishes by outlining future research directions. 

Bibliography. Contains the list of books and scientific papers referred in the development of this 

work. 

Appendix A (Characterization of Ontologies). Complements the characterization of ontologies 

by providing the details concerning the roles that ontologies play in the system. 

Appendix B (Ontology Models and Languages). Introduces ontology representation models 

and languages, such as RDF, RDFS and OWL. 

Appendix C (Representational Model Translation). Describes a translation process between 

ontology/schema representational models and specifically between relational database 

schemas and ontologies. 
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Chapter 2  
 

BACKGROUND KNOWLEDGE 

This chapter provides the main background knowledge for the remaining chapters. It focuses on 

the following subjects: 

Information integration. Presents the characteristics and dimensions of information integration 

scenarios where ontology matching is viewed as a solution, such as schema integration, 

enterprise information integration, data warehousing and catalogue integration. 

Relational database schemas. Describes the main characteristics of relational database schemas, 

according to the elements defined by the relational data model. 

Ontologies. The characterization of ontologies is presented regarding the roles they play in the 

system. Generality, granularity and formality are described to show how distinct ontological 

decisions lead to heterogenous ontologies, motivating the need for ontology alignments. 

Ontologies vs. database schemas. Although conceptually different, both ontologies and 

database schemas share some characteristics. A short comparison between database schemas 

and ontologies is made, to demonstrate the pertinence of both within the scope of this thesis. 
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Decision support systems. Provides a taxonomy for decision support systems that includes (i) 

the mode of assistance; (ii) the relationship with the user; and (iii) the scope of execution. 

This taxonomy is used later to classify the proposed rule-based DSS system. 

The next sections address each of these subjects. 

2.1 Information Integration 

Four information integration scenarios are commonly recognized: 

• Schema integration (also referred to as data integration or data transformation), occurs 

when two or more organizations want to integrate their schemas/ontologies and respective 

data, either because they want to perform a fusion/merge, an acquisition, or some kind of 

trade operations [Batini, Lenzerini, and Navathe 1986; Sheth and Larson 1990; Spaccapietra 

and Parent 1991; Parent and Spaccapietra 1998]; 

• Data warehousing, collects data from multiple and heterogeneous sources, aiming to 

provide a unique, unified repository of data, whose schema is (most likely) distinct from 

the information source schemas [Bernstein and Rahm 2000; Dessloch et al. 2008];  

• Enterprise information integration, aims to provide uniform access to multiple local 

sources without first loading their data into a central warehouse; potentially offering a more 

flexible and more inclusive approach to integrating information than data warehousing 

[Chawathe et al. 1994; Wache et al. 2001; Draper, Halevy, and Weld 2001; Halevy et al. 

2005]; 

• Catalogue integration, occurs in business-to-business applications, when a business stores 

its products in electronic catalogues and wants to correlate (integrate) them with the 

marketplace catalogue, in order to participate in the marketplace [Agrawal and Srikant 2001; 

Ichise, Takeda, and Honiden 2003; Bouquet, Serafini, and Zanobini 2003; Giunchiglia, 

Shvaiko, and Yatskevich 2005]. 

Despite the intrinsic characteristics of each one of these individual scenarios leading to a different 

integration process, they share the existence of multiple and heterogeneous information sources 

— potentially storing their data in different data models, formats and serialization (e.g. RDF1, 

 
 1 http://www.w3.org/RDF/ 
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XML2, SQL DDL3 – cf. Appendix B) that need integration. This is because the information source 

repositories have been designed and developed independently, according to different business 

goals and following diverse modelling principles and patterns, even when representing the same 

real-world objects (cf. section 2.3). 

Consequently, information integration between heterogenous information sources raises 

information mismatches that need to be solved. 

2.2 Relational Database Schemas 

A data model is a set of grammar and vocabulary defined by a data-modeling paradigm, used to 

represent the conceptual (i.e. logical) entities and characteristics of the information to be 

represented in the database. Different data models can be found in the literature, namely: (i) the 

relational data model; (ii) the hierarchical data model; and (iii) the object-oriented data model. 

A database schema is a conceptualization of a domain of interest, resulting from the instantiation 

process of the elements defined by the adopted data model [Date 2004]. 

The relational data model is one of the most commonly adopted data models over the last decades 

[Elmasri and Navathe 2011]. The relational data model’s main concept is the relation, which 

translates into implementation constructs, such as tables, attributes and relationships between 

tables. Every table is assigned a unique name and a row in that table represents a relationship 

between a set of values. 

Relationships between tables are (typically) maintained by foreign keys. A foreign key is a data 

column that appears in one table that may be part of or is coincidental with the key of another 

table. There are three types of cardinality of a relationship in a relational database: 1:1, 1:n (or n:1) 

and m:n. 

Figure 1 illustrates a partial schema from a relational database in the domain of enterprises. It has 

two tables, which are instances of the element table defined in the relational data model, namely: 

 
 2 https://www.w3.org/XML/ 
 3 https://dev.mysql.com/doc/refman/8.0/en/sql-syntax-data-definition.html 
 https://docs.memsql.com/sql-reference/v6.5/data-definition-language-ddl/ 
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Figure 1 – Simple relational database schema 

• Companies table, which captures the notion of a company where an employee works. This 

table has three attributes: company_id, defined as primary key to uniquely identify the 

company; and company_name and foundation_year, aiming to describe the company itself; 

• Employees table, which captures the notion of a person that works in a company. This 

table has four attributes: employee_id, defined as primary key to uniquely identify the 

employee; employee_name and position, aiming to describe the employee itself; and 

company_id, tagged as being a foreign key in order to capture the company where the 

employee works. The values for company_id of the Employees table must exist as a value 

for company_id of the Companies table. 

Other data models adopt other constructs and organize the data in different concepts and 

constructs. E.g. the object-oriented data model contains elements such as classes, primitive 

properties, reference properties, methods and inheritance between classes.  

2.3 Ontologies 

Ontologies are envisaged as a convenient way to support acquisition, representation and exchange 

of knowledge characterization. Although several definitions have been given to the term ontology, 

in the context of this work, ontologies are seen as knowledge engineering artifacts. 

One of the first and most cited definition of ontology was suggested by Gruber in 1993 as “an 

explicit specification of a conceptualization” [T. R. Gruber 1993]. This definition, perhaps because 

of its simplicity and elegance, has become one of the definitions of ontology as artifact more 

referenced in the literature. In his definition, Gruber considers that the names of the entities in the 

universe of discourse (e.g. concepts or relations) must be associated with (i) human-readable text 

describing what the names are meant to denote; and (ii) formal axioms that constrain the 

interpretation and well-formed use of these terms. Here, the term “explicit” means that ontology 

entities are clearly distinguished and interrelated. “Specification” assumes an embodied existence 

using a specific construction artifact, like an ontology representation language or natural language. 
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It refers to “conceptualization” in the sense that it refers to an abstract model of some domain, 

representing its concepts and characteristics (i.e. it is not mandatory that it serves as, for example, 

data storage or data transfer schema). 

However, according to [Guarino and Giaretta 1995], ontology is “a logical theory which gives an 

explicit, partial account of a conceptualization”. In this definition, “partial” means that an ontology 

only partially describes the domain of interest, in the sense that it would be impossible or unrealistic 

to describe everything about any domain. 

Later in 1998, Studer and colleagues extended Gruber’s definition by including the terms “formal” 

and “shared”. For them, ontology is “a formal, explicit specification of a shared conceptualization” 

[Studer, Benjamins, and Fensel 1998]. The term “shared” reflects the notion that an ontology 

captures consensual knowledge, which means that it is not private to some individual but accepted 

by different communities for a specific purpose. “Formal” refers to the fact that the ontology 

should be machine-readable, excluding, therefore, the natural language-based ontologies. 

Some of the benefits of adopting ontologies as knowledge engineering artifacts are already explicitly 

mentioned in these definitions. According to the cited authors and [Noy and McGuinness 2001], 

ontologies: 

• Enable reuse of domain knowledge and separate it from operational knowledge; 

• Make domain assumptions explicit; 

• Allow for the application of reasoning algorithms; 

• Promote consensus; 

• Capture the structure and semantics of data while retaining the ability to be interpreted by 

both humans and machines. 

At last, as stated by Obrst and colleagues [Obrst, Liu, and Wray 2003], ontologies “represent the 

best answer to the demand for intelligent systems that operate closer to the human conceptual 

level”, as they are able to describe the domain knowledge in a way understandable to both humans 

and machines. 

Since no commonly accepted definition of ontology exists, there is also no consensus on its 

characterization. However, analysis and synthesis of the literature [Guarino 1997; Studer, 
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Benjamins, and Fensel 1998; Hepp 2008; Uschold and Jasper 1999; McGuinness 2003] allows for 

the identification of some features that provides a basic framework for its characterization. 

The following characteristics are directly related to the roles that ontologies play in the system. 

According to the literature [U. Visser et al. 2000; Studer, Benjamins, and Fensel 1998; Uschold and 

Jasper 1999], ontology roles can be systematized into: 

• Ontologies as system modeling artifacts, provide mechanisms for acquisition, consensus 

building, representation and exchange of characteristics of the domain between different 

actors in the process and support, since early stages, the formal specification and validation 

of perspectives [Studer, Benjamins, and Fensel 1998]; 

• Ontologies as interoperability artifacts between persons, enterprises and systems, allow 

heterogeneous entities to share their characterization of the universe, providing basic 

support to the correct and univocal interpretation of exchanged contents [U. Visser et al. 

2000]. 

Some qualities are commonly used to characterize ontologies, regarding the roles they play in the 

system: 

• Generality [Guarino 1997; Studer, Benjamins, and Fensel 1998] is the quality of being 

general. The more generic the ontology is, the more actors might understand the 

characterization of the elements of the universe it describes, and the less operational it will 

be. This characteristic is directly related to the applicability and reusability of the ontology; 

• Granularity [Uschold and Jasper 1999] is the ontology quality respecting the level of detail 

or precision in which the universe of discourse is modeled. Ontologies can be classified as: 

• Thin (or fine) grain ontologies, which are more detailed; 

• Coarse grain ontologies, which are less detailed. This type of ontologies is normally 

developed with the specialization in mind, evolving later into thinner grain 

ontologies. 

• Formality [Obrst, Liu, and Wray 2003; Uschold and Jasper 1999; McGuinness 2003; Hepp 

2008] measures the conformity to conventional rules, preventing interpretation 

ambiguities. It relates to the ability of an ontology to be understood and processed by 

humans and by machines. 
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According to [Obrst, Liu, and Wray 2003], as a formal representation mechanism, 

ontologies are “the best answer to the demand for intelligent systems that operate closer to 

the human conceptual level”. 

Uschold and Jasper [Uschold and Jasper 1999] classify ontologies based on four distinct 

types of formality: 

• Informal ontologies are typically represented through natural language texts and 

glossaries; 

• Structured-informal ontologies are both human and machine readable, but their 

interpretation is still ambiguous; 

• Semi-formal ontologies are human and machine processable, and the computational 

effort required is limited; 

• Formal ontologies are very powerful representations providing formal verification 

and univocal utilization. However, the computational effort and the time needed to 

process this type of ontologies are typically high (e.g. P-complete, NEXPTIME-

complete) or even undecidable, preventing their use in many scenarios [Baader et al. 

2003; Staab and Studer 2009]. 

McGuinness [McGuinness 2003] proposes a different classification based on both internal 

structure and content of the ontologies ranging from light to heavy formality, and 

depending on the complexity and the sophistication of their elements. 

On the other hand, Hepp [Hepp 2008] considers that the degree of formality can range 

from a basic vocabulary to a richly axiomatized ontology. A higher formality allows more 

sophisticated reasoning and excludes more unwanted interpretations, but also requires 

much more effort to produce the ontology. According to Hepp, the degree of formality is 

dependent on the degree of subjectivity employed when conceptualizing the domain. Thus, 

ultimately, the degree of formality is dependent on both the knowledge engineer and the 

domain expert, in charge for its development. 

For further detailed characterization of ontologies, please refer to Appendix A. 

For an introduction of ontology representation models and languages, please refer to Appendix B. 



 
Background Knowledge 

16 

2.4 Ontologies vs. Database Schemas 

Though no extensive description is intended, a short comparison is made to demonstrate the 

pertinence of both ontologies and database schemas in the scope of this thesis. 

Besides implementation-dependent characteristics, ontologies (focused on meaning) and database 

schemas (focused on structure) differ in two conceptual characteristics [Uschold 2015]: 

• Database schemas are meant to organize and store data; 

• Ontologies are meant to describe and constrain the domain knowledge. 

Ontologies are often divided in two components, namely: (i) terminological component (TBox); 

and (ii) assertion component (ABox). The TBox consists of logical definitions of concepts (classes), 

relations (properties) and the asserted axioms (restrictions). The ABox contains the individuals 

(instances of classes) and the instances of relations between them. Together they form the so-called 

knowledge base. Making an analogy with databases, the TBox can be considered the database 

schema, while the ABox corresponds to the table records. Yet, while ABox and TBox are not 

necessarily disjoint, the database schema and the table records are necessarily disjoint in most of 

the data models (e.g. relational, hierarchical, tree-based). 

A typical, pragmatic manner to relate both ontologies and database schemas is to consider an 

ontology as an extension of a schema, in the sense that both organize and structure data, but 

ontologies (and their representation languages) are envisaged as more powerful (expressive) in 

representing semantics than database schemas [Silva 2004]. 

In fact, ontologies intend to go further than database schemas, namely regarding: 

• The cognitive level in which ontologies operate (close to human conceptual level, yet 

machine processable) [Obrst, Liu, and Wray 2003]; 

• The semantics of data by constraining possible and undesirable interpretations [Uschold 

2015]; 

• Fostering machines to reason and simultaneously understand the subjacent data and its 

relations with the real-world entities [Baader et al. 2003]. 
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The annotation of the ontology elements with terms or expressions like synonyms, homonyms, 

textual descriptions and multiple natural-language support, detailing the intended meaning of such 

elements as natural language, although not mandatory, is strongly suggested. On the contrary, most 

of the database development paradigms and DBMS promote these annotations in a more restricted 

way through artifacts, such as data dictionaries and association of metadata. 

Ontologies often make use of semantic axioms to constrain possible and undesirable 

interpretations of data. For example, a semantic axiom might state that the concepts Man and 

Woman are disjoint. This would imply that a real-world entity cannot be interpreted as being a man 

and a woman simultaneously. Regarding relational database schemas, the use of semantic axioms 

is very uncommon, and their expressivity is very limited and focused on cardinality issues. In order 

to improve the expressivity, complementary languages are adopted, such as OCL4 in UML [Cabot 

and Gogolla 2012]. 

Most of the ontologies are expressed in an ontology language (e.g. RDFS, OWL) that adopts an 

object-oriented modeling approach, promoting the notion of taxonomy (hierarchy) of concepts, 

including poly-hierarchies (i.e. a class having more than one direct super-class). Yet, contrary to the 

object-oriented paradigm, ontologies’ properties in RDF-based languages are “first-order citizens”, 

just like classes, meaning that a property might exist independently of any class. 

Regarding database schemas, they can be expressed in languages such as XML Schema5, DTD6 or 

SQL [Bowman, Emerson, and Darnovsky 1996]. While the hierarchical data model has been 

extensively used in modeling databases some decades ago, the relational and the object-oriented 

data models became increasingly popular and reliable [Navathe 1992] since the 1990s. Recently, 

document and hierarchical databases (and therefore hierarchical database schemas) are emerging 

as relevant storage and querying technology. 

“Databases provide techniques for storing and retrieving data, but they suffer from the absence of 

a semantic perspective, which is needed to reach global goals, such as the Semantic Web and 

information integration” [Alalwan, Zedan, and Siewe 2009]. 

To achieve an efficient interoperability between heterogeneous information systems, many 

solutions have been proposed. Particularly, ontologies play an important role in solving 

 
 4 https://modeling-languages.com/ocl-tutorial/ 
 5 https://www.w3.org/TR/xmlschema11-1/ 
 6 https://www.w3schools.com/xml/xml_dtd_intro.asp 
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heterogeneity problems by providing a shared description and, therefore, comprehension of a given 

domain of interest [Ghawi and Cullot 2007]. Thus, ontologies can be used to semantically enrich 

databases towards information integration. However, while databases are widely available, the 

corresponding ontologies are not. 

For a brief pragmatic process for translating between representational models and specifically from 

relational database schemas into ontologies, please refer to Appendix C. 

2.5 Decision Support Systems 

The term “human computation” dates back to the early years of artificial intelligence, where it was 

envisioned that machines and humans should work together while performing complementary 

roles. While some tasks are better performed by humans, others are better performed by machines 

[Licklider 1960; Quinn and Bederson 2011]. 

Still, the vision of human-machine collaboration only started to be properly explored after 2005, 

the year Von Ahn published his doctoral thesis entitled Human Computation. Von Ahn [von Ahn 

2009] proposes the use of human algorithm games to harness the distributed processing power of 

humans to perform specific tasks. In accordance to this, human computation can be defined as a 

computational process that involves humans and their cooperation, in order to solve problems that 

computers cannot yet solve and where humans usually perform better [Quinn, 2011]. 

Later, in 2008, Gruber addressed the issue of collective intelligence in the Web, where humans and 

machines contribute actively to the resulting intelligence, each doing what they do best [T. Gruber 

2008]. These proved that humans have great complementary abilities that are relevant to machines, 

and that they can act as guided computational units. 

Several experiments in different domains have shown that human computation has great potential 

for solving problems that are often difficult for computers to solve automatically and on their own 

[von Ahn 2009]. These problems usually require a degree of creativity or just common sense, in 

addition to some background knowledge. 

Decision Support Systems (DSS) are a type of system that allows and promotes human 

computation. 

While there is no universal definition for Decision Support System (DSS) [Zaraté and Liu 2016], 

one of the oldest and more referenced definition in the literature was suggested by Sprague and 
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Carlson as “an interactive computer-based system that helps decision-makers to utilize data and 

models to solve unstructured problems” [Sprague and Carlson 1982]. Later, Finlay proposed a 

simplified and more general definition as “a computer-based system that aids the process of 

decision-making” [Finlay 1994]. Around the same time, Turban extended the first definition by 

including the terms “flexible” and “adaptable”: DSS is “an interactive, flexible and adaptable 

computer-based information system, especially developed for supporting the solution of a non-

structured management problem for improved decision-making” [Turban 1995]. 

Although the term DSS has many connotations, Alter [Alter 1980] defined three major 

characteristics: 

• DSS are designed specifically to facilitate decision processes; 

• DSS should support rather than automate decision-making; 

• DSS should be able to respond quickly to the changing needs of decision-makers. 

Still, some additional characteristics have been added by other authors: 

• DSS incorporate both data and models [Sprague and Carlson 1982; Turban 1995]; 

• DSS should improve the effectiveness of the decisions, not the efficiency with which 

decisions are being made [Turban 1995]; 

• DSS should provide support for decision-makers in semi-structured and unstructured 

situations by bringing together human judgment and computerized information [Turban, 

Aronson, and Liang 2004]; 

• DSS must be designed to interact directly with the decision-maker in such a way that the 

user has a flexible choice and a sequence of knowledge-management activities [Holsapple 

and Whinston 1996]. 

There are many criteria by which DSS can be systematized. The most common is the mode of 

assistance. Power [Power 2002] differentiates five types of DSS regarding the mode of assistance, 

namely: 

• Data-driven, which emphasizes on analysis of large amounts of data. It supports decision-

making by analyzing given time-series of internal company and external data and returning 

new information gained by those analysis; 
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• Model-driven, which emphasizes access to and manipulation of a statistical, financial, 

optimization, or simulation model. It uses data and parameters provided by users to assist 

decision-makers in analyzing a situation; 

• Knowledge-driven, which provides specialized problem-solving expertise stored as facts, 

rules, procedures, or in similar structures. The expertise consists of knowledge about a 

particular domain; 

• Document-driven, which manages, retrieves, and manipulates unstructured information in 

a variety of electronic formats; 

• Communication-driven, which uses network and communications technologies to facilitate 

collaboration and communication. It supports more than one person working on a shared 

task. 

Considering the relationship with the user, Haettenschwiler [Haettenschwiler 1999] differentiates 

three groups of DSS, namely: 

• Passive, which aids the process of decision-making, but cannot bring out explicit decision 

suggestions or solutions; 

• Active, which brings out explicit decision suggestions or solutions; 

• Cooperative, which allows an iterative process between human and system towards the 

achievement of a consolidated solution. 

Taking the scope of execution as the criterion, Power divides DSS into two groups: 

• Enterprise-wide, which is a multi-user DSS that runs on a server machine and serves many 

managers in the company; 

• Desktop, which is a single-user DSS that runs on an individual manager’s personal 

computer. 

The taxonomy illustrated in Figure 2, systematizes the criteria used by the cited authors to classify 

a DSS. 
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Figure 2 – Decision support systems classification 

Lastly, the User Interface (UI) is a very important part of any system, especially for systems in 

which communication with the user is crucial for the system’s performance. The user interface is 

what users see and use when they interact with a DSS. Hence, a user-friendly, intuitive, easy to use 

and clear UI is needed in any DSS [Zaraté and Liu 2016]. 

2.6 Summary 

This chapter aimed to introduce the core subjects underlying this thesis. 

Firstly, the scenarios of information integration where ontology matching is viewed as a solution, 

such as schema integration, enterprise information integration, data warehousing and catalogue 

integration, have been presented. 

Database schemas have been described, followed by a characterization of ontologies. A short 

comparison between database schemas and ontologies has been made to demonstrate the 

pertinence of both in the scope of this thesis. 

Lastly, a description and a taxonomic characterization of decision support systems have been 

provided. 

The technologies described in this chapter are the foundations of the proposed approach described 

henceforth. 
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Chapter 3  
 

ONTOLOGY MATCHING 

Organizations adopt different conceptualizations captured in different ontologies or database 

schemas. Consequently, when two organizations need to interoperate, they need to overcome the 

heterogeneity problem raised by the adoption of different ontologies. Ontology matching is seen 

as a solution to overcome such heterogeneity problems, in order to enable their interoperability 

[Euzenat and Shvaiko 2013]. 

Ontology matching is the process of finding correspondences between semantically related entities 

of the ontologies, by exploring different dimensions of ontologies [Euzenat and Shvaiko 2013]. 

The resulting correspondences, referred to as alignment, are used as input information for a variety 

of tasks, including: 

• Information integration [Sheth and Larson 1990; Bernstein and Rahm 2000; Wache et al. 

2001; Halevy et al. 2005; Giunchiglia, Shvaiko, and Yatskevich 2005]; 

• Inter-agent communication systems [Eijk et al. 2001; Wiesman, Roos, and Vogt 2001; Bailin 

and Truszkowski 2003]; 

• Peer-to-peer information sharing [Zaihrayeu 2006; Atencia et al. 2011]; 

• Ontology evolution [Stojanovic 2004; Noy et al. 2006]; 
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• Query answering [Lopez, Motta, and Uren 2006; Mena et al. 1996; Solimando, Jiménez-

Ruiz, and Pinkel 2014]; 

• Browsing the Semantic Web [Sabou, Lopez, and Motta 2006]; 

• Information visualization [Gilson et al. 2008]. 

The following sections address: 

• The characterization of different types of heterogeneity in the domain of ontology 

matching (cf. section 3.1); 

• The discussion of existing matching techniques used by the ontology matchers to solve the 

heterogeneity problems (cf. section 3.2); 

• The presentation of ontology matching as a process of finding correspondences between 

ontology entities (cf. section 3.3); 

• The characterization of the ontology matching results according to their level and 

cardinality (cf. section 3.4); 

• The analysis of alignment representation formats and languages regarding expressivity (cf. 

section 3.5); 

• The discussion of different adopted measures to evaluate the matching process (cf. section 

3.6). 

3.1 Types of Heterogeneity 

There are many different types of heterogeneity which must be taken into account in the domain 

of ontology matching. The most common types (linguistic, terminological, conceptual and 

pragmatic) are described next. Despite the fact that different types of heterogeneity may 

concurrently occur, the ontology matchers are usually concerned with terminological and 

conceptual types of heterogeneity only [Euzenat and Shvaiko 2013]. 

3.1.1 Linguistic Heterogeneity 

Linguistic heterogeneity occurs when two artifacts (e.g. ontologies, schemas, data) are not 

expressed in the same language, or when two ontologies are modelled using different knowledge 

representation formalisms/models (e.g. OWL and F-logic, XML Schema and Relational Database 
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Schema). Usually, this type of heterogeneity is addressed by the so-called “translators”, establishing 

equivalences between the constructs of the different models, languages or formalisms. Such 

equivalences are used to translate artifacts from one format/model to another, whilst preserving 

the original meaning or, at least, minimizing its loss [Euzenat and Stuckenschmidt 2003]. 

While relevant, this heterogeneity is not an issue in the scope of information integration and 

particularly in the scope of this thesis. Nevertheless, Appendix C describes a translation process 

between ontology/schema representational models and specifically between relational database 

schemas and ontologies. 

3.1.2 Terminological Heterogeneity 

Terminological heterogeneity occurs when two ontologies use different names while referring to 

the same entity [Mitra and Wiederhold 2002]. This is mainly caused by the adoption of: 

• Different natural languages, such as English and Portuguese (e.g. student (EN) and 

estudante (PT)); 

• Different technical sublanguages (e.g. teacher and professor); 

• Synonyms within the same natural language (e.g. trainer and coach). 

The terminological heterogeneity is usually addressed by exploiting natural language resources, such 

as thesauri, dictionaries and lexical databases (e.g. WordNet [Miller et al. 1990; Fellbaum 1998]). 

3.1.3 Conceptual Heterogeneity 

Conceptual or semantic heterogeneity occurs when the same domain of interest is modelled in two 

different ways [Klein 2001; P. R. S. Visser et al. 1998]. This may happen due to: 

• An explication mismatch, which relies on the way concepts are expressed. The explication 

mismatch usually happens when objects are described by means of totally different 

primitive objects. For example, the adoption of the colors cyan, magenta, yellow and black 

as the primitive objects to define any other color, instead of the adoption of the colors red, 

green and blue. Thus, the same color may be described by means of two distinct manners; 

• A conceptualization mismatch, which relies on the differences between modelled concepts. 

Benerecetti and colleagues [Benerecetti, Bouquet, and Ghidini 2001] identified three 

important reasons that lead to conceptualization mismatch: 
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• Difference in coverage occurs when two ontologies describe different domains at the 

same level of detail and from the same perspective, but with an overlapping common 

part (e.g. two partially overlapping geographic maps); 

• Difference in granularity occurs when two ontologies describe the same domain from 

the same perspective, but at different levels of detail (e.g. two geographic maps 

representing the same area but with different scales); 

• Difference in perspective occurs when two ontologies describe the same domain at 

the same level of detail, but from a different perspective (e.g. a political map and a 

geological map). 

Because the conceptual mismatches differ in the ease with which one can detect and solve them, 

some mismatches still require a certain level of human intervention [Klein 2001]. Several techniques 

(cf. section 3.2), heuristics and systems (cf. section 4.2) for addressing conceptual heterogeneity are 

described. 

3.1.4 Pragmatic Heterogeneity 

Pragmatic heterogeneity occurs when two ontology entities having exactly the same semantic 

interpretation [Goguen 1999; Hogger 1990] are interpreted differently by humans due to the 

context of its use [Bouquet et al. 2005]. According to [Euzenat and Shvaiko 2013], this kind of 

heterogeneity is the most difficult for computers to detect and even more difficult to solve. 

3.2 Matching Techniques 

There are different techniques used by the ontology matchers to solve the heterogeneity problems 

described in section 3.1. According to [Euzenat and Shvaiko 2013], these techniques can be divided 

in two main groups, as shown in Figure 3: 

• Element-level, which finds correspondences by analyzing entities or instances of those 

entities individually, ignoring their relations with other entities or their instances; 

• Structure-level, which finds correspondences by analyzing how entities or their instances 

appear together in the structure of the ontology, through existing relationships (e.g. 

subclass-of) between entities. 
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Figure 3 – Ontology matching techniques classification 

In the element-level group, the main techniques are: 

• String-based techniques, which are based on the similarity of the strings (sequences of 

letters in an alphabet) that represent the names and descriptions of the entities in the 

ontologies. They are typically based on the intuition that the more similar the strings, the 

more likely they are to denote the same concepts. There are several string-based metrics 

that can be used with these techniques, such as Levenshtein Distance, Jaccard, Jaro-

Winkler, Monge Elkan, Euclidean, TF-IDF or N-gram [Cohen, Ravikumar, and Fienberg 

2003];  

• Language-based techniques, which rely on natural language processing, considering names 

not as simple strings but as words in some natural language (e.g. English). Techniques in 

this category are, for example, tokenization, lemmatization or stop-word removal 

[Cheatham 2014]. Usually, these techniques are applied before running string-based 

techniques in order to improve their results. This category also considers those techniques 

that take advantage of external resources, to find linguistic relations between terms (e.g. 

synonyms, hyponyms, hypernyms), using for instance, thesauri, dictionaries or lexical 

databases (e.g. WordNet [Miller et al. 1990; Fellbaum 1998]); 

• Constraint-based techniques, which take into account the internal structure of the entities, 

such as the domain and range of the properties or the type and cardinality of the attributes. 

Usually, these techniques are used in combination with other techniques, to narrow down 

the list of possible correspondences (e.g. if the datatype of one attribute is integer while the 

datatype of the second is char, the two attributes are not likely to be a correspondence); 
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• Formal resource-based techniques, which take advantage of external formal resources to 

support the matching process, such as upper level ontologies, domain-specific ontologies, 

linked data or the alignments of previously matched ontologies (i.e. alignment reuse). 

Examples of such techniques are those proposed by [Scharffe, Zamazal, and Fensel 2014] 

and [Mascardi, Locoro, and Rosso 2010]; 

• Informal resource-based techniques, which exploit external informal resources to find 

correspondences between ontologies using the relation between the ontologies and such 

informal resources [Euzenat and Shvaiko 2013]. 

The structural-level group includes the following techniques: 

• Graph-based techniques, which consider the ontologies as labelled graphs, or even trees, 

and the comparison between a pair of nodes from the two ontologies is based on the 

analysis of their positions within the graphs. The intuition is that, if two nodes are similar, 

their neighbors should also be similar. Such techniques are present, for instance, in the 

work of Joslyn and colleagues [Joslyn, Paulson, and White 2009]; 

• Taxonomy-based techniques, which can be seen as a particular case of graph-based 

techniques, as they only consider the specialization (is-a) relation. The intuition is that, if 

specialization connects terms that are already similar, their neighbors may also be similar. 

An example of its application can be found in [Warin 2004]; 

• Instance-based techniques, which exploit the extension of the classes in the ontologies, i.e. 

the individuals, with the intuition that if the individuals are similar, then the classes they 

belong to should also be similar. Usually, these techniques are based on simple set-theoretic 

reasoning or on more elaborate data analysis and statistics. An example of its application 

can be found in the work of Loia and colleagues [Loia et al. 2013]; 

• Model-based techniques, which focus on the semantic interpretation of ontologies. They 

are based on the intuition that if two entities are the same, then they share the same 

interpretations. Examples of these techniques are propositional satisfiability [Giunchiglia 

and Shvaiko 2003] and description logics reasoning [Bouquet, Serafini, and Zanobini 2006]. 
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3.3 The Matching Process 

Ontology matching is the process of finding correspondences between semantically related entities 

of the ontologies, by exploring different dimensions of ontologies as described in section 3.2. 

These correspondences may stand for different relations, such as: 

• Equivalence (i.e. the ontology entities represent an equivalent concept); 

• Subsumption (i.e. an ontology entity is more generic than the other); 

• Disjointness (i.e. if two entities are disjointed, then an instance of the first entity is definitely 

not an instance of the second); 

• Other relations, such as attribute transformation (e.g. concatenation, split, arithmetic 

operation, etc.). 

In general, most research activity in the field of ontology matching remains focused on finding 

equivalence relations. However, while the performance on finding equivalent correspondences 

between concepts has become quite good, identifying equivalent correspondences between 

properties remains challenging for most alignment systems [Cheatham 2014]. 

In essence, the matching process takes two ontologies as input, referred to as source and target 

ontologies, and produces a set of correspondences, i.e. the alignment, between these ontologies. 

There are some other optional parameters that can extend the definition of the matching process, 

namely: 

• An input alignment, known as anchor alignment, which is to be extended or completed by 

the process; 

• Matching parameters, such as weights or thresholds; 

• External resources, such as oracles, common knowledge or domain-specific thesauri.  

Formally, the matching process can be represented as a function 𝑓 which, from a pair of ontologies 

to match 𝑂# and 𝑂$, an input alignment 𝐴, a set of parameters (or constraints) 𝑝 and a set of oracles 

and resources 𝑟, returns an alignment 𝐴( (cf. equation 1) between these ontologies [Euzenat and 

Shvaiko 2013]. This process is depicted in BPMN notation in Figure 4. 

 𝐴( = 𝑓(𝑂#, 𝑂$, 𝐴, 𝑝, 𝑟) (1) 
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Figure 4 – The matching process 

When the matching relates more than two ontologies within the same process, it is referred to as 

multiple matching [He and Chang 2006], also known as holistic matching [Bellahsene, Bonifati, 

and Rahm 2011]. In this case, the matching process can be seen as a function 𝑓 which, from a set 

of ontologies to match {𝑂#, … , 𝑂/}, an input alignment 𝐴, a set of parameters 𝑝 and a set of oracles 

and resources 𝑟, returns an alignment 𝐴( between these ontologies, as shown in equation 2. 

 𝐴( = 𝑓(𝑂#,… , 𝑂/, 𝐴, 𝑝, 𝑟) (2) 

In the scope of this thesis, the matching process is considered to relate a pair of ontologies, only. 

For this reason, multiple matching is not covered further here. 

An alignment is a set of correspondences (or matches) between entities belonging to two different 

ontologies. The correspondences are expressed according to: 

• Two ontology representation languages 𝐿# and 𝐿$ of source and target ontologies, 

respectively, used to define the ontology entities (e.g. concepts, object properties, datatype 

properties); 

• A set of relations 𝑅 used to express the existing relation between the entities (e.g. 

equivalence, subsumption, disjointness); 

• A confidence structure 𝐶𝑆 used to assign a degree of confidence to a correspondence. 

Typically, this structure is the real numbers in the interval [0,1], where 0 represents the 
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lowest confidence and 1 represents the highest confidence, i.e. the higher the degree, the 

more likely the relation holds. 

A correspondence is represented as a 4-tuple (𝐸, 𝐸(, 𝑟, 𝑛), where: 

• 𝐸 is an entity of 𝑂# expressed in an ontology representation language 𝐿#; 

• 𝐸( is an entity of 𝑂$ expressed in an ontology representation language 𝐿$; 

• 𝑟 is the relation between 𝐸 and 𝐸(, such that 𝑟 ∈ 𝑅; 

• 𝑛 is the degree of confidence in the relation between 𝐸 and 𝐸(, such that 𝑛 ∈ 𝐶𝑆. 

With this representation, it is possible to express either simple or complex correspondences. 

A simple correspondence establishes a binary relation (e.g. equivalence (=), subsumption (≤)) 

between a single entity of the source ontology and a single entity of the target ontology. For 

example, in Figure 5, the simple correspondence (𝑂#: 𝐵𝑜𝑜𝑘, 𝑂$: 𝑉𝑜𝑙𝑢𝑚𝑒,= ,1.0) expresses the 

semantic equivalence between the entity 𝐵𝑜𝑜𝑘 of the ontology 𝑂# and the entity 𝑉𝑜𝑙𝑢𝑚𝑒 of the 

ontology 𝑂$, with a degree of confidence of 1.0. 

A complex correspondence establishes a non-binary relation (e.g. concatenation, split, arithmetic 

operation) between sets of ontology entities. The complex correspondence 

(𝑂#: 𝑡𝑖𝑡𝑙𝑒, {𝑂$: 𝑡𝑖𝑡𝑙𝑒, 𝑂$: 𝑠𝑢𝑏𝑡𝑖𝑡𝑙𝑒}, 𝑆𝑝𝑙𝑖𝑡, 0.9), depicted in Figure 5, expresses that the instance 

values of the entities 𝑂$: 𝑡𝑖𝑡𝑙𝑒 and 𝑂$: 𝑠𝑢𝑏𝑡𝑖𝑡𝑙𝑒 should be the result of the split of the instance 

values of the entity 𝑂#: 𝑡𝑖𝑡𝑙𝑒. In this correspondence, the degree of confidence is 0.9. 

More details on expressing complex correspondences are provided in [Maedche et al. 2002; Silva 

and Rocha 2004; Euzenat 2008; Scharffe 2011]. A proposal for transforming complex 

correspondences into simple correspondences, by aggregating the sets of ontology entities into 

virtual single entities is described in [Gouveia, Rocha, et al. 2012]. 

 

Figure 5 – Simple and complex correspondences 
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The ontology matching process faces several difficulties due to the inherent subjectivity of data. In 

fact, the natural incapacity to univocally represent the semantics underlying an information system 

is largely recognized [Ouksel and Ahmed 1999]. 

Ontology matching can be either: 

• Manual, if the alignment is derived manually by the user/expert; 

• Automatic, if the alignment is derived automatically by the matching system; 

• Semi-automatic, if the alignment is derived by a system that benefits from user intervention. 

Semi-automatic approaches typically follow an iterative process, similar to the one 

illustrated in Figure 6, where the user/expert validates candidate correspondences and the 

system applies the user decisions to make other suggestions about correspondences 

[Falconer and Noy 2011]. This process persists until the user/expert determines the 

matching is complete, or until there are no more candidate correspondences to validate. 

Further strategies on how to involve users in ontology matching are discussed in section 

4.1. 

 

 

Figure 6 – Semi-automatic matching process 
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3.4 Properties of an Alignment 

The alignment resulting from the matching process is characterized regarding two distinct 

properties: the alignment level and the alignment cardinality (or multiplicity). 

The alignment level is used to characterize the type of correspondences that the alignment 

supports/uses. In [Euzenat 2004; Euzenat and Shvaiko 2013], the authors identify three alignment 

levels, ranging from level 0 (the simplest) to level 2 (the more expressive and complex): 

• Level 0: supports the most basic correspondences (i.e. simple correspondences, as 

described previously). At this level, a single source entity is related to a single target entity 

and both ontology entities are identifiable by a path or URI. This first level has the 

advantage of not depending on a particular language to express these entities; 

• Level 1: represents a refinement of level 0 by allowing related entities of correspondences 

to be a set, thus supporting the complex correspondences described previously. It fills the 

gap between level 0 and level 2 and it is still language independent; 

• Level 2: supports more general correspondence expressions. At this level it is possible, for 

an instance, to express that a book (e.g. 𝑂#: 𝐵𝑜𝑜𝑘) whose size (e.g. 𝑂#: 𝑠𝑖𝑧𝑒) is less than 14 

cm is the same thing as a pocket book (e.g. 𝑂$: 𝑃𝑜𝑐𝑘𝑒𝑡𝐵𝑜𝑜𝑘), or to also express that in the 

context of a book (e.g. 𝑂#: 𝐵𝑜𝑜𝑘), the creator (e.g. 𝑂#: 𝑐𝑟𝑒𝑎𝑡𝑜𝑟) is the author (e.g. 

𝑂$: 𝑎𝑢𝑡ℎ𝑜𝑟). These correspondences are no longer language independent. 

The alignment cardinality (or multiplicity) considers the two possible orientations between a pair 

of ontologies: from 𝑂# to 𝑂$ and from 𝑂$ to 𝑂#. The alignment cardinality is based on the notion 

of total alignment and injective alignment: 

• A total alignment is an alignment where all the entities of the source ontology are 

successfully matched to the target ontology. This is formally presented next; 

∀𝐸 ∈ 𝐸𝐿#, ∃𝐸( ∈ 𝐸𝐿$: (𝐸, 𝐸(, 𝑟S, 𝑛S) ∈ 𝐴 

• An injective alignment is an alignment where all the entities of the target ontology are part 

of, at most, one correspondence. This is formalized as follows. 

∀𝐸( ∈ 𝐸𝐿$, ∃𝐸#, 𝐸$ ∈ 𝐸𝐿#: (𝐸#, 𝐸(, 𝑟S, 𝑛S) ∈ 𝐴 ∧ (𝐸$, 𝐸(, 𝑟S, 𝑛S) ∈ 𝐴 ⟹ 𝐸# = 𝐸$ 
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The orientation of the alignment depends on the type of relations that can be established between 

the ontology entities. For example, an alignment that only considers the equivalence relation is said 

to be bijective if it is total from both 𝑂# and 𝑂$ and it is injective from one of them (from 𝑂# to 𝑂$ 

or from 𝑂$ to 𝑂#). However, when other relations (e.g. subsumption, disjointness) are used, the 

reversibility of the alignment (i.e. bijectivity) is not guaranteed. 

From these alignment properties, Euzenat [Euzenat and Stuckenschmidt 2003] proposed a 

nomenclature for alignments similar to the one used in database schema modeling, which defines 

the multiplicity of a relation in terms of 1: 1 (one-to-one), 1:𝑚 (one-to-many), 𝑛: 1 (many-to-one) 

and 𝑛:𝑚 (many-to-many), but with more relation arities. Thus, the proposed nomenclature defines: 

• 1 for an injective and total alignment; 

• ? for an injective alignment; 

• + for a total alignment; 

• ∗ for an alignment that is neither injective nor total. 

Therefore, considering the two possible orientations of the alignment (from 𝑂# to 𝑂$ and from 𝑂$ 

to 𝑂#), the multiplicities of the alignment are: 1: 1, 1: ?, 1:+, 1:∗, ? : 1, ? : ?, ? : +, ? :∗, +: 1, +: ?, +:+, 

+:∗, ∗: 1, ∗: ?, ∗:+ and ∗:∗. 

Figure 7 depicts two examples of cardinalities for two ontologies, 𝑂# and 𝑂$. The former ontology 

is composed of two entities (A and B) and the latter is composed of three entities (C, D and E). 

The alignment on the left is a 1: ?, because it is both injective and total from 𝑂# and injective but 

not total from 𝑂$. The one on the right is a +:∗ because it is total but not injective from 𝑂# and 

neither injective nor total from 𝑂$. 

The possible values of the two properties addressed in this section (level and cardinality of the 

alignment) can be used as input parameters (or constraints) to the matching process (cf. Figure 4). 

 
1: ? +:∗ 

Figure 7 – Alignment cardinality 
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Furthermore, alignments are often interpreted under the Closed World Assumption (CWA), in the 

sense that any entity pairs not mentioned in the alignment are assumed to have no relationship. 

Information-integration alignments are those that provide a univocal and functional interpretation 

for adoption in ontology-based interoperability scenarios, such as data transformation [Shvaiko 

and Euzenat 2013; Euzenat and Shvaiko 2013]. I.e. its adoption allows for the generation of target 

repository’s data that adheres to the structure and semantics of the target repository, from the 

source repository data. This feature is closely related with the type of alignment, whose 

characterization and representation are described in the next section. 

3.5 Alignment Representation Formats and Languages 

The set of correspondences, i.e. the alignment, resulting from the matching between source and 

target ontologies is usually used in a wider context than the matching itself. For representing the 

alignment, making it available among applications, several proposals have been made, often as a 

mere list of pairs, HTML table or similarity matrix. 

This section briefly presents two alignment representation formats and languages that have been 

proposed for expressing relations between ontologies, and that were studied during the 

development of the research work, namely: (i) Alignment Format; and (ii) Expressive and 

Declarative Ontology Alignment Language (EDOAL). 

3.5.1 Alignment Format 

The Alignment Format [Euzenat 2004] is one of the simplest alignment representations proposed 

so far, and one of the most referenced in the literature. It allows for the specification of alignments 

in a consensual format, without committing to a particular language, and it is not targeted to a 

particular use. However, this format does not offer much expressivity. 

The Alignment Format is serializable in RDF and is used by the Alignment API7 for expressing 

and sharing ontology alignments between ontologies, as a way to achieve interoperability among 

heterogeneous systems within the Semantic Web. 

The correspondences follow the 4-tuple (𝐸, 𝐸(, 𝑟, 𝑛) representation described in section 3.3, but 

only simple (i.e. level 0) correspondences can be expressed. 

 
 7 http://alignapi.gforge.inria.fr 
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Consider the example in Figure 5, depicted in section 3.3. The simple correspondence 

(𝑂#: 𝐵𝑜𝑜𝑘, 𝑂$: 𝑉𝑜𝑙𝑢𝑚𝑒,= ,1.0) expresses the semantic equivalence (=) between the entity 𝐵𝑜𝑜𝑘 of 

the ontology 𝑂# and the entity 𝑉𝑜𝑙𝑢𝑚𝑒 of the ontology 𝑂$, with a degree of confidence of 1.0. This 

correspondence is represented in the next RDF serialization using the Alignment Format. The 

following prefixes are used in this representation: 

• 𝑂1:< ℎ𝑡𝑡𝑝://𝑤𝑤𝑤. 𝑑𝑒𝑖. 𝑖𝑠𝑒𝑝. 𝑖𝑝𝑝. 𝑝𝑡/𝑂1# >  

• 𝑂2:< ℎ𝑡𝑡𝑝://𝑤𝑤𝑤. 𝑑𝑒𝑖. 𝑖𝑠𝑒𝑝. 𝑖𝑝𝑝. 𝑝𝑡/𝑂2# >  

• 𝑥𝑠𝑑:< ℎ𝑡𝑡𝑝://𝑤𝑤𝑤.𝑤3. 𝑜𝑟𝑔/2001/𝑋𝑀𝐿𝑆𝑐ℎ𝑒𝑚𝑎# >  

• 𝑎𝑙𝑖𝑔𝑛:< ℎ𝑡𝑡𝑝://𝑘𝑛𝑜𝑤𝑙𝑒𝑑𝑔𝑒𝑤𝑒𝑏. 𝑠𝑒𝑚𝑎𝑛𝑡𝑖𝑐𝑤𝑒𝑏. 𝑜𝑟𝑔/ℎ𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑖𝑡𝑦/𝑎𝑙𝑖𝑔𝑛𝑚𝑒𝑛𝑡# >  

1. <align:Cell> 
2.  <align:entity1 rdf:resource=”&O1;Book”/> 
3.  <align:entity2 rdf:resource=”&O2;Volume”/> 
4.  <align:relation>=</align:relation> 
5.  <align:measure rdf:datatype=”&xsd;float”>1.0</align:measure> 
6. </align:Cell> 

Since the Alignment Format only allows for the representation of simple correspondences, it is not 

possible to express the complex correspondence (𝑂#: 𝑡𝑖𝑡𝑙𝑒, {𝑂$: 𝑡𝑖𝑡𝑙𝑒, 𝑂$: 𝑠𝑢𝑏𝑡𝑖𝑡𝑙𝑒}, 𝑆𝑝𝑙𝑖𝑡, 0.9). The 

only way to represent a similar correspondence with Alignment Format, is by setting two separate 

correspondences: one between the properties 𝑂#: 𝑡𝑖𝑡𝑙𝑒 and 𝑂$: 𝑡𝑖𝑡𝑙𝑒, and another between the 

properties 𝑂#: 𝑡𝑖𝑡𝑙𝑒 and 𝑂$: 𝑠𝑢𝑏𝑡𝑖𝑡𝑙𝑒. However, the Alignment Format is still insufficiently 

expressive because it has no way of specifying how to split the title in two.  

3.5.2 Expressive and Declarative Ontology Alignment Language 

The Expressive and Declarative Ontology Alignment Language (EDOAL) [David et al. 2011] 

extends the Alignment Format in order to capture correspondences between heterogeneous 

entities more accurately, particularly enabling the representation of complex correspondences (i.e. 

level 1) and more general correspondence expressions (i.e. level 2). For that, the alignment 

vocabulary uses the following features: 

• Construction of entities from other entities can be expressed through algebraic operators. 

Constructing entities is one way to overcome the shallowness of some ontologies; 

• Restrictions can be expressed on entities as a means to narrow their scope. Narrowing the 

scope of an entity makes it possible to more precisely align this entity with the 

corresponding one in the other ontology; 
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• Transformations of property values can be specified. Property values using different 

encodings or units can be aligned using transformations; 

• “Linkkeys” can be defined for expressing conditions under which, instances of the aligned 

entities should be considered equivalent. 

Again, taking in consideration the example depicted in Figure 5, both simple correspondence 

(𝑂#: 𝐵𝑜𝑜𝑘, 𝑂$: 𝑉𝑜𝑙𝑢𝑚𝑒,= ,1.0), lines 1 to 10, and complex correspondence 

(𝑂#: 𝑡𝑖𝑡𝑙𝑒, {𝑂$: 𝑡𝑖𝑡𝑙𝑒, 𝑂$: 𝑠𝑢𝑏𝑡𝑖𝑡𝑙𝑒}, 𝑆𝑝𝑙𝑖𝑡, 0.9), lines 11 to 40, are represented using EDOAL. Besides 

the prefixes used before (cf. section 3.5.1), the following prefix is used in this representation: 

• 𝑒𝑑𝑜𝑎𝑙: < ℎ𝑡𝑡𝑝://𝑛𝑠. 𝑖𝑛𝑟𝑖𝑎. 𝑜𝑟𝑔/𝑒𝑑𝑜𝑎𝑙/1.0/	>  

1. <align:Cell rdf:about=”simple-correspondence”> 
2.  <align:entity1> 
3.   <edoal:Class rdf:about=”&O1;Book”/> 
4.  </align:entity1> 
5.  <align:entity2> 
6.   <edoal:Class rdf:about=”&O2;Volume”/> 
7.  </align:entity2> 
8.  <align:relation>=</align:relation> 
9.  <align:measure rdf:datatype=”&xsd;float”>1.0</align:measure> 
10. </align:Cell> 
11. <align:Cell rdf:about=”complex-correspondence”> 
12.  <align:entity1> 
13.   <edoal:Property rdf:about=”&O1;title”/> 
14.  </align:entity1> 
15.  <align:entity2> 
16.   <edoal:Property> 
17.    <edoal:and rdf:parseType=”Collection”> 
18.     <edoal:Property rdf:about=”&O2;title”/> 
19.     <edoal:Property rdf:about=”&O2;subtitle”/> 
20.    </edoal:and> 
21.   </edoal:Property> 
22.  </align:entity2> 
23.  <align:relation>=</align:relation> 
24.  <align:measure rdf:datatype=”&xsd;float”>0.9</align:measure> 
25.  <edoal:transformation> 
26.   <edoal:Transformation edoal:direction=”-o”> 
27.    <edoal:entity1> 
28.     <edoal:Property rdf:about=”&O1;title”/> 
29.    </edoal:entity1> 
30.    <edoal:entity2> 
31.     <edoal:Apply edoal:operator=”&edoal;split”> 
32.      <edoal:arguments> 
33.       <edoal:Property rdf:about=”&O2;title”/> 
34.       <edoal:Property rdf:about=”&O2;subtitle”/> 
35.      </edoal:arguments> 
36.     </edoal:Apply> 
37.    </edoal:entity2> 
38.   </edoal:Transformation> 
39.  </edoal:transformation> 
40. </align:Cell> 
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3.6 Evaluation Measures 

To evaluate the matching process (or matching algorithm) it is necessary to compare the resulting 

alignment 𝐴 with the reference alignment (also known as gold standard) 𝑅 which should be the 

complete set of all correct correspondences. 

This type of assessment is dependent on the existence of the reference alignment, which might not 

be available in real-world scenarios, and is based on the interpretation of alignments as sets of 

correspondences (see Figure 8), considering the following sets: 

• True positives: the set of correspondences which are found by the matching algorithm (𝐴) 

AND exist in the reference alignment (𝑅): 𝐴 ∩ 𝑅; 

• False positives: the set of correspondences which are found by the matching algorithm (𝐴) 

but do not exist in the reference alignment (𝑅): 𝐴 − 𝑅; 

• False negatives: the set of reference correspondences (𝑅) which are not found by the 

matching algorithm (𝐴): 𝑅 − 𝐴; 

• True negatives: the set of correspondences that are neither in the evaluated alignment (𝐴) 

nor in the reference alignment (𝑅), considering 𝕌 as the set of all possible correspondences: 

𝕌 − (𝐴 ∪ 𝑅). 

The most commonly used measures are Precision and Recall originating from information retrieval 

[van Rijsbergen 1975] and adapted to ontology matching [Do, Melnik, and Rahm 2003]. Another 

well-known and widely accepted measure is the harmonic mean, referred to as F-measure. 

 

Figure 8 – Alignments as sets of correspondences (adapted from [Euzenat and Shvaiko 2013]) 
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Precision measures the ratio of correctly found correspondences (true positives) over the total 

number of found correspondences (true positives and false positives). Thus, Precision is meant to 

measure the degree of correctness of the alignment. Given a reference alignment 𝑅, the Precision 

of the alignment 𝐴 is a function 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛(𝐴, 𝑅) ⟶ [0, 1], expressed in equation 3. 

 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛(𝐴, 𝑅) =
|𝐴 ∩ 𝑅|
|𝐴|

 (3) 

Recall measures the ratio of correctly found correspondences (true positives) over the total number 

of expected correspondences (true positives and false negatives). Thus, Recall is meant to measure 

the degree of completeness of the alignment. Given a reference alignment 𝑅, the Recall of the 

alignment 𝐴 is a function 𝑅𝑒𝑐𝑎𝑙𝑙(𝐴, 𝑅) ⟶ [0, 1], expressed in equation 4. 

 𝑅𝑒𝑐𝑎𝑙𝑙(𝐴, 𝑅) =
|𝐴 ∩ 𝑅|
|𝑅|

 (4) 

F-measure is a weighed harmonic mean that demonstrates the trade-off between Precision and 

Recall. Given a reference alignment 𝑅, and a number 𝛼 between 0 and 1, the F-measure of the 

alignment 𝐴 is a function 𝐹_𝑚𝑒𝑎𝑠𝑢𝑟𝑒p(𝐴, 𝑅) ⟶ [0, 1], as shown in equation 5. 

 𝐹_𝑚𝑒𝑎𝑠𝑢𝑟𝑒p(𝐴, 𝑅) =
𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛(𝐴, 𝑅) × 𝑅𝑒𝑐𝑎𝑙𝑙(𝐴, 𝑅)

(1 − 𝛼) × 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛(𝐴, 𝑅) + 𝛼 × 𝑅𝑒𝑐𝑎𝑙𝑙(𝐴, 𝑅)
 (5) 

The higher the value of 𝛼, the more importance is given to Precision with regard to Recall. 

Conveniently, F-measure is a balanced measure, as shown in equation 6, when the same weight is 

assigned to either Precision or Recall (i.e. 𝛼 = 0.5). 

 𝐹_𝑚𝑒𝑎𝑠𝑢𝑟𝑒s.t(𝐴, 𝑅) =
2 × 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛(𝐴, 𝑅) × 𝑅𝑒𝑐𝑎𝑙𝑙(𝐴, 𝑅)
𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛(𝐴, 𝑅) + 𝑅𝑒𝑐𝑎𝑙𝑙(𝐴, 𝑅)

 (6) 

Precision and Recall are known as compliance measures as they evaluate the degree of compliance 

of a system with regard to some standard. Other compliance measures can be found in the 

literature, namely Relaxed Precision and Relaxed Recall [Ehrig and Euzenat 2005]; and Semantic 

Precision and Semantic Recall [Euzenat 2007]. 

Other measures concerned with resource consumption (e.g. speed, memory, scalability), referred 

to as performance measures, can be used to compare systems instead of the resulting alignment 
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[Ehrig and Staab 2004]. Unlike compliance measures, performance measures depend on the 

processing environment and the underlying ontology management system. 

Precision, Recall and F-Measure will be adopted in the evaluation of the proposed approach. 

3.7 Summary 

Ontology matching has been presented as a process of finding correspondences between ontology 

entities, which is influenced not just by the heterogeneity of the ontologies, but also by the ontology 

domain and modeling decisions. Different types of heterogeneity have been presented, and the 

matching techniques used by the ontology matchers to solve them have been discussed. 

The alignments have been characterized according to their level and cardinality. Two formats and 

languages for representing alignments (Alignment Format and EDOAL) have been compared 

regarding expressivity. 

To evaluate the matching process, different measures have been discussed (e.g. precision, recall, F-

measure). 
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Chapter 4  
 

STATE OF THE ART 

There is a large body of existing research on ontology matching, including research on: 

• Automatic matching [Algergawy et al. 2018; OAEI 2018]; 

• Identifying and repairing alignment inconsistencies and defects [Ivanova and Lambrix 

2013; Meilicke, Stuckenschmidt, and Tamilin 2009; Wang and Xu 2007; Jean-Mary, 

Shironoshita, and Kabuka 2009]; 

• Involving users during the matching process [Shvaiko and Euzenat 2013; Dragisic et al. 

2016; Ivanova, Lambrix, and Åberg 2015; Falconer and Noy 2011]. 

Because this thesis is particularly concerned with approaches that consider the user’s involvement, 

this chapter focuses the description on the most relevant systems in the area of ontology matching 

using user feedback. A comparative analysis between them from different perspectives is further 

presented. 

4.1 User Involvement in Ontology Matching 

In [Shvaiko and Euzenat 2013], the authors consider user involvement as one of the most 

important and promising challenges for the future of ontology matching. This includes: 
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• Explanation of matching results to users [Shvaiko et al. 2005; Trojahn et al. 2011], e.g. by 

providing a simple and clear justification, in natural language, of why a correspondence was 

suggested, enabling users to fully understand the matching results, in order to facilitate 

informed decision-making; 

• Social and collaborative matching [Luz et al. 2015; Cheatham 2014; Amini et al. 2016; 

Zhdanova and Shvaiko 2006], which may be achieved with users explicitly arguing about 

correspondences or by asking users simple questions (e.g. through crowdsourcing) and 

then learning from the answers to improve matching accuracy; 

• Fostering the user involvement in the matching process, designing ways so that users can 

help the matching process without being lost in the amount of results or design choices 

[Nandi and Bernstein 2009; Do and Rahm 2007; Shi et al. 2009; Duan, Fokoue, and Srinivas 

2010; Falconer and Storey 2007; Mocan, Cimpian, and Kerrigan 2006; Raffio et al. 2008]. 

The issue is to provide user interfaces in combination with suitable visualization techniques, 

which are natural, complete and not cumbersome to the user. 

The importance of user involvement in ontology matching is gaining more and more attention. An 

evidence of this importance is the observation by the OAEI organizers that automatic matching is 

only a first step towards a final alignment and a validation by a user/expert is needed [Euzenat et 

al. 2011]. Another evidence was the introduction in the OAEI 2013 Campaign8 of the Interactive 

Matching track, where user validation was simulated using an oracle [Paulheim, Hertling, and Ritze 

2013] with follow-ups in the following editions [Algergawy et al. 2018]. This track was introduced 

to “show in general that the exploitation of user interaction is able to further improve the results 

of ontology matching systems”. From that moment, the number of user interventions and the time 

spent have also been measured in addition to the influence of the validation on the quality of the 

alignments [Grau et al. 2013]. 

According to [Euzenat and Shvaiko 2013], there are at least three areas in which users may be 

involved: 

• By providing input to the system (before matching), such as an initial alignment, which may 

be used as an anchor alignment by the matching system; 

 
 8 http://oaei.ontologymatching.org/2013/ 
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• By configuring and tuning the system, which includes defining a strategy and setting 

parameters, namely: (i) giving different weights to matchers; (ii) defining thresholds for 

filtering the results; or (iii) establishing how to aggregate the similarities provided by 

different matchers to combine them into a single similarity; 

• By providing feedback to matchers, validating the decisions, during or after the automatic 

matching, in order to adapt and improve the results. 

Approaches on how to involve users in matching have been proposed: 

• Enhancing the creation of candidate correspondences through query logs extracted from a 

search engine, by embedding matching tasks within the user daily work, thus 

serendipitously contributing to improve available alignments. “The key intuition is that if 

two entities are similar, then they should be searched for using similar queries” [Elmeleegy, 

Ouzzani, and Elmagarmid 2008; Nandi and Bernstein 2009]; 

• Presenting large matching problems into smaller decomposed sub-problems, having little 

or no overlap, to avoid repeated similarity computations, and presenting the matching 

results so the user can easily validate and correct it [Luz et al. 2015; Do and Rahm 2007; 

Noy and Musen 2003]; 

• Creating alignments manually or by checking and correcting them through a supervised 

learning approach, trying to either: 

• Find the most informative candidate correspondences to query, and propagate the 

user correction regarding the ontology structure [Shi et al. 2009]; 

• Determine the weights assigned to each matcher and combine them for matching 

ontology entities [Duan, Fokoue, and Srinivas 2010]; 

• Determine the degree (e.g. length of the path) to which the information from 

validated correspondences should be propagated to their neighbors (e.g. sub/super 

classes) [Duan, Fokoue, and Srinivas 2010]. 

• Reducing the cognitive load on users by assisting them in remembering what 

correspondences they have looked at, revising previously made decisions, making 

temporary decisions on correspondences, or understanding the results of the automatic 

matching algorithms [Falconer and Storey 2007]; 
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• Providing an environment for manually designing complex alignments through the 

visualization of different graphical perspectives, each of which offering a specific viewpoint 

and emphasizing the connections between relevant entities of the ontologies being 

matched; thus, facilitating the discovery of complex correspondences [Mocan, Cimpian, 

and Kerrigan 2006]. The example presented in Figure 9 shows three different perspectives 

(PartOf9, InstanceOf10 and RelatedBy11) for the same ontology fragment; 

• Adopting a visual mapping language for explicitly specifying structural transformations (i.e. 

mappings between schema/ontology entities with a complex structure, which define 

correspondences at a higher level of abstraction) by drawing and annotating lines across 

schema/ontology entities, thus giving users greater control over the resulting 

transformations [Maedche et al. 2002; Raffio et al. 2008; Gouveia et al. 2018]; 

• Learning from users by adjusting system parameters, i.e. given a matching task, determine 

the best system configuration to approach that task, hence providing useful feedback to 

the matching system designers [von Hippel 2005]. 

 

Figure 9 – PartOf, InstanceOf and RelatedBy perspectives [Mocan, Cimpian, and Kerrigan 2006] 

More recently, Dragisic and colleagues [Dragisic et al. 2016] reviewed existing systems and literature 

related to ontology matching and identified and characterized the state-of-the-art approaches and 

systems for user-based ontology matching validation. The relevant issues are: 

1. The user expertise (cf. section 4.1.1); 

2. The user intervention in the ontology matching systems (cf. section 4.1.2); 

 
 9 The PartOf perspective focuses on the concepts, attributes and attributes’ types hierarchies. 
10 The InstaceOf perspective can be used to create conditional mappings based on predefined values and instances. 
11 The RelatedBy perspective focuses on the attributes of the ontology and describes them from their domain and type 

perspective. 
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3. The user interfaces for supporting interaction and involvement (cf. section 4.1.3). 

These will be addressed further in the next three subsections. 

4.1.1 User Expertise 

The expertise of the user about (i) the domain of the ontologies to be matched; (ii) the knowledge 

engineering and modeling concepts; and (iii) the matching system is a critical aspect that can 

influence the quality of the alignment [Dragisic et al. 2016]. According to Dragisic and colleagues, 

three issues pertaining to user expertise are: 

• The user’s expertise may influence the quality of the alignment to the extent that, in addition 

to wrong decisions, an error can propagate, and for that reason, some other correct 

correspondences can be affected (i.e. wrongly added, removed or changed); 

• The user’s area of expertise distinguishes between knowledge engineer and domain expert 

roles. While domain experts are often not familiar with knowledge engineering concepts 

and formal representations, knowledge engineers are often lay about the domain; thus, it 

being difficult to combine both expertise/roles in the process. For that reason, in order to 

assist users with limited technical expertise, the matching systems should provide 

information about the structure of the ontologies and the consequences of adding, 

removing or changing a correspondence in an understandable manner. Likewise, in order 

to assist users with limited domain expertise, systems should provide detailed contextual 

information about the mapping. These features will be detailed in section 4.1.3; 

• The user’s expertise with the matching system varies from novice to skillful, providing 

different contributions as input, hence requiring different UIX (User Interaction and 

Experience). The matching system should support all range of expertise in a way that it 

should be as intuitive as possible, in both functionalities and visual representations. E.g. 

the novice users can focus on the matching process instead of the matching system usage, 

and the expert users can be able to use shortcuts and customize the system in order to 

speed up their work. These UIX features will be detailed in section 4.1.3. 

4.1.2 User Intervention 

In their work, Dragisic and colleagues identify three dimensions of user intervention: 
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1. The moment in which the user intervention is performed. The matching system can adopt 

different strategies, namely before, during and after the matching process: 

1.1. The intervention is performed before the matching process if the user provides an initial 

alignment, which is then used by the system to guide the matching process; 

1.2. The intervention is performed during the matching process if the user provides direct 

feedback to the system, which can then be propagated so that the later decisions are 

guided by the user’s feedback. Furthermore, the matching process can be iterative, 

considering that in each iteration the alignment from the previous iteration is improved; 

1.3. The intervention is performed after the matching process when the user filters out the 

correspondences suggested by the system, which conflict with the user validations. 

2. The number of users involved. Regarding the number of users involved, the intervention can 

be performed by a single user or by a group (collective effort) of users, such as in [Cruz et al. 

2016; Luz et al. 2015]. In scenarios of large-scale ontology matching, such as described in 

[Ivanova and Lambrix 2014], where it is too cumbersome for one person to come up with an 

alignment, it can be solved more quickly by many people working together. In these scenarios, 

each person of the group only has to do a part of the work. In some cases, each person can 

also be asked to improve on what has been done by others. In [Luz et al. 2015; Noy et al. 2013], 

a crowd of workers are engaged in multiple ontology matching micro-tasks, that together 

compose the alignment; 

3. The number of interventions. Another aspect to consider when involving users in the 

matching, is the size and complexity of the ontologies. Since users capable of performing 

alignment are a rare and valuable resource, the alignment systems cannot expect them to always 

be available to validate large alignments, with hundreds or even thousands of correspondences. 

However, reducing the number of user inputs, while at the same time effectively combining 

manual validation with automatic generation of correspondences, is a challenge [Otero-

Cerdeira, Rodríguez-Martínez, and Gómez-Rodríguez 2015]. Therefore, according to [Dragisic 

et al. 2016], limiting the number of user interventions can be done by (i) employing threshold 

values; (ii) filtering them with respect to some principle (e.g. consistency, locality) or quality 

checks; (iii) selecting only problematic situations where different alignment algorithms disagree; 

(iv) asking questions whose answers have the highest impact in the validation process; or (iv) 

employing automatic decisions for where a concept is suggested to be mapped to multiple 

concepts. This last proposal is very common and can easily be attained by only considering the 
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suggestion accepted by the user to be correct and automatically validating all other suggestions 

as incorrect. The different aspects of user intervention can be evaluated by measuring the 

number of questions the system asks the user and comparing it to the actual size of the 

alignment (i.e. the number of correspondences). The impact of minimizing the user 

intervention can be evaluated by measuring the improvement in performance (regarding 

precision and recall) over the fully automatic process and relating it with the number of 

questions asked. 

4.1.3 User Interfaces  

Presenting and manipulating alignments under the formats and languages described in section 3.5 

is difficult for a user independently of their expertise and role (intervention). Hence, according to 

Ivanova and colleagues [Ivanova, Lambrix, and Åberg 2015] users should be involved in the 

matching process through a user interface (UI) for supporting interaction and involvement. The 

UI is a very important component when providing and requesting feedback and aside from user-

friendly, intuitive, easy to use and clear, other requirements must be considered in its development 

[Euzenat and Shvaiko 2013], namely: 

1. It should be possible to have an overview of the alignment, such that users can understand 

which ontology entities match and which do not; 

2. Sufficient information should be provided for users to decide on the validity of the alignment 

— which naturally competes with the need to not overload the user with information; 

3. It should be possible to search, browse and zoom on specific correspondences as well as filter 

and sort them, based on different characteristics, such as confidence values or their status (e.g. 

automatically generated, approved by the user); 

4. Users should have visual facilities allowing them to accept, reject, create, update, delete and 

postpone for later revision, the correspondences under consideration; 

5. For each generated correspondence, it should be possible to request an explanation (at different 

levels of detail) supporting its generation; 

6. It should be possible to assign fragments of ontologies to be outsourced to communities of 

users, as well as to load the respective (even partial) results once these become available. 

In addition to these generic requirements, other important requirements must also be considered 

in the development of the UI, which are described next: 
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1. Different types of correspondences and their origin should be visually depicted, providing the 

distinction between suggested, accepted and rejected correspondences [Falconer and Storey 

2007]. A powerful technique adopted by many systems to address this is color-coding; 

2. The context and the definition of the ontology entities involved in the correspondences should 

be provided. The importance of the context was demonstrated in [Noy et al. 2013] where the 

authors compared crowdsourcing using Amazon Mechanical Turk12 with domain experts. The 

results have shown that domain experts achieve better results, but when provided with concept 

definitions (in addition to concept names) the difference between the two user types was not 

statistically significant; 

3. Users should be provided with explanations for the correspondences suggested by the system, 

by presenting the provenance of, or justification for, the suggested correspondences. 

Justifications are often merely presented as confidence values and for that reason, remain a 

challenge for the ontology matching community [Shvaiko and Euzenat 2013]. Likewise, users 

should be provided with feedback about the consequences of their decisions. This can be 

done by simply depicting the consequences, which will help the users in exploring and 

evaluating their choices and deciding how to proceed [Jiménez-Ruiz et al. 2012]; 

4. Providing a history of user interventions to keep track of the sequence of actions and be able 

to revert them, if necessary, is also an aspect to consider [Cruz, Stroe, and Palmonari 2012]; 

5. To support the validation, functionalities for users to interact should be provided. The most 

basic level of interaction is to allow the user to either accept or reject correspondence 

suggestions. It may also happen that a system has not suggested a correspondence that is 

needed according to the user. In these cases, the system should provide functionalities to add 

a correspondence manually. 

Typically, to depict ontologies and the alignments between them, two main paradigms are 

considered [Fu, Noy, and Storey 2013; Lambrix and Kaliyaperumal 2017]: 

• Indented trees (or simply Trees) are suitable when depicting hierarchical relations, but are 

confusing when multiple inheritance or domain is involved. In this situation it is necessary 

to duplicate entities to provide a complete view over the ontology, distorting the model. 

 
12 https://www.mturk.com 
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Ontology editors, such as Protégé13 and OntoStudio14 (formerly OntoEdit), use trees to 

represent ontologies; 

• Graphs, by contrast, are able to manage both multiple inheritance and non-hierarchical 

relations that trees are unable to handle. However, when the number of nodes shown is 

high, it becomes difficult to analyze the ontology as a whole, creating a hairball of nodes 

and relations. Protégé visualization plugins, such as OntoViz15, OWLViz16 and 

NavigOWL17 use graphs to illustrate entities and relationships in ontologies. 

Fu and colleagues [Fu, Noy, and Storey 2013] concluded that trees are better suited for supporting 

list-checking activities, such as the evaluation of mappings, and that graphs surpass trees when the 

aim is the overview of the alignment, and thus are better at supporting the creation of new 

mappings. Lambrix and Kaliyaperumal [Lambrix and Kaliyaperumal 2017] also consider that 

although the indented trees are more organized and familiar to novice users, a graph visualization 

may be more controllable and intuitive. 

Figure 10 depicts a fragment of an ontology about clinical terms represented as a tree and as a 

graph. In the tree representation (on the left), the hierarchical relations are illustrated by indentation 

and the expanders allow to toggle subclasses of a node. In the graph representation (on the right), 

entities are illustrated as vertices and the hierarchical relations are illustrated with arrows pointing 

to the subclasses. 

Another, less used, approach consists in representing ontologies and alignments through tree-maps 

[Granitzer et al. 2010; Gilson et al. 2008]. A tree-map representation provides an overview of the 

ontology and correspondence suggestions. The ontologies are represented as nested rectangles with 

different sizes and colors, corresponding to some property of the underlying data (e.g. the number 

of correspondence suggestions). Thus, candidate-heavy regions can be identified through different 

color intensities. As tree-maps are scalable, they are suitable to represent even very large ontologies, 

but without a means of navigating through the ontology structure. Figure 11 shows a tree-map 

representation of the ontology depicted in Figure 10. 

 
13 https://protege.stanford.edu 
14 http://www.semafora-systems.com/en/products/ontostudio/ 
15 https://protegewiki.stanford.edu/wiki/OntoViz 
16 https://protegewiki.stanford.edu/wiki/OWLViz 
17 https://protegewiki.stanford.edu/wiki/NavigOWL 
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Figure 10 – Tree and graph representations [Fu, Noy, and Storey 2013] 

 

Figure 11 – Tree-map representation [López-García and Schulz 2016] 

 

4.2 Ontology Matching Systems 

While in the last two decades, dozens of ontology matching systems have been developed [Otero-

Cerdeira, Rodríguez-Martínez, and Gómez-Rodríguez 2015], this thesis is particularly concerned 

with those that consider the user involvement in the process. The following subsections briefly 

present some of these systems, with the emphasis given to the user intervention, the user interface 

and the system decision support and propagation to the user decisions. In addition, an overview 

regarding the input format, the computed alignments and the matching techniques used by these 

systems is also presented. 
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4.2.1 AgreementMaker 

AgreementMaker [Cruz, Antonelli, and Stroe 2009; Cruz, Stroe, and Palmonari 2012] is a system 

that comprises a wide range of automatic matchers, designed to handle large-scale ontologies. It 

incorporates a semi-automatic matching strategy in which domain experts are directly involved in 

an iterative feedback loop to validate correspondence suggestions. 

The system handles ontologies in XML, RDFS, OWL and N3, and outputs 1:1, 1:m, n:1 and n:m 

alignments. It starts computing similarity values between concept features (e.g. labels, comments, 

annotations) and organizes them into matrices, as “signature vectors”, to help determine (i) which 

specific candidate correspondences should be presented to the user for validation; and (ii) how can 

the user feedback be exploited to improve the existing alignment. String-based measures (e.g. Edit 

Distance, Substrings, Jaro-Winkler) and a lexicon like WordNet are used as well. Then, the system 

uses structural ontology properties and includes two matchers called descendants similarity 

inheritance (if two nodes are matched with high similarity, then the similarity between the 

descendants of those nodes should increase) and siblings similarity contribution (which uses the 

relationships between sibling concepts). Finally, the results are pruned based on thresholds and a 

linear weighted combination is computed. 

At each iteration, the user is asked to validate one or more mappings. His/her decisions are then 

propagated to similar correspondences, thus increasing or decreasing the confidence value. The 

objective is to improve the matching results as much as possible, while minimizing the user’s effort. 

The UI representation of the ontologies consists of two trees, side by side in a scroll-enabled pane 

(see Figure 12). The correspondences are depicted as color-coded lines to distinguish between 

accepted, rejected and manually created. The confidence value is indicated near the line, but without 

an explanation for that value. Additional information is presented by selecting a concept. 

To reduce the number of displayed correspondences, AgreementMaker supports filtering by 

threshold or by number of correspondences per concept. It also applies a strategy for identifying 

problematic correspondences, which relies on the variance of the confidence values, obtained by 

the various matching algorithms made available. The user can either accept or reject the 

correspondence suggestions, visualizing the impact of the validations. New correspondences can 

also be manually created. 
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Figure 12 – Screenshot of AgreementMaker interface [Cruz et al. 2009] 

Undoing or redoing a user decision is also available, but it is not clear how undoing an action would 

affect feedback propagation. 

4.2.2 AgreementMakerLight 

AgreementMakerLight (AML) [Faria et al. 2014, 2017] is a scalable system based on 

AgreementMaker but more concerned with efficiency. While originally focused on the biomedical 

domain, AML’s scope has been expanded, and is now considered a general-purpose ontology 

matching system. 

AML relies heavily on string-based (e.g. Levenshtein Distance, Jaro-Winkler, Q-gram) and 

language-based techniques, with an emphasis on the use of external resources as background 

knowledge. It also includes structural components for both matching and filtering, and it features 

a logical repair algorithm. It handles ontologies in XML, RDFS and OWL formats, and outputs 

n:m alignments. 

AML supports user interaction after its fully automated matching algorithm execution. Like in 

AgreementMaker, the candidate (challenging) correspondences are selected for revision based on 

the variance of the confidence values obtained by the implemented matching algorithms. 
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Figure 13 – Screenshot of AgreementMakerLight interface [Faria et al. 2014] 

The alignment is displayed in a list that serves as an overview and allows to find further details 

about each entity. This list also assists the user in reviewing and rejecting correspondence 

candidates. Moreover, new correspondences can be added by the user. 

Besides displayed in the list view, a selected correspondence and its context are also displayed as a 

graph (see Figure 13), using a color-coding technique to represent different entities and showing 

the confidence values. The graph view allows for the expansion or restriction of the context by 

navigating through the alignment. 

4.2.3 AlViz 

AlViz [Lanzenberger and Sampson 2006; Lanzenberger, Sampson, and Rester 2010] is a multiple 

view plugin for Protégé, specifically developed for visualizing ontology alignments. Each ontology 

is represented as a pair of connected views: a tree and a graph (see Figure 14). The tree view allows 

to expand and collapse the branch nodes representing the hierarchical (subclass-of) structure of 

the ontology. The view as a graph overcomes the visualization problems that trees have with large 

and complex (relations besides subclass-of) ontologies. In this representation, graph nodes are 
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clustered according to the selected level of detail, thereby offering detail and overview 

functionalities. The views are synchronized so the selection/navigation in one view changes the 

representation in the other. 

Correspondences can be accepted or rejected by the user, but there is no visual distinction between 

suggested or accepted ones. Besides that, the user can reject the matching results by adapting the 

automatically derived alignment or adding new correspondences manually. Color-coding is used to 

show the degree of confidence in the correspondence, but the actual confidence values are not 

provided. Other features include selecting/highlighting and zooming functionalities. All changes 

made to the alignment can be undone or redone. 

The major drawbacks of this tool are the lack of feedback propagation and the absence of details 

about each individual entity involved in the correspondence. 

 

 

Figure 14 – Screenshot of AlViz interface [Lanzenberger and Sampson 2006] 
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4.2.4 CogZ 

CogZ [Falconer and Storey 2007; Falconer et al. 2009] is an interactive visual plugin for PROMPT 

[Noy and Musen 2003]. PROMPT’s algorithm starts computing an initial set of candidate 

correspondences based largely on string-similarity techniques, such as Edit Distance. Then, CogZ 

is used to present a list of correspondence suggestions for acceptance or rejection. The user can 

further add new correspondences. After the user’s validation, the system iteratively checks for 

conflicts (such as name conflicts, dangling references, redundancy in the class hierarchy and value 

restrictions that violate class inheritance) and proceeds by presenting additional correspondence 

suggestions according to the user’s previous decisions. 

CogZ depicts the ontologies as trees and employs tree-maps to provide an overview of the class 

taxonomy and uses colors to indicate where regions with many candidate correspondences can be 

found (see element A of Figure 15). Selecting a correspondence doesn’t show the confidence value 

but, instead, it displays the explanation with the reasons why the correspondence was suggested, in 

natural language (see element B of Figure 15). The system provides navigation through the 

alignment and uses highlight propagation to make it easier to follow a correspondence. It also keeps 

 

Figure 15 – Screenshot of CogZ interface [Falconer and Storey 2007] 



 
State of the Art 

56 

track of user decisions and thus, the user can follow the progress (e.g. number of candidate, 

accepted or rejected correspondences) in a pie chart (see element C of Figure 15). 

4.2.5 COMA 3.0 

COMA (COmbining MAtchers) 3.0 [Massmann et al. 2011] extends COMA++ [Aumueller et al. 

2005] by enhancing workflow management and additional features like ontology merging. It 

supports the combination of different matching algorithms to match large schemas and ontologies 

(in XML or OWL format); and adopts a divide-and-conquer approach aiming the identification of 

similar fragments of ontologies which are then matched. The matched fragments obtained in each 

iteration are validated by the user and the validation is propagated for further decisions. 

COMA implements string-based (e.g. Trigram, Jaccard, Levenshtein Distance, TF-IDF), language-

based (e.g. stop-word removal, tokenization), including the use of a lexicon like WordNet, and 

instance-based techniques. It also implements a structural matcher based on the is-a and inverse is- 

 

Figure 16 – Screenshot of COMA interface18 

 
18 Extracted from https://sourceforge.net/projects/coma-ce/ 
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a hierarchies of the ontologies. 

The ontologies are represented as trees in side-by-side scroll-enabled panes and correspondences 

are shown as lines between the ontologies (see Figure 16). The correspondences have different 

colors depending on their similarity values, but there is no difference between correspondence 

suggestions and already accepted/validated correspondences. Hovering on a correspondence 

displays its confidence value. The system allows the user to manually add and remove 

correspondences. On the other hand, it does not support filtering, nor keeping the history of user 

actions. 

Moreover, the system supports complex correspondences by analyzing the set of 1:1 

correspondences. Particularly, it checks whether sets of correspondences involving the same source 

or target element should be combined within a complex correspondence. 

4.2.6 LogMap 2 

LogMap 2 [Jiménez-Ruiz et al. 2012] is an improved version of its predecessor LogMap [Jiménez-

Ruiz and Grau 2011]. It implements an iterative process that starting from a set of candidate 

correspondences obtained from lexical comparison, alternately executes mapping repair and 

mapping discovery steps. The system accepts OWL ontologies and incorporates string, structural 

and reasoning-based techniques, as well as external lexical databases (e.g. WordNet, UMLS19), to 

progressively discard correspondences that seem to be incorrect and identify those that seem to be 

correct. In the interactive mode, the ambiguities are decided by the user, while in the automatic 

mode, they are resolved heuristically. 

The number of user interventions is reduced by applying automatic decisions based on user’s 

feedback when deciding on ambiguous or conflicting situations. For example, if a candidate 

correspondence is ambiguous (i.e. share the source or target entity) with a user accepted 

correspondence, then the candidate correspondence is automatically rejected by the system. 

LogMap 2 provides support for user intervention during the matching process, using a command 

line or a Web interface. Candidate correspondences are presented with information about the 

confidence value and the context of each entity involved. To help the user understand the 

consequences of his/her actions, ambiguous and conflicting correspondences are also presented. 

 
19 UMLS stands for Unified Medical Language System (https://www.nlm.nih.gov/research/umls/) 
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4.2.7 RepOSE 

RepOSE (Repair of Ontological Structure Environment) [Ivanova and Lambrix 2012, 2013] is a 

matching system with a debugging component for detecting and repairing modelling defects, such 

as missing and wrong subsumption relations and correspondences, in both ontologies and 

alignments, using a graph representation (see Figure 17). 

In its implementation, RepOSE uses string-based (e.g. N-gram, TermBasic, Edit Distance), 

language-based (e.g. WordNet, UMLS) and taxonomy-based algorithms.  

The matching process starts by generating correspondence suggestions, whose selection for user 

validation is based on threshold values. After the validation phase, the repairing phase gives the 

possibility to refine the accepted correspondences or add new correspondences. This is a limited 

form of propagation for later decisions as the user feedback is used in the repairing phase, only. 

 

Figure 17 – Screenshot of RepOSE interface [Ivanova and Lambrix 2012] 
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The entities are color-coded according to the ontology to which they belong and to distinguish 

between suggested, added or rejected correspondences. The user can accept or reject the 

correspondence, but when a decision contradicts a previous action, an error message is shown. 

The justifications for the correspondences are based on the taxonomy and presented to the user, 

as well as the confidence values. 

4.2.8 SAMBO 

SAMBO (System for Aligning and Merging Biomedical Ontologies) [Lambrix and Tan 2006; 

Lambrix and Kaliyaperumal 2017] is a system that exploits various matching algorithms to measure 

similarities. The similarities are then combined and filtered based on previously user-defined 

weights and thresholds to come up with an alignment suggestion, which is further presented to the 

user for acceptance, rejection or modification (see Figure 18). 

Different matching techniques are used, including string-based (e.g. N-gram, Edit Distance), 

instance-based and structural, through an iterative algorithm that checks if two entities occur in 

similar positions with respect to is-a or part-of hierarchies relative to already matched concepts, 

with the intuition that the entities under consideration are likely to be similar as well. In addition, 

WordNet and UMLS can be used to enhance the similarity measure, by looking up for either 

hypernym or synonym relationships, respectively. SAMBO handles ontologies in OWL and 

outputs 1:1 alignments. 

The system is iterative since it can reuse the results from previous validations to guide the matching 

process, either by using a partial alignment to reduce the search space or recommending settings 

for the matching algorithms. The selection of correspondence suggestions is performed using 

different combination and filtering strategies. 

 

Figure 18 – Screenshot of SAMBO interface [Lambrix and Kaliyaperumal 2017] 
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SAMBO displays the ontologies as trees. Correspondence suggestions can be accepted or rejected 

by the user and new correspondences can be manually created. The system keeps a history of user 

decisions and provides an undo feature. 

4.2.9 MAFRA Toolkit 

MAFRA Toolkit20 [Silva 2004] implements a specific architecture for MAFRA – MApping 

FRAmework [Maedche et al. 2002], as an interactive and incremental framework for mapping 

distributed ontologies. It consists of a system that allows to create semantic relations between two 

(source and target) ontologies in RDFS format and apply such relations in transforming source 

ontology instances into target ontology instances.  

The system architecture supports the configuration of automatic matchers by the adoption of the 

GoF composite pattern [Gamma et al. 1995], thus exploiting multiple randomly combined 

matchers. Similarity measuring potentialities are available through string-based (e.g. Jaro-Winkler, 

Soundex) and language-based (e.g. tokenization, stop-word removal) techniques. In addition, 

natural language dictionaries, thesaurus and other lexical structures like WordNet are used as well. 

Other approaches, such as analysis of attribute types and cardinalities of concepts properties are 

also provided for combination. 

MAFRA provides an ontology, called Semantic Bridge Ontology, for expressing n:m alignments. 

The main concepts in this ontology are SemanticBridge and Service. A SemanticBridge expresses 

a relation between two sets of entities (identified through paths) and is tied to the Services that are 

able to implement the bridge as a data transformation. 

MAFRA Toolkit displays the ontologies and the alignment as a graph (see Figure 19), using color-

coding to represent different entities and distinguish between source and target ontology entities. 

The graph view permits zooming to expand or restrict the representation of the entities. The GUI 

has a versatile positioning of the entities and allows selecting, hiding, deleting, moving, drag-and-

dropping, relating and unrelating the entities, in a very versatile and rather intuitive fashion. 

Selecting an entity triggers the presentation of other characteristics in the lower frame of the user 

interface. In Figure 19, the source path of a selected SemanticBridge (“ic2c”) is currently displayed. 

 
20 http://mafra-toolkit.sourceforge.net 
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Figure 19 – Screenshot of MAFRA Toolkit interface [Silva 2004] 

MAFRA Toolkit supports the creation of level 2 alignments (i.e. alignments that are ready for 

information integration). Just like the work presented in this thesis, MAFRA Toolkit considers the 

possibility of searching for paths or adding new concept-correspondences (even though both tasks 

are performed manually) to contextualize property-correspondences, thus solving the ambiguities. 

Yet, a major drawback of MAFRA Toolkit, in addition to the fact that no automatic assistance is 

provided when solving the ambiguities, is the lack of user’s feedback propagation for later 

decisions. Therefore, without decision support, the process becomes more complex and time-

consuming. 

4.3 Summary 

This chapter provides a comparative analysis of the current state of the art in the area of ontology 

matching using user feedback. The importance of user involvement in the matching process has 

been highlighted with evidences form existing literature. Furthermore, a survey about strategies on 

how to involve users in matching has been presented. 
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Nine systems that consider user involvement in the matching process have been studied, with 

emphasis given to (i) the user intervention in the process, namely the decision support and the 

feedback propagation; and (ii) the user interface. In addition, a general outlook regarding the input 

format, the computed alignments and the matching techniques used by these systems was provided. 

The characteristics addressed by the state-of-the-art systems explored in this survey are 

summarized in: 

• Table 1, which describes the user involvement in the ontology matching process, using the 

state-of-the-art systems described above; 

• Table 2, which describes the state-of-the-art systems according to the ontology alignment 

dimensions/characteristics and adopted matching techniques, as described in Chapter 3. 

In these tables, the symbol “+” denotes that the characteristic is implemented by the system, while 

the symbol “-” indicates that the characteristic is not covered. The symbol “o” denotes that the 

characteristic is only partially covered. 

The ideas and technologies described so far are the foundations of the proposed approach, 

described henceforth.  
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Table 1 – User involvement characteristics addressed by the state-of-the-art systems 
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Table 2 – Ontology matching characteristics addressed by the state-of-the-art systems  
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Chapter 5  
 

PROPOSAL 

This chapter formally describes the proposal of a general-purpose rule-based method that assists 

the expert in improving and completing the automatically-generated alignments into fully-fledged 

information-integration alignments. 

5.1 Foundational Concepts 

This section provides contextual and foundational knowledge for the remaining sections. The 

definitions of concept-correspondence and property-correspondence are firstly introduced. 

Definition 1 – Concept-correspondence 

Let 𝒞 be the set of all concepts of the source ontology, and 𝒞( be the set of all concepts of 

the target ontology. A concept-correspondence is a quadruple	𝑋 ∶= (𝐶, 𝐶(, 𝑟, 𝑛) ∈ 𝒳, where: 

• 𝒳 is the set of all concept-correspondences; 

• 𝐶 and 𝐶( are ontology concepts of the source and target ontologies, respectively, such 

that 𝐶 ∈ 𝒞 and 𝐶( ∈ 𝒞(; 

• 𝑟 is the relation held between the concepts (e.g. equal, sub/super class, part/whole); 
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• 𝑛 is the degree of confidence in the relation, normalized to the interval [0,1] of real 

numbers, where 0 represents the lowest confidence and 1 represents the highest 

confidence, i.e. the higher the degree, the more likely the correspondence holds. 

Definition 2 – Property-correspondence 

Let 𝒫 be the set of all properties of the source ontology and 𝒫( be the set of all properties 

of the target ontology. A property-correspondence is a tuple 𝑌 ∶= (𝑃, 𝑃(, 𝑟, 𝑛) ∈ 𝒴, where: 

• 𝒴 is the set of all property-correspondences; 

• 𝑃 and 𝑃( are ontology properties, either relations (i.e. object properties) or attributes 

(i.e. datatype properties), of the source and target ontologies, respectively, such that 

𝑃 ∈ 𝒫 and 𝑃( ∈ 𝒫(; 

• 𝑟 is the relation held between the properties (e.g. equal, inverse, sub/super class, 

part/whole); 

• 𝑛 is the degree of confidence in the relation, normalized to the interval [0,1] of real 

numbers, as in Definition 1. 

The combination of relations (R) and attributes (A) allows for the generation of the following types 

of property-correspondences: R:R, A:A, A:R and R:A. However, in this thesis, only R:R and A:A 

types are addressed. 

For the sake of simplicity, for the remainder of this thesis, both types of correspondences are often 

represented as tuples, such 𝑋 ∶= (𝐶, 𝐶() and 𝑌 ∶= (𝑃, 𝑃(). 

In the ontology alignment scenario of Figure 20, rectangles denote concepts and rounded 

rectangles, properties. The ontology relations between concepts and properties are denoted by lines 

with an arrow. Ontology correspondences are presented as lines with arrows on both sides, 

connecting an entity from one ontology with an entity from another ontology. They are annotated 

with the relation and the degree of confidence in the relation, that is expressed by the 

correspondence. By default, the relation is equivalence (=) and the confidence in the relation is 

complete (1.0), otherwise, these are mentioned near the line. 

Yet, more complex scenarios occur, as depicted in Figure 21. 
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Figure 20 – Simple ontology alignment scenario (example) 

 

Figure 21 – Complex ontology alignment scenario (example) 

In the ontology alignment scenario of Figure 21, 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟. 𝑝𝑜𝑠𝑡𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝐿𝑖𝑡𝑒𝑟𝑎𝑙 is 

semantically related to 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛. ℎ𝑎𝑠𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝑎𝑑𝑑𝑟𝑒𝑠𝑠. 𝐿𝑖𝑡𝑒𝑟𝑎𝑙. This relation 

means that both attributes (𝑝𝑜𝑠𝑡𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠 and 𝑎𝑑𝑑𝑟𝑒𝑠𝑠) are semantically related, but only when 

𝑎𝑑𝑑𝑟𝑒𝑠𝑠 is accessed through the fully qualified Path (i.e. 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛. ℎ𝑎𝑠𝐴𝑑𝑑𝑟𝑒𝑠𝑠.	

𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝑎𝑑𝑑𝑟𝑒𝑠𝑠. 𝐿𝑖𝑡𝑒𝑟𝑎𝑙). In fact, 𝑂$: 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝑎𝑑𝑑𝑟𝑒𝑠𝑠. 𝐿𝑖𝑡𝑒𝑟𝑎𝑙 is not directly 

semantically related to 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟. 𝑝𝑜𝑠𝑡𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝐿𝑖𝑡𝑒𝑟𝑎𝑙 because no semantic relation exists 

between 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟 and 𝑂$: 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠 without the ℎ𝑎𝑠𝐴𝑑𝑑𝑟𝑒𝑠𝑠 relation. 

As one can notice, due to distinct ontological decisions made when modeling ontologies, 

semantically equivalent properties are often located in different levels of ontology structures. 

Addressing properties in distinct levels of the ontology is necessary to overcome semantic 

heterogeneity. To address properties in distinct levels of the ontology, Path and Step are necessary. 

Definition 3 – Step 

A step is a 3-tuple in the form of 𝑆 ∶= (𝑠𝑢𝑏𝑗, 𝑝𝑟𝑒𝑑, 𝑜𝑏𝑗) ∈ 𝒮, where: 

• 𝒮 is the set of all steps; 

• 𝑠𝑢𝑏𝑗 ∈ 𝒞 is the subject (also referred to as domain) of the 𝑝𝑟𝑒𝑑(icate); 

• 𝑝𝑟𝑒𝑑 ∈ 𝒫 is the ontology predicate, i.e. the property, either relation (i.e. object 

property) or attribute (i.e. datatype property); 

O1:Worker

O1:name O2:name

O2:Person
(=,0.6)

O1:Worker

O2:Contact 
Address

O1:postalAddress O2:address

O2:Person

O2:hasAddress

(=,0.8)

(=,0.6)
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• 𝑜𝑏𝑗 ∈ 𝒞 ∪ {𝐿𝑖𝑡𝑒𝑟𝑎𝑙} is the object (also referred to as range) of the ontology property, 

which can be either an ontology concept (then the property is a relation) or Literal21 

(then the property is an attribute); 

• 𝑠𝑢𝑏𝑗𝑒𝑐𝑡: 𝒮 → 𝒞 is a function that defines the ontology concept playing the role of 

subject in the step; 

• 𝑝𝑟𝑒𝑑𝑖𝑐𝑎𝑡𝑒: 𝒮 → 𝒫 is a function that defines the ontology property playing the role of 

predicate in the step; 

• 𝑜𝑏𝑗𝑒𝑐𝑡: 𝒮 → 𝒞 ∪ {𝐿𝑖𝑡𝑒𝑟𝑎𝑙} is a function that returns the concept or Literal playing the 

role of object in the step. 

Definition 4 – Path 

A path represents a set of valid relations between multiple concepts. A path is a non-empty, 

ordered list of steps 𝐿 ∶= [𝑆#, 𝑆$, … , 𝑆/] ∈ ℒ, where: 

• ℒ is the set of all paths; 

• 𝑆S ∈ 𝒮; 

• 𝑙𝑒𝑛𝑔𝑡ℎ: ℒ → ℕ∗ is a function that returns the (positive integer) number of steps of 

the path; 

• 𝑜𝑏𝑗𝑒𝑐𝑡(𝑆S) = 𝑠𝑢𝑏𝑗𝑒𝑐𝑡(𝑆S�#), 1 ≤ 𝑖 < 𝑙𝑒𝑛𝑔𝑡ℎ(𝐿), i.e. the subject of a certain step in 

the path, should be the object of the previous step of the path; 

• 𝑡𝑜𝑝: ℒ → 𝒮 is a function that returns the path’s first step; 

• 𝑏𝑜𝑡𝑡𝑜𝑚: ℒ → 𝒮 is a function that returns the path’s last step; 

• 𝑚𝑎𝑥𝐿𝑒𝑛𝑔𝑡ℎ: ℒ, ℒ( → ℕ∗, i.e. max�𝑙𝑒𝑛𝑔𝑡ℎ(𝐿), 𝑙𝑒𝑛𝑔𝑡ℎ(𝐿()�, is a function that 

determines the number of steps of the longest of two paths. 

 
21 Literal is understood in this context, as the concept for encoding instances of primitive types, such as strings and 

numbers. 
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No circular paths are allowed, but the same step can be present in more than one path. 

Furthermore, paths are differentiated regarding: 

1. The range of their last step as: 

• Attribute Path, if the range of the last step is Literal, which means that the last step is a 

datatype property; 

• Relation Path, if the range of the last step is an ontology concept, which means that the last 

step is an object property. 

2. The origin of the entities in the path as: 

• Source Path, when the origin of the entities is the source ontology; 

• Target Path, when the origin of the entities is the target ontology. 

According to Definition 4, the two-step path mentioned in the running example (see Figure 21), 

𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛. ℎ𝑎𝑠𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝑎𝑑𝑑𝑟𝑒𝑠𝑠. 𝐿𝑖𝑡𝑒𝑟𝑎𝑙, is represented as follows: 

𝐿# = �
(𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛, 𝑂$: ℎ𝑎𝑠𝐴𝑑𝑑𝑟𝑒𝑠𝑠, 𝑂$: 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠),

(𝑂$: 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠, 𝑂$: 𝑎𝑑𝑑𝑟𝑒𝑠𝑠, 𝐿𝑖𝑡𝑒𝑟𝑎𝑙)
� 

For the sake of simplicity, in this thesis, paths are represented in the simplest form, even omitting 

the range of the last step property, if it is Literal. Thus, in this case, the two-step path is represented 

in the form 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛. ℎ𝑎𝑠𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝑎𝑑𝑑𝑟𝑒𝑠𝑠. 

5.2 Ambiguous Alignment 

A path between two concepts can be defined by the combination of the following ontological 

relations:  

• Property (between concepts), either directly (single-step path) or indirectly (multi-step 

path); 

• Property subsumption, based on the properties hierarchy; 

• Concept subsumption, based on the concepts hierarchy. 
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Figure 22 – Ambiguity in a property-correspondence 

As an example, consider the automatically-generated alignment scenario of Figure 22, in which the 

property-correspondence between 𝑂#: 𝑛𝑎𝑚𝑒 and 𝑂$: 𝑛𝑎𝑚𝑒 (represented as 𝑌#) is defined. Despite 

𝑂#: 𝑛𝑎𝑚𝑒 having multiple domain concepts, they are not specified in the automatically-generated 

property-correspondence, allowing multiple interpretations that give rise to ambiguities during the 

transformation process. 

Because 𝑂#: 𝑛𝑎𝑚𝑒 has two direct-domain concepts (i.e. 𝑂#: 𝑃𝑒𝑟𝑠𝑜𝑛 and 𝑂#: 𝐶𝑜𝑚𝑝𝑎𝑛𝑦) and one 

subsumed-domain concept (i.e. 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟), it can be accessed by the paths: 

1. 𝑂#: 𝑃𝑒𝑟𝑠𝑜𝑛. 𝑛𝑎𝑚𝑒, which is a single-step path, considering the existence of the concept-

correspondence between 𝑂#: 𝑃𝑒𝑟𝑠𝑜𝑛 and 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛; 

2. 𝑂#: 𝐶𝑜𝑚𝑝𝑎𝑛𝑦. 𝑛𝑎𝑚𝑒, which is also a single-step path, considering the existence of the concept-

correspondence between 𝑂#: 𝐶𝑜𝑚𝑝𝑎𝑛𝑦 and 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛; 

3. 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟. 𝑛𝑎𝑚𝑒, through a ConceptSubsumption-related Concept, since 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟 is sub-

concept of 𝑂#: 𝑃𝑒𝑟𝑠𝑜𝑛, considering the existence of the concept-correspondence between 

𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟 and 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛; 

4. 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟. 𝑤𝑜𝑟𝑘𝑠𝐼𝑛. 𝐶𝑜𝑚𝑝𝑎𝑛𝑦. 𝑛𝑎𝑚𝑒, through a Property-related Concept, since 

𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟 and 𝑂#: 𝐶𝑜𝑚𝑝𝑎𝑛𝑦 are related by the property 𝑂#:𝑤𝑜𝑟𝑘𝑠𝐼𝑛, also considering the 

existence of the concept-correspondence between 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟 and 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛. 

The goal is to determine which of these possibilities should be considered to contextualize the 

property-correspondence, thus allowing its application in information integration tasks (e.g. for 

data transformation). 

Y1

?

?

?O1:Person

O1:Worker

O1:worksIn

O1:Company

O1:name

O2:Person

O2:name
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The consequences of choosing each of these possibilities, concerning the instances created during 

the application of the alignment, in the context of data transformation, are described next. 

Consider the following excerpt of the source knowledge base, which relates to the source ontology 

represented in the alignment scenario of Figure 22: “Peter and John work for Google and Lisa 

works for Apple. James and Mary aren’t workers”. This information corresponds to the table-based 

representation of Table 3. 

Table 3 – Table-based representation of source knowledge base 

O1:Worker  O1:Company  O1:Person 
ID name worksIn  ID name  ID name 
W1 Peter C1  C1 Google  P1 James 
W2 Lisa C2  C2 Apple  P2 Mary 
W3 John C1       

From the point of view of applying the alignment in a data transformation scenario, a set of source 

instances give rise to a set of target instances, according to the alignment between source and target 

ontologies. This process distinguishes between: 

• The execution of all concept-correspondences, responsible for transforming all referred 

source concept instances into target concept instances; 

• The execution of all contextualized property-correspondences, responsible for creating the 

property instances for all created target concept instances. 

In accordance to this process, the target knowledge base will contain a different set of instances, 

depending on the chosen paths to contextualize the property-correspondence between 𝑂#: 𝑛𝑎𝑚𝑒 

and 𝑂$: 𝑛𝑎𝑚𝑒 of the running example, namely: 

1. Through the Person’s single-step path, 𝑂#: 𝑃𝑒𝑟𝑠𝑜𝑛. 𝑛𝑎𝑚𝑒, five instances of Person would be 

created (two of them from 𝑂#: 𝑃𝑒𝑟𝑠𝑜𝑛 and the other three from 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟, since 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟 

is sub-concept of 𝑂#: 𝑃𝑒𝑟𝑠𝑜𝑛), as described in Table 4 (cf. Figure 22); 
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Table 4 – Table-based representation of target knowledge base for the Person’s single-step path  

O2:Person 
ID name 
P1 James 
P2 Mary 
W1 Peter 
W2 Lisa 
W3 John 

 

2. Through the Company’s single-step path, 𝑂#: 𝐶𝑜𝑚𝑝𝑎𝑛𝑦. 𝑛𝑎𝑚𝑒, two instances of Person would 

be created with the Company’s names copied to the Person’s name, as presented in Table 5. 

As one can see, this would not be a good solution to contextualize the property-

correspondence, even though it would resolve the ambiguity (cf. Figure 22); 

Table 5 – Table-based representation of target knowledge base for the Company’s single-step path  

O2:Person 
ID name 
C1 Google 
C2 Apple 

 

3. Through the ConceptSubsumption-related Concept, 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟, three instances of Person 

would be created, one for each instance of Worker, as described in Table 6 (cf. Figure 22); 

Table 6 – Table-based representation of target knowledge base for ConceptSubsumption-related Concept  

O2:Person 
ID name 
W1 Peter 
W2 Lisa 
W3 John 

 

4. Through the Property-related Concept 𝑂#: 𝑤𝑜𝑟𝑘𝑠𝐼𝑛, three instances of Person would be 

created, with the Company’s names where each of the Worker’s work copied to the Person’s 

name, as shown in Table 7. As one can see, this would not be a good solution to contextualize 

the property-correspondence, even though it would resolve the ambiguity (cf. Figure 22). 
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Table 7 – Table-based representation of target knowledge base for Property-related Concept  

O2:Person 
ID name 
W1 Google 
W2 Apple 
W3 Google 

 

5.3 Information-Integration-Ready Alignments 

Transforming ambiguous alignments, as the one described before, into information-integration-

ready alignments is needed to allow its application in ontology mediation. For that, information-

integration-ready (ii-ready) scenario and information-integration-ready alignment are formally 

described. 

Definition 5 – Information-integration-ready scenario 

An information-integration-ready (ii-ready) scenario is a tuple 𝑉 ∶= (𝐿, 𝐿() ∈ 𝒱 (the set of all 

ii-ready scenarios), where: 

• 𝐿 ∈ ℒ, the set of all source paths; 

• 𝐿( ∈ ℒ(, the set of all target paths; 

• �𝑠𝑢𝑏𝑗𝑒𝑐𝑡�𝑡𝑜𝑝(𝐿)�, 𝑠𝑢𝑏𝑗𝑒𝑐𝑡�𝑡𝑜𝑝(𝐿()�, 𝑟, 𝑛� ∈ 𝒳, i.e. there is a concept-

correspondence between the top subjects of both paths; 

• �𝑝𝑟𝑒𝑑𝑖𝑐𝑎𝑡𝑒�𝑏𝑜𝑡𝑡𝑜𝑚(𝐿)�, 𝑝𝑟𝑒𝑑𝑖𝑐𝑎𝑡𝑒�𝑏𝑜𝑡𝑡𝑜𝑚(𝐿()�, 𝑟, 𝑛� ∈ 𝒴, i.e. there is a property-

correspondence between the bottom properties of both paths. 

If both 𝑝𝑟𝑒𝑑𝑖𝑐𝑎𝑡𝑒�𝑏𝑜𝑡𝑡𝑜𝑚(𝐿)� and 𝑝𝑟𝑒𝑑𝑖𝑐𝑎𝑡𝑒�𝑏𝑜𝑡𝑡𝑜𝑚(𝐿()� are object properties, the 

following condition is also verified: 

• �𝑜𝑏𝑗𝑒𝑐𝑡�𝑏𝑜𝑡𝑡𝑜𝑚(𝐿)�, 𝑜𝑏𝑗𝑒𝑐𝑡�𝑏𝑜𝑡𝑡𝑜𝑚(𝐿()�, 𝑟, 𝑛� ∈ 𝒳, i.e. there is a concept-

correspondence between the bottom objects of both paths. 

Otherwise, both 𝑝𝑟𝑒𝑑𝑖𝑐𝑎𝑡𝑒�𝑏𝑜𝑡𝑡𝑜𝑚(𝐿)� and 𝑝𝑟𝑒𝑑𝑖𝑐𝑎𝑡𝑒�𝑏𝑜𝑡𝑡𝑜𝑚(𝐿()� are attributes and no 

extra conditions are required. 
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In Definition 5, 𝐿 and 𝐿( are also referred to as contextualization paths, as they allow the 

contextualization of a property-correspondence in a concept-correspondence. Figure 20 and Figure 

21, depicted in section 5.1, are ii-ready scenarios. 

Definition 6 – Information-integration-ready alignment 

The information-integration-ready alignment 𝒵 is the set of all concept-correspondences and 

all established/accepted ii-ready scenarios between the two ontologies. 

Manifestly, the automatically-generated correspondences, i.e. concept-correspondences (Definition 

1) and property-correspondences (Definition 2), do not respect the conditions of Definition 5, 

which is a necessity in certain ontology-based interoperability scenarios, such as data 

transformation, ontology merging and query answering [Shvaiko and Euzenat 2013; Euzenat and 

Shvaiko 2013]. In fact, although a property can have multiple domain and range concepts, they are 

not specified in the automatically-generated property-correspondences, allowing multiple 

interpretations that give rise to ambiguities during the transformation process (e.g. “which 

property’s domain concept, or path, should be considered?”). 

5.4 Disambiguation Process 

Transforming an automatically-generated alignment into an information-integration-ready 

alignment is subject to complex decisions. Moreover, resolving an ambiguous scenario may have 

consequences in other ambiguous scenarios, which implies taking into consideration not only the 

acceptance decisions, but also the rejection decisions throughout the overall disambiguation 

process, illustrated in Figure 23. 

Therefore, the disambiguation process consists of two tasks: 

• The identification of ambiguous scenarios, considering the accepted and the rejected 

correspondences. The rules for identifying the ambiguous scenarios are described in section 

5.4.2; 

• The resolution of ambiguous scenarios, that generates disambiguation assertions, either 

accepted correspondences or rejected correspondences. These assertions are described in 

section 5.4.1, as they are necessary in describing the ambiguous scenario identification rules, 

described in section 5.4.2. 

Once no ambiguous scenarios exist, the disambiguation process ends. 
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Figure 23 – Disambiguation process 

5.4.1 Disambiguation Assertions 

As described and depicted (e.g. Figure 22), some, all or none of the potential contextualization 

paths may be valid, thus giving rise to ambiguous situations. To resolve such ambiguous alignment 

scenarios, several decisions must be taken: 

• Acceptance of a new concept-correspondence assertion (cf. Definition 1); 

• Acceptance of an ii-ready scenario assertion (cf. Definition 5), thus adding to the ii-ready 

alignment (cf. Definition 6); 

• Rejection of a concept-correspondence, thus giving rise to a not-concept-correspondence 

assertion (cf. Definition 7); 

• Rejection of an ii-ready-scenario, thus giving rise to a not-ii-ready scenario assertion (cf. 

Definition 8). 

These decisions will be captured in the form of assertions (further referred as facts). Acceptance 

decisions will generate ontology alignment assertions of Definition 1 and Definition 5. On the 

other hand, the rejection assertions are grounded on the following definitions. 

Definition 7 – Not-concept-correspondence 

Let 𝒞 and 𝒞( be the sets of all concepts of the source and target ontologies, respectively. A 

not-concept-correspondence is a tuple 𝐾 ∶= (𝐶, 𝐶() ∈ 𝒦 which establishes that 𝐶 and 𝐶( are 

explicitly not related, such that: 

• 𝒦 is the set of all not-concept-correspondences; 
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• 𝐶 and 𝐶( are ontology concepts of the source and target ontologies respectively, such 

that 𝐶 ∈ 𝒞 and 𝐶( ∈ 𝒞(; 

• 𝒦 ∩𝒳 = ∅, i.e. ∀𝑋 = (𝐶#, 𝐶#() ∈ 𝒳,𝐾 = (𝐶$, 𝐶$() ∈ 𝒦:	𝐶# ≠ 𝐶$ ∨ 𝐶#( ≠ 𝐶$( , which 

means that any (𝐶, 𝐶() cannot be simultaneously a concept-correspondence and a 

not-concept-correspondence. 

Definition 8 – Not-ii-ready scenario 

A not-ii-ready scenario 𝑊 ∶= (𝐿, 𝐿() ∈ 𝒲 is an ii-ready-scenario that was stated as not valid 

(i.e. it was not accepted, thus not existing in the ii-ready alignment), such that: 

• 𝒲 is the set of all not-ii-ready scenarios; 

• 𝐿 and 𝐿( are paths of the source and target ontologies respectively, such that 𝐿 ∈ ℒ 

and 𝐿( ∈ ℒ(; 

• 𝒲∩𝒵 = ∅, i.e. ∀𝑍 = (𝐿#, 𝐿#( ) ∈ 𝒵,𝑊 = (𝐿$, 𝐿$( ) ∈ 𝒲:	𝐿# ≠ 𝐿$ ∨ 𝐿#( ≠ 𝐿$(  which 

means that any (𝐿, 𝐿() cannot be simultaneously in an ii-ready scenario and in a not-

ii-ready scenario. 

The adoption of these two definitions aims to close the world in a way that negation facts are 

explicitly asserted in the knowledge/facts base. This leads to the adoption of explicit negation 

[Jonker 1993] — if the fact is false, it should be explicitly defined as such; if the fact is true, it 

should be explicitly stated as such; otherwise it can be either true or false (i.e. an ambiguity). 

These facts will be used by the ambiguous scenario identification rules, described in section 5.4.2. 

5.4.2 Ambiguous Scenario Identification Rules 

The expert-defined rules capture the conditions (required facts) that imply the identification of 

ambiguous scenarios. Two types of ambiguous alignment scenarios are addressed: concept-

ambiguous scenario and path-ambiguous scenario [Gouveia, Silva, and Martins 2017b]. 

5.4.2.1 Concept-Ambiguous Identification Rule 

Concept-ambiguous scenario is defined next. 
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Definition 9 – Concept-ambiguous scenario 

Let 𝑌 = (𝑃, 𝑃(, 𝑟, 𝑛) ∈ 𝒴 be a property-correspondence, such that 𝑃 ∈ 𝒫 and 𝑃( ∈ 𝒫(. We are 

in the presence of a concept-ambiguous scenario if and only if the following conditions are 

simultaneously verified: 

• ∃𝐿 ∈ ℒ: 𝑝𝑟𝑒𝑑𝑖𝑐𝑎𝑡𝑒�𝑏𝑜𝑡𝑡𝑜𝑚(𝐿)� = 𝑃; 

• ∃𝐿( ∈ ℒ(: 𝑝𝑟𝑒𝑑𝑖𝑐𝑎𝑡𝑒�𝑏𝑜𝑡𝑡𝑜𝑚(𝐿()� = 𝑃(; 

• 𝐴# = 〈𝑡𝑜𝑝(𝐿), 𝑡𝑜𝑝(𝐿()〉 ∧ 𝐴# ∉ 𝒳 ∧ 𝐴# ∉ 𝒦. 

I.e. the top concepts of paths connecting the two mapped properties 𝑃 and 𝑃( are neither 

explicitly mapped (i.e. not asserted as concept-correspondence) nor explicitly not-mapped 

(i.e. not asserted as not-concept-correspondence). 

Figure 24 depicts the alignment between 𝑂# and 𝑂$, considering the property-correspondence 

between 𝑂#: 𝑝𝑜𝑠𝑡𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠 and 𝑂$: 𝑎𝑑𝑑𝑟𝑒𝑠𝑠 (𝑌#). Because neither a concept-correspondence nor 

a not-concept-correspondence exist between the illustrated concepts, two concept-ambiguous 

scenarios are identified through the rule in Definition 9: 

• Between 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟 and 𝑂$: 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠; 

• Between 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟 and 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛. 

The concept-ambiguous scenarios must be decided, either from the user/expert or automatically, 

thus giving rise to disambiguation assertions (the decision task). Considering valid, in the context 

of this example, the correspondence between 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟 and 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛 and not valid the 

correspondence between 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟 and 𝑂$: 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠, two new facts are asserted (see 

Figure 25): 

 

Figure 24 – Concept-ambiguous scenario 
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Figure 25 – Accepted and rejected concept-correspondences 

• A new concept-correspondence assertion between 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟 and 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛, i.e. the 

fact 𝑋# = (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟, 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛) ∈ 𝒳 is asserted; 

• A new not-concept-correspondence assertion, graphically represented by an “X”, between 

𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟 and 𝑂$: 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠, i.e. the fact 𝐾# = (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟,	

𝑂$: 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠) ∈ 𝒦 is asserted. 

5.4.2.2 Path-Ambiguous Identification Rule 

The path-ambiguous scenario is defined next. 

Definition 10 – Path-ambiguous scenario 

Let 𝑌 = (𝑃, 𝑃(, 𝑟, 𝑛) ∈ 𝒴 be a property-correspondence, such that 𝑃 ∈ 𝒫 and 𝑃( ∈ 𝒫(. We are 

in the presence of a path-ambiguous scenario if, and only if, the following conditions are 

simultaneously verified: 

• ∃𝐿 ∈ ℒ: 𝑝𝑟𝑒𝑑𝑖𝑐𝑎𝑡𝑒�𝑏𝑜𝑡𝑡𝑜𝑚(𝐿)� = 𝑃; 

• ∃𝐿( ∈ ℒ(: 𝑝𝑟𝑒𝑑𝑖𝑐𝑎𝑡𝑒�𝑏𝑜𝑡𝑡𝑜𝑚(𝐿()� = 𝑃(; 

• ∃𝑉 ∈ 𝒱: 𝑉 = (𝐿, 𝐿() 	∧ V ∉ 𝒵 ∧ V ∉ 𝒲. 

I.e. an ii-ready scenario exists, which means that the top concepts of the paths connecting 

the properties are explicitly mapped (i.e. asserted as concept-correspondence), but the ii-

ready scenario is neither explicitly accepted (i.e. not added to the ii-ready alignment) nor 

explicitly not-accepted (i.e. not asserted as not-ii-ready scenario). 

Figure 26 depicts a path-ambiguous scenario, considering the property-correspondence between 

𝑂#: 𝑝𝑜𝑠𝑡𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠 and 𝑂$: 𝑎𝑑𝑑𝑟𝑒𝑠𝑠 (𝑌#), as a concept-correspondence exists between the top  
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Figure 26 – Path-ambiguous scenario 

concepts 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟 and 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛 (𝑋#) and the ii-ready scenario is neither explicitly accepted 

nor not-accepted. 

The path-ambiguous scenario must be decided, thus giving rise to disambiguation assertions (the 

decision task). Depending on the decision, accepting or rejecting the contextualization of the 

property-correspondence in the concept-correspondence, one of the following facts is asserted: 

• The acceptance of the contextualization paths (ii-ready scenario) under decision (see Figure 

27), thus asserting the fact 𝑍# = (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟. 𝑝𝑜𝑠𝑡𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠, 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛. ℎ𝑎𝑠𝐴𝑑𝑑𝑟𝑒𝑠𝑠.	

𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝑎𝑑𝑑𝑟𝑒𝑠𝑠) ∈ 𝒵; 

 

Figure 27 – Accepted ii-ready scenario 

• The rejection of the contextualization paths (ii-ready scenario) under decision (graphically 

represented by an “X”, in Figure 28), thus asserting the fact 𝑊# = (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟.	

𝑝𝑜𝑠𝑡𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠, 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛. ℎ𝑎𝑠𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝑎𝑑𝑑𝑟𝑒𝑠𝑠) ∈ 𝒲. 
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Figure 28 – Rejected ii-ready scenario 

5.5 Rule-based Decision Support System 

Because multiple and complex ambiguous scenarios exist/are identified and should be decided, the 

decision process becomes error-prone and time-consuming, thus demanding for decision support. 

The proposed Decision Support System (DSS) assists the expert in specifying the ii-ready alignment 

between source and target ontologies. This is done by resolving the ambiguous scenarios, balancing 

the precision and recall of the system with the user participation in the process, which allows to 

minimize the user’s participation and to maximize the precision (correctness) and the recall 

(completeness). 

The Information-Integration-Ready Alignment Generation Process is composed by the following 

tasks: 

• “Select ontologies and set parameters” task consists of: 

• Selecting the ontologies (O1 and O2) as input, referred to as source and target 

ontologies; 

• Setting parameters, namely: (i) thresholds for filtering the initial alignment; and (ii) 

specific user-defined parameters to be applied when answering the question “Ask 

user or matcher?” (described in section 5.5.2). 

• “Generate automatic alignment” task uses external automatic matcher(s) to derive the initial 

alignment (Am), known as anchor alignment, which is to be improved and completed by 

the DSS; 

• “Identify ambiguous scenario” corresponds to the task with the same name in Figure 23 

and is responsible for finding ambiguities to be decided either by the user or by the 
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disambiguation matchers (cf. section 6.2.4). A formal definition of ambiguities (concept-

ambiguous and path-ambiguous scenarios) was addressed in section 5.4.2; 

• “Decide” tasks correspond to the first part of the “Resolve ambiguous scenario” task in 

Figure 23. It asks the user, or the disambiguation matcher — depending on the selected 

operation mode (cf. section 5.5.1) and the user-defined parameters (cf. section 5.5.2) — for 

a decision on an ambiguous scenario. The decision always results in a new fact assertion, 

as mentioned in section 5.4; 

• “Add new fact” task corresponds to the final part of the “Resolve ambiguous scenario” 

task in Figure 23. It asserts a new fact (cf. section 5.4) in the knowledge/facts base, 

according to the decision in the ambiguous scenario; 

• “Filter and generate ii-ready alignment” task prepares an information-integration-ready 

alignment (Aii), typically by eliminating unnecessary facts (e.g. not-concept-

correspondences, not-ii-ready scenarios) for the application of the alignment in 

information integration (e.g. for data transformation). This task is executed when no more 

ambiguous scenarios (concept-ambiguous and path-ambiguous scenarios) are identified. 

5.5.1 Operation Modes 

The three conceptual operation modes are captured in the following activity/BPMN diagrams: 

• Automatic operation (see Figure 29), in which all the decisions are taken automatically by 

the disambiguation matchers (cf. section 6.2.4); 

• Human operation (see Figure 30), in which all the decisions are taken by the user/expert; 

• Supported operation (see Figure 31), in which some decisions are taken automatically by 

the disambiguation matchers and other decisions are taken by the user/expert, depending 

on the user-defined parameters (cf. section 5.5.2), in such a way that the decisions already 

taken will constrain the following decisions, either in automatic or human-operation 

phases. 
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Figure 29 – Automatic operation mode 

 

Figure 30 – Human operation mode 
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Figure 31 – Supported operation mode 

The Information-Integration-Ready Alignment Generation Process is implemented in a DSS 

whose core is (i) the rule-engine and (ii) the rules that represent a set of heuristics designed 

according to the formal and multi-dimensional analysis of the ontologies and the alignment, 

yielding a strong formal rational to the system. In particular, one of the major contributions of the 

DSS is the system’s ability to search for correspondences with longer contextualization paths (i.e. 

multi-step paths) [Gouveia, Silva, and Martins 2017a], which is useful in complex heterogeneous 

alignment scenarios. 

5.5.2 Decision Supporting Heuristics and Parameters 

Searching and resolving all ambiguous scenarios is often irrelevant and very time-consuming, thus 

demanding for decision support. Several heuristics were incorporated in the DSS operation, in line 

with some previous experiments that empirically demonstrated the benefits of their adoption, thus 

constraining/driving the disambiguation process: 

• Shortest paths are preferred to longer paths (i.e. resolving an ambiguity must start by 

considering single-step paths, then increasing the length, step by step, to consider longer 
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paths). This heuristic applies to the concept-ambiguous and path-ambiguous identification 

rules as described in sections 5.4.2.1 and 5.4.2.2 respectively; 

• Only one contextualization must be tried, even if more can exist. This means that when an 

ii-ready scenario that resolves the ambiguity is accepted, the search for longer paths should 

stop. Figure 32 illustrates this target, i.e. the accepted two-step ii-ready scenario 𝑍# =

(𝑂#: 𝐶#. 𝑝#. 𝐶$. 𝑝$, 𝑂$: 𝐶�. 𝑝�) ∈ 𝒵 prevents the DSS from searching for other 

contextualization paths; 

• Adopt a ? : ? cardinality in concept-correspondences, which means that all the concepts of 

both source and target ontologies must be part of at most one concept-correspondence. 

Also, some parameters were incorporated in the DSS operation, to be applied when answering the 

question “Ask user or matcher?”, namely: 

• 𝑙𝑒𝑣𝑒𝑙, which stores the maximum length between the paths 𝐿 and 𝐿( of the ambiguous 

scenario to decide, i.e. 𝑙𝑒𝑣𝑒𝑙 = 𝑚𝑎𝑥𝐿𝑒𝑛𝑔𝑡ℎ(𝐿, 𝐿(). In the alignment scenario of Figure 32, 

the longest path has two steps (i.e. 𝑙𝑒𝑣𝑒𝑙 = 2); 

• 𝑎𝑢𝑡𝑜𝐶, which establishes the length of the longest path (referred as 𝑙𝑒𝑣𝑒𝑙) from which the 

decisions on concept-ambiguous scenarios are automatic. I.e. if 𝑎𝑢𝑡𝑜𝐶 ≤ 𝑙𝑒𝑣𝑒𝑙, then the 

ambiguity is automatically decided by the disambiguation matchers, otherwise the 

ambiguity is decided by the user/expert; 

• 𝑎𝑢𝑡𝑜𝑃, which establishes the length of the longest path (referred as 𝑙𝑒𝑣𝑒𝑙) from which the 

decisions on path-ambiguous scenarios are automatic. I.e. if 𝑎𝑢𝑡𝑜𝑃 ≤ 𝑙𝑒𝑣𝑒𝑙, then the 

ambiguity is automatically decided by the disambiguation matchers, otherwise the 

ambiguity is decided by the user/expert. 

 

Figure 32 – Only one contextualization scenario 
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The automatic operation (cf. Figure 29) corresponds to setting 𝑎𝑢𝑡𝑜𝐶 = 1 and 𝑎𝑢𝑡𝑜𝑃 = 1. The 

human operation (cf. Figure 30) corresponds to setting 𝑎𝑢𝑡𝑜𝐶 = +∞ and 𝑎𝑢𝑡𝑜𝑃 = +∞. Supported 

operation corresponds to setting any other combination of 𝑎𝑢𝑡𝑜𝐶 and 𝑎𝑢𝑡𝑜𝑃 values (e.g. 

𝑎𝑢𝑡𝑜𝐶 = 2 and 𝑎𝑢𝑡𝑜𝑃 = 1). 

5.5.3 System Classification 

According to the DSS taxonomy presented in section 2.5, the proposed system is classified as: 

1. Respecting the mode of assistance as the criterion, it is a knowledge-driven DSS, as it is a 

human-computer system which uses rules and a knowledge base; 

2. Taking the relationship with the user as the criterion, the proposed systems is seen as a 

cooperative DSS supported by the existence of an iterative process between human and system; 

3. With regard to the scope criterion, the proposed DSS will be detailed in Chapter 6, where the 

implementation efforts of a fully functional prototype are described. 

5.6 Walk-through Example 

This section presents a step-by-step example with the purpose of demonstrating the execution of 

the Rule-based Decision Support System in human operation mode, in which the ambiguities are 

decided by the user/expert. The example uses common sense ontologies and semantic relations 

between them. 

Consider the ontologies (𝑂# and 𝑂$) and the automatically-generated property-correspondences (𝑌# 

and 𝑌$) depicted in Figure 33. On the left side, playing the role of source ontology is 𝑂#, an ontology 

on company and employees. On the right, playing the role of target ontology is 𝑂$, an ontology 

about people. 

The primary goal of the rule-based DSS is to resolve the ambiguities found when transforming the 

automatically-generated property-correspondences (𝑌# and 𝑌$) into accepted/rejected ii-ready 

scenarios. For that, several possibilities exist and the rule-based DSS will support the user in 

selecting the correct one, taking into consideration not only the acceptance decisions but also the 

rejection decisions. 

After selecting the ontologies and generating the automatic alignment, the “Identify ambiguous 

scenarios” task depicted in the BPMN diagram of the DSS (see Figure 30) is responsible for finding 
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Figure 33 – Ontologies of the walk-through example 

ambiguities (i.e. concept-ambiguous or path-ambiguous scenarios) to be resolved by the 

user/expert. Resolving an ambiguity always results in a new fact assertion, either accepting or 

rejecting the facts under decision. 

Starting from the property-correspondence 𝑌#, between 𝑂#: 𝑛𝑎𝑚𝑒 and 𝑂$: 𝑛𝑎𝑚𝑒, two concept-

ambiguous scenarios exist, because none of the source domain concepts (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟 and 

𝑂#: 𝐶𝑜𝑚𝑝𝑎𝑛𝑦) is mapped with the target domain concept (𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛). Figure 34 illustrates this 

condition. 

Considering valid, in the context of this example, the correspondence between 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟 and 

𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛, and not valid the correspondence between 𝑂#: 𝐶𝑜𝑚𝑝𝑎𝑛𝑦 and 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛, two new 

facts are asserted: 

 

Figure 34 – Concept-ambiguous scenarios of the walk-through example 
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Figure 35 – Single-step path-ambiguous scenario of the walk-through example 

• A concept-correspondence between the former pair of concepts, i.e. the fact 

𝑋# = (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟, 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛) ∈ 𝒳, illustrated in Figure 35, is asserted; 

• A not-concept-correspondence between the latter pair of concepts, i.e. the fact 

𝐾# = (𝑂#: 𝐶𝑜𝑚𝑝𝑎𝑛𝑦, 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛) ∈ 𝒦, also illustrated in Figure 35, is asserted. 

From this moment, the existence of the concept-correspondence 𝑋# = (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟, 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛), 

transforms the previous ambiguous scenario into two new path-ambiguous scenarios, waiting for 

the decision of accepting or rejecting them. Starting from shortest paths, the first ii-ready scenario 

to decide is the one depicted in Figure 35, which is a single-step path scenario. 

The acceptance of the contextualization paths (ii-ready scenario) results in the assertion of the fact 

𝑍# = (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟. 𝑛𝑎𝑚𝑒, 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛. 𝑛𝑎𝑚𝑒) ∈ 𝒵, illustrated in Figure 36. 

 

Figure 36 – First accepted ii-ready scenario of the walk-through example 
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Figure 37 – Two-step path-ambiguous scenario of the walk-through example 

Proceeding to longer paths, the next path-ambiguous scenario to decide is the one depicted in 

Figure 37, which is a two-step path scenario. In this case, considering the ii-ready scenario invalid, 

the fact 𝑊# = (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟. 𝑤𝑜𝑟𝑘𝑠𝐼𝑛. 𝐶𝑜𝑚𝑝𝑎𝑛𝑦. 𝑛𝑎𝑚𝑒, 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛. 𝑛𝑎𝑚𝑒) ∈ 𝒲 is asserted. 

The decisions about ambiguities regarding the property-correspondence 𝑌# have all been taken. 

They resulted in the new concept-correspondence 𝑋# and the accepted ii-ready scenario 𝑍#, both 

illustrated in Figure 36. In addition to these facts, the user decisions have also resulted in the not-

concept-correspondence 𝐾# and the not-ii-ready-scenario 𝑊#. 

Moving forward in the rule-based DSS execution, the property-correspondence 𝑌$, between 

𝑂#: 𝑝𝑜𝑠𝑡𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠 and 𝑂$: 𝑎𝑑𝑑𝑟𝑒𝑠𝑠, shows the existence of two new concept-ambiguous 

scenarios. The user must decide if 𝑂#: 𝐶𝑜𝑚𝑝𝑎𝑛𝑦 should be mapped to 𝑂$: 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠; and 

also, if 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟 should be mapped to 𝑂$: 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠. Figure 38 depicts these new ambi- 

 

Figure 38 – Another concept-ambiguous scenario of the walk-through example 
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guities. Observe, at this stage, the existence of the previously asserted facts: 𝑋# and 𝐾#. 

In the context of this example, considering that none of the correspondences is valid, neither 

between 𝑂#: 𝐶𝑜𝑚𝑝𝑎𝑛𝑦 and 𝑂$: 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠, nor between 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟 and 

𝑂$: 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠, two new not-concept-correspondences (both illustrated in Figure 39) are 

asserted: 

• 𝐾$ = (𝑂#: 𝐶𝑜𝑚𝑝𝑎𝑛𝑦, 𝑂$: 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠) ∈ 𝒦; 

• 𝐾� = (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟, 𝑂$: 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠) ∈ 𝒦. 

Again, starting from the shortest paths, the existence of the concept-correspondence 

𝑋# = (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟, 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛) results in a new path-ambiguous scenario having 

𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟. 𝑝𝑜𝑠𝑡𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠 as the source path. Figure 39 shows the available target paths, 

specifically: 

• 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛. ℎ𝑎𝑠𝑃𝑒𝑟𝑠𝑜𝑛𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝑎𝑑𝑑𝑟𝑒𝑠𝑠, for the personal address; 

• 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛. ℎ𝑎𝑠𝑃𝑟𝑜𝑓𝑒𝑠𝑠𝑖𝑜𝑛𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝑎𝑑𝑑𝑟𝑒𝑠𝑠, for the professional 

address. 

 

Figure 39 – Path-ambiguous scenario of the walk-through example 

Considering the path for the personal address as valid and the other path as not valid, two new 

facts are asserted: 

• 𝑍$ = (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟. 𝑝𝑜𝑠𝑡𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠, 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛. ℎ𝑎𝑠𝑃𝑒𝑟𝑠𝑜𝑛𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠.	

𝑎𝑑𝑑𝑟𝑒𝑠𝑠) ∈ 𝒵, expressing the acceptance of the ii-ready scenario with the path for the 

personal address (illustrated in Figure 40); 
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Figure 40 – Second accepted ii-ready scenario of the walk-through example 

 

• 𝑊$ = (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟. 𝑝𝑜𝑠𝑡𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠, 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛. ℎ𝑎𝑠𝑃𝑟𝑜𝑓𝑒𝑠𝑠𝑖𝑜𝑛𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠.	

𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠. a𝑑𝑑𝑟𝑒𝑠𝑠) ∈ 𝒲, expressing the rejection of the ii-ready scenario with the 

path for the professional address. 

Proceeding to the two-step source path (i.e. the path 𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟. 𝑤𝑜𝑟𝑘𝑠𝐼𝑛. 𝐶𝑜𝑚𝑝𝑎𝑛𝑦.	

𝑝𝑜𝑠𝑡𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠), illustrated in Figure 41, the two target paths available before, are also available for 

this scenario. 

 

 

Figure 41 – Another path-ambiguous scenario of the walk-through example 
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In this situation, considering the path for the professional address as valid and the path for personal 

address as not valid, the two new asserted facts are: 

• 𝑍� = (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟. 𝑤𝑜𝑟𝑘𝑠𝐼𝑛. 𝐶𝑜𝑚𝑝𝑎𝑛𝑦. 𝑝𝑜𝑠𝑡𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠, 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛.	

ℎ𝑎𝑠𝑃𝑟𝑜𝑓𝑒𝑠𝑠𝑖𝑜𝑛𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝑎𝑑𝑑𝑟𝑒𝑠𝑠) ∈ 𝒵, expressing the acceptance of 

the ii-ready scenario with the path for the professional address (illustrated in Figure 42); 

• 𝑊� = (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟. 𝑤𝑜𝑟𝑘𝑠𝐼𝑛. 𝐶𝑜𝑚𝑝𝑎𝑛𝑦. 𝑝𝑜𝑠𝑡𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠, 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛.	

ℎ𝑎𝑠𝑃𝑒𝑟𝑠𝑜𝑛𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝑎𝑑𝑑𝑟𝑒𝑠𝑠) ∈ 𝒲, expressing the rejection of the ii-

ready scenario with the path for the personal address. 

 

Figure 42 – Third accepted ii-ready scenario of the walk-through example 

The decisions about ambiguities regarding the property-correspondence 𝑌$ have all been taken. 

They resulted in two accepted ii-ready scenarios, 𝑍$ and 𝑍�, illustrated in Figure 40 and in Figure 

42, respectively. In addition to these facts, the user decisions have also given rise to the not-

concept-correspondence 𝐾$ and the not-ii-ready-scenarios 𝑊$ and 𝑊�. 

As there are no more ambiguous scenarios (scenarios-to-resolve) found, the “Filter and generate 

ii-ready alignment” task will prepare the information-integration-ready alignment, eliminating 

unnecessary facts for the application in ontology-based interoperability tasks. 

In short, the new alignment will be prepared with the following facts (concept-correspondences 

and ii-ready scenarios): 

• 𝑋# = (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟, 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛), which is a concept-correspondence; 

• 𝑍# = (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟. 𝑛𝑎𝑚𝑒, 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛. 𝑛𝑎𝑚𝑒), which is an ii-ready scenario; 

Y2

O1:Worker

O1:worksIn

O1:Company

O1:name

O2:Person

O2:name

O1:postalAddress

O2:address

O2:hasPersonal 
Address

O2:hasProfessional 
Address

O2:Contact 
Address

K1

X1

K2

Z3

K3



 
Proposal 

92 

• 𝑍$ = (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟. 𝑝𝑜𝑠𝑡𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠, 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛. ℎ𝑎𝑠𝑃𝑒𝑟𝑠𝑜𝑛𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 

𝑎𝑑𝑑𝑟𝑒𝑠𝑠), which is also an ii-ready scenario; 

• 𝑍� = (𝑂#:𝑊𝑜𝑟𝑘𝑒𝑟. 𝑤𝑜𝑟𝑘𝑠𝐼𝑛. 𝐶𝑜𝑚𝑝𝑎𝑛𝑦. 𝑝𝑜𝑠𝑡𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠, 𝑂$: 𝑃𝑒𝑟𝑠𝑜𝑛.	

ℎ𝑎𝑠𝑃𝑟𝑜𝑓𝑒𝑠𝑠𝑖𝑜𝑛𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝑎𝑑𝑑𝑟𝑒𝑠𝑠), which is an ii-ready scenario as 

well. 

5.7 Summary 

This chapter formally describes the proposal of a general-purpose rule-based method that assists 

the expert in improving and completing the automatically-generated alignments into information-

integration-ready alignments. 

Firstly, the contextual and foundational knowledge for the remaining of the thesis is provided, 

introducing the definitions of concept-correspondence, property-correspondence, step, path, 

information-integration-ready scenario and information-integration-ready alignment. 

The process is complex, time-consuming and error-prone, demanding for decisions beyond the 

correspondences generated by the matching algorithms. The complexity occurs because ambiguous 

scenarios arise from the automatic matchers. Resolving these ambiguities requires disambiguation 

decisions on accepting or rejecting correspondences. Because decisions have influence in different 

ambiguous scenarios, both the acceptance and rejection correspondence decisions need to be 

considered in the process. 

Based on these decisions, ambiguous scenario identification rules were elaborated, which constitute 

the core of the proposed process. Once the ambiguous scenario is identified, a decision is required, 

giving rise to decision assertions, influencing and helping in resolving other ambiguous scenarios. 

A Decision-Support System based on this process was proposed. The rule-based DSS provides 

three conceptual operation modes respecting different user participation levels, ranging from fully 

automatic to completely human dependent. The idea of propagating the user’s feedback (i.e. user-

based disambiguation decisions) for later decisions is promoted. 

The ability of the system to search for correspondences with longer contextualization paths (i.e. 

paths with more than one step), which is useful in complex heterogeneous alignment scenarios, is 

stated. For that, the rule-based process used to determine at least one path for the source and target 

properties of a property-correspondence, is described. 
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A walk-through example is presented with the purpose of demonstrating, step-by-step, the 

execution of the DSS, considering its goal to transform ambiguous alignments into information-

integration-ready alignments. 
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Chapter 6  
 

PROTOTYPE AND APPLICATION CASE 

This chapter describes the efforts concerning the construction of a fully functional prototype that 

embodies the theoretical research proposed in the previous chapter, and its adoption to a business 

case.  

For that, this chapter addresses the following issues: 

• Architecture; 

• Implementation; 

• Application to business case. 

6.1 Architecture 

The goal of the prototype is to support the process described in Chapter 5, and especially that of 

the one depicted in Figure 31. For that, two user-based tasks and four automated tasks are 

envisaged: 

• User-based tasks: 

• Select ontologies; 

• Decide the ambiguity (by the expert). 
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• Automated tasks: 

• Generate automatic alignment; 

• Identify ambiguous scenario; 

• Decide the ambiguity (by automatic disambiguation matchers); 

• Update the alignment correspondences. 

The previous functionalities are logically segregated into four distinct components of the 

architecture, as illustrated in the high-level architecture diagram of Figure 43: 

• Client App, responsible for providing the human-computer interface to support (i) the 

selection of ontologies and (ii) the user-based disambiguation tasks. This component will 

be further described in section 6.2.1; 

• DSS-based ii-Ready Mapping System, that encapsulates the DSS process described in 

Figure 31; and responsible for requesting services from (i) the automatic matchers 

(generation of automatic alignment task), (ii) the disambiguation matchers (automatic 

disambiguation task) and (iii) the rule engine (identification of ambiguous scenarios and 

update of the alignment correspondences tasks). This component will be further described 

in section 6.2.2; 

• Automatic (level 0/1) Matchers, responsible for generating the level 0/1 non-ii-ready 

alignments, further described in section 6.2.3; 

• Disambiguation Matchers, responsible for automatically deciding about correspondences 

in ambiguous scenarios, further described in section 6.2.4. 

 

 

Figure 43 – Overall logical view of the system 
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In this architecture the following architectural styles were adopted: 

• Client-server, as the UI component serves as the client of the DSS-based ii-Ready Mapping 

System component (thus acting as server), which, in turn, acts as client of the matchers; 

• SOA (Service-Oriented Architecture), in the sense that the UI interacts with the ii-ready 

DSS-based component through a service interface. It similarly happens between the ii-

ready DSS-based component and the matchers; 

• Component-based systems, in the sense that each of the parts is interchangeably replaced 

by other implementations that adhere to the defined interface; 

• 2-tiers, in the sense that the overall system is potentially deployed into two execution 

environments (see Figure 44). 

From the expert’s perspective, after the generation of the automatic alignment between the selected 

ontologies (see Figure 45) he/she starts the disambiguation defining the 𝑎𝑢𝑡𝑜𝐶 and 𝑎𝑢𝑡𝑜𝑃 

operation parameters (cf. message 2). Considering that the user enters 𝑎𝑢𝑡𝑜𝐶 > 1 or 𝑎𝑢𝑡𝑜𝑃 > 1, it 

implies the user-supported operation mode. Consequently, the DSS-based system generates 

disambiguation questions that are answered either by the user (cf. messages 2.2, 2.3 and 3) or by 

the automatic disambiguation matchers (cf. messages 3.1.1 and 3.1.2). In both cases, the provided 

decision gives rise to either a correspondence or a non-correspondence fact (cf. section 5.4.1), 

further added to the knowledge base. 

 

 

Figure 44 – Overall deployment view of the system 
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Figure 45 – Expert-level disambiguation process view 

The DSS-based component is made-up by several sub-components as described in the following 

points and depicted in Figure 46: 

• The DSS Logic is responsible for capturing the disambiguation process (cf. section 5.4), 

which implies calling the Rule Engine and the matchers; 

• The Rule Engine is the component responsible for instantiating the specified rules and 

execute them (cf. section 6.2.2.2); 

• The Rules are the set of ambiguous scenario identification rules, as specified in section 5.4.2 

and further described in section 6.2.2.3; 

• The Knowledge Base is where the ontologies, correspondences and non-correspondences 

are stored. 
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Figure 46 – Logical view of the DSS-based ii-Ready Mapping System 

 

This perspective is complemented by sequence diagrams of the automatic alignment generation 

process (depicted in Figure 47) and the disambiguation process (depicted in Figure 48). Because 

the automatic and human operation modes are part of the user-supported operation mode, only 

the last is described and depicted in Figure 48. 

 

 

Figure 47 – Process view of the automatic alignment generation 
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From the DSS component point of view, the generation of the automatic alignment between the 

selected ontologies (see Figure 47), implies calling the automatic matchers (cf. message 2.1.1) and 

saving the generated alignment into the knowledge base (cf. message 2.1.3). 

The disambiguation process (see Figure 48) begins with the DSS component starting the engine 

with the facts saved in the knowledge base (cf. message 1.1.1) and firing the rules, taking into 

account the user-defined operation parameters (cf. message 1.1.3). Every time a rule is fired (cf. 

message 1.1.3.3), one of the following situations occur: 

• An ambiguous scenario is identified, and the corresponding disambiguation question is 

answered by the expert. This is represented by “USER_QUESTION”; 

• An ambiguous scenario is identified, and the corresponding disambiguation question is 

answered automatically, by the disambiguation matchers. This situation is represented by 

“AUTOMATIC_QUESTION”; 

• The decision supporting heuristics prevent the identification of an ambiguous scenario and 

no disambiguation question is generated. This is represented by “NO_QUESTION”. 

When the system generates a disambiguation question to be answered either by the expert (cf. 

messages 1.2 and 1.3) or by the automatic disambiguation matchers (cf. message 2.1.3), the 

provided decision is converted to either a correspondence or a non-correspondence fact (cf. 

messages 2.1.1 and 2.1.5), further added to the knowledge base (cf. messages 2.1.2 and 2.1.6). 

Additional details about the rules and its execution will be described in section 6.2.2. 

6.2 Implementation 

To provide a proof of concept for the architecture, as well as a testbed for the experiments, a 

working prototype was further designed and implemented. This section describes the 

implementation details of the logic components presented in the previous section. 
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Figure 48 – Overall disambiguation process view 
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6.2.1 Client App 

The Client App is developed in JavaScript22, HTML23 and CSS24. Respecting the User Interface 

(UI), one must realize that the primary purpose of ontologies and particularly the proposed DSS is 

to contextualize entities within a domain. Therefore, context is very important when deciding 

whether two entities are related. Even in cases where the entities have the same name or label, they 

may not be used in the same way, as described in section 3.1. 

Providing context is particularly important in this work, because the users may not be domain 

experts and so may need some additional information about the entities, to understand the relation 

between them. For this reason, an intuitive, easy to use and clear graphical interface for alignment 

visualization is provided, to assist the users in making decisions. 

Furthermore, the visualization of the alignment and particularly the ambiguous scenario, poses 

additional challenges and constraints. The approach followed here has been the identification of 

minimal, but sufficient, information needed for users to visualize and understand the ambiguous 

scenario and to decide on the validity of the correspondence. Due to space constraints the rest of 

the entities are initially hidden and are displayed only if the user wishes to. Hence, the minimum 

set of information comprises: 

• The properties and the concepts involved in the ambiguity; 

• The relations between properties and concepts; 

• The concept-correspondences and the not-concept-correspondences between the 

concepts involved in the ambiguity. 

The main idea behind this approach is to provide users with a yes-or-no choice for each ambiguous 

scenario. The question is dependent on the ambiguity. In a concept-ambiguous scenario, the user 

is asked if two concepts are equivalent. A typical true/false question is “Can Worker be matched 

with Person?”. The user can then simply answer “Yes” or “No”, as illustrated in the screenshot of 

the UI presented in Figure 49. The answer is forwarded to the DSS-based ii-Ready Mapping 

System. 

 
22 https://www.javascript.com 
23 https://www.w3.org/html/ 
24 https://www.w3.org/Style/CSS/ 
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Figure 49 – Screenshot of the UI: concept-ambiguous scenario 

For every type of entity or relation, a distinct shape or color is used, fostering the comprehension 

of the scenario. Concepts are represented by rectangles and properties are represented by ellipses.  

The relations between concepts and properties are denoted by lines with an arrow. Ambiguities are 

represented by a dashed blue line between the concepts or properties, with a question mark over 

the line. A green line between two concepts denotes a concept-correspondence and a red line 

denotes a not-concept-correspondence, allowing the users to understand which ontology entities 

match and which do not. 

In a path-ambiguous scenario, the user is asked whether a path is valid to contextualize the 

automatically-generated property-correspondence. Figure 50 illustrates a path-ambiguous scenario 

in which the user has to decide if the worker’s name should be matched with the person’s name. 

In this scenario, context is provided by the green line between the concepts, which denotes the 

existence of a concept-correspondence between the entities 𝑊𝑜𝑟𝑘𝑒𝑟 and 𝑃𝑒𝑟𝑠𝑜𝑛. As a convenience 

feature, selecting a concept shows the related concepts, which is useful especially when coping with 

large ontologies, allowing to focus or generalize the view upon the entities. 

A two-step path-ambiguous scenario is illustrated in Figure 51. In this scenario, the user has to 

decide if the worker’s postal address should be matched with the person’s address, which is 

accessed through the two-step path 𝑃𝑒𝑟𝑠𝑜𝑛. ℎ𝑎𝑠𝑃𝑒𝑟𝑜𝑛𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠. 𝑎𝑑𝑑𝑟𝑒𝑠𝑠. In 

this scenario, the context is provided by (i) the green line between the concepts 𝑊𝑜𝑟𝑘𝑒𝑟 and 

𝑃𝑒𝑟𝑠𝑜𝑛, which denotes the existence of a concept-correspondence; and (ii) the red line between 

the concepts 𝑊𝑜𝑟𝑘𝑒𝑟 and 𝐶𝑜𝑛𝑡𝑎𝑐𝑡𝐴𝑑𝑑𝑟𝑒𝑠𝑠, which denotes the existence of a not-concept-

correspondence. 
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Figure 50 – Screenshot of the UI: single-step path-ambiguous scenario 

 

Figure 51 – Screenshot of the UI: two-step path-ambiguous scenario 
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6.2.2 DSS-based ii-Ready Mapping System 

This component is composed by several low-coupled, independently developed sub-components 

that deserves specific description. 

6.2.2.1 DSS Logic 

The DSS Logic sub-component was developed using the Java language. The Jena25 framework has 

been used in the DSS to handle the ontology models. This framework provides an API for working 

with ontological models and the OWL language (for extracting and adding semantic data). The 

Alignment API26 has been used to handle the alignments. This is an API and implementation for 

expressing and sharing ontology alignments between ontologies. 

6.2.2.2 Rule engine 

Drools27 was adopted as the rule engine of the DSS, coupled to the rest of the system with a service 

bridge that allows for updating and querying the knowledge/facts base, thus allowing a non-

monotonic reasoning. 

Drools rule engine reasons upon the model/ontology using Closed World Assumption (CWA), in 

the sense that if something is not known, it is considered false. This is the opposite of Open World 

Assumption (OWA), adopted by other rule-based solutions, such as SWRL28, a rule extension of 

OWL DL. 

Drools is an open source Business Rules Management System (BRMS) solution, developed and 

supported by the JBoss Community29, which provides an integration platform for the development 

of hybrid knowledge-based systems [Salatino, De Maio, and Aliverti 2016]. 

Drools is developed in Java and has a modular architecture: its core component is a forward-

chaining, data-driven and thus reactive inference engine, based on an object-oriented 

implementation of the Rete Algorithm [Forgy 1982] for pattern matching. This algorithm is used 

to determine which of the rules should be fired, based on the knowledge/facts base. 

 
25 https://jena.apache.org 
26 http://alignapi.gforge.inria.fr 
27 http://www.drools.org 
28 https://www.w3.org/Submission/SWRL/ 
29 JBoss Community’s goal is to provide the resources, core development and support services to enable popular open 

source projects to scale into enterprise-class software. 
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Rules remain unchanged during the execution of the inference engine, i.e. no rules are added, 

removed or changed. On the other hand, facts can change by executing rules or from external 

sources (e.g. automatically-generated correspondences). After a change in the facts base, the 

inference engine is triggered, and it determines which rules become “true” for the given facts. This 

iterative process continues until there are no more rules to fire. 

If there are multiple selected rules, their execution order is managed based on some conflict 

resolution strategy. In the context of this thesis, resolving an ambiguity will start by taking in 

consideration the shortest paths (cf. section 5.5.2). Therefore, the rules that accomplish this goal 

have higher priority in order to fire first. Also, since the contextualization of property-

correspondences is dependent on the existence of concept-correspondences, the concept-

ambiguous identification rules have higher priority than the path-ambiguous identification rules. 

Figure 52 illustrates the execution order of the rules in the prototyped system. 

In the most commonly used cases, rules are written in a Drools-specific language and are used to 

process facts in the form of Java objects, providing a convenient way to integrate the system with 

existing architectures and/or data models. 

 

 

Figure 52 – Rule execution order 
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6.2.2.3 Rules 

A Drools rule is expressed in a declarative style, in simple “if-then” (or “when-then”) statements. 

It is often expressed as “When some conditions occur, then do some tasks”. 

The left-hand side (LHS) of a rule, which starts with the keyword 𝑤ℎ𝑒𝑛, is the condition part. 

Conditions consist of patterns that try to match facts in the facts base. Patterns can have constraints 

to narrow down the set of potentially matching facts. The right-hand side (RHS) of a rule, which 

starts with the keyword 𝑡ℎ𝑒𝑛, is an action block, that can contain almost any Java statement. 

A simple rule using the Drools Rule Language (DRL) format is represented next. 

rule "Infer Adult" 
 when 
  p : Person( age >= 18 ) 
 then 
  insert( new IsAdult(p) ) 
end 

The following code is the Drools representation of the single-step (𝑙𝑒𝑣𝑒𝑙 = 1) concept-ambiguous 

identification rule defined in section 5.4.2.1, including the heuristics defined in section 5.5.2. 

LHS 

when 
 PropertyCorrespondence(sp : srcProperty, tp : trgProperty) 
 DatatypeProperty(id == sp, scd : conceptDomain) 
 DatatypeProperty(id == tp, tcd : conceptDomain) 
 not ConceptCorrespondence(srcConcept == scd, trgConcept == tcd) 
 not NotConceptCorrespondence(srcConcept == scd, trgConcept == tcd) 

RHS 

then 
 String ruleName = "Concept-Ambiguous of attributes"; 
 int level = 1; 
 String sourcePath = scd + ";" + sp; 
 String targetPath = tcd + ";" + tp; 
 String questionType = Main._NO_QUESTION; 
 Question question = null; 
 
 if (Main.checkHeuristics(sourcePath, targetPath) == true) 
 { 
  if (autoC <= level) 
   questionType = Main._AUTOMATIC_QUESTION; 
  else 
   questionType = Main._USER_QUESTION; 
 
  Question question = new Question(ruleName, level, 
    sourcePath, targetPath); 
 } 
 Main.setQuestion(question, questionType); 
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6.2.2.4 Knowledge Base 

The knowledge base is where the ontologies, correspondences and non-correspondences are stored 

as facts. These facts are used as conditions by the expert-defined rules in the identification of 

ambiguous scenarios. Resolving an ambiguity always results in a new fact assertion in the 

knowledge base, either accepting or rejecting the facts under decision. 

6.2.3 Automatic Matchers 

Despite many third-party automatic matchers existing, their APIs are not standardized, thus 

preventing a faster and immediate adoption. 

In fact, typically, for each adopted matcher, an adapter component is required in order to wrap the 

matcher with the DSS system’s expected API. Because this would be a common engineering 

process, no further details are presented. 

Nevertheless, in the description of the experiments (cf. Chapter 7) the adopted automatic matchers 

are enumerated. 

6.2.4 Disambiguation Matchers 

The disambiguation matchers are responsible for automatically deciding about correspondences in 

ambiguous scenarios. The decision should be either accepting or rejecting the correspondence and 

for that reason, the disambiguation matchers return a binary outcome. The result is either 1 (true), 

corresponding to the acceptance of the correspondence, or 0 (false), corresponding to the rejection 

of the correspondence.  

Although several matchers can be adopted and adapted to the system, for this prototype two were 

developed: the folksonomy-based matcher and the random matcher. 

6.2.4.1 Folksonomy-based matcher 

The folksonomy-based matcher aims to decide based on crowd-generated wisdom [Surowiecki 

2005]. For that, the RhymeZone folksonomy and respective matching/distance algorithms were 

adopted. I.e. the folksonomy captures and relates expressions as adopted/used by the crowd. 
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The folksonomy-based matcher was implemented using the Datamuse API30. This API gives 

programmatic access to most of the functionalities of Datamuse's websites, including the 

RhymeZone31 folksonomy, which allows the search for synonyms, among other terminological 

relations. 

This matcher applies the matching conditions as described below. 

for each 0 ≤ i < sourceEntity.words.length() 
 ws = readFolksonomy(sourceEntity.words[i], n) 
 if ( !ws.includesOneOf(targetEntity.words) ) 
  return false 
 end if 
end for 
return true 

The 𝑤𝑜𝑟𝑑𝑠 attribute of source and target entities (𝑠𝑜𝑢𝑟𝑐𝑒𝐸𝑛𝑡𝑖𝑡𝑦 and 𝑡𝑎𝑟𝑔𝑒𝑡𝐸𝑛𝑡𝑖𝑡𝑦 variables) is the 

set of words comprising their syntactic representation (e.g. consider that 𝑜𝑟𝑑𝑒𝑟_𝑖𝑡𝑒𝑚𝑠 syntax 

representation comprises the {𝑜𝑟𝑑𝑒𝑟, 𝑖𝑡𝑒𝑚𝑠} set of words). The 𝑛 argument is the number of 

folksonomy-related words read from the folksonomy. 

As required, the 𝑖𝑛𝑐𝑙𝑢𝑑𝑒𝑠𝑂𝑛𝑒𝑂𝑓 function evaluates the existence of at least a common word in 

two sets of words. In that case, the result is true, and false otherwise.  

6.2.4.2 Random matcher 

The random matcher was implemented as a mechanism to randomly decide on the ambiguity, in 

case no other information is available for decision. This matcher returns an evenly distributed 

binary outcome (i.e. accept or reject). 

6.2.5 Summary 

Some of the requirements described in section 4.1.3 are being considered in the prototype, namely: 

• It provides information for users to take decisions without overloading them with details; 

• It is possible to zoom in on a specific entity, thus providing the context on such entity; 

 
30 http://www.datamuse.com/api/ 
31 http://www.rhymezone.com 
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• Users have visual facilities allowing them to either accept or reject the correspondence 

suggestions; 

• It visually depicts different types of correspondences, providing the distinction between 

suggested (i.e. ambiguous), accepted and rejected correspondences, fostering the 

comprehension of the scenario; 

• The consequences of the decisions are depicted in further ambiguous scenarios, helping 

users with exploring and evaluating their choices and deciding how to proceed. 

Additionally, according to issues relating to the user intervention, such as the moment in which the 

intervention is performed and the strategies applied to reduce the number of interventions (cf. 

section 4.1.2), the proposed system: 

• Supports filtering automatically-generated correspondences by a threshold, reducing the 

number of correspondence suggestions, hence limiting the number of user interventions; 

• Promotes the idea of propagating the user’s feedback for later decisions, as the intervention 

is performed during the matching process. 

Regarding the matching techniques (cf. section 3.2), the proposed system implements: 

• Constraint-based techniques, as it takes into account the internal structure of the entities, 

such as the domain and range of the properties, to narrow down the list of possible 

correspondences; 

• A limited type of formal resource-based techniques, as it takes advantage of an initial 

alignment (known as anchor alignment) generated by external matcher(s), to support the 

matching process. 

Finally, it is worth mentioning that the proposed system handles ontologies in the OWL format 

and outputs n:m information-integration-ready alignments. 
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6.3 Application to Business Case 

6.3.1 Context 

uebe.Q32 is an information managing software for solid referential information systems, such as 

ISO 9000 (for quality) and ISO 14000 (for environment). This is a long-term developed software, 

encompassing extensive and solid business logic with a long and successful record adoption by 

companies in different business areas and countries. Currently and over the last decade, every time 

uebe.Q software is deployed for/on a company, an extensive and specific configuration process 

takes place involving DigitalWind’s33 ISO 9000 and ISO 14000 experts, software development and 

operation teams. So, typically, DigitalWind's collaborators were playing the roles of the developer, 

the seller and the business consultant altogether. 

A recent business model change determined that the configuration and adaptation tasks of the 

software must shift from the DigitalWind's development and operation teams to third-party 

consulting and other business partners. Furthermore, it is imperative to provide the system with 

the ability to consume/generate data from/to different data sources, independent of their data 

model (e.g. relational, document), schema and semantics. 

However, uebe.Q configuration and deployment requires strong business and technological 

expertise, thus constraining the adoption of the new business model. In addition, because 

configuration often requires specific refinement of the software, its rigidity, fragility, opacity and 

immobility [Martin 2000] is emphasized, hence compelling its re-engineering. 

Consequently, the goal of the dySMS34 project is to facilitate the software configuration by business 

experts and consultants while improving the configurability and adaptability of the software. For 

that, it is prescribed an approach that combines: 

• Ontologies, allowing the configuration of the business concept according to the enterprise's 

business, department or individual employee; 

• Rules, allowing the specification of business rules/constraints upon the ontological 

concepts, which goes beyond the expressivity of the ontological constraints; 

 
32 http://www.uebeq.com 
33 http://www.digitalwind.pt 
34 http://dysms.digitalwind.pt 



 
Prototype and Application Case 

112 

• DSL (Domain-Specific Language) [van Deursen, Klint, and Visser 2000; Kattenstroth 

2012], developed with the purpose to facilitate the business experts/consultants to 

configure the system with minimal or no technical skills; 

• An information-integration Decision Support System (DSS) [Zaraté and Liu 2016] that 

helps in configuring the system, to deal with different sources of information in a seamless 

and transparent way, representing the information according to the configured domain 

ontologies. 

Therefore, this is not a Rapid Application Development approach [Schmidt 2013], but a software 

re-engineering approach combining software engineering’s and knowledge engineering’s best 

practices and respective available technology. 

This will provide a high-level declarative configurable system, that exploits data from different 

legacy systems and respective data sources, through ontology-based mediation between the 

heterogeneous schemas to the dynamically configurable ontologies. 

6.3.2 Architecture 

The legacy software (on the left-hand side of Figure 53) adopts a client-server architectural style, 

whose backend (i.e. the server part) evolved into a large monolithic software information system, 

developed in a myriad of frameworks (e.g. ASP, ASP.Net) and programming languages (e.g. C#, 

VB.Net). The backend is responsible for the data access (from/to relational database), business 

logic and server-side generation of the Rich Internet Application client-side UI pages (in HTML 

and JavaScript). 

While the business logic captured by the backend is a relevant asset, it suffers from rigidity, fragility, 

opacity and immobility [Martin 2000], frustrating a conservative and traditional evolution. In that 

sense, the system has been re-engineered, exploiting the functionalities (i.e. business logic) of the 

legacy system, as well as the incremental redefinition of the existing functionalities to the new 

version (i.e. at configuration time). The added components (on the right-hand side of Figure 53) 

include the dySMS Core, the Single Page Application frontend and the DSL-based configurator. 

The dySMS Core component reads data directly from the legacy database, but the original business 

logic might be needed to update, delete or create data. 
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Figure 53 – Component-based diagram of the new uebe.Q and configurator 

The DSL-based Configurator allows the business consultant to define the domain-specific 

ontology (model) and respective (business) rules. The DSL has been developed in the JetBrains 

Meta Programming System35 which provides a projectional editor, that drives the configurator tasks 

according to the DSL-captured structure and semantics. 

The semantics defined through the ontology and rules follows a hierarchical policy, in which the 

semantics defined at a hierarchy level binds to the semantics defined in top hierarchy levels, 

promoting organizational reasoning consistency. 

Figure 54 depicts the inner architecture of the dySMS Core (backend), including the identification 

of the parts/responsibilities and the details of the configuration interfaces, adopting the CQRS 

pattern [Pacheco 2018]. The system comprises the following components: 

• Model is the set of classes and respective instances that are managed by the system, 

including classes, associations and constraints corresponding to the configured 

ontology(ies). In order to keep the model up-to-date, regarding the configured 

ontology(ies), a reflection-based approach generates the configuration-time-defined classes 

on-the-fly, allowing the system to operate with whatever class structure is required; 

 
35 https://www.jetbrains.com/mps/ 
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• ORM (Object Relational Mapping), which is responsible for the data access of the relational 

databases and the instantiation of the configured ontologies from the data sources; 

• Drools is a rule engine that reasons upon the model/ontology using a Closed World 

Assumption (CWA). Rules execute upon all sort of managed data, including business data 

and user authentication data, which allows both monotonic and non-monotonic business 

calculations, validations and authorization control; 

• Render is responsible for the projection and serialization of the data (instances and 

attributes) according to the configured authorization, projection and serialization rules; 

• Services is the set of semantic REST web services responsible for the availability of the 

new functionalities. The component delegates the responsibilities in the other components, 

as suggested in the diagram depicted in Figure 54. 

The system configurability is a key part of the system, as it provides the system's ability to 

accommodate different domain/business, information and services. While ontologies are often 

used for information/knowledge sharing, they are used here as a structure and as an artifact for 

capturing the semantics across the organization hierarchy, and as a dynamically configurable model. 

 

 

Figure 54 – Detailed component-based diagram of the new uebe.Q 
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6.3.3 DSS and DSL Ontology Alignment Process 

To address the ontology/schema configuration problem, two complementary approaches are 

combined: 

• DSL-based Configurator. The designed DSL is a high-level, simple and yet powerful 

ontology mapping language that follows state of the art best practices [Euzenat and Shvaiko 

2013; Shvaiko and Euzenat 2013; David et al. 2011; Bauer, King, and Gregory 2015]. 

Despite facilitating the correct and complete specification of the alignment, along with its 

transformation to different requirements (e.g. ontology and ORM specification), this 

manual tool remains very time-consuming; 

• Information-integration Decision Support System is the prototype described in previous 

sections and is responsible for the generation of the alignment between the source database 

schema and the business ontology(ies), defined in the DSL-based configurator. 

 

Figure 55 – Combination of DSS and DSL information integration alignment process 
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The proposed alignment process complements the existing system as described in Figure 55. Very 

similar to the conceptual process described in Figure 31 of section 5.5, it includes a slight difference: 

once an ii-ready alignment is defined through the DSS component, the resulting alignment is 

forwarded to the dySMS DSL-based configurator, which provides the business consultants with an 

extra level of alignment specification/tweaking. Once terminated, the alignment is pushed to the 

ontology and ORM configuration interfaces, for dynamic configuration of the dySMS Core. 

Several parts of the uebe.Q original database are now managed by the dySMS system through 

different company-specific, role-specific and user-specific ontologies. The system is able to deal 

with different structures of the same semantics, relying solely in the DSS and DSL configuration 

(i.e. without any specific programming/development). 

6.4 Summary 

While the proposed rule-based DSS is already a fully functional tool assisting the user/expert in 

resolving the ambiguities, many improvements are currently being pursued, as described in Chapter 

8. 

Based on the observed attainments, the proposed architecture, adopted technology and developed 

prototype seem to represent a valid approach for a faster and more accurate generation of ii-ready 

alignments. Next chapter addresses a more formal evaluation of the proposal. 
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Chapter 7  
 

EXPERIMENTS 

This chapter describes the experimental setup, datasets and configurations used to evaluate the 

proposed rule-based DSS. For that purpose, the dimensions identified in [Dragisic et al. 2016] (cf. 

Chapter 4) are adopted, measuring the number of user interventions and the time spent, in addition 

to the influence of the validation on the quality of the alignments. 

The evaluation seeks to answer the following questions: 

1. Accuracy – How accurate are the results when running the DSS in human operation mode, i.e. 

Expert-based (𝑎𝑢𝑡𝑜𝐶 = +∞; 𝑎𝑢𝑡𝑜𝑃 = +∞), when comparing to: 

• The non-ii-ready initial alignments (i.e. the automatically-generated alignments, known as 

anchor alignments in the context of ontology matching)? 

• The alignments obtained by running the DSS in automatic operation mode (𝑎𝑢𝑡𝑜𝐶 =

1; 𝑎𝑢𝑡𝑜𝑃 = 1), using the folksonomy-based matcher, i.e. Folksonomy-based, described in 

section 6.2.4.1? 

• The alignments obtained by running the DSS in supported operation mode, with different 

user-defined parameters (𝑎𝑢𝑡𝑜𝐶 = +∞; 𝑎𝑢𝑡𝑜𝑃 ∈ {1, 2, 3})? 

• The best possible alignments, considering the initial alignment? 
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2. User vs. automatic decisions – What is the ratio between the number of the participant 

interactions/decisions and the number of automatic decisions? 

3. Relevance of multi-step paths – What is the relevance of paths with more than one step to the 

alignment? 

4. Time spent – What is the average time spent on resolving an ambiguity and its relationship 

with the attained accuracy? 

In order to answer these questions, it is necessary to measure: 

• The accuracy (precision, recall and F-measure) of both initial and information-integration-

ready alignments; 

• The amount of ambiguities resolved either by the users/experts or by the system and its 

correctness; 

• The time spent by the users/experts on the experiments. 

Therefore, four elements are required to evaluate the proposed DSS: 

• Ontologies; 

• Reference alignments (also called gold standards); 

• Automatically-generated alignments, i.e. the non-ii-ready alignments; 

• Domain experts/users to interact with the DSS. 

The following sections address: 

• The characterization of the data set used in the experiments (cf. section 7.1); 

• The characterization of the participants and the configuration of the DSS (cf. section 7.2); 

• The analysis of the attained results to the questions asked above (cf. section 7.3). 



Rule-based and user feedback-driven decision support system for transforming automatically- 
generated alignments into information-integration alignments 

119 

7.1 The Data Set 

To carry out the experiments and evaluate this work, particularly the effectiveness of the 

information-integration-ready alignments, multiple pairs of ontologies/schemas modeling the 

same domain are required. As described in the next sections, two different resources have been 

exploited: 

• The ontologies used in the respected Ontology Alignment Evaluation Initiative36 (OAEI) 

Conference track; 

• Several database schemas obtained from Database Answers37. 

7.1.1 Ontologies from the OAEI Conference Track 

The OAEI runs annually since 2004, with the goal of making it easier for researchers to compare 

the results of their ontology matching systems. It features several tracks to test different types of 

ontology matching problems. The ontologies of these tracks range in size and complexity, from 

relatively small ontologies that are designed primarily to understand which ontology features the 

tools take into account, to large real-world ontologies representing complex domains. The data 

provided by the OAEI has affected the field of ontology matching quite dramatically, by providing 

a well-documented and well-studied set of reference alignments that system developers can use to 

assess their methods. 

The Conference track consists of finding equivalence relations among real-world ontologies 

describing the domain of conference organization. This is the only test set of the initiative that has 

reference alignments containing correspondences between properties as well as concepts 

[Cheatham and Hitzler 2014]. 

Despite other ontologies being available in the Conference track, they were not used because there 

is no reference alignment available. Table 8 shows the number of different types of entities (i.e. 

concepts and properties) in each of the seven ontologies for which reference alignments are 

available. It also shows the longest (non-circular) path found. 

 
36 http://oaei.ontologymatching.org 
37 http://www.databaseanswers.org 
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Table 8 – OAEI Conference track ontologies characterization 

Ontology Concepts Datatype 
properties 

Object 
properties 

Steps of the 
longest non-
circular path 

Cmt 29 10 49 6 
Sofsem38 59 18 46 8 
ConfTool39 38 23 13 2 
Edas 103 20 30 10 
Ekaw 73 0 33 1 
Iasted 140 3 38 9 
Sigkdd 49 11 17 5 

Average 70.1 12.1 32.3 5.9 
Total 491 85 226 - 

In these ontologies, while the number of properties is on par with the number of concepts (311 

versus 491, which means that almost 40% of the entities are properties), the reference alignments 

contain significantly fewer correspondences between properties than between concepts (36 versus 

108, which means that only 25% are property-correspondences), as described in Table 9. 

Table 9 – Reference alignments of the pairs of ontologies of the OAEI Conference track 

Pair 
ID 

Source 
ontology 

Target 
ontology 

Concept 
correspondences 

Property 
correspondences 

1 Cmt Sofsem 12 3 
2 Cmt ConfTool 10 6 
3 Cmt Edas 8 5 
4 Cmt Sigkdd 10 2 
5 Sofsem ConfTool 11 4 
6 Sofsem Edas 14 3 
7 Sofsem Sigkdd 12 3 
8 ConfTool Edas 14 5 
9 ConfTool Sigkdd 6 1 
10 Edas Sigkdd 11 4 

Average 10.8 3.6 
Total 108 36 

 
38 Also called Conference. 
39 Also called Confof. 
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For the automatically-generated alignments between these pairs of ontologies, the alignments 

submitted to OAEI evaluation by the automated ontology matching system 

AgreementMakerLight40 (AML) were used. AML (cf. section 4.2.2) is derived from 

AgreementMaker and has been in development since 2013 [Faria et al. 2014]. In the last years, it 

has been the top performing system in several tracks of OAEI, including the Conference track 

[Faria et al. 2016, 2017, 2018; Achichi et al. 2017; Algergawy et al. 2018]. 

Table 10 characterizes the alignments submitted to OAEI by AML in terms of concept-

correspondences and property-correspondences. As can be observed, the number of property-

correspondences is much lower than the number of concept-correspondences (19 versus 97). Only 

16% of the correspondences found by the AML matcher are property-correspondences. 

Table 10 – AML alignments submitted for the pairs of ontologies of the OAEI Conference track 

Pair 
ID 

Source 
ontology 

Target 
ontology 

Concept 
correspondences 

Property 
correspondences 

1 Cmt Sofsem 11 1 
2 Cmt ConfTool 9 1 
3 Cmt Edas 9 2 
4 Cmt Sigkdd 10 2 
5 Sofsem ConfTool 11 4 
6 Sofsem Edas 13 2 
7 Sofsem Sigkdd 12 1 
8 ConfTool Edas 10 2 
9 ConfTool Sigkdd 5 1 
10 Edas Sigkdd 7 3 

Average 9.7 1.9 
Total 97 19 

The execution of the DSS on these pairs of ontologies, using the mentioned alignments resulted in 

few ambiguous scenarios. The attained results drove to the conclusion that the OAEI Conference 

track ontologies are not appropriate to thoroughly evaluate the current proposed DSS. Despite the 

ability of the DSS to resolve the existing ambiguities found in these ontologies, they do not allow 

for the demonstration of the system’s capabilities. In fact, due to their characteristics, the 

ambiguities are practically nonexistent because at least one of the following situations occurs: 

• The automatically-generated alignments have few property-correspondences; 

 
40 http://somer.fc.ul.pt/aml.php 
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• When searching for paths to contextualize the automatically-generated property-

correspondences, only single-step paths are found, not requiring searching for longer paths 

(i.e. multi-step paths); 

• The properties’ domain concepts of the automatically generated property-correspondences 

are already related in concept-correspondences, also generated by the automatic matcher. 

7.1.2 Schemas from Database Answers 

Database Answers is an online repository with hundreds of database schemas available for 

download. From there, a set of schemas representing different modelling decisions of a common 

real-world domain was selected, reflecting real-world heterogeneity. These schemas were then 

translated into ontologies, according to the translation process described in Appendix C. Table 11 

characterizes the resulting ontologies41, regarding the number of concepts, datatype properties and 

object properties. 

 

Table 11 – Characterization of the ontologies used in experiments 

Ontology Concepts Datatype 
properties 

Object 
properties 

Steps of the 
longest non-
circular path 

Customers 4 14 3 2 
Clients 3 14 2 2 
Clients and Fees 16 39 10 3 
Customers and Services I 10 31 10 4 
Customers and Services II 10 23 10 4 
Customers and Invoices I 10 43 9 4 
Customers and Invoices II 10 34 9 4 
Customers and Orders I 5 28 5 3 
Customers and Orders II 5 25 5 3 
Customers and Products I 10 26 8 4 
Customers and Products II 10 18 8 4 
Clients and Fees and Products 23 50 16 4 

Average 9.7 28.8 7.9 3.4 
Total 116 345 95 - 

 
41 Resulting ontologies are available at https://goo.gl/W83mio 
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The manually created reference alignments consist of 1-to-1 equivalence correspondences for all 

pairs of ontologies used in the experiments. Furthermore, AML was adopted as the automatic 

matcher to generate the initial alignment (cf. Figure 31 of section 5.5). Its configuration was based 

on predefined parameters, which included a filtering threshold of 0.6, i.e. only correspondences 

with a confidence value above 0.6 were kept. Table 12 describes the pairs of ontologies and the 

alignments used in the evaluation. The fourth and fifth columns denote the number of concept 

correspondences and property correspondences manually defined in reference alignments. The last 

two columns refer to the number of correspondences automatically generated by the AML 

matcher. 

Table 12 – Characterization of the pairs of ontologies and the alignments used in experiments 

Pair 
ID Source ontology Target ontology 

Reference 
alignment 

AML 
alignment 

C
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1 Customers Clients 3 13 3 7 
2 Customers Clients and Fees 3 13 3 9 
3 Customers and Services II Customers and Invoices II 5 23 2 20 
4 Customers and Services I Customers and Invoices I 5 23 2 19 
5 Customers and Orders II Customers and Products II 5 22 4 16 
6 Customers and Orders I Customers and Products I 5 22 4 19 
7 Customers and Invoices I Customers and Products I 5 22 4 25 
8 Customers and Invoices II Customers and Products II 5 22 4 19 
9 Clients and Fees and Products Customers and Invoices I 6 22 4 28 

Average 4.7 20.2 3.3 18.0 
Total 42 182 30 162 

 

7.2 Trial with Participants 

A trial was conducted with 10 participants with different levels of proficiency on ontology 

matching. The participants were not familiar with the ontologies and had no experience with the 

tool. Each participant was asked to use the DSS to resolve the ambiguities of some pairs of 

ontologies presented in Table 12. 
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The participants were asked to run the DSS in human operation mode. This operation mode 

demands a high effort from the participants, since the ambiguities are decided by them, with no 

matcher support. As users are a rare and valuable resource, limiting the user intervention is desired. 

Therefore, the pairs of ontologies presented in Table 12 were split in two groups of five pairs each, 

reducing the user intervention. The first group consisted of pairs 1, 3, 5, 7 and 9. The second group 

consisted of pairs 2, 4, 6, 8 and 9. Half of the participants, randomly chosen, resolved the 

ambiguities of the first group, and the other half resolved the ambiguities of the second group of 

pairs of ontologies. 

To measure the results attained by the DSS and thus try to answer the research questions, several 

different resulting alignments for each pair of ontologies used in the experiments are compared, 

namely: 

• The non-ii-ready initial alignment, i.e. the alignment automatically-generated by the AML 

matcher; 

• The participants’ alignments generated using the DSS in human operation mode (𝑎𝑢𝑡𝑜𝐶 =

+∞; 𝑎𝑢𝑡𝑜𝑃 = +∞), by calculating the average of all participants’ alignments; 

• The participants’ alignments obtained by simulating the execution of the DSS in supported 

operation mode, with different user-defined parameters (𝑎𝑢𝑡𝑜𝐶 = +∞; 𝑎𝑢𝑡𝑜𝑃 ∈ {1, 2, 3}), 

also by calculating the average of all (simulated) participants’ alignments; 

• The alignment obtained by running the DSS in automatic operation mode (𝑎𝑢𝑡𝑜𝐶 =

1; 𝑎𝑢𝑡𝑜𝑃 = 1), applying the folksonomy-based matcher; 

• The best possible alignment, i.e. the best precision and recall alignment that can be obtained 

using the DSS, taking into consideration the initial alignment; 

• The participants’ alignments obtained by simulating the running of the DSS in human 

operation mode, with different lengths when searching for paths: single-step, two-step and 

three-step paths, by calculating the average of all (simulated) participants’ alignments. 

7.3 Evaluation 

This section describes the attained results to the questions presented earlier in this chapter, namely: 

1. How accurate are the results when running the DSS in human operation mode (cf. section 

7.3.2)? 
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2. What is the ratio between the number of participant interactions/decisions and the number of 

automatic decisions (cf. section 7.3.3)? 

3. What is the relevance of paths with more than one step to the alignment (cf. section 7.3.4)? 

4. What is the average time spent on resolving an ambiguity and its relationship with the attained 

accuracy (cf. section 7.3.5)? 

For that, the application of evaluation measures, such as precision and recall, in the specific context 

of information integration is firstly addressed. 

7.3.1 Adopted Evaluation Measures 

Information-integration alignments are characterized by the existence of (i) concept-

correspondences and (ii) ii-ready scenarios. Concept-correspondences are simple correspondences, 

whereas ii-ready scenarios relate two properties through the constraint between its property-

correspondence and its concept-correspondence. 

For that reason, and because the ii-ready scenario also defines the paths to contextualize the 

property-correspondence in the concept-correspondence, it is considered that the property-

correspondence is only half of the ii-ready scenario. Therefore, when evaluating precision or recall, 

each ii-ready scenario has a weight of two. 

As stated in section 3.6, Precision measures the ratio of correctly found correspondences (true 

positives) over the total number of found correspondences (true positives and false positives). 

When evaluating a non-ii-ready initial alignment (e.g. automatically-generated alignment), a 

property-correspondence is a true positive if the reference alignment has at least one ii-ready 

scenario between both properties of the property-correspondence, regardless of the existence, in 

the initial alignment of a concept-correspondence, to contextualize the property-correspondence. 

Consider the information-integration-ready alignment obtained in the step-by-step example of 

section 5.6 as the reference alignment (𝑅) of that example. In that case, the automatically-generated 

property-correspondences 𝑌# = (𝑂#: 𝑛𝑎𝑚𝑒, 𝑂$: 𝑛𝑎𝑚𝑒) and 𝑌$ = (𝑂#: 𝑝𝑜𝑠𝑡𝑎𝑙𝐴𝑑𝑑𝑟𝑒𝑠𝑠, 𝑂$: 𝑎𝑑𝑑𝑟𝑒𝑠𝑠) 

are both true positives, because they both exist in an ii-ready scenario of the reference alignment. 

Thus, the precision of the initial alignment (𝐴) is measured as follows: 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛(𝐴, 𝑅) =
|𝐴 ∩ 𝑅|
|𝐴|

=
2
2
= 1.0 
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Furthermore, and also as stated in section 3.6, Recall measures the ratio of correctly found 

correspondences (true positives) over the total number of expected correspondences (true 

positives and false negatives). In the step-by-step example of section 5.6, the concept-

correspondence 𝑋# and the ii-ready scenarios 𝑍#, 𝑍$ and 𝑍� are all false negatives because none of 

them exist in the initial alignment. However, notice that since the true positives 𝑌# and 𝑌$ are already 

being counted in the context of the false negatives (because there is at least one ii-ready scenario 

between both properties of each property-correspondence), they are not counted twice. 

Thus, the recall of the initial alignment (𝐴) is measured as follows: 

𝑅𝑒𝑐𝑎𝑙𝑙(𝐴, 𝑅) =
|𝐴 ∩ 𝑅|
|𝑅|

=
2
7
= 0.29 

The Precision and Recall will be adopted as accuracy measures in the next section. Also, F-measure 

will be used as a balanced measure, with the same weight assigned to either Precision or Recall (i.e. 

𝛼 = 0.5). 

7.3.2 Accuracy 

The chart depicted in Figure 56 considers all the pairs of ontologies used in the experiments and 

shows that the accuracy attained with the DSS improves (i) regardless of the operation mode (even 

fully automatic); and (ii) as the participation of the expert in the process increases. 

Recall increases from 31.3% to 47.3% when running the DSS in automatic operation mode 

(folksonomy-based matcher is applied) and to 53.7%, when running the DSS in human operation 

(expert-based) mode. The different configurations defined when running the DSS in supported 

operation mode (i.e. 𝑎𝑢𝑡𝑜𝐶 = +∞ and 𝑎𝑢𝑡𝑜𝑃 ∈ {1, 2, 3}) show a recall ranging between 50.3% and 

51.7%. On the other hand, precision increases from 73.9% to a range of values between 83.4% (in 

automatic operation mode) and 86.1% (in human operation mode). 

F-measure increases from 43.7% on initial alignments to 58.5%, when running the DSS in 

automatic operation mode and to 62.3%, 62.4%, 63.0% and 65,3% for 𝑎𝑢𝑡𝑜𝐶 = +∞ and 𝑎𝑢𝑡𝑜𝑃 ∈

{1, 2, 3, +∞} respectively. 

Also, as expected, the results attained by the participants are still below the best possible alignments 

from the DSS, with an F-measure of 74.2%. A minority of participants had some poor results 

which influenced overall results. 
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Figure 56 – Accuracy results 

In addition to this analysis, Table 13 details the attained results for each pair of ontologies used in 

the experiments. 

7.3.3 User vs. Automatic Decisions 

Another dimension of the analysis is the ratio between the number of participant decisions and 

those taken automatically by the system. As expected (see Figure 56), the number of automatic 

decisions decreases as the user’s intervention in the process increases. An average of nearly 50%, 

20% and 10% of decisions were taken by the system for 𝑎𝑢𝑡𝑜𝑃 ∈ {1, 2, 3}, respectively. 

7.3.4 Relevance of Multi-Step Paths 

The chart depicted in Figure 57 illustrates the attained results when limiting the search to single-

step, two-step and three-step paths, by running the DSS in human operation mode. The experiment 

results show that both precision and recall of the information-integration-ready alignments are 

higher than of the automatically-generated alignments. Furthermore, searching for paths with more 

than one step progressively improves the accuracy of the system, without much overhead to the 

user’s participation. On average, for each pair of ontologies described in Table 12 (cf. section 7.1.2), 

the participants were asked to decide 24, 26 and 29 times when limiting the search to single-step, 

two-step and three-step paths, respectively. 
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Table 13 – Detailed accuracy results 
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Figure 57 – Searching for multi-step paths results 

7.3.5 Time Spent 

The average F-measure attained by each participant was correlated with the time spent by the 

participant resolving the ambiguities of the pairs of ontologies used in the experiments. Figure 58 

depicts this correlation and allows for the observation that the time spent is a poor indicator of 

matching accuracy. In fact, comparing the average time spent by high-performing participants (F-

measure > 65%) and low-performing participants (F-measure ≤ 65%), we get unexpected results. 

High-performers spent less than thirteen seconds on average to resolve each of the ambiguities, 

while low-performers spent more than fifteen seconds on average. 

 

Figure 58 – Average F-measure based on time spent by participant (represented as yellow dot) 
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7.4 Summary 

Experiments have been performed to test the validity of the proposal presented in this thesis. For 

that, the accuracy of the alignments, the number of user interventions and the time spent in 

resolving the ambiguities have all been measured. 

Two different resources have been exploited, and a trial was conducted with 10 participants, with 

different levels of proficiency in ontology matching. The participants were not familiar with the 

ontologies and had no experience with the tool. 

To measure the results attained by the DSS, several different resulting alignments for each pair of 

ontologies used in the experiments were compared, such as (i) the non-ii-ready initial alignments; 

(ii) the alignments generated using the DSS with different operation modes and with different 

configurations when searching for paths; and (iii) the best possible alignments. 

The experiment results show an improvement in the accuracy attained with the DSS, regardless of 

the operation mode and as the participation of the expert in the process increases. The experiments 

also demonstrate that the results attained by the participants are below the best possible alignments 

from the DSS. A minority of participants had some poor results, which influenced overall results. 

As expected, the experiments demonstrate that the number of automatic decisions decreases as the 

user’s intervention in the process increases. The experiments also show that searching for longer 

paths progressively improves the accuracy of the system, without much overhead to the user’s 

participation. Finally, the time spent is a poor indicator of accuracy, as high-performers spent less 

time than low-performers, on average, to decide about an ambiguity. 
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Chapter 8  
 

CONCLUSIONS 

This chapter presents a synthesis of the research and development work described in this thesis 

along with a summary of contributions. Finally, a discussion on the limitations is addressed and 

some directions for future work are also described. 

8.1 Overview of the Thesis 

The work described in this thesis has four main components: 

• The contextualization and motivations for the research presented in this thesis have been 

described in Chapter 1 through Chapter 4; 

• The theoretical research part in which the most relevant research ideas and approaches 

proposed in the scope of this thesis have been extensively presented and analyzed, which 

can be found in Chapter 5; 

• The development and application experiments have been described in Chapter 6 and 

Chapter 7; 

• The conclusions are presented in Chapter 8. 

Next subsections summarize each of these components. 
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8.1.1 Contextualization and Motivations 

The first chapter described the technological and socio-organizational context of the work in this 

thesis. The design-science paradigm was adopted as the research method to address the research 

problem under consideration. 

In Chapter 2, the core subjects underlying this thesis have been introduced. The scenarios of 

information integration where ontology matching is viewed as solution, have been presented. 

Database schemas have been described, followed by a characterization of ontologies. A short 

comparison between database schemas and ontologies has been made to demonstrate the 

pertinence of both in the scope of this thesis. 

A description and a taxonomic characterization of decision support systems have been provided. 

In Chapter 3, ontology matching has been presented as a process of finding correspondences 

between ontology entities, which is influenced not just by the heterogeneity of the ontologies, but 

also by the ontology domain and modeling decisions. Different types of heterogeneity have been 

presented, and the matching techniques used by the ontology matchers to solve them have been 

discussed. It has been further suggested that the alignments generated by automatic matching 

systems are often not information-integration-ready alignments, which demands user intervention 

in correcting and completing them. 

The alignments have been characterized regarding their level and cardinality. Two formats and 

languages for representing alignments (Alignment Format and EDOAL) have been compared 

regarding expressivity. To evaluate the matching process, some measures have been discussed, such 

as precision, recall and F-measure. 

In Chapter 4, a comparative analysis of the current state of the art in the area of ontology matching 

using user feedback has been provided. The importance of user involvement in the matching 

process has been highlighted with evidences form existing literature. Furthermore, a survey on 

strategies on how to involve users in matching has been presented. 

Nine systems that consider user involvement in the matching process have been studied, with 

emphasis given to (i) the user intervention in the process, namely the decision support and the 

feedback propagation; and (ii) the user interface. In addition, a general outlook regarding the input 
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format, the computed alignments and the matching techniques used by these systems has also been 

made. 

8.1.2 Theoretical Research 

Once contextualized, the research efforts started. In Chapter 5, the proposal of a general-purpose 

rule-based method that assists the expert in improving and completing the automatically-generated 

alignments into fully-capable alignments has been formally described. For that, the contextual and 

foundational knowledge for the remainder of the thesis has been provided. 

A Decision-Support System has been proposed. Three conceptual operation modes have been 

described, respecting different user participation levels, ranging from fully automatic to completely 

human dependent. The idea of propagating the user’s feedback for later decisions has been 

promoted. 

The ability of the system to search for correspondences with longer contextualization paths (i.e. 

multi-step paths), which is useful in complex heterogeneous alignment scenarios, has been stated. 

For that, the rule-based process used to determine at least one path for the source and target 

properties of a property-correspondence has been described. 

A walk-through example has been presented, with the purpose of demonstrating, step-by-step, the 

execution of the DSS, considering its goal to transform ambiguous alignments into ii-ready 

alignments. 

8.1.3 Development and Experiments 

While both contextualization and theoretical parts of the work have the most considerable 

substance of this thesis, the development and experimental aspects were also very effort-

demanding and time-consuming. In fact, development efforts ran parallel during most of the 

theoretical development time. This close relation is considered beneficial for both components. In 

line with the design-science method claims, it particularly helped to (i) prove the feasibility and 

usefulness of the proposed research ideas; and (ii) provide feedback on competencies and 

limitations of the research ideas. 

Chapter 6 proposed an architecture for the system built on four main components, namely: (i) 

Client App, which is responsible for providing the human-computer interface; (ii) DSS-based ii-

Ready Mapping System, which encapsulates the DSS and is responsible for requesting services 
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from the automatic or disambiguation matchers and the rule engine; (iii) Automatic Matchers, 

which are responsible for generating the initial/anchor alignments; and (iii) Disambiguation 

Matchers, which are responsible for decisions regarding correspondences in ambiguous scenarios. 

The proposed rule-based DSS is already a fully functional tool, which has been developed to 

provide an intuitive, easy to use and clear graphical interface for alignment visualization, assisting 

the users in resolving the ambiguities. The main contributions are systematized in section 8.2. Yet, 

many improvements are currently being pursued, as described in section 8.3. 

Chapter 7 described the experiments performed to assess the validity of the proposal. The accuracy 

of the alignments, the number of user interventions and the time spent in resolving the ambiguities 

have all been measured. 

The experiments have shown that the accuracy attained with the DSS improves (i) regardless of 

the operation mode and (ii) as the participation of the expert in the process increases. The 

experiments have also confirmed that the number of automatic decisions decreases as the user’s 

intervention in the process increases, and that searching for longer paths progressively improves 

the accuracy of the system, without much overhead to the user’s participation. Finally, the 

experiments have shown that the time spent is a poor indicator of matching accuracy. 

8.2 Summary of Contributions 

The main contributions made in the scope of this thesis can be systematized and summarized as 

follows: 

1. The method for disambiguating automatically-generated alignments: 

• Identifies and systematizes the ambiguous situations that prevent the direct application of 

automatically-generated alignments in ontology mediation, thus overcoming the gap 

between level 0/1 and level 2 alignments (cf. section 5.2); 

• Supports the search for correspondences with longer contextualization paths (i.e. multi-

step paths), which is useful in complex heterogeneous alignment scenarios (cf. section 5.4); 

• Supports filtering automatically-generated correspondences by a threshold, reducing the 

number of correspondence suggestions, hence limiting the number of user interventions 

(cf. section 5.5); 
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• Promotes the idea of propagating the user’s feedback for later decisions (cf. section 5.5.1); 

• Defines the parameters that establish whether the ambiguous scenarios must be decided by 

the expert or automatically (i.e. by the automatic disambiguation matchers): 𝑎𝑢𝑡𝑜𝐶 and 

𝑎𝑢𝑡𝑜𝑃 (cf. section 5.5.2). 

2. The user feedback-driven DSS prototype: 

• Assists the user/expert in accepting or rejecting the suggested correspondences, between 

source and target ontology entities, thus resolving the ambiguous scenarios, by providing 

users with a yes-or-no choice (cf. section 6.2.1); 

• Allows three conceptual operation modes, with different user participation levels, ranging 

from fully automatic to completely human dependent, as follows (cf. section 5.5.1): 

• In automatic operation mode, the ambiguities are decided by the disambiguation 

matchers, without any user intervention; 

• In human operation mode, the ambiguities are decided by the user/expert; 

• In supported operation mode, the ambiguities are decided either by the 

disambiguation matchers, or by the user/expert, such that the decisions already taken 

will constrain the following decisions in automatic or human-operation phases. This 

allows to balance the precision and recall of the system with the user participation in 

the process, i.e. minimizing the user’s participation and maximizing the precision 

(correctness) and the recall (completeness). 

• Provides a color-coding distinction between suggested, accepted and rejected 

correspondences, fostering the comprehension of the scenario when the user has to decide 

between accepting or rejecting a correspondence (cf. section 6.2.1); 

• Represents ambiguous scenarios as graphs, allowing to expand or restrict the context by 

selecting a concept, thus focusing or generalizing the view upon the entities (cf. section 

6.2.1). 

Taking into consideration the previous synthesis, it is deemed that the described work contributes 

in overcoming the identified limitations of the state-of-the-art, by improving and completing the 

automatically-generated alignments into information-integration alignments, with support for 

longer contextualization paths. 
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The scientific research conducted throughout the work of this thesis gave rise to six publications 

in national and international peer-reviewed conferences. 

8.3 Limitations and Future Work 

This section describes current and future research directions based on the observed limitations 

raised by the performed experiences and according to the research topics described throughout the 

thesis. 

There is a plan to improve the ratio between the number of automatic decisions and the number 

of user decisions. For that, the priority is the research on how to ask questions whose answers have 

the highest impact in the validation process, to limit the user intervention. Also, the observation 

that some users spend too much time to decide may be considered in future approaches, namely, 

considering the chance to automatically decide an ambiguity, whenever the user takes too long. 

The expert-defined rules aim to resolve each ambiguous scenario by determining at least one path 

for the source and target properties of the property-correspondence. Although in this thesis the 

search for paths only considers properties for the association between concepts, either directly 

(single-step path) or indirectly (multi-step path), it would be useful to move towards applying other 

dimensions of the problem, such as property subsumption and concept subsumption. 

The primary goal of the proposed rule-based DSS is to transform ambiguous alignments into 

information-integration-ready alignments. For that, the disambiguation is guided by the set of 

property-correspondences suggested by the automatic matchers and, consequently, the resulting 

information-integration alignment is always dependent on those suggestions. Despite the 

assumption that the automatically-generated alignment is often incomplete, no property-

correspondence is ever added. Providing the ability to add new, unsuggested, property-

correspondences would potentially improve the matching results. 

Regarding the development of the UI, there is also a plan to save the history of decisions, to keep 

track of the sequence of user actions, allowing to revert them. This functionality is available in 

some systems analyzed in Chapter 4, such as AgreementMaker, AlViz, CogZ and SAMBO. 

Keeping track on already accepted/rejected concept-correspondences and ii-ready scenarios 

increases the available information, thus fostering the ability to understand the ambiguous scenario 

and to decide on the validity of the correspondence/ii-ready scenario. 
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8.4 Final Remarks 

This thesis has investigated the benefits of adopting a rule-based decision support system to assist 

the expert in improving and completing the automatically-generated alignments into information-

integration alignments, balancing the precision and recall of the system with the user participation 

in the process. 

Despite the contributions proposed and the achieved results discussed in Chapter 8, the ideas 

presented in this thesis are seen as the starting point for future research. 
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Appendix A  
 

CHARACTERIZATION OF ONTOLOGIES 

The characterization of ontologies is presented according to the roles they play in the system. 

Generality, granularity and formality are described to show how distinct ontological decisions lead 

to heterogenous ontologies, motivating the need for ontology alignments. 

A.1 Generality 

Generality is the quality of being general. The more generic the ontology is, the more actors might 

understand the characterization of the elements of the universe it describes, and the less operational 

it will be. This characteristic is directly related to the applicability and reusability of the ontology. 

Regarding generality, Guarino [Guarino 1997] proposes four types of ontologies (please refer to 

Figure 59, where the arrows represent specialization relationships): 

• Top ontologies, which describe extremely generic concepts, such as space, time, events and 

roles, independent of the domain or application; 

• Domain ontologies, which describe specific elements of a specific domain of discourse like 

health, electronics and planning. This type of ontologies specializes or makes use of 

elements defined in top ontologies. As an example, consider a top ontology defining the 
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concept “Person”. This concept could be redefined into “Patient” in an ontology of the 

domain of medicine; 

• Task ontologies, which describe conceptual elements related to generic tasks or actions, 

such as quality control, maintenance, planning and scheduling. Like in domain ontologies, 

task ontologies specialize or make use of elements defined in top ontologies. For example, 

if a top ontology defines de concept “Event” characterizing the occurrence of any 

phenomenon, a task ontology could refine it as an occurrence at the task level, with the 

name “Exam”; 

• Application ontologies, which combine both domain and task ontologies to describe 

specific elements and tasks of a domain. Elements in top ontologies can also be used in 

case the application ontologies extend application and task ontologies. For example, an 

application for diagnosis in cardiology may use concepts defined in an ontology of the 

domain of medicine and hospital facilities (domain level), as well as concepts defined in a 

diagnostic and hospital procedures ontology (task level). At the application level, the 

concepts are modeled with the necessary granularity (detail) to perform the activity for 

which the application is intended. Considering the domain and task ontologies mentioned, 

at this level it would be possible to define the concept “Radiological Exam”. 

 

Figure 59 – Classification of ontologies proposed by Guarino [Guarino 1997] 

Studer and colleagues [Studer, Benjamins, and Fensel 1998] suggest a different categorization (see 

Figure 60): 

• Generic ontologies, which correspond to Guarino’s top category; 

• Domain ontologies, which correspond to the aggregation of Guarino’s domain and task 

categories; 

Top
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ontologies
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• Application ontologies, which correspond to Guarino’s application category; 

• Representation ontologies, corresponding to models upon which the other categories can 

be modeled and represented. 

 

Figure 60 – Representation of the classification of ontologies as proposed by Studer and colleagues 

A.2 Granularity 

Granularity is the ontology quality respecting the level of detail or precision in which the universe 

of discourse is modeled [Uschold and Jasper 1999]. Ontologies can be classified as: 

• Thin (or fine) grain ontologies, which are more detailed; 

• Coarse grain ontologies, which are less detailed. This type of ontologies is normally 

developed with the specialization in mind, evolving later into thinner grain ontologies. 

A.3 Formality 

Formality relates to the ability of an ontology to be understood and processed by humans and by 

machines. According to [Obrst, Liu, and Wray 2003], as a formal representation mechanism, 

ontologies are currently “the best answer to the demand for intelligent systems that operate closer 

to the human conceptual level”. 

Formality measures the conformity to conventional rules, preventing interpretation ambiguities. 

This characteristic is partially inherited from the adopted ontology representation language (e.g., 

RDFS, OWL). Appendix B outlooks RDFS and OWL representation languages. 

Uschold and Jasper [Uschold and Jasper 1999] classify ontologies based on four distinct types of 

formality: 
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• Informal ontologies are typically represented through natural language texts and glossaries. 

This type of ontologies is very useful in the knowledge acquisition phase, providing the 

means so domain experts and other actors lacking ontological engineering capabilities, 

participate and share their viewpoints during the knowledge-based system development 

process. Informal ontologies, such as texts and glossaries, can be very expressive, but also 

very ambiguous; 

• Structured-informal ontologies are both human and machine readable, but their 

interpretation is still ambiguous. This type of ontologies is very useful in the early stages of 

the knowledge-based system modeling, where it is important to systematize knowledge and 

achieve a consensus between different perspectives; 

• Semi-formal ontologies are human and machine processable, and the computational effort 

required is limited; 

• Formal ontologies are very powerful representations that provide formal verification and 

univocal utilization. However, the computational effort and the time needed to process this 

type of ontologies are typically high (e.g. P-complete, NEXPTIME-complete) or even 

undecidable, preventing their use in many scenarios [Baader et al. 2003; Staab and Studer 

2009]. 

In fact, the representation language limits the degree of formality, but the modeling and 

development phases may also introduce ambiguities not directly related to the adopted 

representation language. 

McGuinness [McGuinness 2003] proposes a classification based on both the internal structure and 

the content of the ontologies. This classification, depicted in Figure 61, follows a line where 

ontologies range from light to heavy formality, depending on the complexity and the sophistication  

 

Figure 61 – Classification of ontologies proposed by McGuinness [McGuinness 2003] 
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of their elements. The scale ranges from catalogs (less formal) to more sophisticated ontologies, 

and it resulted from the discussion with other authors about the forms of specifications that 

different people termed ontologies. 

In this classification, one of the simplest notions of a possible ontology may be a controlled 

vocabulary, i.e. a finite list of terms. Catalogs are an example of this category. 

Glossaries are lists of terms whose meanings are specified as natural language statements. The 

format is similar to dictionaries, where the terms are organized and followed by their definitions. 

Glossaries have some kind of semantics, since humans can read and interpret them. 

Thesauri provide some additional semantics in their relations between terms, compared to 

glossaries. They provide information such as synonym relationships but do not provide an explicit 

hierarchy. 

Informal “is-a” hierarchies are hierarchies that use generalization (type of) in an informal manner. 

In this type of hierarchy, concepts with something in common can be aggregated into the same 

category, even if they do not formally respect generalization. For example, “car hire” and “hotel" 

are not “travel types” but could be declared under the “travel” category, in an informal hierarchy. 

McGuinness does not consider the previous categories (i.e. catalogues, glossaries, thesauri and 

informal “is-a” hierarchies) to be ontologies. According to McGuinness, an ontology must have an 

explicit hierarchy. The oblique line in Figure 61 is drawn such that every category to the right of it 

is considered to be an ontology. 

Formal “is-a” hierarchies are hierarchies that fully respect generalization. For example, if “Man” is 

a subclass of “Person” and “John” is an instance of “Man”, then it follows that “John” is also an 

instance of “Person”. 

Formal instances are classification schemes that define, in addition to the class names, instances of 

these classes as part of the domain specification. 

Frames are models where classes include property information. Properties do not have a global 

scope. Instead, they are specified at a general class level and then inherited consistently by 

subclasses and instances. For example, the “Person” class may include the properties “date of 

birth” and “gender”. Thus, all subclasses of “Person” will inherit these properties. 
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In ontologies with value restrictions it is possible to place restrictions on what can fill a property. 

For example, the “gender” property might be constrained to the pair of values “male” and 

“female”. 

The most expressive ontology representation languages (e.g. OWL-DL) allow for the definition of 

first-order logic constraints between entities and more detailed relationships between classes, such 

as disjunction and complement, as well as restrictions on properties, such as inverse or symmetric. 

On the other hand, Hepp [Hepp 2008], regarding only the ontologies which adopt appropriate 

representation languages (i.e. excluding all those represented by natural language), considers that 

the degree of formality can range from a basic vocabulary to a richly axiomatized ontology. A 

higher formality allows more sophisticated reasoning and excludes more unwanted interpretations, 

but also requires much more effort to produce the ontology. Also, it is more difficult for users to 

understand a formal ontology, because it requires a knowledge of logic and more time. Lastly, 

formality increases the computational costs of reasoning [Baader et al. 2003]. 

According to Hepp, the degree of formality is dependent on the degree of subjectivity employed 

when conceptualizing the domain. For example, domains like religion or culture are likely much 

more prone to subjective definitions than natural sciences and engineering. Thus, ultimately, the 

degree of formality is dependent on both the knowledge engineer and the domain expert, in charge 

for its development. 
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Appendix B  
 

ONTOLOGY MODELS AND LANGUAGES 

Formal and semi-formal ontologies are expressed in an ontology language that implies an ontology 

model. There are a large variety of languages for expressing ontologies, such as RDFS, OIL, 

DAML+OIL, OWL and OWL2 [Staab and Studer 2009; Hitzler et al. 2012]. These representation 

languages have a broad and complex variety of characteristics, hence listing and describing each of 

them would be too extensive and escapes the scope of this document. Therefore, the emphasis will 

be given to the characteristics explored in this thesis. 

B.1 Resource Description Framework (RDF) 

The Resource Description Framework (RDF)42 is a standard model and a World Wide Web 

Consortium (W3C)43 recommendation for knowledge representation and interchange on the Web. 

It enables the representation of knowledge in the form of graphs, by describing the binary relations 

between concepts, through triples (also called statements) in the form of Subject, Predicate, Object. 

Each part of the triple has its own meaning. The Subject and the Object are names for things in 

real life and correspond to the nodes of the graph. The Subject must be a resource and the Object 

 
42 http://www.w3.org/RDF/ 
43 http://www.w3.org/ 
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can be a resource or a Literal (i.e. a primitive type). The Predicate is the name of the relation that 

holds between Subject and Object and corresponds to the edge of the graph. 

For example, considering the general sentence “John was born in London, on May 31st, 2005”, 

both “John” and “London” can be thought of as being resources, representing real-world entities 

about which several things can be stated, and “May 31st, 2005” can be thought of as being a literal. 

RDF resources are represented using Internationalized Resource Identifiers (IRI)44. An IRI is often 

represented using a Qualified Name (QName)45, which consist of declaring a small word (prefix) 

to describe the namespace and then use it along with the local name. For instance, the IRI 

http://www.dei.isep.ipp.pt/example#John can be divided in the namespace 

http://www.dei.isep.ipp.pt/example# and the local name John. By declaring that the word “ex” 

corresponds to the namespace, the mentioned IRI can be represented by the QName ex:John. 

Considering the general sentence previously used as an example, the resulting graph is depicted in 

Figure 62. Ellipses denote resources and rectangles denote literals. 

RDF does not determine how RDF graphs should be stored or communicated between 

applications. As a result, it is common to see data represented in RDF being serialized in different 

formats, such as Notation3 (N3)46, Turtle47, JSON-LD48, RDF/XML49, RDF/JSON50, RDFa51, N-

Triples52, N-Quads53 or Manchester Syntax54. 

 

Figure 62 – RDF graph (example) 

 
44 https://tools.ietf.org/html/rfc3987 
45 The formal definition of Qualified Names can be found at http://www.w3.org/TR/xml-names11/#ns-qualnames 
46 https://www.w3.org/TeamSubmission/n3/ 
47 https://www.w3.org/TR/turtle/ 
48 https://www.w3.org/TR/json-ld/ 
49 https://www.w3.org/TR/rdf-syntax-grammar/ 
50 https://www.w3.org/TR/rdf-json/ 
51 https://www.w3.org/TR/xhtml-rdfa-primer/ 
52 https://www.w3.org/TR/n-triples/ 
53 https://www.w3.org/TR/n-quads/ 
54 https://www.w3.org/TR/owl2-manchester-syntax/ 
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The RDF graph depicted in Figure 62 is represented below as RDF/XML. 

1. <rdf:RDF 
2.  xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#" 
3.  xmlns:ex="http://www.dei.isep.ipp.pt/example#" 
 
4.  <rdf:Description 
5.     rdf:about="http://www.dei.isep.ipp.pt/example/John"> 
6.   <ex:birthPlace 
7.     rdf:resource="www.dei.isep.ipp.pt/example/London"/> 
8.   <ex:birthDate>May 31, 2005</ex:birthDate> 
9.  </rdf:Description> 
 
10. </rdf:RDF> 

RDF allows users to describe real-world things and their relations in a formal way so that computers 

are able to interpret them. However, RDF does not comprehend a distinction between schema 

concepts and instances since everything is seen as resources and literals, i.e., as data. Furthermore, 

the limited vocabulary available on RDF prevents reasoning capabilities over the data, i.e., 

computers are not able to derive logical conclusions by analyzing a set of evidences.  

To overcome these issues, the RDF vocabulary has been extended by several schema languages. 

On one hand, these schema languages introduce new constructs with well-defined semantics that 

can be used to describe the data, enhancing a distinction between schema and instances, and 

increasing the (automatic) reasoning capabilities over such data. On the other hand, they introduce 

constraints on the use of such constructs to ensure reasoning algorithms’ decidability. The 

following two subsections briefly present two of those languages: RDF Schema and OWL, as being 

the most representative, widely known and accepted representation languages. 

B.2 Resource Description Framework Schema (RDFS) 

RDF Schema (RDFS)55 is a W3C recommendation that provides a mechanism to describe 

taxonomies of classes and properties and other ontological constructs. RDFS increases the RDF 

expressiveness by defining formal semantics, allowing the use of inference mechanisms. 

RDFS adopts the object-oriented paradigm but with a very important particularity: both classes 

(rdfs:Class) and properties (rdf:Property) are “first-order citizens”. This means that properties are 

 
55 http://www.w3.org/TR/rdf-schema/ 
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not defined inside (i.e. in the scope of) classes, but have a totally independent existence (i.e. 

properties can exist without being attached to classes), allowing its reusability. 

Classes describe domain concepts and can be used to organize sets of individuals with similar 

characteristics. Additionally, classes can be organized in hierarchies by using the predicate 

rdfs:subClassOf. Semantically, it means that if a class is defined as a subclass of another, then all 

the individuals of the former are individuals of the latter too. This construct is transitive, which 

means that if it is specified that some class C2 is a subclass of some class C1 then it is assumed that 

a class C3 defined as a subclass of C2 is also a subclass of C1. 

Properties are used to establish relations between resources. RDFS model provides several 

constructs with specific semantics that can be explored by the inference process. The construct 

rdf:type is used to assign an individual to a class. For instance, if ex:John is of rdf:type of ex:Person 

then the inference process will conclude that ex:John is an individual, ex:Person is a class and that 

ex:John belongs to the class ex:Person. 

Similarly to classes, it is also possible to describe property hierarchies by using the 

rdfs:subPropertyOf construct. If a property is a sub-property of another, then all resources (classes 

or instances) related through the former are also related through the latter. This construct is also 

transitive. 

Another two useful properties are rdfs:domain and rdfs:range, which are used to provide more 

information about properties. The domain and range of a property specify that the subject and 

object of a relation through that property must be classified according to the defined domain and 

range. 

Figure 63 illustrates, using UML notation, an example of an ontology using RDFS primitives. 

There are two other constructs that are used to provide human-readable content, namely rdfs:label 

(to specify the resource name in natural language) and rdfs:comment (to assign a description to the 

resource in natural language). 

The following ontology in RDFS depicts the ontology modeled in Figure 63, serialized using the 

Manchester Syntax. 



Rule-based and user feedback-driven decision support system for transforming automatically- 
generated alignments into information-integration alignments 

165 

 

Figure 63 – UML modeling of an ontology using RDFS primitives 

1. Prefix: : <http://www.dei.isep.ipp.pt/example#> 
2. Prefix: rdf: <http://www.w3.org/1999/02/22-rdf-syntax-ns#> 
3. Prefix: rdfs: <http://www.w3.org/2000/01/rdf-schema#> 
4. Prefix: xml: <http://www.w3.org/XML/1998/namespace> 
5. Prefix: xsd: <http://www.w3.org/2001/XMLSchema#> 
 
6. Class: Person 
 
7. Class: Woman 
8.  SubClassOf: Person 
 
9. Class: Man 
10.  SubClassOf: Person 
 
11. Class: Animal 
 
12. ObjectProperty: son_of 
13.  Domain: Person, Animal 
14.  Range: Person, Animal 
 
15. ObjectProperty: married_with 
16.  Domain: Person 
17.  Range: Person 
 
18. ObjectProperty: wife_of 
19.  SubPropertyOf: married_with 
20.  Domain: Woman 
21.  Range: Man 
 
22. ObjectProperty: husband_of 
23.  SubPropertyOf: married_with 
24.  Domain: Man 
25.  Range: Woman 
 
26. DataProperty: name 
27.  Domain: Person 
28.  Range: xsd:string 
 
29. DataProperty: age 
30.  Domain: Person 
31.  Range: xsd:int 
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Although RDFS represents an extension to RDF, increasing its expressiveness, it only allows 

limited specification of property restrictions, which may not be sufficient. In fact, considering the 

previous example, multiple interpretations can be made. For example: 

• It is not possible to establish that both “Man” and “Woman”, subclasses of “Person” (cf. 

lines 6 to 10), are mutually disjoint, i.e., it is not possible to define that a “Person” is either 

“Man” or “Woman”; 

• It is not possible to define local-domain restrictions, which means that for the property 

“son_of” there are several possible interpretations, including that “Animal” is “son_of” of 

“Person”. In fact, “son_of” has both “Animal” and “Person” as domain and as range (cf. 

lines 12 to 14), which means that “Animal” (A) and “Person” (P) allow the following 

combinations: A:A, A:P, P:A and P:P; 

• It is not possible to define classes by property restriction (e.g. a “Woman” is a “Person” 

whose value of “gender” is “female”); 

• It is not possible to define classes by logical operations (e.g. intersection, reunion, 

complement) over other classes. 

The need for a better-defined semantics and more expressivity led to the development of OWL, 

which is presented next. 

B.3 Web Ontology Language (OWL) 

The Web Ontology Language (OWL)56 is a knowledge representation language recommended by 

the W3C. Some of the most important influences on the design of OWL came via its predecessor 

languages DAML+OIL57 and RDFS. It increases RDFS expressiveness by defining a richer 

vocabulary and formal semantics, suggested by DAML+OIL. Its current version is OWL 2, 

available since 2012 [Hitzler et al. 2012]. 

OWL provides several sublanguages (also referred to as dialects, or species in OWL) and profiles 

in OWL 2: 

• OWL Lite sublanguage provides class and property hierarchies as well as simple constraints. 

Although it supports cardinality restrictions, it only allows the values 0 and 1. It has 

 
56 https://www.w3.org/TR/owl2-overview/ 
57 http://www.w3.org/TR/daml+oil-reference 
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sufficient expressiveness to model thesauri and simple ontologies, using a subset of the 

descriptive logic of the other sublanguages. It does not allow intersection of classes, 

complement, nor the use of universal quantifier on properties (only existential quantifier). 

While defining several constraints beyond OWL-DL (cf. next), these are, in fact, syntactic 

constraints (inconveniences), as the combination of the allowed constructs allows the same 

expressiveness as OWL-DL: 𝒮ℋ𝒪ℐ𝒩(𝐷); 

• OWL-DL sublanguage was designed to “provide a maximum expressiveness while 

retaining computational completeness, decidability and the availability of reasoning 

algorithms” [Borrmann and Beetz 2010]. OWL 2 increases the expressiveness by including 

all OWL language primitives, but imposes some limitations in its use in order to ensure the 

computational processing of all conclusions, within a finite time period. For example, 

although a class can be a subclass of other classes, that class cannot be an instance of 

another class. As referred for OWL Lite, the expressiveness is 𝒮ℋ𝒪ℐ𝒩(𝐷); 

• OWL Full sublanguage is the complete language, which in addition to the OWL-DL 

primitives, allows meta-classes (a class can be treated simultaneously as a collection of 

individuals and as an individual by itself) and also allows to modify the language. As a result 

of these characteristics, ontologies represented in this sublanguage are not guaranteed to 

be computationally processable; 

• OWL 2 EL profile enables dedicated reasoning algorithms, which can be implemented in 

a scalable way. It is particularly suitable for applications where very large ontologies are 

needed, and where expressivity can be traded for performance; 

• OWL 2 QL profile enables queries to be answered in logarithmic space, using standard 

relational database technology. It is particularly suitable for applications where lightweight 

ontologies are used to organize large numbers of individuals and where it is useful or 

necessary to access the data directly via relational queries (e.g. SQL); 

• OWL 2 RL profile enables the implementation of polynomial time reasoning algorithms, 

using rule-extended database technologies operating directly on RDF triples. It is 

particularly suitable for applications where lightweight ontologies are used to organize large 

numbers of individuals and where it is useful or necessary to operate directly on data in the 

form of RDF triples. 
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Since the similarity between OWL and OWL 2 is much higher than between RDFS and OWL, the 

differences between both OWL versions will not be listed here. Moreover, from now on, the term 

OWL will be used to refer to OWL 2. 

One of the main differences between RDFS and OWL is the ability to describe two kinds of classes: 

Named Classes and Restrictions (also known as Anonymous Classes). A Named Class is a class 

that is described by its name (represented by an IRI). This notion is similar to RDFS class. A 

Restriction is a class that is described by the constraints that must be satisfied in order for an 

instance to belong to that class. OWL provides several logical operators to describe membership 

constraints, namely and (∧), or (∨), not (¬), universal quantification (∀), existential quantification 

(∃), number restrictions, enumeration of individuals and self-restriction. OWL also provides 

several built-in constructs that can be used to relate class descriptions and properties (e.g. 

owl:equivalentClass, owl:disjointWith, owl:inverseOf, owl:allValuesFrom, owl:someValuesFrom). 

In OWL it is possible to define a class such as “a person having only one child” or “a person having 

two children, one of them being a boy”. 

As in RDFS, properties are used to establish relations between resources. OWL considers three 

kinds of properties, namely: 

• Object Properties, which can be used to establish a relation between two classes;  

• Datatype Properties, which can be used to establish a relation between a class and a Data 

Range58 (concrete domain values, such as integers or strings); 

• Annotation Properties, which can be used to add human-oriented annotations. 

Like RDFS, it is also possible to define the domain and range of a property. The domain and range 

of an Object Property and the domain of a Datatype Property must be a class. The range of a 

Datatype Property must be a Data Range. 

Furthermore, OWL (as well as RDFS) adopts the Open World Assumption (OWA), which states 

that something is false only if it is explicitly stated or, in other words, it cannot be concluded that 

something is false simply because it cannot be shown as being true. This is the opposite of Closed 

World Assumption (CWA) in the sense that if something is not known it is considered false. 

 
58 https://www.w3.org/TR/owl2-syntax/#Data_Ranges 
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The OWL ontology that follows depicts the ontology modeled in Figure 63 and compares with the 

RDFS ontology depicted before. This ontology requires the expressiveness of OWL-DL for its 

representation. 

1. Prefix: : <http://www.dei.isep.ipp.pt/example#> 
2. Prefix: rdf: <http://www.w3.org/1999/02/22-rdf-syntax-ns#> 
3. Prefix: rdfs: <http://www.w3.org/2000/01/rdf-schema#> 
4. Prefix: xml: <http://www.w3.org/XML/1998/namespace> 
5. Prefix: owl: <http://www.w3.org/2002/07/owl#> 
6. Prefix: xsd: <http://www.w3.org/2001/XMLSchema#> 
 
7. Class: Person 
8.  EquivalentTo: (son_of some Person) and (son_of only Person) 
 
9. Class: Woman 
10.  SubClassOf: Person 
11.  DisjointWith: Man 
 
12. Class: Man 
13.  SubClassOf: Person 
14.  DisjointWith: Woman 
 
15. Class: Animal 
16.  EquivalentTo: (son_of some Animal) and (son_of only Animal) 
 
17. ObjectProperty: son_of 
 
18. ObjectProperty: married_with 
19.  Domain: Person 
20.  Range: Person 
 
21. ObjectProperty: wife_of 
22.  SubPropertyOf: married_with 
23.  Domain: Woman 
24.  Range: Man 
25.  InverseOf: husband_of 
 
26. ObjectProperty: husband_of 
27.  SubPropertyOf: married_with 
28.  Domain: Man 
29.  Range: Woman 
30.  InverseOf: wife_of 
 
31. DataProperty: name 
32.  Domain: Person 
33.  Range: xsd:string 
 
34. DataProperty: age 
35.  Domain: Person 
36.  Range: xsd:int 
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Some of the ambiguities identified before, resulting from the vocabulary limitations of RDFS, can 

be overcome with OWL-DL, as evidenced in this example: 

• It is now possible to establish that both “Man” and “Woman”, subclasses of “Person”, are 

mutually disjoint (cf. lines 9 to 14); 

• It is now possible to define local-domain restrictions, “Person” is “son_of” of “Person” 

(cf. lines 7 and 8) and “Animal” is “son_of” of “Animal” (cf. lines 15 and 16). 

 



171 

Appendix C  
 

REPRESENTATIONAL MODEL 

TRANSLATION 

Different organizations may represent their information artifacts (i.e. ontologies, schemas and data) 

using distinct syntactic and structural models, i.e. representational models. Adopting a common 

representational model is advantageous, as it allows to focus on the information-based tasks. 

Although not always possible, this is especially advantageous if the common model does not imply 

information loss of any of the source artifacts. 

C.1 Representational Model Translation Process 

The representational model translation process is responsible for employing a schema/ontology 𝑀 

expressed according to a specific representational model 𝑅𝑀1 in the creation of an equivalent 

schema/ontology 𝑀′, expressed according to another representational model 𝑅𝑀2. Specific 

translation rules (𝑅𝑀1 − 𝑅𝑀2) are applied by this process. When a schema/ontology is already 

specified according to the required representational model, the translation process becomes 

unnecessary. 

A conceptual translation process is illustrated in Figure 64. 
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Figure 64 – Translation process 

C.2 Relational Database to Ontology Translation 

Translating a relational database schema to an ontology-oriented representation model is a kind of 

translation operation, referred to as the database-to-ontology mapping problem [Zarembo 2015]. 

The operation, either manual, automatic or hybrid, uses specific translation rules. In its simplest 

form, the relational database schema to ontology translation rules are very straightforward [Ghawi 

and Cullot 2007]: 

• Database tables are translated into ontology classes (concepts); 

• Columns are translated into ontology properties; 

• The domain and range of the properties are constrained, or the classes are characterized 

based on the domain and range of the properties. 

However, this type of direct mapping may not be sufficient for expressing the full semantics of the 

database domain. Thus, the creation of the ontology may require the discovery of additional 

semantic relations between database components (e.g. symmetric and transitive relationships) taken 

into account when creating ontology classes and the relations between them [Ghawi and Cullot 

2007]. 
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In fact, several different methods are available in the literature concerning the translation of 

relational database schemas into ontologies [Albarrak and Sibley 2011; Zarembo 2015; Hazber et 

al. 2016]. These methods differ in some characteristics, such as: 

• The context of the method, which states whether the approach is used as a component of 

a larger system, or is a stand-alone tool; 

• The source of the information, which may include data instances, the DBMS metadata and 

the language used to express the database schema (e.g. SQL, DTD, XML Schema); 

• The knowledge representation formalism used to model the ontologies (e.g. OWL, RDFS); 

• The type of constructs handled, which include the table structure information (e.g. table 

and column names and data types), primary and foreign keys, and unique and non-null 

constraints; 

• The type of information inferred, which include some kinds of relationships (e.g. is-a, 

many-to-many, symmetric, transitive), unique and not-null attributes, sparse-column values 

and relationship cardinalities. 

Though, in the context of this thesis and concerning the goal of information integration, no 

additional semantic relations are explored besides the ones involving direct translations, as complex 

mapping situations do not occur. It starts by translating tables into classes and then, columns into 

properties. Thus, the translation process is done progressively and consists of the following steps: 

1. The database tables are translated into classes. Considering the schema depicted in Figure 65, 

new classes are created for both tables Companies and Employees, with the same names; 

2. The foreign keys are translated into object properties. Again, considering the schema depicted 

in Figure 65, the foreign key company_id of the Employees table is translated into a new object 

property, having Employees as domain class and Companies as range class. Like in the 

relational data model, this new object property relates employees to companies. However, in 

the context of this thesis and concerning the goal of information integration, no distinction is 

made on the cardinality of the relationship (i.e. 1:1, 1:n, n:1 or m:n) between the tables related 

by the foreign key. Yet, all foreign keys are translated separately; 
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Figure 65 – Simple relational database schema 

3. The primary keys that have not been used as foreign keys to relate database tables and that are 

not simple identifiers, are translated into datatype properties. Notice that there cannot exist a 

datatype property and an object property with the same name. The range of a datatype property 

is always set to Literal; 

4. Finally, for all tables, the columns that are neither foreign, nor primary keys, are translated into 

datatype properties. 

In general, classes are created from tables, object properties are created from integrity constraints 

(foreign keys) and datatype properties are often created from non-key columns. 

The representation that follows is the result of applying these steps in translating the partial 

relational database schema depicted in Figure 65 into an ontology. 

1. Class: Companies 
 
2. DataProperty: company_name 
3.  Domain: Companies 
4.  Range: rdfs:Literal 
 
5. DataProperty: foundation_year 
6.  Domain: Companies 
7.  Range: rdfs:Literal 
 
8. Class: Employees 
 
9. ObjectProperty: company_id 
10.  Domain: Employees 
11.  Range: Companies 
 
12. DataProperty: employee_name 
13.  Domain: Employees 
14.  Range: rdfs:Literal 
 
15. DataProperty: position 
16.  Domain: Employees 
17.  Range: rdfs:Literal 

 


