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Abstract

Analytic Network Process and Analytic Hierarchy Process are Multiple Criteria
Decision Making methods which are often used for providing recommendations in
terms of rankings in order to help with the problem of selecting one product, service
or action among a group of possible alternatives. The usage of the Analytic Network
Process and of the Analytic Hierarchy Process implies a definition of a model of a
recommendation, and involvement of persons (users or experts in the field related
to the alternatives to be recommended) for the manual comparison of alternatives
according to their quality by specifying preferences (importance) of one alternative
over another.

However, different users have different quality requirements over alternatives and
every specific set of quality requirements implies repeated definition of a model of
a recommendation adapted to that set of quality requirements, which is a resource
consuming task. Furthermore, relying on user or expert comparison of alternatives is
often expensive since it requires knowledge about all the alternatives and about the
comparison method used with the Analytic Hierarchy or Network Process. On the
other hand, in some fields in which the selection of the best alternative is a difficult
task, such as the field of Semantic Web and semantic technologies, there exist a
number of alternatives’ quality evaluation results that can be used for the comparison
of alternatives and deriving preferences between these alternatives. Such evaluation
results are usually obtained in the process of evaluation driven by the guidelines
defined in a quality model.

This thesis aims to advance the current state of the art in the Multiple Criteria
Decision Making field and in the semantic technologies field. In particular, the main
goals of this thesis are: i) to provide a Multiple Criteria Decision Making framework
that extends the Analytic Network Process and that takes advantage of evaluation
results of alternatives and of user quality requirements over such alternatives; and
ii) to apply this MCDM framework in the Semantic Web field for semantic tools
recommendation. To achieve these goals, the following contributions are delivered in
this thesis:

• A set of domain-independent algorithms for the automatic comparison of
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alternatives according to alternatives’ evaluation results, which can be used in
the Analytic Network Process and in the Analytic Hierarchy Process.

• A set of methods for the dynamic extraction of the Analytic Network Process and
Analytic Hierarchy Process models, that are based on user quality requirements.

• Software that supports the proposed MCDM framework.

• SemQuaRE, a quality model for semantic tools.

• The application of the proposed MCDM framework for the recommendation of
semantic technologies, including a web application for the recommendation of
such technologies.

The MCDM framework proposed in this thesis is generic and can be instantiated in
any domain by defining a quality model, an AHP or ANP model of the domain, criteria
pairwise comparisons (as required by the AHP or the ANP) made by experts, and
taking evaluation results of alternatives as inputs. Once instantiated, the proposed
framework takes a set of quality requirements specified by a user as input and
produces as output a ranked list of alternatives that best suit the specified user
quality requirements.



Resumen

El Proceso Analítico en Red y el Proceso Analítico Jerárquico son métodos de toma de
decisiones multicriterio que a menudo se utilizan para proporcionar recomendaciones
(en términos de un ranking) con el fin de ayudar en el problema de selección de
un producto, servicio o acción entre un grupo de posibles alternativas. El uso del
Proceso Analítico en Red y del Proceso Analítico Jerárquico implica la definición de
un modelo de recomendación y la participación de personas (usuarios o expertos en el
ámbito relacionado con las alternativas a ser recomendadas) en la comparación manual
de alternativas de acuerdo a su calidad mediante la especificación de preferencias
(importancias) de una alternativa frente a otra.

Sin embargo, distintos usuarios tienen diferentes requisitos de calidad para dichas
alternativas y cada conjunto de requisitos de calidad específico implica la repetición
de la definición del modelo de recomendación adaptado a ese conjunto de requisitos
de calidad, que es una tarea que consume muchos recursos. Por otra parte, basar
la comparación de alternativas en el usuario o experto es a menudo costoso, ya que
requiere conocimientos sobre todas las alternativas y sobre el método de comparación
utilizado en el Proceso Analítico Jerárquico o en el Proceso Analítico en Red. Por otra
parte, en algunos campos en los que la selección de la mejor alternativa es una tarea
difícil, como el campo de la Web Semántica y de las tecnologías semánticas, existen
una serie de resultados de la evaluación de calidad de alternativas que pueden ser
utilizados para la comparación y derivación de preferencias entre estas alternativas.
Tales resultados de evaluación normalmente se obtienen mediante un proceso de
evaluación impulsado por las guías definidas en un modelo de calidad.

Esta tesis tiene como objetivo avanzar el estado del arte en el campo de métodos
de toma de decisiones multicriterio y en el campo de las tecnologías semánticas. En
particular, los principales objetivos de esta tesis son: i) proporcionar un marco de
recomendación basado en un método de toma de decisiones multicriterio que extiende
el Proceso Analítico en Red y que se aprovecha de los resultados de evaluación de
alternativas y de los requisitos de calidad de los usuarios relacionados con estas
alternativas; y ii) aplicar este marco de recomendación en el campo de la Web
Semántica para la recomendación de tecnologías semánticas. Para alcanzar estos
objetivos, las siguientes contribuciones se presentan en esta tesis:
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• Un conjunto de los algoritmos independientes de dominio para la comparación
automática de alternativas en función de sus resultados de evaluación, que
se pueden utilizar en el Proceso Analítico en Red y en el Proceso Analítico
Jerárquico.

• Un conjunto de métodos para la extracción dinámica de los modelos del Proceso
Analítico en Red y del Proceso Analítico Jerárquico, que se basan en los
requisitos de calidad del usuario.

• El software que soporta el marco de recomendación propuesto.

• SemQuaRE, un modelo de calidad para las tecnologías semánticas.

• La aplicación del propuesto marco de recomendación para la recomendación de
tecnologías semánticas, incluyendo una aplicación web para la recomendación
de este tipo de tecnologías.

El marco de recomendación propuesto en esta tesis es genérico y puede ser
instanciado en cualquier dominio mediante la definición de un modelo de calidad,
un modelo de AHP o ANP del dominio, la comparación de los criterios (según los
requisitos del AHP o el ANP) hecha por los expertos, y tomando como entrada los
resultados de la evaluación de alternativas. Una vez instanciado, el marco propuesto
toma como entrada un conjunto de requisitos de calidad especificados por un usuario
y produce como salida un ranking de las alternativas que mejor se adapten a dichos
requisitos de calidad.
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Chapter 1

Introduction

In their private and professional lives people often face a decision making situation in
which they have to select one product, service, or action among a group of possible
alternatives. They need to select which car to buy, which software to use, which
doctor to see, or which investment to make.

In a decision making situation, selecting the best alternative can be a difficult task
due to the uncertainty of alternative’s quality and to the users’ lack of experience and
expertise. Because of this, decisions on the selection of the most suitable alternative
in many fields require either advise from experts for assessing these alternatives or
using techniques that can provide recommendations. Furthermore, expert engagement
and a thorough analysis of alternatives is needed in many cases in which the selection
of wrong alternatives can have a negative impact upon the usage of such wrongly
selected alternatives.

An example of a field in which selecting an appropriate alternative is not an easy
task and is regarded as a very important problem is the software engineering field
[67]. For example, it is a well known fact that the selection of Enterprise Resource
Planning (ERP) systems is a highly sophisticated process [52] which requires deep
analysis of the available software and where a wrong decision can lead not just to
negative influences on a company business, but also to a significant financial loss and
failed investment.

1.1 Multiple Criteria Decision Making

Multiple Criteria Decision Making (MCDM) is a field that deals with those situations
in which people need to select the right alternative that they need to use in order to
solve a certain problem. In such situations, alternatives represent concrete products,
services or actions that will help users in solving a specific problem and that can
be assessed and compared according to different conflicting criteria, while criteria

1
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represent the characteristics of these alternatives that are important for making a
decision.

1.1.1 Multiple Criteria Decision Making Methods

With the goal of making better decisions when selecting the right alternative, Multiple
Criteria Decision Making methods are used. Such methods are designed to provide
recommendations in terms of a ranking of alternatives from best to worse or in terms
of choosing one or several best alternatives, and have been successfully applied across
different fields and decision making situations.

A large number of MCDM methods has been developed to this date, which can be
classified according to the three main MCDM approaches described in the literature
[34, 49, 134]: outranking, single synthesizing criterion, and interactive. However, in
spite of the number of different methods, no method is considered to be the best to
be applied in every decision making situation [49, 126].

Among the well known and widely used MCDM methods are the Analytic Hierar-
chy Process [113] (AHP) and its generalization, the Analytic Network Process [114]
(ANP), which is specially designed to take into account dependencies and feedbacks
in the decision process [116]. The scope of this thesis lies within the ANP and the
AHP MCDM methods.

Regarded as one of the main strengths [69] of the ANP and the AHP methods
is that they require a formalization of a model that consists of a set of alternatives
and of a set of often conflicting criteria related to the quality and performance of
such alternatives, and which help in better structuring the recommendation problem.
For providing recommendations in terms of alternatives ranking, the AHP and the
ANP rely on comparisons of alternatives according to a set of criteria defined in
a model. In these comparisons, preferences (importances) of one alternative over
another alternative are defined with respect to a set of criteria.

The key concepts in both the AHP and the ANP are the use of a pairwise
comparison matrix and of Saaty’s1 fundamental comparison scale, which provide the
possibility of measuring both tangible and intangible criteria; these two concepts
together provide a mechanism for the comparison of alternatives in which alternatives
are compared with respect to a certain criterion by specifying preferences (importances)
of one alternative over another alternative in order to rank the alternatives with respect
to that criterion. Furthermore, as both methods require the weights (importances) of
the criteria to be specified, the pairwise comparison technique is also used for weight
calculations.

The header elements in the rows and columns of a pairwise comparison matrix are
identical, and they represent alternatives that are compared with respect to a criterion,

1Thomas L. Saaty, the developer of the AHP and the ANP.
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or criteria for which the weights are calculated. Each element in a pairwise comparison
matrix is filled with a value from the fundamental scale [118] by answering a question
“how much the alternative/criterion in the corresponding row of the observed element
is better/more important/preferred than the alternative/criterion in the corresponding
column” [118]. The importance of the alternatives/criteria can then be determined
by calculating the average values in each row, after the matrix is normalized.

One of the advantages of pairwise comparison matrices is that they provide a
method for the calculation of the consistency of comparisons, which is regarded as
one of the main advantages of the AHP [55]. The matrix consistency is denoted with
a consistency ratio, which is the ratio of the consistency index of a matrix and a
random consistency index. In those situations where the consistency ratio is lower
than 0.1, the pairwise comparison is considered to be consistent [118]. However, in
real world scenarios it can be expected that comparisons are not always consistent
and, furthermore, consistency is not a necessary condition in order for a comparison
matrix to be used [48].

1.1.2 Quality Models in Multiple Criteria Decision Making

To this date, quality modes are used with the AHP method for the formal specification
of quality criteria according to which the alternatives are compared in a recommen-
dation process [22, 68, 79, 97]. To this extent, quality models help in structuring the
AHP model and in defining criteria that are important in a recommendation process
in a specific field.

AHP is a method that has been widely used in software engineering [67], a field
in which the need for quality models has been identified. Quality models can be
defined as a set of quality characteristics, sub-characteristics, and quality measures of
a product and the relationships between them [6]. They provide a common framework
for quality specification and evaluation by specifying a consistent terminology for
quality and by providing guidance for its measurement [8]; by following the guidance
in a quality model, an evaluation is performed and evaluation results are produced
according to it.

The International Organization for Standardization (ISO) identified the need for
a unique and complete software quality standard and, therefore, produced the ISO
9126 standard for software quality, which was later replaced by the SQuaRE one.
The SQuaRE quality model is a hierarchical quality model that describes a set of
quality characteristics and their sub-characteristics related to the quality of a software
product and its quality in use. The standard offers a complete view of software
quality with definitions for all the quality characteristics and sub-characteristics that
the standard describes.

Apart from this, various generic software quality models have been described in
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the literature: McCall’s quality model [20]; Boehm’s quality model [11]; the ISO 9126
quality model [61]; and the ISO SQuaRE [65] quality model. Furthermore, for various
types of applications different authors have extended general quality models, such as
those of the ISO, and proposed software quality models in the fields of B2B [8], mail
servers [19], web-based applications [144], e-learning systems [99], ERP systems [13],
web services [1], or software evolution [12].

1.1.3 Need for Exploiting Evaluation Results and User Qual-
ity Requirements

In Multiple Criteria Decision Making, in order to provide a recommendation on the
alternatives to use in a specific problem the users face, these alternatives have to be
assessed and compared with respect to a set of criteria. This is usually performed by
experts in the field or by users themselves. In some cases, however, it is difficult for
ordinary users to make comparisons because of their lack of experience and expertise.
Furthermore, although expert opinion is highly valuable in many cases, it can be
expensive, and not every expert may have expertise in every alternative. Additionally,
those cases when new alternatives are added require additional expert comparisons.

In some fields such as software engineering, evaluation results are available for
a set of alternatives which have been evaluated either manually or automatically
according to different criteria. The position adopted in this thesis is that instead of
relying on expert opinions, evaluation results can be used for the automatic
comparison of the alternatives, which would result in reducing the need for
expensive expert opinions. Additionally, quality models, apart from being important
for the specification of criteria, are also important for the evaluation of alternatives
in the context of guiding in obtaining evaluation results that can be used for the
comparison of such alternatives.

As mentioned in the previous section, some MCDM methods such as the AHP
and the ANP require a formalized model of criteria and alternatives. In some fields,
this model might contain a large number of different criteria (e.g., simulation software
[54]). Arguably, not all the criteria related to alternatives are relevant for a specific
user [54] and, hence, different criteria can be important for different problems that
users face. This implies that for every set of criteria that are important to a specific
user, a new model has to be constructed by experts, while constructing a model
that is based on specific user quality requirements in terms of the most important
criteria that each user is interested in can be a resource consuming task. Furthermore,
any change in the model requires an effort from the experts to perform additional
comparisons.
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1.2 Semantic Technology Recommendation

Recommendation is an important aspect in many fields in which people need to
make decisions of selecting the alternative that best suites their needs. The scope of
this thesis lies within one particular topic, which is that of recommendation in the
semantic technology field.

1.2.1 Semantic Technologies

With the idea of creating a simple information and knowledge sharing system, Tim
Berners-Lee proposed the creation of the World Wide Web (WWW). During the first
years of the Web, sometimes referred to as Web 1.0, users were just able to consume
the existing content (read-only) which consisted of documents and links that connect
them. However, since its birth, the Web has significantly evolved giving its users a
whole spectrum of new possibilities and usage aspects.

The term Web 2.0 has started to be widely used after the first Web 2.0 conference
[96]. Although in computer science the numbers generally mark new versions of
software, Web 2.0 does not mark a new version of the Web and is not related to
its technical specification or new technology. It rather marks a new way in which
the users use and consume the Web. It is a new generation of services that enable
collaboration and content sharing, where every user has a possibility to create his
or her own content (read/write Web). Some types of new services that emerged
include social networks, social bookmarking, wikis, and others. But as the Web was
evolving and there were more and more data present, various problems arose, like
information overload and the fact that it was hard to find the right information and
that information was not easy interoperable between various sources.

The Web 1.0 and Web 2.0 were designed primarily for humans. They are also
called the Web of documents because they consist of a huge number of connected
documents in form of HTML pages. A user that browses a Web page knows if it
is about music or sports, but machines are not able to process and understand the
data and their meaning. That is why search is often difficult and it is based upon
keywords. In the Web (1.0 and 2.0), if a search engine is searched for a particular
keyword (e.g., Madagascar) with an intention of getting information about a specific
topic, there is an overload in the search results with pages about different topics that
are related to that same keyword (e.g., destination and cartoon).

The Semantic Web [9] is a new generation of the Web which deals with the
meaning of data in such a way that data can be understood by software agents. It is
about moving from the Web of documents to a Web of data and, while the original
Web was designed for humans, the Semantic Web is designed for machines (software
agents). That is why in the Semantic Web a search engine is able to distinguish the
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search for a specific topic related to a particular keyword and to show relevant search
results.

Semantic technologies promise to enable the development of the Semantic Web by
providing new ways to express knowledge and data in machine-processable formats
that can be exploited by software agents. There are different types of semantic
technologies2 [40, 95] which are basic components of the organization and development
of Semantic Web applications [40].

One of the important characteristics of semantic technologies is that different tools
belonging to various technology types can be used in different stages of the Semantic
Web application development process (e.g., for ontological engineering [46] or ontology
matching [32]). Furthermore, some tools also share a number of functionalities related
to different technology types, as is the case of ontology engineering environments.
An example of such tool is Protégé3, an ontology editor that provides additional
functionalities such as reasoning (HermiT plug-in4) or querying (SWRL-IQ plug-in5).

1.2.2 The Need for Semantic Technology Recommendation

In the semantic technology field, different types of semantic technologies exist. For
each type of semantic technology, there are various technologies (tools) that users can
use for developing Semantic Web applications and, in some cases such as ontology
matching tools, the number of tools can be significant with more than fifteen different
tools available [33]. Because of this, the selection of semantic technologies can
sometimes be a difficult task.

As previously mentioned, when developing Semantic Web applications it is often
the case that tools that belong to more than one semantic technology type have to
be used. This makes the selection of semantic technologies even more difficult, and
in many cases users have to rely on recommendations by experts which do not have
expertise in every semantic technology type.

When it comes to the AHP and the ANP methods, a number of research articles
found in the literature suggest that these methods have been successfully used in
the software engineering field for the recommendation of software [67]. The position
adopted in this thesis is that MCDM methods, especially the ANP, can be used for
the recommendation of semantic technologies. Additionally, semantic technology is a
field in which plenty of evaluation results giving insight into the quality of a large
number of tools are already available [41]; therefore, the exploitation of these results
could help in order to provide better semantic technology recommendations. However,

2In this thesis, the term “technology” is used as a synonym for tool.
3http://protege.stanford.edu/
4http://protegewiki.stanford.edu/wiki/HermiT
5http://protegewiki.stanford.edu/wiki/SWRL-IQ
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one obstacle in this scenario is that, in order to provide every particular user with
recommendations, experts in the MCDM field are needed for constructing an ANP
model related to user-specific quality requirements.

1.2.3 The Need for a Semantic Technology Quality Model

Since quality models have been previously used with the AHP method [22, 68, 79, 97],
the position adopted in this thesis is that a quality model for semantic technologies
can be used with the ANP method for the recommendation of semantic technologies.
Such quality model could help in specifying the criteria that are important in the
semantic technology field and in constructing the ANP model, as well as in guiding
users in the specification of the quality requirements important for their use case.
However, no quality model for semantic technologies has been defined to this date.

Apart from being useful for the recommendation of semantic technologies, a quality
model for semantic technologies can be a valuable asset for semantic technology quality
specification and evaluation. For example, in order to benchmark different tools,
which is an important aspect of evaluation [127], evaluation results from various
sources need to be integrated and compared. However, since no consistent terminology
for describing semantic technology quality exists, the comparison of evaluation results
sometimes requires additional effort. For example, the results of a specific reasoning
task obtained by Baader et al. [7] and by Glimm et al. [44] can be compared, but the
fact that such results are presented with different terminology, “labeling time” and
“classification time” respectively, requires a deeper analysis of the evaluation process.
Furthermore, in some cases different characteristics are evaluated, and the analysis
of these results or their reuse can be misleading or impossible. An example of this
occurs in the analysis of reasoning times by Meditskos and Bassiliades [87] and by
Urbani et al. [133]; in both cases the results are impossible to integrate because when
they refer to reasoning times, they refer to different reasoning processes.

1.3 Main Contributions

The state of the art in MCDM, as well as the need for semantic technology recom-
mendation, has driven the definition of the following objectives and contributions
developed in this thesis:

1. To provide a Multiple Criteria Decision Making framework that extends the
Analytic Network Process and that takes advantage of evaluation results of
alternatives and of user quality requirements over such alternatives. To achieve
this goal, the following contributions are developed in this thesis:
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• Domain-independent algorithms for the automatic comparison
of alternatives according to their evaluation results. These algo-
rithms, which can be used both in the AHP an in the ANP, provide their
outputs in Saaty’s pairwise comparison scale and take into account user
quality requirements in terms of the most important criteria and quality
thresholds.

• A set of methods for the dynamic construction of the AHP and
ANP models that are based on user quality requirements. These
methods and the comparison algorithms allow taking into account user
quality requirements which are specified in terms of those criteria that are
important for a particular user and of the desired “good to have” quality
to be satisfied for the specified criteria (threshold), and together they form
a base for a new MCDM recommendation framework built on top of the
AHP and the ANP.

• Software that supports the proposed comparison algorithms and
methods for model extraction, as well as the new MCDM frame-
work. This software includes both a generic programming interface and a
web application for performing recommendations.

2. To apply this MCDM framework in the Semantic Web field for semantic
technology recommendation using existing semantic technology evaluation
results. To achieve this goal, the following contributions are developed in this
thesis:

• A quality model for semantic technologies defined starting from
existing semantic technology evaluation results provided by the SEALS
project. This quality model extends the well-known ISO SQuaRE quality
model [65], describes the quality characteristics and measures that are rele-
vant for different types of semantic technologies, and provides instructions
on how to obtain those measures.

• The application of the proposed MCDM framework in the se-
mantic technology field, including a web application for the recom-
mendation of semantic technologies that takes into account users quality
requirements and existing semantic technology evaluation results provided
by the SEALS project.

1.4 Structure of the Document

This document is organized as follows:
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• Chapter 2 analyses the state of the art in the fields related to this thesis. First,
several widely used recommendation techniques are presented and, second, a
state of the art in Multiple Criteria Decision Making is described. Afterwards,
some well-known software quality models are presented, followed by the review
of semantic technology evaluation efforts.

• Chapter 3 enumerates the open research problems identified in the state of the
art, presents the objectives and contributions of this thesis, and defines the
assumptions, hypotheses and the restrictions of this thesis. Furthermore, this
chapter also describes the research methodology followed in the development of
this thesis.

• Chapter 4 presents the recommendation framework developed in this thesis,
which is specially design to automatically exploit evaluation results and to
address user quality requirements through comparison algorithms and model
extraction methods.

• Chapter 5 presents the quality model for semantic technologies, and how it was
developed.

• Chapter 6 presents the instantiation of the developed recommendation frame-
work in the semantic technology field, together with a web application for
semantic technology recommendation.

• Chapter 7 presents the evaluation of the main contributions of this thesis.

• Chapter 8 draws some conclusions and presents ideas for future work.

• Appendix A lists the publications used in the analysis of the state of the art of
semantic technology specification.

• Appendix B describes in detail the quality model for semantic technologies
developed in this thesis.

1.5 Derived Publications

Part of the work presented in this Ph.D. thesis was published in various peer-reviewed
scientific publications belonging to conferences and journals. This section lists such
publications, together with other related outcomes.

• Journal publications
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– F. Radulovic, R. García-Castro and A. Gómez-Pérez. SemQuaRE — An
extension of the SQuaRE quality model for the evaluation of semantic
technologies. Computer Standards & Interfaces. Volume 38. February,
2015. pp. 101-112. This publication presents the work described in
Chapter 5.

• Conference publications and talks

– F. Radulovic and R. García-Castro. An ANP Based Recommendation
Framework with an Application in the Semantic Technology Domain. In
Proceedings of the 26th European Conference on Operational Research
(EURO2013). Rome, Italy. July, 2013. This talk presented the work
described in Chapter 4 and Chapter 6 and is published in the abstract
proceedings; no full publication is associated.

– F. Radulovic and R. García-Castro. Semantic Technology Recommen-
dation Based on The Analytic Network Process. In Proceedings of the
24th International Conference on Software Engineering and Knowledge
Engineering (SEKE2012). Redwood City, California, USA. July, 2012. pp.
611-616. This publication presents the work described in Chapter 6.

– F. Radulovic and R. García-Castro. Extending Software Quality Models
— A Sample In The Domain of Semantic Technologies. In Proceedings of
the 23rd International Conference on Software Engineering and Knowledge
Engineering (SEKE2011). Miami, USA. July, 2011. pp. 25-30. This
publication presents the work described in Chapter 5.

• Workshop publications

– F. Radulovic and R. García-Castro. Towards A Quality Model For
Semantic Technologies. Software Quality Workshop 2011, within the In-
ternational Conference on Computational Sciences and Its Applications
(ICCSA2011). Santander, Spain. June, 2011. pp. 244-256. This publica-
tion presents the work described in Chapter 5.

• Ph.D. Symposium

– F. Radulovic. A Recommendation Framework Based on the Analytic
Network Process and its Application in the Semantic Technology Domain.
In Proceedings of the 15th Conference of the Spanish Association for Arti-
ficial Intelligence (CAEPIA2013), Doctoral Consortium. Madrid, Spain.
September, 2013

• Recognitions
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– 3rd Best Paper Award at the 24th International Conference on Software
Engineering and Knowledge Engineering (SEKE2012) for the Semantic
Technology Recommendation Based on The Analytic Network Process pub-
lication, on July 2012.

• Software registries

– RIDER software has been registered by the Universidad Politénica de
Madrid at the registry of Comunidad de Madrid, Spain (registration
number M-002699/2016).

Part of the work described in Chapter 5 was also presented in the following Master
thesis:

• F. Radulovic, A Software Quality Model for the Evaluation of Semantic
Technologies. Master’s thesis, Facultad de Informática (Universidad Politécnica
de Madrid), 2011.

1.6 Research Stays

During the development of this Ph.D. thesis, two research stays took place at the
following institutions:

• Sépage in Paris, France, from the 1st of November to the 31st of December of
2015. During this research stay, the author worked on applying the recommenda-
tion framework developed in this thesis for the recommendation of travel offers,
under the supervision of Dr. Milan Stankovic, Sépage’s CEO and Director of
research. This research visit was funded by the FPU grant (EST14/00085) of
the Spanish Ministry of Education, Culture and Sport (Ministerio de Educación,
Cultura y Deporte).

• University of Belgrade in Belgrade, Serbia, from the 15th of March to the
15th of June of 2013. During this time, the author worked in the AI Lab
directed by Prof. Dr. Vladan Devedzic on the development of the software
implementation of the recommendation framework proposed in this thesis.

1.7 Work in Research and Innovation Projects

During the development of this thesis, the author has participated in the following
research and innovation projects:
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• SEALS project (FP7- 238975) [1st of June of 2009 to 30th of June of 2012]:
during the author’s collaboration as a Master student and as a Ph.D. student
in this European project he has acquired knowledge about quality modeling,
recommendation methods, and semantic technologies.

• EspOnt project (CCG10-UPM/TIC-5794) [1st of January of 2011 to 31st of
December of 2011]: during the author’s collaboration as a Master student and
as a Ph.D. student in this Spanish national project he has acquired knowledge
about methodologies for building ontologies and experience with ontology
engineering.



Chapter 2

State of the Art

This chapter presents the work that is related to this thesis, with the purpose
of providing an overview of the covered fields and of identifying open research
problems. Section 2.1 describes the state of the art in the field of Multiple Criteria
Decision Making methods, together with a literature review of the applications of
MCDM methods in the software engineering field. Then, some well-known software
quality models and existing methods for extending them are presented in Section 2.2.
Afterwards, Section 2.3 describes the state of the art in semantic technology quality
specification and evaluation, and Section 2.4 presents the state of the art in semantic
technology recommendation. Finally, Section 2.5 presents the conclusions of the state
of the art analysis.

2.1 Multiple Criteria Decision Making
When facing a situation in which a decision has to be made, decision makers often
rely on their feelings or on experiences they had in similar situations [89]. As defined
by Guitouni [49], decisions are characterized by a three angle facet:

• Rational decision is the one that consists of the evaluation of the alternatives
and choosing the one that maximizes decision maker’s needs.

• Non-rational decision is the one that is based on decision maker’s experience
and knowledge.

• Irrational decision is the one that considers only decision maker’s personal
aspirations and aversions.

In the cases when multiple criteria are important for making a decision, the
problem becomes rather complex for a decision maker, especially if the criteria are

13
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in conflict. In these cases, when facing the complex decision of selecting the best
solution between a group of alternatives that can be compared according to different
conflicting criteria, decision makers use Multiple Criteria Decision Making methods
that help them to better structure the problem and make better choices, mainly in
terms of choosing, ranking or sorting the alternatives.

Several approaches of MCDM methods are defined in the literature [34, 49, 134]:

• The outranking approach, also known as the synthesizing preference relational
system approach, is an approach in which each alternative is successively com-
pared to every other [34]. Methods based on this approach are methods in which
the key concept is a degree of dominance, i.e., every alternative is observed
in the context of how much it outperforms other alternatives with respect to
a certain criterion. The preference of two alternatives in these methods with
respect to a criterion can be defined by several relationships: preference, when
one alternative is preferred over the other; indifference, when both alternatives
are equally preferred; and incomparability, when two alternatives cannot be
compared. These methods are also often referred to as the methods of Euro-
pean (French) inspiration, and include various methods such as ELECTRE,
PROMETHEE, QUALIFLEX, REGIME, EVAMIX, and MELCHIOR, among
others [85].

• The synthesizing criterion approach is an approach that, unlike the outrank-
ing approach, takes into account each alternative separately and assigns to each
alternative a numerical value representing the overall performance (synthesizing
criterion) of that alternative with respect to a set of criteria. These methods
are also often referred to as the methods of American inspiration, and include
various methods such as MAUT, UTA, AHP/ANP, MACBETH, TOPSIS and
SMART, among others [34].

• Interactive methods are methods in which a decision maker actively partic-
ipates in a decision process through expressing his or her preferences about
different outcomes along various iterations in which the decision maker gains
knowledge about the decision problem.

A large number of MCDM methods have been defined to date, and various MCDM
methods have been successfully used in decision aiding for recommendation problems
in many different fields, such as finance [124], energy planning [25], economics [143],
software engineering [67], and others. However, no method is considered to be the
best to be applied in every decision making problem [49, 126].

Next, this section describes the general recommendation framework followed by
MCDM approaches and, afterward, it presents the most relevant MCDM methods in
the literature.
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2.1.1 General MCDM Recommendation Framework

This section presents the general recommendation framework followed by MCDM
methods (Figure 2.1). The inputs for such recommendation framework are alternatives,
criteria, comparisons of alternatives according to criteria, and comparison of criteria;
the output is a ranking of alternatives, i.e., an ordered list of the alternatives that
are the best in overall performance with respect to the input criteria.

User/Expert	  

Alterna/ves	   Criteria	  

General	  framework	  v2	  

Ranking	  

Alterna/ves	  
comparison	  

Comparisons	  
of	  alterna/ves	   MCDM	  

recommenda/on	  
framework	  Criteria	  

comparison	  
Comparisons	  
of	  criteria	  

Process	  

Input/Output	  

Figure 2.1: General MCDM recommendation framework.

Alternatives as inputs consist of a set of products, services, or actions, each of
them suitable for solving some specific problem or for performing some specific task,
and each of them belonging to the same product/service/action type. For example, a
set of alternatives for the task of browsing the Web would include web browsers, such
as Chrome, Firefox, Opera, etc. Criteria as inputs are quality characteristics of the
alternatives that are important for the task (e.g., browser speed, memory utilization,
etc.), and which are common for all the alternatives.

The comparison of alternatives and criteria is done using a comparison method
which, depending on the particular MCDM method, can include either mathematical
functions or pairwise comparisons, and which is often based on expert opinions or
done by users. Comparison of criteria is done to determine the importance (weight)
of each criterion, and comparison of alternatives according to criteria is performed to
determine which alternative is the most preferred with respect to each criterion.

Finally, the output is the ranking of the alternatives that are the best according
to the defined set of criteria.

2.1.2 ELECTRE

The ELECTRE method (ELimination Et Choix Traduisant la REalité) [108] was first
developed in the sixties by Bernard Roy, in order to provide a method for helping in
choosing the best action from a group of actions, and is known as ELECTRE I. It was
later followed by ELECTRE II [110] and ELECTRE III [109], which were designed



16 Chapter 2. State of the Art

for the problems of ranking alternatives from best to worse, and by ELECTRE IV
[111], which was designed for ranking in problems in which the importance of criteria
is not defined.

ELECTRE methods are outranking methods that are suitable for problems in
which at least one criterion on which the actions are evaluated belongs to a scale that
is not suitable for the comparison of differences (e.g., ordinal scale) [35]. Furthermore,
in these methods small differences in evaluations are not significant in terms of the
preferences that a decision maker has.

Decision maker’s preferences are modeled with binary outranking relations with
the meaning “at least as good as”. Several possible situations are possible:

• When alternative a is at least as good as alternative b and alternative b is not
at least as good as a, then a is strictly preferred to b.

• When alternative a is at least as good as alternative b and alternative b is also
at least as good as a, then a and b are indifferent.

• When alternative a is not at least as good as alternative b and alternative b is
not at least as good as a, then a and b are incomparable.

The outranking relations are constructed based on two key concepts: concordance
and non-discordance. Concordance states that, in order for the outranking relation
“a is at least as good as b” to hold true, a sufficient majority of criteria have to be in
favor of this assertion. Non-discordance states that in the cases when the concordance
condition holds, none of the criteria should be strongly opposed to the “a is at least
as good as b” assertion. In order to validate the “a is at least as good as b” assertion,
both concordance and non-discordance conditions have to hold true.

The ELECTRE methods consist of two procedures: construction of outranking
relations is intended to compare each pair of alternatives, while exploitation is intended
for elaborating the obtained results. Furthermore, the majority of ELECTRE methods
require the importance of criteria to be specified in terms of an importance coefficient,
or veto threshold. The veto threshold gives a criterion the possibility to break the “a
is at least as good as b” assertion in some predefined situations.

2.1.3 PROMETHEE

PROMETHEE is another family of methods based on the outranking approach. In
PROMETHEE methods [16], a preference function and a weight are defined for each
criterion in the decision process.

A weight of a criterion is a non-negative number which describes its importance.
Weights are defined in such a way that, for a set of n criteria (C1, C2,..., Cn) and
their corresponding weights (w1, w2,..., wn), the following condition holds:
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n∑
i=1

wi = 1 (2.1)

It is also possible for a decision maker to introduce arbitrary numbers as weights,
which are then normalized in order to fulfill the necessary condition stated in 2.1.

For each criterion Ci, a preference function Pi(a, b) is defined in terms of a function
of a difference in evaluations (Fi[di(a, b)]) such that

0 ≤ Pi(a, b) = Fi[di(a, b)] ≤ 1 (2.2)

di(a, b) = gi(a)− gi(b) (2.3)

where gi(a) and gi(b) are evaluations of alternatives a and b from the set of
alternatives A, with respect to criterion Ci. The preference function defines a degree
of preference of one alternative over the other (in this case a over b) for an observed
difference in their evaluations on a specific criterion (gi). Six possible types of
preference functions are defined in the literature (Figure 2.2).

Based on the preference functions, an aggregated preference indice is defined (2.4),
which denotes how much one alternative is preferred over the other with respect to all
criteria. The aggregated preference indice is in the range [0,1] and a higher number
denotes a stronger preference.

π(a, b) =
n∑

i=1

Pi(a, b)wi (2.4)

When aggregated preference indices are computed for each pair of alternatives, the
positive outranking flow (2.5) and the negative outranking flow (2.6) of an alternative
(e.g., alternative a) are computed. The positive outranking flow defines the degree
to which one alternative outranks all the others, while the negative outranking flow
defines the degree to which one alternative is outranked by all the others.

Φ+(a) =
1

n− 1

∑
x∈A

π(a, x) (2.5)

Φ-(a) =
1

n− 1

∑
x∈A

π(x, a) (2.6)

The PROMETHEE I method uses the positive and negative outranking flows for
the partial ranking of alternatives. By comparing the outranking flows, the preference,
indifference or incomparability between two alternatives is deduced. Equality of both
outranking flows implies indifference. If both positive and negative outranking flows
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of one alternative are greater or less than the outranking flows of the other alternative,
then the two alternatives are incomparable. All other situations imply the preference
of one alternative over the other, depending on the relation of their ranking flows.

In the PROMETHEE II method, the net outranking flow is calculated as the
subtraction of the positive and negative outranking flows. Unlike in PROMETHEE
I, in PROMETHEE II all alternatives are comparable, and a higher net outranking
flow denotes a better alternative.

The PROMETHEE methods can only be applied when a decision maker can
specify his/her preferences about a criterion on a ratio scale [70]. One of the drawbacks
of the PROMETHEE methods is that they do not include any particular procedure
for the calculation of the importance (weights) of criteria [84], which is an important
information needed for obtaining the outranking flows.

2.1.4 Analytic Hierarchy Process

The Analytic Hierarchy Process (AHP) is a multiattribute utility theory method
developed by Thomas Saaty [113]. The AHP is a mathematically-based method that
provides the possibility of measuring both tangible and intangible criteria, and in
which decisions are made based on a single score for the best decision.

The key concepts in the AHP are a pairwise comparison matrix and a fundamental
comparison scale (Table 2.1); these two concepts together provide a mechanism for
the comparison of alternatives in which alternatives are compared with respect to
a certain criterion in order to determine which alternative is the best with respect
to that criterion. To this extent, the comparison of two alternatives represents a
judgment of a person on which alternative is more preferred/important for him or
her. Furthermore, as the AHP requires the weights of the criteria to be specified and
with the same condition as stated in equation 2.1, a pairwise comparison technique is
also used for weight calculations.

An example of a pairwise comparison is shown in Table 2.2, in which three
alternatives (e.g., bus, train, and plane) are compared (judged) with respect to one
criterion (e.g., transportation speed). The pairwise comparison matrix is then filled
with the values from the Saaty’s fundamental scale in such a way that each element in
the matrix denotes how much the alternative in the corresponding row of the observed
element is more important (preferred) than the alternative in the corresponding
column. For example, plane is judged as extremely more important than bus and,
therefore, a value of 9 is entered in the position that corresponds to plane in the row
and bus in the column. According to the pairwise comparison rule, a reciprocal value
is assigned in the opposite comparison. In this case, this means that when comparing
bus to plane with respect to their speed, a value of 1/9 is assigned and it is entered
in the corresponding position in the matrix.
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Table 2.1: The AHP fundamental scale [118].

Intensity of
Importance Definition

1 Equal importance
2 Weak
3 Moderate importance
4 Moderate plus
5 Strong importance
6 Strong plus
7 Very strong importance
8 Very, very strong
9 Extreme importance

Reciprocals of
above ( 1

x
)

If alternative a has one of the above numbers
assigned to it when compared to alternative b, then
b has the reciprocal value when compared to a

Table 2.2: Example of the pairwise comparison in the AHP.

Transportation speed Bus Train Plane Importance/Weights
Bus 1 1/4 1/9 0.06
Train 4 1 1/6 0.19
Plane 9 6 1 0.75

From the pairwise comparison matrix, the importance of the alternatives/criteria
can be determined using various methods, one of which is the calculation of the
average1 values in each row after the matrix is normalized; this method is widely
regarded as an approximation [59] of the principal right eigenvalue method developed
by Saaty [112]. In the previous example, the importance of plane with respect to
transportation speed is 0.75.

Pairwise comparisons provide the means to compare alternatives by taking into
account both qualitative and quantitative information. For example, in the previous
comparison, the speed of transportation is qualitatively compared. On the other
hand, quantitative comparison between a plane and a bus, for example, would imply
that a plane is 9 times faster than the bus. Regardless of the approach taken, Saaty
argues that the highest value in the comparison should not exceed the value of 9
[115], which sometimes can be an obstacle when using the quantitative approach.

1Even if some authors suggest the usage of the arithmetic mean (e.g., in [59]), due to the
nature of the Saaty’s scale many authors advise the usage of the geometric mean as a more precise
approximation.
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One of the characteristics of the AHP is that it requires a decision problem to be
formalized in a hierarchy of goal, criteria, and alternatives (Figure 2.3). Once such
hierarchy is specified, using the pairwise comparison technique developed by Saaty,
the importance of criteria is determined in one comparison and all the alternatives
are compared with respect to every criterion in the model. Finally, the overall value
for each alternative is calculated using formula 2.7, where I(a, ci) is value of the
observed alternative a with respect to the criterion ci, and wi is the weight of the
same criterion.

Goal	  

Criterion	  1	   Criterion	  2	   Criterion	  n	  

Alterna/ve	  1	   Alterna/ve	  2	   Alterna/ve	  m	  

…	  

…	  

w1	   w2	   wn	  

Figure 2.3: The hierarchical model of the AHP.

a =
n∑

i=1

I(a, ci)wi (2.7)

In some cases, criteria in an AHP hierarchy can be present on multiple levels. In
such cases, importance of criteria is determined by performing pairwise comparisons
for each level of criteria separately and, then, by multiplying the importance of each
leaf (lowest level) criterion with the importance of related parent criterion in order
to determine the final importance of the leaf criteria. It is important to note that
pairwise comparisons of leaf criteria are performed for each parent criteria separately
(i.e., with respect to each parent criterion, a pairwise comparison is performed for it’s
child criteria).

Since pairwise comparisons represent preferences or judgments on importance over
compared elements, and since inconsistencies in judgment are a natural characteristic,
it can be expected that a pairwise comparison matrix could be inconsistent. In
order to measure the inconsistency of pairwise comparison matrices, Saaty provides a
method for consistency calculation, which is regarded as one of the main advantages
of the AHP [55]. In order to calculate the consistency of a pairwise comparison
matrix, a maximum eigenvalue of a comparison matrix and a consistency index (CI)
are calculated first.
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The eigenvalue of a comparison matrix A is a scalar λ such that λ is a solution to
the following equation:

Av = λv (2.8)

where v is a vector called eigenvector. A solution of the previous equation with
respect to v is an eigenvector of matrix A, and the scalar λ is the related eigenvalue.
One matrix can have multiple eigenvalues.

The consistency index (CI ) of a pairwise comparison matrix A is calculated as
follows

CI =
λmax − n
n− 1

(2.9)

where λmax is the maximum eigenvalue of the matrix A and n is the matrix
size (i.e., the number of alternatives/criteria that are compared in the pairwise
comparison). The consistency of a pairwise comparison is then expressed through a
consistency ratio (CR) with the following formula:

CR =
CI

RI
(2.10)

where RI is the random consistency index, i.e., index of the randomly generated
pairwise comparison matrix. Various researchers have provided values for such index
[4] through simulation experiments in which pairwise comparison matrices of different
sizes are randomly filled with the values from the AHP fundamental scale (Figure
2.1). In these simulations, for each matrix size separately, an average consistency
index is calculated to obtain the random index. Table 2.3 shows the random indexes
depending on the matrix size as calculated by Saaty.

Table 2.3: Random index [118].

Matrix size 1 2 3 4 5 6 7 8 9 10
RI 0 0 0.52 0.89 1.11 1.25 1.35 1.4 1.45 1.49

In those situations where the consistency ratio (CR) is lower than 0.1, the pairwise
comparison is considered to be consistent [118], i.e., the inconsistency is considered
tolerable. To deal with the situations in which comparison matrices are inconsistent,
various researchers have proposed methods for changing judgments and improving
consistency, such as the ones by Harker [51] (see [118]) or González-Pachón and
Romero [47]. However, consistency is not considered a necessary condition in order
for a comparison matrix to be used [48].
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2.1.5 Analytic Network Process

The Analytic Network Process (ANP) [114] is a method which is a generalization
of the AHP. It is specifically designed to take into account dependencies between
criteria in the decision process and, unlike the AHP, the ANP requires the model of
a problem to be formalized in a network of criteria and alternatives.

In an AHP hierarchy, criteria are mutually independent among themselves. In an
ANP network, on the other hand, it is possible to account for mutual dependence
between the criteria when one criterion influences some other criteria in terms of
output. For example, when hiring a new employee, it could be considered that the
employee’s salary could depend on his or her experience, since a higher experience
could imply a higher salary. Furthermore, in a network, if all candidate employees have
similar experience, some criteria other than experience could gain more importance
in a decision process. To this extent, the network model provides more possibilities
to account for connections between the elements and is more expressive than the
hierarchy model.

The ANP method consists of several consecutive steps [34, 117] (Figure 2.4):

1. The first step is to define a model of a problem, which is often referred as
the most important step [69]. In the ANP, the model consists of a network
of elements (criteria and alternatives) and of the dependencies between them.
These elements are organized into several clusters, and dependencies between
clusters are also defined in terms of arcs that connect dependent clusters. Cluster
dependencies are deduced based on the existing dependencies between elements
in the cluster. Different fields of application, and even different problems within
a single field, require different models which are often built by experts in the
field.

Figure 2.5 shows an example of an ANP network, with elements grouped into
clusters and the dependencies between them. For example, element C11 depends
on the element C13. For the sake of simplicity, the dotted arrow denotes that
each element from a cluster depends on every element from another cluster (for
example, each element in the CL1 cluster depends on both alternatives Ai).

2. Then, influence priorities are calculated by experts or by users through pairwise
comparisons, depending on the complexity and required knowledge, and using
the same principles as in the AHP.

For every particular element in the ANP network, a pairwise comparison is
performed for every cluster in a network separately; each of these comparisons
includes only the elements that influence the observed particular element. For
example, for the network in Figure 2.5, C11 and C13 are compared with respect
to C12. Furthermore, pairwise comparisons are also calculated for clusters in
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Figure 2.4: ANP workflow.

such a way that, for each cluster, a pairwise comparison is performed containing
the clusters that influence it.

In the ANP, criteria can also be compared with respect to each alternative. In
this case, every criteria that contributes to a certain alternative is compared to
determine the level of contribution to that alternative. This step is particularly
significant when observing the influence of criteria on a single alternative.

3. For the defined network, a supermatrix is formulated (see Table 2.4 for an
example). The rows and columns of the supermatrix are related to the elements
in the network and are grouped into the corresponding clusters. This way, a
supermatrix consists of several sub-matrices, each related to two clusters in the
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C11 

C13 

C12 Cm1 

Cm2 

A1 

A2 

CL1	  

CLa	  

CLm	  

Figure 2.5: An example of an ANP network, with criteria (Cij) and alternatives (Ak)
as elements that are grouped into clusters (CLi) and the dependencies between them.

network. The entries of the supermatrix represent the influence priorities of
one element over another, e.g., the entry in the i -th row and the j -th column
represents the importance of the i -th element for the j -th element. These
influence priorities were calculated in the previous step for each element in
every column that contains more than one element from the same cluster that
influences the element in the column.

Table 2.4: Example of an ANP supermatrix, related to the network on Figure 2.5.

CL1 CLm CLa

C11 C12 C13 Cm1 Cm2 A1 A2

CL1

C11 0 x1 0 0 0 y1 q1
C12 0 0 0 0 0 y2 q2
C13 1 x2 0 0 0 y3 q3

CLm
Cm1 0 1 0 0 0 z1 w1

Cm2 0 0 0 1 0 z1 w2

CLa
A1 f1 g1 h1 j1 k1 0 0
A2 f2 g2 h2 j2 k2 0 0

4. In this step the cluster matrix is constructed and contains elements related to
clusters (see Table 2.5 for example). This way, each entry in the supermatrix
corresponds to exactly one entry in the cluster matrix, in such a way that the
clusters in the row and the column of the supermatrix that the entry belongs
to determine the row and the column of the entry in the cluster matrix. The
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entries of the cluster matrix represent influence priorities calculated in pairwise
comparisons in the second step.

Table 2.5: Example of an ANP cluster matrix, related to the network on Figure 2.5.

CL1 CLm CLa

CL1 m1 0 b1
CLm m2 n1 b2
CLa m3 n2 0

5. As the supermatrix has to be stochastic (i.e., the sum in every column has to be
one), it has to be weighted. In order to weight the supermatrix, its entries are
multiplied with the appropriate entries from the cluster matrix. For example,
the entry related to Cm1 in a row and C12 in a column of the supermatrix (i.e.,
1 ) will be multiplied with the entry related to CLm in a row and CL1 in a
column of the cluster matrix (i.e., m2).

6. The next step is the convergence of the weighted supermatrix. The weighted su-
permatrix is put to a power of an increasing number, until the limit supermatrix
is obtained, i.e., that in which the values in every column are equal.

7. Finally, the ranking of alternatives is obtained from the limit supermatrix. The
value in every row that corresponds to an alternative represents the result for
that alternative in the decision process, which is used to determine the order of
alternatives. A higher value denotes a better result and is used for sorting the
alternatives from best to worst.

Figure 2.6 shows a general recommendation framework that is based on the
AHP/ANP methods. The ANP process showed on the figure encompasses parts of
the ANP workflow (Figure 2.4).

2.1.6 Applications of Multiple Criteria Decision Making Meth-
ods in the Software Engineering Field

This section presents a literature review of the application of MCDM methods, which
has been performed following the procedure described by Kitchenham [71]. Since
one of the objectives of this thesis is to provide recommendations in the semantic
technology field (see Section 3.1), the focus of this literature review is on the software
engineering field.

Next, the outcomes of the each step described in [71] are presented:
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Figure 2.6: Recommendation framework based on the AHP/ANP.

• Background. The purpose of the research is to review the applications in the
software engineering field of the MCDM methods described in Section 2.1,
in order to obtain an overview of the current state in recommendation and
selection in the software engineering field. Furthermore, the goal is to observe
how each of these methods is used in practice.

• Research questions. Several research questions were stated:

– RQ1: Which MCDM methods are applied for the recommendation and
selection problems in the software engineering field? This literature review
will allow to observe which of the MCDM methods described Section 2.1
are most frequently used and what are their practical characteristics.

– RQ2: Which method would be the most suitable for the problem of recom-
mendation in the semantic technology field? The goal is to observe if any
of the MCDM methods can be directly used for the semantic technology
recommendation problem.

– RQ3. Within the method adopted from the previous research question,
is there a formal approach for the automatic exploitation of software
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evaluation results and user quality requirements? The goal is to see
whether any of the existing methods, as well as solutions developed in
practice, allows for the automatic exploitation of evaluation results over
different scales while taking into account user quality requirements in a
decision process, i.e., specific sets of criteria that are important for different
users and desired “good to have” quality values over these criteria.

– RQ4: Is there an adequate software support for the exploitation of software
evaluation results and user quality requirements? The goal is to observe
whether there exists software support for the method to be applied in the
semantic technology recommendation problem.

• Strategy for searching previous studies. In the search for research relevant to
the research questions, and in order to identify those publications that deal
with the application of MCDM methods in software engineering, a search was
performed for publications in the leading scientific databases that offer papers
from a wide number of journals, books, conferences, and workshops related to
computer science. Those databases include:

– ScienceDirect2.

– IEEE Explore3.

– ACM Digital Library4.

The keywords that were used are the following: software selection, software
recommendation, ELECTRE, PROMETHEE, AHP, and ANP. In the first
phase of the search, all the papers were inspected with respect to their title and
abstract in order to identify those publications that could help answering the
stated research questions. This phase resulted in 95 publications.

• Study selection criteria and procedures. All the publications that were identified
in the previous step were thoroughly inspected with the intent to select those
that helped answering the research questions. The final selection was made
with respect to the following criteria:

– Include only publications that deal with the MCDM methods described in
Section 2.1: ELECTRE, PROMETHEE, AHP, and ANP, since those are
the methods that are mostly used in the literature.

2http://www.sciencedirect.com/
3http://ieeexplore.ieee.org/Xplore/home.jsp
4http://dl.acm.org/
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– Include only publications that exploit one of the previously mentioned
methods for the problem of recommendation, selection, or evaluation of
various types of software.

– Include already conducted literature reviews that deal with the MCDM
methods in software engineering.

• Data extraction strategy. While inspecting the publications selected for this
literature review, the following data were extracted:

– The MCDM method that is applied.

– The type of the software that the publication deals with.

– Information of whether software support is provided.

– Information of whether real evaluation results are used for the comparison
of alternatives, since evaluation results can already be found in various
disciplines of software engineering, like for example in the case of semantic
technologies [41, 139].

– Information of whether user quality requirements are taken into account
in the recommendation.

– Any additional information that can be important for any of the MCDM
methods is also extracted. This information includes whether more than
one MCDM method is used, or whether a formal approach for criteria
specification (i.e., a quality model) is used.

These data allowed to analyse the publications and to be able to answer the
stated research questions.

• Synthesis of the extracted data. To be able to answer the research questions, the
extracted data were synthesised. The synthesis was performed in the following
way:

– All software types that a publication deals with are classified according to
the MCDM method that is applied. This helps to observe which method
is the most used one.

– Special focus is put on any specific characteristic regarding the MCDM
that is applied. This helps to identify important information and possible
extensions of the MCDM methods that cannot be found in books or
publications with their general descriptions.

In total, forty publications were analysed, and Tables 2.6 and 2.7 show the
results of this analysis. For each MCDM method that is used, the type of software
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that a publication deals with is listed together with the information about software
implementations and additional notes that are important. Furthermore, existence of
real evaluation results and user quality requirements are also indicated.

Table 2.6: Use of MCDM methods in software engineering (ELECTRE,
PROMETHEE, and ANP).

Software type se-
lected

Software
support
provided

Evaluation
results
used

User
require-
ments
in-
cluded

Notes

ELECTRE
software in general [91] no no yes user-driven
software in general
[135]

yes - expert
system

yes yes use of the ISO 9126 stan-
dard, user-driven

e-learning platform [86] no no no
PROMETHEE

web service [53, 122] no no no
web service [103] no no yes use of the ANP for weights

calculation, hard require-
ments

ERP systems [105] no no no combined with TOPSIS
method

ANP
web services [45] no no no
ERP systems [26] no no no
software in general [92] no no no

Next, the results of the literature review with respect to each research question
are discussed:

• RQ1. Which MCDM methods are applied for recommendation and selection
problems in the software engineering field?

It was found that all of the methods described in Section 2.1 have been success-
fully applied in the software engineering field, where the AHP is the method
that is used in the majority of the publications5.

• RQ2. Which method would be the most suitable for the problem of recommen-
dation in the semantic technology field?

Although the AHP is the method that is used the most, because of the existence
of dependencies between the criteria in the semantic technology field (see

5A literature review by Jadhav and Sonar [66] has similarly concluded that the AHP is the most
widely applied method for software packages selection.
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Table 2.7: Use of MCDM methods in software engineering (AHP).

Software type selected Software
support
provided

Evaluation
results
used

User
require-
ments
in-
cluded

Notes

office systems [120] no no yes hard requirements
accounting information
systems [121]

no yes no

computer operating sys-
tems [107]

yes no no user-driven

AHP software [97] no no no use of the ISO 9126 stan-
dard

commercial off the shelf
[68]

no no no use of the ISO 9126 stan-
dard, AHP for calculating
weights

commercial off the shelf
[73, 90]

no no no

multimedia authorizing
systems [75, 76]

no no no

software components [83] yes no yes user-driven
decision support systems
[100]

no yes no

e-commerce [119] no no no combined with goal pro-
gramming

CRM packages [22] no no no use of the ISO 9126 stan-
dard

ERP systems [136] no no no
knowledge management
tools [93]

no no no

data warehouse systems
[82]

no no no

ERP systems [79] no no no use of the ISO 9126 stan-
dard, fuzzy approach

web services [128, 145] no no no
web services [130] yes yes yes
online shopping platform
[57]

no no no

software architecture [24] no no no combined with goal pro-
gramming

ERP systems [80, 123] no no no fuzzy approach
simulation software [5] no no no fuzzy approach
project management tools
[2]

no no no

business process modeling
software [56]

no no no

simulation software [98] no no no
management systems [30] yes no yes fuzzy approach, user-

driven
software in general [129] no no no
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assumption 2, Section 3.3), the ANP is the method that would be the most
suitable to apply in that field. Among the analysed methods, the ANP is
specifically designed to tackle the problem in which criteria are dependent.

• RQ3. Within the method adopted from the previous research question, is there
a formal approach for the automatic exploitation of software evaluation results
and user quality requirements?

With respect to this research question, several conclusions can be outlined:

– In the large majority of publications, evaluation results are not considered
and pairwise comparisons (for both ANP and AHP) are performed by
experts or users. This is also the case for most cases in which some form of
evaluation results is used. In their work, Seidmann and Arbel [107] used
the combination of their quality assessment of alternatives and alternatives’
specification in order to compare them. However, no formal approach
is described and the comparisons relied on the authors’ judgments. In
order to make a decision on whether to use a particular decision support
system or not, Phillips-Wren et al. [100] evaluate user performance for
specific tasks achieved with and without the use of the decision support
system in question. Based on this evaluation, a decision is made using the
AHP. However, no details about the comparisons are given and about how
the results are exploited in the comparisons. Finally, in some cases (e.g.,
[120]), authors provide use cases or illustrative examples with specified
values for some criteria. However, the comparisons in these cases also rely
on expert or user judgments.
In the context of the automatic exploitation of evaluation results, the work
by Tran et al. [130] specified a set of general rules for comparing web
services in their framework for web service ranking. Among others, the
rules cover boolean results, numerical results and enumerated lists (ordinal
results), and provide a mechanism for addressing user quality requirements
through incorporating thresholds:

∗ For boolean and enumerated lists, the rules recognize which result is
the same as the specified threshold and the output in the comparison
is assigned based on the weight of the criterion with respect to the two
alternatives being compared (e.g., when comparing two alternatives
with respect to a specific criterion, if the result of one alternative is
equal to the threshold, the weight of that criterion or its reciprocal
value are produced as the output of the comparison, depending on
which alternative is equal to the threshold). For enumerated lists, in
all other cases the output is based on the ratio of the order of the
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results in the list.
∗ For the comparison of numerical results however, the approach relies

on ratios without taking into account thresholds.
∗ Also, for numerical results, the specified rules distinguish the case
in which the closest value to the threshold is desired. In such cases,
whichever alternative that has the result that is the same as the
threshold will be denoted as more preferred, assigning the reciprocal
value of the weight of the criterion as the output. If two results are
different than the threshold, the alternative that has the result that is
closer to the threshold (regardless whether it is greater than or equal
to the threshold) will be denoted as more preferred.

– User quality requirements are not always taken into account when recom-
mending software, and the majority of applications rely on experts or users
themselves to address the requirements through the definition of criteria
or through judgments when performing pairwise comparisons. Addressing
user quality requirements in terms of thresholds is taken into account by
Seidmann and Arbel [120] through the elimination of all alternatives that
do not satisfy the thresholds (hard requirements).
Tran et al. [130] provide a mechanism for addressing user quality require-
ments through several predefined AHP hierarchies specific to web services
that can be used depending on user quality requirements. However, this
approach relies on the AHP, and does not take into account dependencies
between the criteria (i.e., the ANP).

The literature review showed that within the current state of the art regarding
the ANP and AHP methods and their applications in the software engineering
field, there is only one formal approach for exploiting real evaluation results
(that of Tran et al. [130]), which produces outputs in terms of criteria weights
and relies on ratios for the comparison of numerical results. Furthermore, user
quality requirements are not always considered in the recommendations.

• RQ4. Is there an adequate software support for the exploitation of software
evaluation results and user quality requirements?

The software that has been found in the review related to the AHP method
is domain-specific and/or user-driven, i.e., it is designed to aid users of the
software in exploiting the AHP method. On the other hand, the literature review
showed that there is no adequate generic software support for the exploitation
of software evaluation results and user quality requirements within the ANP
method.
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2.2 Software Quality Models

It is well known that software quality is a crucial need across domains (e.g., security
and health) and technologies (e.g., operating systems and databases), and that to
obtain high-quality software products, the specification and evaluation of quality is
of pivotal importance [8].

According to the ISO/IEC 9126 standard [61], one of the processes in the soft-
ware development lifecycle is the evaluation of software products in order to satisfy
software quality needs, where software quality is evaluated by measuring software
attributes. Those attributes can be grouped into categories that are called quality
characteristics, and these quality characteristics can be latter decomposed into quality
sub-characteristics [65]. Furthermore, the ISO/IEC 9126 standard states that software
product quality should be evaluated using a quality model.

The way software quality is defined depends on the approach taken [72]; software
quality means different things to different people and therefore defining and measuring
quality will depend on the viewpoint. Similarly, choosing one software quality model
or another will also depend on the intended users and uses of such model in concrete
evaluations.

Quality models provide a common framework for quality specification and evalua-
tion by specifying a consistent terminology for quality and by providing guidance
for its measurement [8]. Following the guidance in a quality model, an evaluation is
performed and evaluation results are produced.

Various generic software quality models have been described in the literature.
Next, this section describes some well-known software quality models and identifies
their elements.

As a summary of this overview, Table 2.8 presents the elements of the described
quality models.

Table 2.8: Elements of the described quality models.

Structure McCall Boehm ISO 9126/SQuaRE
First level Factor High level characteristic Characteristic
Second level Criteria Intermediate characteristic Sub-characteristic
Third level Metrics Primitive characteristics Measures
Fourth level / Metrics /
Relationships
between entities

Factor-
Metric

/ Measure-Measure
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2.2.1 McCall’s Model

McCall’s software quality model is represented as a hierarchy of factors, criteria
and metrics [20]. Factors are at the highest level in the hierarchy and represent
the characteristics of the software product. Criteria are at the middle layer and are
considered to be the attributes of the factors, so that for every factor a set of criteria
is defined. At the bottom level, metrics provide measures for software attributes.

McCall’s model predefines a set of eleven software quality factors that are classified
according to the product life cycle into three different groups:

• Product transition: portability, reusability, and interoperability.

• Product revision: maintainability, flexibility, and testability.

• Product operations: correctness, reliability, efficiency, integrity, and usability.

McCall’s quality model also gives the relationships between quality factors and
metrics in the form of linear equations based on regression analyses. This is considered
one of the major contributions of this model; however, the omission of the functionality
aspect is regarded as the main lack [8].

2.2.2 Boehm’s Model

Like McCall’s model, Boehm’s one has a hierarchical structure. In Boehm’s quality
model [11], there are three layers related to quality characteristics, which are also
specified in the model, and one layer related to metrics:

1. High-level characteristics: as-is utility, portability, maintainability.

2. Intermediate characteristics: device-independence, self-containedness, reliability,
efficiency, human engineering, testability, understandability, modifiability.

3. Primitive characteristics: accuracy, completeness, robustness, consistency, ac-
countability, device efficiency, accessibility, communicativeness, self-descriptiveness,
structuredness, conciseness, legibility, augmentability.

4. Metrics.

In total, Boehm’s model describes twenty four quality characteristics and one
hundred and fifty one metrics; however, the model does not provide any description
of the relationships between entities. Furthermore, although Boehm’s model, as
McCall’s one, includes aspects related to both product and users [8], McCall’s model
is more related to the product view while quality characteristics in the Boehm’s
model start from utility and are concentrated more on the users’ point of view [27].
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2.2.3 ISO 9126’s Model

The International Organization for Standardization (ISO) identified the need for a
unique and complete software quality standard and, therefore, produced the ISO
9126 standard for software quality [61]. The ISO 9126 standard gives the complete
view of software quality with definitions for all the quality characteristics and sub-
characteristics that the standard describes.

The ISO 9126 standard defines three types of quality:

• Internal quality : characteristics of a software product from an internal view,
which are reflected in the implementation, reviewing and testing.

• External quality : characteristics of a software product from an external view,
which are reflected in the execution of the software.

• Quality in use: the user’s view of the software quality in terms of providing the
ability for achieving specific goals.

Six main software quality characteristics for external and internal quality are
specified: Functionality, Reliability, Usability, Efficiency, Maintainability, and Porta-
bility, which are further decomposed into sub-characteristics (see Figure 2.7) that
are manifested externally when the software is used and are the result of internal
software attributes [61]. The standard also provides the internal and external mea-
sures for sub-characteristics (see Table 2.9 for an example for sub-characteristics of
Functionality).

Usability	  Func.onality	   Efficiency	   Reliability	  

External	  and	  
internal	  quality	  

Time	  behaviour	  
Resource	  
u.liza.on	  
Efficiency	  
compliance	  

Understandability	  
Learnability	  
Operability	  

AArac.veness	  
Usability	  

compliance	  

Maturity	  
Fault	  tolerance	  
Recoverability	  
Reliability	  
compliance	  

Portability	  Maintainability	  

Adaptability	  
Installability	  
Co-‐existence	  
Replaceability	  
Portability	  
compliance	  

Analysability	  
Changeability	  

Stability	  
Testability	  

Maintainability	  
compliance	  

Suitability	  
Accuracy	  

Interoperability	  
Security	  

Func.onality	  
compliance	  

Figure 2.7: ISO 9126 internal and external quality characteristics and sub-
characteristics [61].
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Table 2.9: ISO 9126 internal and external measures for the Functionality quality
characteristic [62, 63].

Quality Sub-
Characteristic

External Measure Internal Measure

Accuracy
Computational accuracy Computational accuracy
Precision PrecisionAccuracy relative to ex-
pectations

Interoperability Data exchangeability
(data format-based)

Data exchangeability
(data format-based)

Data exchangeabil-
ity (user’s success,
attempt-based)

Interface consistency
(protocol)

Security
Access controllability Access controllability
Access auditability Access auditability
Data corruption preven-
tion

Data corruption preven-
tion
Data encryption

Suitability Functional implementa-
tion completeness

Functional implementa-
tion completeness

Functional adequacy Functional adequacy
Functional implementa-
tion coverage

Functional implementa-
tion coverage

Functional specification
stability (volatility)

Functional specification
stability (volatility)

Functionality
compliance

Functional compliance Functional compliance
Interface standard com-
pliance

Intersystem standard
compliance

Regarding quality in use, the model proposes four characteristics: Effectiveness,
Productivity, Safety, and Satisfaction.

2.2.4 SQuaRE’s Model

Although the ISO 9126 standard has been accepted and used successfully, some
problems for its further use and improvement have been identified. They eventually
arise mainly because of advances in technologies and changes of users needs. As
pointed out by Azuma [6], the main problem was due to “issues on metrics” (e.g.,
existence of metrics that have no verified direct co-relation with quality characteristics,
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but are generally recognized as related with product quality; distribution of metrics
information in several parts of the standard series, etc.).

With the object of unifying the ISO 9126 and ISO 14598 standards [60] as well as
of harmonizing the content in the ISO 15939 standard [64] and taking into account
the advancement in technology and environmental changes [6, 28], along with the
previously described issues, the ISO 9126 standard has been redesigned and named
SQuaRE (Systems and software Quality Requirements and Evaluation). The SQuaRE
quality model [65] has the same hierarchical structure as the ISO 9126 one, with
the difference that internal and external quality models are combined into a product
quality model, which describes eight quality characteristics and thirty one quality
sub-characteristics (Figure 2.8). For quality in use, SQuaRE describes five quality
characteristics and nine quality in use sub-characteristics (Figure 2.9).

Usability	  Compa.bility	  Func.onal	  
suitability	  

Performance	  
efficiency	   Reliability	  

Product	  Quality	  

Time	  behavior	  
Resource	  
u.liza.on	  
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Appropriateness	  
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Learnability	  
Operability	  
User	  error	  
protec.on	  

User	  interface	  
aesthe.cs	  
Accessibility	  

Maturity	  
Availability	  

Fault	  tolerance	  
Recoverability	  

Portability	  Security	   Maintainability	  

Co-‐existence	  
Interoperability	  

Adaptability	  
Installability	  
Replaceability	  

Modularity	  
Reusability	  
Analysability	  
Modifiability	  
Testability	  

Confiden.ality	  
Integrity	  
Non-‐

repudia.on	  
Accountability	  
Authen.city	  

Func.onal	  
completeness	  
Func.onal	  
correctness	  
Func.onal	  

appropriateness	  

Figure 2.8: SQuaRE quality model - Product quality [65].
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risk	  Effec/veness	  Efficiency	   Sa/sfac/on	   Context	  
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Quality	  in	  Use	  
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Trust	  

Pleasure	  
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safety	  risk	  
mi/ga/on	  

Environmental	  
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Context	  
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Flexibility	  

Figure 2.9: SQuaRE quality model - Quality in use [65].
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2.2.5 Quality Model Terminology

According to the ISO 15939 standard [64], software evaluation is performed with
the goal of capturing some information about an attribute of a software product.
In this process, a measurement method is applied, and a result is a base measure
(Figure 2.10), which captures some information about an attribute. Two or more
base measures can be combined in a measurement function, in order to obtain derived
measures. Finally, base and/or derived measures are later combined in order to
obtain indicators, which are measures that provide evaluations of specific attributes.
Therefore, the output of an evaluation process is a set of measures that, according to
the SQuaRE standard, have to be specified in a quality model.

Evalua&on	  

So+ware	  product	  
a3ribute	  

Measurement	  
method	  

Base	  measure	  

Derived	  measure	  

Indicators	  

Process	  

Input/Output	  

Figure 2.10: Quality model elements.

Finally, for any of those measures a measurement method and measurement scale
can be defined [61]. Furthermore, a unit of measurement should be defined for all
measures as well.

As different quality models use different terminology for their elements [37], the
terminology adopted in this thesis is based on the SQuaRE and ISO/IEC 15939
standards. Table 2.10 presents the terminology used in this thesis.

2.2.6 Approaches for Extending Software Quality Models

As pointed out by Al-Kilidar et al. [3], some practical problems with ISO 9126 arise,
namely, the ambiguity in metric definitions and usability interpretation. Furthermore,
the authors argue that a number of attributes and measures are missing, that some
characteristics are too abstract, and that the standard itself is open to interpretations
which, according to the authors, questions its purpose.

Software quality models (e.g., the ISO 9126 or SQuaRE ones) provide insight into
characteristics that are generic [10] and, since different types of software products
have characteristics specific to them, the actual application of these software quality
models usually requires refining the generic characteristics to conform with a specific
software product or domain [10, 14]. To that extent, some authors suggest that,
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Table 2.10: Quality model terminology.

Element Definition
Attribute Property or characteristic of an entity that can be dis-

tinguished quantitatively or qualitatively by human or
automated means [64].

Measurement method Logical sequence of operations, described generically,
used in quantifying an attribute with respect to a speci-
fied scale [64].

Quality measure Variable to which a value is assigned as the result of mea-
surement [64]. Quality measure includes base measures,
derived measures, and indicators.

Base measure Quality measure defined in terms of an attribute and the
method for quantifying it [64].

Derived measure Quality measure that is defined as a function of two or
more values of base measures [64].

Indicator Quality measure that provides an estimate or evaluation
of specified attributes derived from a model with respect
to defined information needs [64].

Quality characteristic Category of software quality attributes that bears on
software quality [65].

Measurement scale Ordered set of values, continuous or discrete, or a set of
categories to which the attribute is mapped [64].

Unit of measurement Particular quantity, defined and adopted by convention,
with which other quantities of the same kind are com-
pared in order to express their magnitude relative to that
quantity [64].

according to the nature of the product itself, some new sub-characteristics can be
added, the definitions of existing ones can be changed, or some sub-characteristics
can be eliminated from the model [13]. By following these suggestions, the previously
mentioned problems can be overcome.

For various types of applications, different authors have proposed software quality
models in the domains of B2B [8], mail servers [19], web-based applications [144],
e-learning systems [99], and ERP systems [13]. All those authors have used the ISO
9126 standard as the basis software quality model and have extended it to conform
with their particular domain. Additionally, some authors have extended the SQuaRE
quality model in the domains of web services [1] and software evolution [12].

Software quality model extensions can be performed following two main approaches
[29]:
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• A top-down approach that starts from the quality characteristics and continues
towards the quality measures.

• A bottom-up approach that starts from the quality measures and defines the
quality sub-characteristics that are related to each specific measure.

To this date, only two methods for extending software quality models have been
found in the literature and both follow a top-down approach. These two methods are
described next, using the original terminology employed by their authors.

1. Franch and Carvallo proposed a method based on a top-down approach for
customising the ISO 9126 quality model [36], which they latter applied in
constructing the quality model for mail servers [19]. After defining and analysing
the domain of interest, their method proposes six steps:

(a) To determine quality sub-characteristics. In this first step, according to
the domain, some new quality sub-characteristics are added while others
are excluded, or their definitions are changed.

(b) To define a hierarchy of sub-characteristics. If needed, sub-characteristics
are further decomposed according to some criteria.

(c) To decompose sub-characteristics into attributes. In this step, abstract
sub-characteristics are decomposed into more concrete concepts that refer
to some particular software attribute (i.e., observable feature).

(d) Decomposing derived attributes into basic ones. Attributes not directly
measurable are further decomposed into basic ones.

(e) To state relationships between quality entities. Relationships between
quality entities are explicitly defined. Three possible types of relationships
are identified:

• Collaboration means that increasing the value of one entity implies
increasing the value of another entity.
• Damage means that increasing the value of one entity implies decreas-

ing the value of another entity.
• Dependency implies that some values of one entity require that another

entity fulfills some conditions.

(f) To determine metrics for attributes. To be able to compare and evaluate
quality, it is necessary to define metrics for all attributes in the model.

2. In building their quality model for B2B applications, Behkamal et al. proposed
a method to customize the ISO 9126 quality model in five steps [8]. The main
difference with the previous method is that in Behkamal’s approach, the quality
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characteristics are ranked by experts; thus, experts should provide weights for
all quality characteristics and sub-characteristics and these weights are later
used to establish their importance, which can be time consuming and resource
demanding. Besides, Behkamal’s approach does not contemplate defining
relationships between quality entities (quality characteristics and attributes).

2.3 Semantic Technology Quality

Quality is an important concern in every domain and with the increasing adoption of
semantic technologies in recent years multiple evaluations of such technologies have
been proposed in order to assess their quality, from general and qualitative evaluation
frameworks [95] to tool-specific evaluations [50, 77] and even to characteristic-specific
evaluations [39]. This section describes the current state regarding the semantic
technology quality specification, as well as regarding the quality characteristics and
quality measures evaluated in the semantic technology field.

2.3.1 Semantic Technology Quality Specification

Different types of semantic technologies have been described in the literature [40, 95];
the scope of this thesis is limited to five types of semantic technologies, which do not
exhaustively cover every type of semantic technology. Next, a short description of
the types that are relevant to this thesis is given:

• Ontology engineering tools are software for managing ontologies and their
components either through a user or a programming interface.

• Ontology matching tools are software programs for finding correspondences (i.e.,
alignments) between the components of two ontologies.

• Reasoning systems are software programs for inferring logical consequences
from ontology instances.

• Semantic search tools are software programs that provide answers to natural
language queries by exploiting data semantics.

• Semantic web service tools are software programs that support the use of
semantic web services (i.e., web services enriched with semantic descriptions)
for different tasks (e.g., discovery, composition and mediation, among others).

Multiple evaluations of semantic technologies have been performed to this date,
both conducted by individuals and by the evaluation campaigns driven by the
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community. In order to obtain the current state of specification of semantic technology
quality, a literature review has been performed.

This section presents such a review on semantic technology evaluations, which
was performed according to the procedure described by Kitchenham [71].

Next, the outcomes of the each step described in the procedure are presented:

• Background. The purpose of the research is to review previous evaluations of
semantic technologies, including their evaluation results, in order to obtain the
overview of the current state in specification of semantic technology quality for
the five selected types of tools.

• Research questions. Two research questions were stated:

– RQ1: Is there a common approach for specifying the quality of semantic
technologies? This literature review will allow to observe if there is a
unique reference or guideline followed by researchers to specify semantic
technology quality.

– RQ2: Which semantic technology characteristics are evaluated and which
quality measures are used to evaluate them? The goal is to observe the
quality characteristics and measures used in different evaluations, as well
as the terminology that is used.

• Strategy for searching previous studies. In the search for the relevant research
to the stated research questions, and in order to identify those publications that
deal with semantic technology evaluation, an analysis of the proceedings of the
two most relevant conferences and of the three workshops in the Semantic Web
area that are focused on the topic of evaluation has been performed. Those
proceedings are:

– International Semantic Web Conference (ISWC) - eleven editions (2002-
2012).

– European/Extended Semantic Web Conference (ESWC) - nine editions
(2004-2012).

– International workshop on Evaluation of Ontology-based Tools (EON) -
all six editions (2002-2004;2006-2008).

– International Workshop on Evaluation of Semantic Technologies (IWEST)
- all two editions (2010, 2012).

– International workshop on Scalable Semantic Web Knowledge Base Systems
(SSWS) - eight editions (2005-2012).
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In the first phase of the search, all papers were inspected with respect to their
title and abstract, in order to identify those publications that can help answering
the stated research questions. This phase resulted in 179 publications.

• Study selection criteria and procedures. All publications that were identified
in the previous step were thoroughly inspected with the intent to select those
that help answering the research questions. The final selection was made with
respect to following criteria:

– Include only publications that deal with the following types of semantic
technologies: ontology engineering tools, reasoning systems, ontology
matching tools, semantic search tools, and semantic web service tools.

– Include publications that discuss or present measures for semantic tech-
nology evaluation.

– Include publications that report on evaluations of existing semantic tech-
nologies.

– Include publications that suggest new algorithms (e.g., for reasoning or
semantic web service discovery), which are evaluated in the publication.

• Data extraction strategy. While inspecting the publications taken for this
literature review, the following data related to research questions have been
extracted:

– Type of semantic technology that is evaluated.

– Measures used in the evaluation. Measures are extracted in their original
terminology, which means that the different terminologies that different
authors use for the same measure is taken into account.

These data allowed to analyse the publications and to be able to answer the
stated research questions.

• Synthesis of the extracted data. To be able to answer the research questions,
extracted data have been synthesised. The synthesis has been performed in the
following way:

– Measures that are extracted in their original terminology are classified
according to measure that is evaluated. This helps to observe the use
of terminology and to see whether different terms are used for the same
measure.

– Each extracted measure is aligned to a quality characteristic from SQuaRE,
and all the measures extracted in the review are classified according to
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those characteristics and according to the types of semantic technologies.
This helps to observe which quality characteristics are evaluated.

– Frequencies of the number of times each measure and characteristic appears
are also taken into account. This helps to observe which measures and
characteristics are the most common.

In total, one hundred publications were analysed6; the list of publications is given
in Appendix A. Tables 2.11, 2.12, 2.13, 2.14, and 2.15 show the results of the analysis
for ontology engineering tools, ontology matching tools, reasoning systems, semantic
search tools and semantic web service tools, respectively. Each table shows the number
of papers in which a specific type of semantic technology is evaluated, together with
the quality characteristics (shown in bold), which were extracted from the SQuaRE
standard, that are evaluated for the related technology type. For every characteristic
found in the literature for particular semantic technology type, a set of measures
that can be used for measuring such characteristic is presented and, in those cases
where different terminology was used, measures are referred to by the names used in
the literature for them and are grouped under an arbitrary common name (shown in
italics) that semantically denotes the measure. For example, classification correctness
for reasoner systems is found in one publication as “number of successes” and in
another publication as “number of solved tasks” and, therefore, these two measures
are grouped together under “classification correctness”. In some cases, however, it was
not possible to determine the exact classification (e.g., in the case of time behavior of
reasoning systems). The number of papers in which a specific measure was found and
the number of papers that evaluated a specific characteristic are shown in brackets.
Numbers are omitted when only one occurrence appears.

The analysis of the current state in semantic technology evaluation helped in
answering the research questions stated in the literature review, which are shown
next:

• RQ1. Is there a common approach for specifying the quality of semantic tech-
nologies?

Table 2.11: Characteristics and measures used in conference publications for ontology
engineering tools.

Ontology engineering tools (8)
Functional correctness (4) - precision (2), recall (2), information added, information lost, bench-
marks passed
Interoperability (3) - information addition/loss (3) [changes performed, import/export, knowl-
edge preserved, knowledge lost]
Time behavior (2) - execution time (2)
Maturity (1) - execution

6The complete analysis of publications is available for download at http://goo.gl/LzWu0T

http://goo.gl/LzWu0T
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Table 2.12: Characteristics and measures used in conference publications for ontology
matching tools.

Ontology matching tools (35)
Functional correctness (32) - precision (31), recall (30), f-measure (22) [f-measure (19), f-score
(3)], weighted symmetric difference, found correspondences
Time behavior (4) - matching time (4) [execution time, time, mapping time, runtime]
Maturity (1) - error rate
Resource utilization (1) - memory consumption

Table 2.13: Characteristics and measures used in conference publications for reasoning
systems.

Reasoning systems (31)
Time behavior (26) - classification time (11) [classification time (5), time (3), classification perfor-
mance, total time, labeling time, lattice operation time, query time], query execution time (5) [query
time (2), query response time, query answering time, time], entailment time (5) [time for entailment,
time, justification time, reasoning time, kernel running time], data loading time (2) [loading time
(2)], ontology loading time [loading time], closure time (2) [runtime, closure time], execution time,
cpu time, response time, runtime, time cost, loading time
Functional correctness (11) - classification correctness (4) [number of successes, number of cor-
rect classifications, number of wrong classifications, number of solved tasks, classifications], entail-
ment correctness (3) [number of solutions per second, soundness, logical entailment], satisfiability
correctness (2) [number of SAT instances solved, class satisfiability, ontology satisfiability], number
of matches (2), number of refinements, effectiveness, gain, answer completeness
Resource utilization (2) - memory usage, network traffic
Maturity (2) - resources exceeded, errors, failure

Table 2.14: Characteristics and measures used in conference publications for semantic
search tools.

Semantic search tools (15)
Functional correctness (11) - precision (9), recall (8), NDCG (2), f-measure (3) [f-measure (2),
f-score], reciprocal rank, system accuracy, relevance, number of correct queries and answers
Time behavior (10) - query execution time (5) [time (2), query response time, running time, exe-
cution time], question time (2) [time, question time], input time (2), system speed, task completion
time, execution time, response time
Operability (5) - system usability scale (SUS) questionnaire (4), search experience
Satisfaction (3) - extended questionnaire (2), user satisfaction
Efficiency (2) - answer found rate (2), number of attempts (2), experiment time (2)
Learnability (1) - learning

Table 2.15: Characteristics and measures used in conference publications for semantic
web services.

Semantic web service tools (11)
Functional correctness (8) - precision (8), recall (8), f-measure, number of target sources returned,
BPREF, reciprocal rank, success at cut-off point, cumulated gain
Time behavior (5) - discovery time (5) [processing time, query answering time, query response
time, execution time, discovery time]
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It has been found that no common approach for specifying the quality of
semantic technologies exists and that neither quality model nor guideline has
been developed in this domain. Furthermore, of all the publications analysed,
it has been observed that only one publication provides instructions on the
measures to be evaluated. In this publication [94], the authors propose a set of
novel measures for ontology matching tools: comprehensive F-measure, STD
score and ROC-AUR score, which have never been used before in evaluations.
Five publications provide some discussion on existing measures that have been
used before, of which three are related to reasoning systems [21, 127, 141], one
to semantic web services [74], and another to ontology matching tools [131].

• RQ2. Which semantic technology characteristics are evaluated and which quality
measures are used to evaluate them?

Tables 2.11 to 2.15 directly show all the information that is related to the
characteristics that are evaluated and to the quality measures used. The
following conclusions can be outlined:

– When observing a specific type of semantic technology, it can bee seen
that there is a variety of quality characteristics that are evaluated; i.e., in
different publications different characteristics are evaluated. For example,
while in some publications the time behavior of semantic web services is
evaluated, in others only correctness is. Furthermore, different quality
characteristics are evaluated across different types of semantic technologies.

– When studying specific quality characteristics, it can be seen that there
is a variety of measures for measuring them. This means that, although
some publications evaluate the same quality characteristic, they measure
it with different measures. An example of this can be the classification
and satisfiability evaluation of reasoning systems.

– Different publications use different terminologies for measures so their
names are different even when they evaluate the same aspect. This can be
directly observed in the previously shown tables (e.g., in Table 2.13 for
the case of classification correctness of reasoning systems).

2.3.2 Semantic Technology Evaluation Results

The Semantic Evaluation At Large Scale (SEALS) project was an FP77 project [139]
which created the infrastructure for semantic technology evaluation and performed
evaluations of semantic technologies through public evaluation campaigns.

7http://cordis.europa.eu/fp7/home_en.html
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Two public evaluation campaigns of the SEALS project have produced evaluation
results for several types of semantic technologies. For each type of semantic technology,
several tools were evaluated according to common test data in one or several evaluation
scenarios:

• Three evaluation scenarios were defined for ontology engineering tools:

– Conformance scenario.
– Interoperability scenario.
– Scalability scenario.

In total, six ontology engineering tools were evaluated in the first evaluation
campaign [42] and nine ontology engineering tools were evaluated in the second
evaluation campaign [43].

• Five evaluation scenarios were defined for ontology reasoning systems:

– Classification scenario.
– Class satisfiability scenario.
– Ontology satisfiability scenario.
– Entailment scenario.
– Non-entailment scenario.

In total, three ontology reasoning systems were evaluated in the first evaluation
campaign[140] and four ontology reasoning systems were evaluated in the second
evaluation campaign [142].

• One evaluation scenario was defined for ontology matching tools:

– Accuracy scenario.

In total, fifteen matching tools were evaluated in the first evaluation campaign
[132] and nineteen matching tools were evaluated in the second evaluation
campaign [88].

• Two evaluation scenarios were defined for semantic search tools:

– User-in-the-loop scenario (accuracy and performance).
– Automatic scenario (accuracy, performance, usability).

In total, five semantic search tools were evaluated in the first evaluation cam-
paign [137] and eight semantic search tools were evaluated in the second
evaluation campaign [138].
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• One evaluation scenario was defined for semantic web service tools:

– Semantic web service discovery.

In total, four semantic web service tools were evaluated in the first evaluation
campaign [18] and two semantic web service tools were evaluated in the second
evaluation campaign [78].

Table 2.16 shows an overview of the measures used in the first and the second
SEALS evaluation campaigns.

Table 2.16: Measures used in the first and the second SEALS evaluation campaigns.

Ontology engineering tools
execution problems, importing-exporting duration, information added, information
lost, structural equivalence, semantical equivalence
Ontology matching tools
precision, recall, f-measure, runtime, errors
Reasoning and storage systems
classification time, class satisfiability time, ontology satisfiability time, entailment
time, non-entailment time, loading time, classification correctness, class satis-
fiability correctness, ontology satisfiability correctness, entailment correctness,
non-entailment correctness, classification errors, class satisfiability errors, ontology
satisfiability errors, entailment errors, non-entailment errors
Semantic search tools
loading time, load successful, query time, number of completed queries, number
of results, time per result, precision, recall, f-measure, experiment time, usability
value, satisfaction value, number of attempts, answer found rate, input time
Semantic web service tools
precision, recall, binary preference, reciprocal rank, number of retrieved documents,
number of relevant documents, number of relevant documents retrieved, normalized
discounted cumulative gain

2.4 Semantic Technology Recommendation
In the semantic technology domain, there are different types of technologies that users
can use in order to solve a problem. Furthermore, for some problems users often have
to use more than one type of semantic technology. Therefore, the quality requirements
that users might have with respect to semantic technologies cover criteria across tools
which can be satisfied either by a single tool or by a combination of them.
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Selecting the best technologies among those that users can use in order to solve a
specific problem can be a difficult task, especially for users with no or little expertise
in the semantic technology field. In such field, to the best of the knowledge of the
author of this thesis there is only one work related to providing a recommendation
framework, that of Mochól [89]. However, her work deals with ontology matching
tools, which is only one type of semantic technologies.

In her work, Mochól takes into account matching approaches and algorithms,
employed by different tools, and provides a framework for their manual or semi-
automatic selection. The manual approach relies on the Analytic Network Process,
and requires manual pairwise comparisons of matching approaches (i.e., alternatives)
to be performed by experts, and the manual definition of the model and pairwise
comparisons of criteria by users. The semi-automatic approach, on the other hand,
is based on rules that compare whether the characteristics of a certain matching
approach match the characteristics of the input ontologies.

2.5 Conclusions to the State of the Art
A large variety of MCDM methods have been developed to date and they have been
successfully applied in many different fields for recommendation problems, including
software engineering.

In MCDM recommendation problems, comparisons between alternatives are
usually performed by experts in the field or by users themselves. In some cases,
however, it is difficult for ordinary users to make comparisons because of their lack of
expertise. Furthermore, although expert opinion is highly valuable in many cases, it
can be expensive and not every expert may have expertise in every alternative. Also,
those cases when new alternatives are added or existing alternatives evolve require
additional expert comparisons.

In those cases where the evaluation of alternatives has already been performed
and evaluation results are available, it can be useful to ground the comparisons of
alternatives in such evaluation results. In AHP pairwise comparisons, as suggested
by Saaty, the comparison of numerical results that belong to ratio scale can be based
on ratios. Such approach for numerical results is also adopted in the rules defined by
Tran et al. [130]. However, a possible problem is that in the case of largely separated
values, the comparisons would fall out of the Saaty’s scale. Also, in the case of
values that are not significantly separated, the comparisons might not provide enough
differentiation between the alternatives. Furthermore, the rules defined by Tran et al.
rely on criteria weights as outputs instead of on the Saaty’s scale. Such approach
implies that the strength of preference between two alternatives will be greater if
the criterion is less important, and vice versa. To this extent, no formal approach
based on Saaty’s fundamental scale for the automatic exploitation of real
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evaluation results across different scales has been found. Finally, different
users might have different quality requirements in a recommendation problem and
user quality requirements are not always taken into account.

As discussed before, the quality of software products is of high importance;
therefore, the specification and evaluation of quality is of great concern. Software
quality models provide the basis for quality specification and evaluation; however, since
there is neither a unique specification nor a quality model for semantic
technologies, the current state of semantic technology evaluations is characterized by
a large variety of characteristics, measures, and terminology of the quality evaluated.
A possible consequence of this variety is that the integration and analysis of different
evaluation results (e.g., when performing benchmarks or comparisons), which can
be particularly significant for the selection of tools according to their quality, might
require additional effort or lead to misleading and wrong conclusions. For example,
the results of a specific reasoning task obtained in Baader et al. [7] and in Glimm
et al. [44] can be compared, but the fact that such results are presented with different
terminology (“labeling time” and “classification time”, respectively) requires a deeper
analysis of the evaluation process. Also, the comparison of reasoning times in
Meditskos and Bassiliades [87] and in Urbani et al. [133] can be misleading because
when they refer to “reasoning time”, they refer to different reasoning processes.
Therefore, without a common ground to specify the quality of semantic technologies,
it is very difficult to compare them and to assess their quality.

Using a software quality model may provide a good common basis for evaluation,
since software quality models support the specification of quality and instruct on how
to measure it. Existing software quality models provide terminology and description
of characteristics that are general for almost every kind of software. However, in
order to use a quality model in a specific domain, it usually has to be extended to
include the particularities of such domain [10, 14].

Various methods for extending quality models have been proposed in the literature;
they all follow a top-down approach, starting from general characteristics to concrete
measures. As reported by Botella et al. [13] in their work with the top-down method,
identifying some measures can be a difficult task and it is not always possible to
identify all of them. Furthermore, they outline that metrics are also very difficult to
define for some measures and having rigorous metrics is a prerequisite for reliable
comparisons between products [61].

By the time of writing this thesis, the author has not found any example of
a bottom-up approach in the general literature. In some scenarios, however,
it can be helpful to base the extension of the quality model on existing software
evaluations and evaluation results, when these are available. Furthermore, some
authors suggest that a bottom-up approach is important when building quality models
[29].
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Quality models have been successfully used to date with MCDM methods in
recommendation problems. In the Software Engineering field, and in the case of the
AHP, which requires a hierarchical structure in its model, hierarchical software quality
models (e.g., ISO 9126 or SQuaRE) are very convenient, and different authors have
used software quality models based on ISO 9126 together with the AHP [22, 68, 79, 97].



Chapter 3

Work Objectives

This chapter presents the main objectives of this thesis and the open research problems
it aims to address (Section 3.1), together with its main contributions (Section 3.2).
Furthermore, the chapter also presents the work assumptions, hypotheses, and
restrictions of this thesis (Section 3.3), as well as the plan for the evaluation of the
stated hypotheses (Section 3.4). Finally, Section 3.5 presents the research methodology
and research process followed in this thesis.

3.1 Thesis Objectives and Open Research Problems

The objectives of this thesis aim to advance the current state of the art in the
Multiple Criteria Decision Making field and in the Semantic Web field; on the
one hand, by providing a Multiple Criteria Decision Making framework
that extends the Analytic Network Process and that takes advantage of
evaluation results of alternatives and of user quality requirements over
such alternatives and, on the other hand, by applying this MCDM framework
in the Semantic Web field for semantic technology recommendation using
evaluation results.

In order to achieve the first objective, from a methodological perspective the
following list of open research problems must be solved:

• In some cases, at the time of making a decision over some alternatives (i.e.,
products, services or actions), these alternatives have already been evaluated
according to a set of criteria and evaluation results are available; those results
can be useful for the comparison of alternatives in a decision process because
they provide an insight into the quality of the alternatives and can be used
for deriving preferences between alternatives. However, in the ANP method
(and, consequently, in the AHP one) comparisons are usually made manually

53
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by experts or users, and only one formal approach for comparisons has been
found, which is based on criteria weights. To this extent, there is a lack of a
method that is based on the Saaty’s fundamental scale and that en-
ables the automatic comparison of alternatives based on alternatives’
evaluation results across different scales.

• A decision process is usually performed by experts manually, or in some cases
semi-manually with the help of appropriate software. In each decision making
process, a set of criteria related to alternatives is specified and a decision is
made having in mind these criteria. However, since different users have different
quality requirements in terms of desired criteria and desired values for these
criteria, different alternatives are best suited for each user (i.e., for each different
set of user quality requirements). Currently, user quality requirements are not
always considered and there is a lack of a generic method in the ANP
method that enables automatic recommendations based on different
sets of user quality requirements over alternatives.

From a technological perspective the following engineering problems must be
solved:

• Current software implementations of the ANP and of the AHP are
domain-specific or do not support the automatic exploitation of eval-
uation results and user quality requirements. Furthermore, current
generic software implementations require previous knowledge on these methods.
Also, the comparison of alternatives has to be made manually by the users of
the software, and every user needs to construct the model (network or hierarchy)
based on his or her quality requirements.

In order to achieve the second objective, from a methodological perspective the
following open research problem must be solved:

• Quality models provide a specification of quality characteristics and the quality
measures needed for the evaluation of such characteristics. Such models are
used with decision making methods as a reference for the specification of user
quality requirements. However, in the current state of the art a quality
model for semantic technologies has not been defined yet.

From a technological perspective the following engineering problem must be solved:

• With a large number of semantic technologies that belong to different types
of semantic technologies, and with the common need to use more than one
technology to solve a certain problem, choosing the best semantic technology
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or set of technologies (e.g., tools when developing an application) is a difficult
task for users. Currently, there is a lack of an application that provides
recommendations over semantic technologies based on user quality
requirements and on the available evaluation results of semantic tech-
nologies.

3.2 Contributions to the State of the Art
This thesis aims at giving solutions to the previous open research and engineering
problems. Chapter 4 describes the solution proposed for the first objective (the
development of a MCDM framework that exploits alternative evaluation results and
user quality requirements) and Chapters 5 and 6 present the solutions related to the
second one (semantic technology recommendation).

With regard to the first objective, this thesis has contributed to the advance of
the current state of the art by providing RIDER: a MCDM framework based
on the ANP, that takes into account evaluation results of alternatives and
user quality requirements defined over such alternatives. In particular, this
thesis presents new advances by providing the following:

C1. Domain-independent algorithms for the automatic comparison of
alternatives according to alternatives’ evaluation results, based on
Saaty’s scale. These algorithms, which can be used both in the AHP and
in the ANP, take evaluation results and user quality requirements as inputs
and provide their outputs in Saaty’s pairwise comparison scale. To this extent,
these algorithms represent the simulation of alternative comparisons performed
by the experts or users. Furthermore, the algorithms are based on the Eu-
clidean distance (for numerical results), which is often used for the calculation
of similarity between values, and on values matching (for nominal and ordinal
results).

With respect to the current state of the art, this contribution provides ad-
vancement in terms of new comparison algorithms, based on Saaty’s pairwise
comparison scale, that enable the automatic exploitation of evaluation results.

C2. A set of methods for the dynamic extraction of the AHP and ANP
models that are based on user quality requirements. These methods
and the comparison algorithms (C1 ) allow taking into account user quality
requirements in the decision process.

In this thesis, the term user quality requirement denotes a criterion important
for a particular user and a desired value (threshold) to be satisfied for this
criterion. Therefore, user quality requirements and thresholds denote a “good
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to have” and not a hard condition or a must that would exclude alternatives if
not satisfied.

With respect to the current state of the art, this contribution provides advance-
ment in terms of a formalized approach for addressing user quality requirements,
through the AHP and the ANP model extraction, while taking into account
dependencies.

C3. Software that supports the proposed MCDM framework. This software
includes both a generic programming interface (jRIDER) and a generic web
application (RIDER-WebApp) for performing recommendations.

With respect to the current state of the art, this contribution provides ad-
vancement in terms of a generic software support that automatically delivers
recommendations by exploiting the AHP and the ANP methods and is, therefore,
able to take into account dependencies.

The second objective of this thesis is to apply the previous MCDM frame-
work for semantic technology recommendation. To this extent, this thesis
presents new advances by providing the following:

C4. SemQuaRE, a quality model for semantic technologies that has been
defined starting from existing semantic technology evaluation results. This
quality model extends the well-known ISO SQuaRE quality model, describes
the quality characteristics and measures that are relevant for different types
of semantic technologies, and provides instructions on how to obtain those
measures.

With respect to the current state of the art, this contribution provides advance-
ment in terms of a quality model for semantic technologies which, to the best
of the author’s knowledge, has not been previously defined.

C5. The application of the RIDER framework in the semantic technology
domain, including a web application for the recommendation of semantic tech-
nologies that takes into account user quality requirements and existing semantic
technology evaluation results obtained in the SEALS project (Section 2.3.2).

With respect to the current state of the art, this contribution provides advance-
ment in terms of a system for delivering semantic technology recommendations
to users which, to the best of the author’s knowledge, has not been previously
developed.

Contributions C1, C2, and C4 are related to the methodological perspective,
while contributions C3 and C5 are related to the technological perspective.
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3.3 Work Assumptions, Hypotheses, and Restrictions
This thesis has been developed under a set of assumptions that help explain the
decisions taken for the achievement of the thesis goals; such assumptions are listed
bellow. As it can be observed, assumption A1 is related to the RIDER MCDM
framework presented in this thesis, while assumptions A2, A3, and A4 deal with the
application of the RIDER framework in the semantic technology domain:

A1. Quality models provide a good basis for the specification of user quality require-
ments in a decision process.

Since quality models formally specify evaluation guidelines and the characteris-
tics to be evaluated, they can be useful as a reference for the possible quality
requirements that users take into account in a decision process.

A2. Some quality characteristics of semantic technologies are dependent on each
other.

This assumption is expected because dependencies between some quality char-
acteristics in software products are common and some researchers have already
addressed dependencies in the Software Engineering field [26, 45, 92].

A3. The ANP is the most suitable among all the MCDM methods that can be
applied for the recommendation of semantic technologies.

Since the ANP is particularly useful for the recommendations in which depen-
dencies exist, and since dependencies are present in the semantic technology
domain (see A2), the ANP can be considered as the most suitable among all
the MCDM methods for the application in the semantic technology domain.

A4. The evaluation results for semantic technologies produced in the SEALS project
are correct.

All the tools evaluated in the SEALS project were evaluated against the same
execution environment and using the common input data. Therefore, it can be
assumed that the evaluation results produced in SEALS are correct.

Once the assumptions have been identified and presented, the set of hypotheses
of this thesis are described. Hypotheses H1 to H5 are related to the RIDER MCDM
framework, while hypotheses H6 to H9 deal with the application of the RIDER
framework in the semantic technology domain:

H1. The outputs of the algorithms for the comparison of alternatives that exploit
evaluation results do not depend either on the distribution or the range (distance
between the minimum and maximum values in the results) of such evaluation
results.
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H2. The quality of the algorithms for the comparison of alternatives that exploit
evaluation results does not improve when more evaluation results are available.

H3. User quality requirements (in terms of thresholds) do not influence the compar-
ison of alternatives performed by the algorithms.

H4. User quality requirements (in terms of thresholds) do not help discriminating
between alternatives.

H5. Those alternatives that satisfy a higher number of specified user quality re-
quirements are ranked better in an extracted model which only contains those
criteria appearing in specified user quality requirements.

H6. The SemQuaRE quality model for semantic technologies is representative, which
means that it covers the majority of the quality characteristics that are evaluated
in practice.

H7. The SemQuaRE quality model for semantic technologies is flexible, which means
that it can be extended with new quality characteristics or new types of tools.

H8. The RIDER framework in the ontology matching domain produces recommen-
dations that are accurate in the context of users’ needs.

H9. The RIDER framework in the ontology matching domain produces recommen-
dations that satisfy users.

Finally, the following set of restrictions defines the limits of the contributions of
this thesis and allows determining future research objectives. These restrictions delimit
the research problem and allow the incremental improvement of research. Restrictions
R1 and R2 are related to the RIDER MCDM framework, while restrictions R3, R4
and R5 deal with the application of the RIDER framework in the semantic technology
domain:

R1. The algorithms for the comparison of alternatives are based on Saaty’s pairwise
comparison method and a fundamental scale, which is used in the AHP and
ANP methods.

R2. The methods for the dynamic extraction of the AHP and ANP models that are
based on user quality requirements only cover hierarchical and network models.
Other types of models are not taken into account.

R3. User quality requirements that can be used for semantic technology recommen-
dation cover only those quality characteristics evaluated in the SEALS project,
i.e., those characteristics for which the evaluation results are available.
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R4. With respect to the web application for semantic technology recommenda-
tion, the available alternatives and their evaluation results cover only those
alternatives and results provided by the SEALS project.

R5. The evaluation of the RIDER framework in the semantic technology domain
only covers ontology matching tools.

Figure 3.1 shows the mappings between the objectives described in Section 3.1,
the contributions described in Section 3.2, and the assumptions, hypotheses and
restrictions described in this section.

3.4 Evaluation Plan

With respect to the hypotheses defined in this thesis, in order to accept or reject
them, the following evaluations have been performed (Chapter 7):

E1 (for H1). The goal of this evaluation is to determine the influence of the
distribution and range of evaluation results on the comparisons of alternatives
provided by the comparison algorithms. To this end, the results of comparing
alternatives using different variations of the comparison algorithm, by varying
the distribution and range of input results, can be compared to one another to
observe how the distribution and range of results influence the outputs of the
algorithm.

E2 (for H2). The goal of this evaluation is to determine the influence of the quantity
of evaluation results on the quality of the comparison algorithms. To this end,
the results of comparing alternatives using different variations of the comparison
algorithm (i.e., using partial or full sets of evaluation results) can be compared.

E3 (for H3). The goal of this evaluation is to determine the influence of user quality
requirements on the comparison of alternatives provided by the comparison
algorithms. To this end, a set of comparisons obtained without specifying any
quality requirements can be analysed and compared to a set of comparisons
obtained with respect to a number of quality requirements, in order to deter-
mine the influence of user quality requirements (in terms of thresholds) on
comparisons.

E4 (for H4). The goal of this evaluation is to determine the influence of user quality
requirements on discrimination between alternatives. To this end, similarly as
with the previous evaluation, a set of comparisons obtained without specifying
any quality requirements can be analysed and compared to a set of comparisons
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obtained with respect to a number of quality requirements, in order to determine
the differences in discrimination between alternatives.

E5 (for H5). The goal of this evaluation is to determine how model extraction
methods influence the recommendations provided by the RIDER framework.
To this end, recommendations obtained with different extraction methods can
be compared, in order to determine how the extraction methods influence the
recommendations.

E6 (for H6). The goal of this evaluation is to determine the representativeness of
the quality model for semantic technologies. To this end, a literature review
on semantic technology evaluation can show which quality characteristics are
evaluated, and the results of such review can be compared to the quality
characteristics described in the quality model.

E7 (for H7). The goal of this evaluation is to determine the flexibility of the quality
model for semantic technologies. To this end, the flexibility of the quality model
can be examined through its extensions with both new quality characteristics
and with new types of semantic technologies.

E8 (for H8). The goal of this evaluation is to determine whether the application
of the RIDER framework to the semantic technology domain, in particular its
application to the ontology matching domain, can produce recommendations
that are accurate in the context of users’ needs. To this end, the ontology
matching tool recommendations obtained with the instantiation of the RIDER
framework in the ontology matching domain can be compared with respect to
the recommendations provided by users themselves.

The reason for limiting this evaluation to the ontology matching tools domain
is because it is the domain in which the largest number of tools is evaluated
(nineteen tools evaluated with respect to five criteria) and with the highest
variability in evaluation results. This allowed for choosing a subset of five tools
in order to design the evaluation in such a way that the number of tools and
criteria does not require high complexity in order for the interviewed users to
perform recommendations.

E9 (for H9). The goal of this evaluation is to determine whether the application
of the RIDER framework to the semantic technology domain, in particular its
application to the ontology matching domain, can produce recommendation
that are satisfactory to users. To this end, the ontology matching tool recom-
mendations obtained with the instantiation of the RIDER framework in the
ontology matching domain can be presented to users, which would be asked to
provide feedback on their satisfaction with the presented recommendations.
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3.5 Research Methodology

This section presents an overview of the research methodology followed during the
development of this thesis, as well as the followed research process (Section 3.5.1).

The approach for achieving the objectives of this thesis (Section 3.1) consists of
providing several contributions to open research problems, as described in Section 3.2.
These contributions are then combined together in order to achieve each specified
goal.

In order to deliver the contributions of this thesis, methodological and technological
inputs are taken into account as presented in Figure 3.2. Furthermore, in developing
this thesis’ contributions, community based feedback has been taken into account.
Figure 3.2 also shows that the work in this thesis is framed by a set of objectives,
assumptions and restrictions presented in this chapter.

Frame

Objectives

Assumptions

Restrictions

RIDER RIDER for semantic 
technologies

Researchers Users

C1. Algorithms for automatic 
comparison of alternatives

C3. RIDER software support

Methodological inputs Technological inputs

Outputs

Software libraries

Existing MCDM methods

Methodologies for performing 
literature reviews

SoA in applications of MCDM 
methods in software engineering

Existing software quality models

Existing approaches for 
extending quality models

SoA in semantic technology 
quality specification

C4. Quality model for 
semantic technologies

C5. Application in the 
semantic technology domain

Community feedback

C2. Methods for the extraction of 
the ANP and the AHP models

Figure 3.2: Inputs taken into account for delivering thesis’ contributions.

In order to deliver contributions related to the objective of providing a Multiple
Criteria Decision Making framework that extends the Analytic Network
Process and that takes advantage of evaluation results of alternatives and
of user quality requirements over such alternatives, which is called RIDER,
the following inputs were taken into account:
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1. Methodological guidelines for performing literature reviews. Part of the method-
ology followed in the thesis relies on the literature reviews performed in the fields
of interest. For performing such literature reviews, methodological guidelines
by Kitchenham [71] have been followed.

2. Existing Multiple Criteria Decision Making methods. Existing MCDM methods,
presented in Section 2.1, were analysed in order to obtain an overview of the
MCDM field and methods.

3. State of the art analysis in Multiple Criteria Decision Making applications in the
Software Engineering field. This analysis, presented in Section 2.1.6, together
with the previous input helped in identifying open research problems related
to the MCDM field, and the most suitable MCDM method for the Software
Engineering field to be used as a basis for the new recommendation framework
presented in this thesis.

4. Software libraries. For developing software to support the MCDM framework
proposed in this thesis, existing software libraries such as Jena, Spring and
Tapestry were used.

5. Community feedback. In the development of this goal, feedback from researchers
was taken into account, mostly through dissemination of the results as described
in Section 1.5 and through participations at various international and national
conferences and workshops.

In order to provide contributions related to the objective of applying the
proposed MCDM framework in the Semantic Web field for semantic tech-
nology recommendation, i.e., of providing RIDER for semantic technologies, the
following inputs were taken into account:

1. Existing software quality models. Existing software quality models, presented
in Section 2.2, were analysed in order to obtain an overview of generic software
quality models used in Software Engineering.

2. Existing approaches for extending software quality models. Existing approaches
for extending software quality models, presented in Section 2.2.6, were analysed
in order to obtain an overview of the process and steps in the specification of
domain-specific quality models.

3. State of the art analysis in semantic technology quality specification. This
analysis, presented in Section 2.3.1, helped in identifying open research problems
related to quality specification and evaluation in the semantic technology field.

4. Community feedback. In the development of this goal, feedback from users of
the semantic technology recommendation framework was taken into account.
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3.5.1 Description of the Research Process

In the development of this thesis, an incremental process has been followed leading
to four different phases: initialisation, development, implementation, and refinement.
Figure 3.3 shows a chronological overview of each phase, including derived contri-
butions and obtained publications. Figure 3.3 pretends to be self-contained in the
sense that the citations represented by integers between brackets correspond to the
enumerated bibliographical resources at the bottom of the figure.

In each phase of the development of this thesis, various methodological inputs have
been used as described in Figure 3.2. Next, each of the four phases of development
are described:

1. Initialisation. During this phase, existing software quality models and ap-
proaches for extending software quality models have been analysed, and an
initial analysis of the state of the art in semantic technology quality specification
have been performed. As a result, the initial version of the quality model for
semantic technologies has been developed (C4 ). It is important to note that
this phase took place during the Master studies, before the student enrolled in
the Ph.D. program.

2. Development. During this phase, existing MCDM methods and a state of the
art in the application of MCDM methods in the Software Engineering field
have been analysed. As a result, the methodological contributions of this thesis
as described in Section 3.2 have been developed, which include algorithms for
automatic comparison of alternatives (C1 ) and methods for the extraction of
the ANP and the AHP models (C2 ). Furthermore, in this phase the initial
version of the quality model for semantic technologies developed in the previous
phase has been improved and extended (C4 ) and an application of the RIDER
framework in the semantic technology domain (C5 ) has been defined.
The results of this phase have been combined into RIDER, a Multiple Criteria
Decision Making framework that extends the Analytic Network Process and
that takes advantage of evaluation results of alternatives and of user quality
requirements over such alternatives, and into an application of RIDER in the
Semantic Web field for semantic technology recommendation.

3. Implementation. During this phase, existing software libraries have been used
in order to provide the technological contributions of this thesis, which include
software support for the RIDER framework (C3 ) and a web application for the
recommendation of semantic technologies (C5 ).

4. Refinement. During this phase, continuous refinements and improvements have
been performed over the main contributions of this thesis.
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Chapter 4

The RIDER Recommendation
Framework

This chapter presents RIDER, a domain-independent and modular MCDM
recommendation framework based on the AHP and the ANP methods
that takes into account evaluation results of alternatives1 and user quality
requirements defined over such alternatives, together with artefacts needed for
its instantiation and a typical use case. RIDER improves the general AHP and ANP
MCDM recommendation framework presented in Section 2.1.5 and brings solutions
to the open research and engineering problems stated in Section 3.1 in several ways.
First, RIDER provides domain-independent comparison algorithms for the automatic
comparison of alternatives according to their evaluation results, as well as an extension
of these algorithms for taking into account user quality requirements. Second, it
provides a set of methods for the dynamic extraction of the AHP and the ANP
models depending on user quality requirements.

RIDER consists of several separate components that can be exploited indepen-
dently one from another:

• Quality model (Section 4.1). Quality models provide guidance in evaluations
of alternatives and are a valuable resource for obtaining evaluation results.
Furthermore, quality models can be useful as a reference for user quality require-
ments specification and for the definition of the AHP and ANP models. RIDER
also provides an ontological representation for the quality model component.

• Evaluation results of alternatives (Section 4.2). In some domains, evaluation
results of alternatives are available and these results are used in RIDER for the

1An alternative represents a concrete product, service or action to be recommended in a particular
domain.
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comparison of alternatives. RIDER also provides an ontological representation
for the evaluation results component.

• Comparison algorithms (Section 4.3) and the extensions of these algorithms
that make use of user quality requirements (Section 4.4). In RIDER, evaluation
results and user quality requirements are exploited by using algorithms for the
automatic comparison of alternatives.

• A set of methods for extracting the AHP and the ANP models (Section 4.5).
Another mechanism for exploiting user quality requirements in RIDER is
through the definition of a model specifically related to a particular set of user
quality requirements. This is achieved by extracting such model from the initial
model of a domain that contains all domain-related criteria, using the RIDER
network extraction methods.

• Pairwise comparisons of criteria (Section 4.6). In RIDER, pairwise comparisons
are performed for the initial model of a domain that contains all domain-related
criteria. These comparisons are used for deriving priorities between criteria
in the models related to specific sets of user quality requirements, which are
extracted using model extraction methods.

Figure 4.1 shows an overview of the RIDER framework with the previously
explained components. The processes are represented with dash-lined rectangles
while inputs and outputs in a process are represented with solid-lined rectangles.

RIDER is a generic recommendation framework independent of any particular
domain. This means that RIDER can be instantiated in many different domains for
delivering recommendations. The artefacts needed for the instantiation of RIDER
and the workflow of a typical use case of using RIDER in a particular domain are
described in Section 4.7.

RIDER has been implemented in Java in order to provide software support
for the framework. This support consists of a Java library that provides RIDER
functionalities and of a generic web application, which are described in Section 4.8.

The RIDER framework has been instantiated in one concrete domain, which is
the domain of semantic technologies. Chapters 5 and 6 describe this instantiation.

Next, each component of the RIDER framework is described in detail.

4.1 Quality Model

Quality models provide a common framework for quality specification and evaluation
by specifying a consistent terminology for quality and by providing guidance for its
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Figure 4.1: Overview of the RIDER framework.

measurement [8]. Furthermore, as seen in Section 2.5, quality models have been
successfully used to date with MCDM methods.

Quality models are part of the RIDER recommendation framework (Figure 4.2)
since they define the quality criteria to be used in the framework. Particularly, quality
models are significant for:

1. Providing information about quality criteria that are useful in the creation of the
AHP hierarchy or the ANP network for a particular domain. This information
can be particularly significant because the identification of relevant criteria in a
domain is identified as a resource-consuming task [104]. To this extent, instead
of referring to an ordinary list of criteria, criteria can be combined and grouped
in order to create different models.

2. Providing a reference for the evaluation of alternatives and for obtaining evalu-
ation results.

3. Serving as a basis for the specification of user quality requirements.
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Figure 4.2: RIDER framework with the quality models component.

Regarding the first benefit, starting from a quality model, the corresponding AHP
hierarchy of a domain can be defined in two consecutive steps:

1. Every indicator from the quality model becomes a leaf element of the criteria
hierarchy. As seen in Section 2.1.1, in MCDM terminology those elements are
called criteria.

2. Since every indicator is used for measuring a sub-characteristic, every sub-
characteristic becomes a parent element of an indicator in a hierarchy.

In the case of the ANP, the ANP network of a domain can be defined in several
consecutive steps:

1. Every indicator from the quality model becomes an element of the network,
and those elements are related to criteria.

2. Since every indicator is used for measuring a sub-characteristic, the network
elements are grouped into clusters, each containing those indicators that are
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related to a certain sub-characteristic. This way, each sub-characteristic becomes
a cluster in a network.

3. Since a formula for the calculation of a measure (derived measure or indicator)
can contain other measures as variables, the formulas imply that one measure is
dependent on another (e.g., precision is used in the calculation of f-measure and,
therefore, f-measure depends on precision). Therefore, based on formulas the
dependencies between the indicators are deduced. Furthermore, dependencies
between the quality indicators in a model can be defined based on expert
opinions.

4. Every two dependent elements are connected with an arc; the element where
the arc begins depends on the element where the arc ends.

5. Based on the dependencies between elements, dependencies between clusters
are defined in such a way that two dependent elements imply a dependence
between their clusters.

Regarding the second benefit, quality models provide the basis and instructions
for obtaining evaluation results in a particular domain. The evaluation results that
are obtained using a quality model can be useful when comparing alternatives in a
recommendation process.

Regarding the third benefit, quality models provide the basis for the specification
of user quality requirements since user quality requirements in a recommendation
process are related to quality indicators in a quality model, i.e., to criteria in the
AHP hierarchy or in the ANP network.

Illustrative example.
Let us consider as an example a part of the quality model for ontology matching

tools. For measuring the Ontology alignment accuracy sub-characteristic, the quality
model defines several quality indicators that can be used: Average alignment precision,
Average alignment recall, Average alignment F-measure, and Average alignment H-
measure. Because of this, these indicators are defined as elements in the Ontology
alignment accuracy cluster of the ANP network (Figure 4.3).

The formulas for the F-measure and H-measure derived measures used for ob-
taining the indicators, shown below, suggest that these two measures depend on
the precision and recall derived measures. Because of this, the Average alignment
F-measure and Average alignment H-measure indicators are dependent on the Aver-
age alignment precision and Average alignment recall indicators. Furthermore, since
H-measure is a special case of F-measure, Average alignment H-measure and Average
alignment F-measure are also dependent on each other. Finally, because of these
dependencies, the Ontology alignment accuracy cluster also depends on itself.
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Figure 4.3: Sample subset of the semantic technology ANP network.

F-measure =
precision × recall

(1-α) × precision + α × recall
, α = [0..1]

H-measure =
precision × recall
precision + recall

× 2

4.1.1 Quality Model Ontology

The Quality Model ontology defines the vocabulary for representing quality models
and their resources in any particular domain, and is based on the state of the art in
quality models (Section 2.2). The Quality Model ontology has been published online2,
and further development of the ontology is available for any interested parties3.

Figure 4.4 shows the graphical representation of the Quality Model ontology.
The QualityMeasure class represents the quality measure, which can be either a
BaseMeasure, a DerivedMeasure, or a QualityIndicator (see Section 2.2.5). One quality
measure can be used to obtain some other quality measure (isUsedToObtain), and
two quality measures can be in one of several types of relationships (collaboratesWith,
dependsOn, or damages, see Section 2.2.6). Furthermore, a quality measure measures
a quality characteristic, represented by the QualityCharacteristic class, and the two
classes are connected with the measuresCharacteristic and isMeasuredWith properties.

The Quality Model ontology reuses the Ontology of units of Measure and re-
lated concepts (om) [106]. A quality measure is described with a unit of measure
(om:Unit_of_measure) and with a scale (om:Measurement_scale). There are several
possible types of scales, each represented by a class in the OM ontology: ratio scale,
interval scale, nominal scale, and ordinal scale [125]. Furthermore, for each scale it is
possible to describe a ranking function (RankingFunction), which denotes whether a

2http://purl.org/net/QualityModel#
3https://github.com/filiprd/QualityModel

http://purl.org/net/QualityModel#
https://github.com/filiprd/QualityModel
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Figure 4.4: Graphical representation of the Quality Model ontology.

greater value on the scale is better or worse (HigherBest or LowerBest).
Finally, a quality characteristic can be related to a category of products, services

or actions, which is represented by the eval:SubjectCategory class from the Evaluation
Result ontology (Section 4.2.1). In the context of RIDER, a subject category represents
a type of an alternative to be recommended.

The Quality Model ontology has been evaluated using the OOPS! pitfall scanner4
[101, 102]; the syntax of the ontology was also validated and the Pellet5 reasoner was
used in order to evaluate the logical consistency of the ontology.

Listing 4.1 presents a short illustrative example of quality model data related
to ontology matching tools. For the sake of simplicity, datatype declarations are
omitted.
1 @prefix ex: <http://example.com> .
2 @prefix qmo: <http://purl.org/net/QualityModel#> .
3 @prefix eval: <http://purl.org/net/EvaluationResult#> .
4 @prefix dc: <http://purl.org/dc/terms/> .
5 @prefix om: <http://www.wurvoc.org/vocabularies/om-1.8/>.
6
7 ex:OutputAlignment a qmo:BaseMeasure ;
8 dc:title "Output alignment" ;
9 dc:description "The alignment that is produced by the tool when aligning two ontologies" ;
10 qmo:isUsedToObtain ex:AlignmentPrecision .

4http://oeg-upm.net/oops/
5http://clarkparsia.com/pellet/
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11
12 ex:AlignmentPrecision a qmo:DerivedMeasure ;
13 dc:title "Alignment precision" ;
14 dc:description "The ratio between the output alignments returned by the tool that match expected

alignments and all output alignments returned by the tool when performing an ontology matching
task" ;

15 qmo:isUsedToObtain ex:AverageAlignmentPrecision .
16
17 ex:AverageAlignmentPrecision a qmo:QualityIndicator ;
18 dc:title "Average alignment precision" ;
19 dc:description "The average precision of an ontology alignment task." ;
20 qmo:measuresCharacteristic ex:OntologyAlignmentAccuracy ;
21 qmo:hasScale ex:PrecisionScale .
22
23 ex:OntologyAlignmentAccuracy a qmo:QualityCharacteristic ;
24 dc:title "Ontology alignment accuracy" ;
25 dc:description "Degree to which a product or system provides the correct results with the needed

degree of precision when performing an ontology alignment task" ;
26 qmo:isMeasuredWith ex:AverageAlignmentPrecision ;
27 qmo:isCharacteristicOf ex:OntologyMatchingTools .
28
29 ex:PrecisionScale a om:Ratio_scale ;
30 qmo:hasLowerBoundary "0" ;
31 qmo:hasUpperBoundary "1" ;
32 qmo:hasRankingFunction qmo:HigherBest .
33
34 ex:OntologyMatchingTools a eval:SubjectCategory .

Listing 4.1: Example of using the Quality Model ontology for capturing data about quality
models.

4.2 Evaluation Results of Alternatives
Evaluation processes are highly important, as discussed in Section 2.5. For example,
according to ISO 9126, the evaluation of software is considered to be the integral
part of the software development lifecycle [61]. To this date, a huge number of
evaluations have been performed in many domains producing evaluation results of
various alternatives. An example of this is the field of software engineering and the
semantic technology domain (see Section 2.3). When evaluation results are available,
it can be useful to base the comparison of alternatives in those results instead of
relying on user or expert opinions and, because of this, evaluation results that are
already available are part of the RIDER framework. Figure 4.5 shows the RIDER
framework with the evaluation results component highlighted.

The values of evaluation results can belong to one of the four types of scale:
nominal, ordinal, interval, or ratio [125]. The nominal scale is a type of scale in which
results are descriptive labels with no significance of order. The ordinal, interval, and
ratio scales are types of scale in which results can be ordered from best to worse, i.e.,
in which the best and worst values can be known.
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Figure 4.5: RIDER framework with the evaluation results component.

The difference between the ordinal, interval, and ratio scales is in the statistical
analyses that can be applied to values on these scales [125]. The relevant characteristic
of these three types of scale is that in some cases the lower and higher possible
values are known (e.g., the age of a person can be from 0 to 99 years), and the
distance between two values on any of these three scales can be precisely calculated.
Additionally, depending on the semantics of the values, in some cases a higher value
obtained in the evaluation denotes a better result (e.g., 0.8 in precision is better than
0.6), while in other cases a better result is denoted by a lower value (e.g., runtime of
2 seconds is better than the runtime of 6 seconds).

4.2.1 Evaluation Result Ontology

The Evaluation Result ontology defines the vocabulary for representing results ob-
tained in an evaluation process; it extends the Quality Model ontology (QMO)
(Section 4.1.1). The Evaluation Result ontology has been published online6, and

6http://purl.org/net/EvaluationResult#

http://purl.org/net/EvaluationResult#
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further development of the ontology is available for any interested parties7.
Figure 4.6 shows the graphical representation of the Evaluation Result ontology.

The Evaluation class represents the process of evaluation, in which a particular
alternative (i.e., product, service or action) is evaluated (EvaluationSubject class).
Each evaluation produces a quality value (represented by the QualityValue class)
which is related to a particular quality measure (qmo:QualityMeasure), and uses
some input data (e.g., a document) which is represented by the EvaluationData class.
Finally, each evaluation subject belongs to a certain category of products, services or
actions, which is represented by the SubjectCategory class.
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hasLiteralValue :: xsd:Literal

om:Unit_of_measure

Evaluation

EvaluationSubject
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LegendClass
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EvaluationData
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Figure 4.6: Graphical representation of the Evaluation Result ontology.

The Evaluation Result ontology reuses the Ontology of units of Measure and
related concepts (om) and the W3C Time Ontology. Each evaluation is performed in a
specific moment in time represented by the time:Instant class, and each quality value
is expressed in a unit of measure (om:Unit_of_measure) and belongs to a particular
scale (om:Measurement_scale), as defined in the Quality Model ontology.

Similar as with the Quality Model ontology, the Evaluation Result ontology has
been evaluated using OOPS! and the syntax and logical consistency of the ontology

7https://github.com/filiprd/EvaluationResult

https://github.com/filiprd/EvaluationResult
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have been checked.
Listing 4.2 presents a short illustrative example of evaluation result data related to

one ontology matching tool (YAM++), which continues from the example in Listing
4.1. For the sake of simplicity, datatype declarations are omitted.
1 @prefix ex: <http://example.com> .
2 @prefix qmo: <http://purl.org/net/QualityModel#> .
3 @prefix eval: <http://purl.org/net/EvaluationResult#> .
4 @prefix time: <http://www.w3.org/2006/time#> .
5 @prefix dc: <http://purl.org/dc/terms/> .
6
7 ex:Evaluation1 a eval:Evaluation ;
8 eval:evaluatedSubject ex:YAM++ ;
9 eval:inputData ex:Ontology1 ;
10 eval:inputData ex:Ontology2 ;
11 eval:inputData ex:ExpectedAlignment ;
12 eval:producedQualityValue ex:QualityValue1 ;
13 eval:time ex:Instant1 .
14
15 ex:YAM++ a eval:EvaluationSubject ;
16 dc:title "YAM++" ;
17 eval:belongsToCategory ex:OntologyMatchingTools .
18
19 ex:QualityValue1 a eval:QualityValue ;
20 eval:hasLiteralValue "0.86" ;
21 eval:obtainedFrom ex:Evaluation1 ;
22 eval:forMeasure ex:AverageAlignmentPrecision ;
23 eval:isMeasuredOnScale ex:PrecisionScale .
24
25 ex:Instant1 a time:Instant ;
26 time:inXSDDateTime "2015-03-13T03:25:00" .
27
28 ex:Ontology1 a eval:EvaluationData .
29 ex:Ontology2 a eval:EvaluationData .
30 ex:ExpectedAlignment a eval:EvaluationData .

Listing 4.2: Example of using the Evaluation Result ontology for capturing data about
quality evaluation results.

4.3 Comparison Algorithm
The RIDER recommendation framework is designed to exploit evaluation results
of alternatives and to enable the automatic comparison of such alternatives with
the goal of removing the need for user or expert opinions. In order to enable the
automatic comparison of alternatives, a set of four comparison algorithms based
on the standard Saaty’s 1-9 comparison scale [118] has been defined. Apart from
the automatic comparison of alternatives, these algorithms also help in exploiting
alternative evaluation results and, hence, remove the need for expert or user opinions.
Figure 4.7 shows the RIDER framework with the comparison algorithm component
highlighted.
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Figure 4.7: RIDER framework with the comparison algorithm component.

Comparison algorithms can be used to fill the values of a pairwise comparison
matrix with alternative comparisons, i.e., with preferences of one alternative over
another, after which the consistency of that matrix can be calculated independently of
the comparison algorithm by using the consistency ratio proposed by Saaty (Section
2.1.4).

The comparison algorithm to be used in a specific case depends on the type of
scale and on the availability of evaluation results (i.e., inputs), as shown in Table 4.1.
In the general case, the inputs are evaluation results for two alternatives, result
r1 of alternative A1 and result r2 of alternative A2, where both results belong to
the same type of scale (Figure 4.8). The output is a number on the fundamental
Saaty’s comparison scale (Section 2.1.4) representing the preference (importance) of
alternative A1 over alternative A2.

Algorithm 1 shows the general algorithm for filling the pairwise comparison matrix
with alternative comparisons without threshold. This algorithm uses the comparison
algorithms described further in this section (line 3) for deriving preferences between
alternatives. In the reciprocal comparison matrix of size n, since the entries on the
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Table 4.1: Comparison algorithms depending on the type of scale and their inputs.

Algorithm Nominal
scale

Simple Scale distance Maximum dis-
tance

Scale Nominal Ordinal,
Interval or
Ratio

Interval or Ratio Interval or Ratio

Inputs r1, r2 r1, r2, min and
max scale values

r1, r2, all evalua-
tion results V

preference	  Comparison	  
algorithm	  

r1	  (A1)	  

Comparison	  
algorithm	  

threshold	  (t)	  

r2	  (A2)	  

r1	  (A1)	  

r2	  (A2)	  

preference	  

Figure 4.8: Inputs and outputs of the comparison algorithm without threshold.

main diagonal of the matrix are all equal to 1, there are n*(n-1)/2 entries to be
filled. Since all the matrices produced by this algorithm are by default reciprocal, the
number of necessary comparisons of the general algorithm for filling a comparison
matrix is n*(n-1)/2, where n is the size of the matrix to be filled.

Algorithm 1 General algorithm for filling a pairwise comparison matrix without
threshold
Input: vi∈V, a set of n evaluation results for n alternatives all belonging to the

same nominal, ordinal, interval or ratio scale
Output: M=[mij], a pairwise comparison matrix of size n
Complexity: o(n2)
1: for i=1 to n-1 do
2: for j=i+1 to n do
3: preference ← compare(vi,vj)
4: mij = preference
5: mji = 1/preference
6: return M

Next, the terminology regarding comparison algorithms used in this section and in
the rest of this paper is defined, and the particularities of each comparison algorithm
are presented.

Definition 1. Given two evaluation results r1 and r2, r1 is said to be better than
r2 (r1 � r2) if and only if one of the following conditions is satisfied:
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1. r1 and r2 are numerical values that belong to interval or ratio scale in which a
lower value is preferred, and r1 < r2.

2. r1 and r2 are numerical values that belong to interval or ratio scale in which a
higher value is preferred, and r1 > r2.

3. r1 and r2 belong to an ordinal scale, and r1 has higher order than r2.

Nominal Scale Algorithm

The Nominal scale algorithm (Algorithm 2) can be applied in the case of evaluation
results that belong to the nominal scale. In this scale, since there is no ordering
between the results, there is no way of determining which result is better or more
preferred. An example of this is the comparison of the programming language two
browsers are written in, where it is not possible to determine which programming
language is more preferable. Therefore, if the two results are different, as well as
if the two results are the same, a value of 1 (equal importance) is assigned in the
comparison (i.e., when comparing A1 to A2)

Algorithm 2 Nominal scale algorithm
Input: r1 of A1 and r2 of A2

Output: 1, ∀ r1, r2
Complexity: Θ(1)

Simple Algorithm

The Simple algorithm (Algorithm 3) can be applied in the case of evaluation results
that belong to the ordinal, interval, or ratio scales. In this algorithm, when comparing
two alternatives (i.e., A1 to A2) there are three possible cases:

• If both results are equal, a value of 1 (equal importance) is assigned in the
comparison (line 1).

• If the first result (r1) is better than the second result (r2), a value of 9 (extreme
importance) is assigned in the comparison (line 3).

• If the second result is better than the first result, a value of 1/9 is assigned in
the comparison (line 4).

The Simple algorithm is particularly useful when the access to the complete set of
evaluation results is restricted. On the other hand, this algorithm only distinguishes
which alternative is better and, therefore, produces only two possible outputs.
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Algorithm 3 Simple algorithm
Input: r1 of A1 and r2 of A2, both belonging to the same ordinal, interval or ratio

scale
Output: preference, a preference of A1 over A2 expressed through a number on the

Saaty’s fundamental scale (Table 2.1)
Complexity: Θ(1)
1: if r1=r2 then

preference ← 1
2: else
3: if r1�r2 then

preference ← 9
4: if r2�r1 then

preference ← 1/9
5: return preference

Scale Distance Algorithm

The Scale distance algorithm (Algorithm 4) can be applied in the cases of evaluation
results that belong to the interval or ratio scales, and when the minimum and
maximum values on a certain interval or ratio scale are available.

Therefore, the inputs of the algorithm are, besides r1 and r2, the minimum (min)
and maximum (max ) possible values for the observed scale.

As there are nine possible outputs for the algorithm, there are also nine intervals
from the lowest to the highest possible value on the scale, each interval denoting one
algorithm output (Figure 4.9). The output of the algorithm is then determined by
observing the interval to which the difference between the two results (dr) belongs.
In the Scale distance algorithm, the intervals for each output are calculated based
on the distance between the minimum (min) and maximum (max ) possible values
of the scale; i.e., the nine possible outputs correspond to nine intervals of the same
length (d) on the scale, and all the intervals cover the whole scale range. For example,
the minimum value of 0 and maximum value of 90 on a scale imply the length of
an interval of d=10 (90/9), and comparison of two results, r1=15 and r2=42, would
imply the output of 3 (in the example it is assumed that a lower value is preferred),
since the difference between the two results (dr=27) lies between the two and three
intervals length.

This leads to three possible cases when comparing two alternatives (i.e., A1 to
A2):

• If both results are equal, a value of 1 is assigned in both comparisons (line 1).

• If the first result (r1) is better than the second result (r2), a value using formula
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Algorithm 4 Scale distance algorithm
Input: r1 of A1 and r2 of A2, both belonging to the same interval or ratio scale; min,

minimum possible value on a scale; max, maximum possible value on a scale
Output: preference, a preference of A1 over A2 expressed through a number on the

Saaty’s fundamental scale (Table 2.1)
Complexity: Θ(1)
1: if r1=r2 then

preference ← 1
2: else

x ← |r1−r2|
max - min

9

+ 0.5 ∈ [1, 9] ∈ N
3: if r1�r2 then

preference ← x
4: if r2�r1 then

preference ← 1/x
5: return preference
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Figure 4.9: Scale distance algorithm visualization.

(4.1) is assigned when comparing the first alternative to the second one (line 3).

|r1 − r2|
max - min

9

+ 0.5 ∈ [1, 9] ∈ N (4.1)

• If the second result is better than the first result, a reciprocal value of the one
obtained using formula (4.1) is assigned when comparing the first alternative
to the second one (line 4).

The Scale distance algorithm tends to produce outputs that cover more values on
Saaty’s scale and, hence, to provide more variations in the comparisons. However, it
requires the minimum and maximum possible scale values to be known.
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Maximum Distance Algorithm

The Maximum distance algorithm (Algorithm 5) can be applied in the cases of
evaluation results that belong to the interval or ratio scales and when all the evaluation
results on a certain interval or ratio scale are available.

Algorithm 5 Maximum distance algorithm
Input: r1 of A1 and r2 of A2, both belonging to the same interval or ratio scale; V,

complete set of evaluation results of each alternative
Output: preference, a preference of A1 over A2 expressed through a number on the

Saaty’s fundamental scale (Table 2.1)
Complexity: Θ(1)
1: if r1=r2 then

preference ← 1
2: else

dmax ← max{|vi-vj|}, ∀vi,vj∈V
x ← |r1−r2|

dmax
9

+ 0.5 ∈ [1, 9] ∈ N
3: if r1�r2 then

preference ← x
4: if r2�r1 then

preference ← 1/x
5: return preference

Therefore, the input of the algorithm is the complete set of evaluation results for
all the alternatives, including r1 and r2.

Similarly as in the case of the Scale distance algorithm, the outputs of the Maxi-
mum distance algorithm are determined based on the output intervals (Figure 4.10).
In the Maximum distance algorithm, however, the output intervals are calculated
based on the maximum distance between any two evaluation results in a dataset
(dmax), i.e., on a distance between the maximum (rmax) and minimum (rmin) values in
evaluation results, and the output of the algorithm is then determined by observing
the interval to which the difference between the two results (dr) belongs. This way,
the nine possible outputs correspond to nine intervals of the same length on the scale,
and all the intervals cover only the part of the scale to which the evaluation results
belong.

This leads to three possible cases when comparing two alternatives (i.e., A1 to
A2):

• If both results are equal, a value of 1 is assigned in both comparisons (line 1).
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Figure 4.10: Maximum distance algorithm visualization.

• If the first result (r1) is better than the second result (r2), a value using formula
(4.2) is assigned when comparing the first alternative to the second one (line 3).

|r1 − r2|
dmax
9

+ 0.5 ∈ [1, 9] ∈ N (4.2)

• If the second result is better than the first result, a reciprocal value of the one
obtained using formula (4.2) is assigned when comparing the first alternative
to the second one (line 4).

Compared to the Scale distance algorithm, the Maximum distance algorithm
tends to produce outputs that will cover all values on Saaty’s scale and, hence, to
provide a maximum degree of variation in the comparisons. However, this algorithm
requires access to all evaluation results.

Illustrative example. In order to show an example, let us assume that we need
to use the comparison algorithm to compare four alternatives (A1-A4) with respect
to a specific criterion (e.g., Ontology language component coverage, where a higher
value denotes a better result) for which the following evaluation results are available:
86, 82, 70, and 65 respectively.

Table 4.2 shows a comparison of the alternatives using the Maximum distance
algorithm.

Table 4.2: An example of alternatives comparison using the Maximum distance
algorithm.

Alternatives A1 A2 A3 A4 Importance
A1 1 2 7 9 0.527
A2 1/2 1 6 8 0.348
A3 1/7 1/6 1 3 0.082
A4 1/9 1/8 1/3 1 0.041
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When comparing two alternatives, a value is assigned using formula 4.2. The
difference between the highest and lowest evaluation result is 86-65=21 and the interval
between the results is divided into nine equal intervals of length 21/9=2.33. When
comparing A1 to A3, for example, the difference between the evaluation results of the
observed alternatives is 86-70=16, which implies that the output of the comparison
is 7 (16/2.33=6.86). In the case of comparing A3 to A4 the difference between the
evaluation results of the observed alternatives is 70-65=5, which implies that the
output of the comparison is 3 (5/2.33=2.14).

Finally, as previously explained, the consistency ratio of this comparison is
calculated independently of the algorithms using the method proposed by Saaty
(Section 2.1.4). The consistency ratio in this case is 0.04, which implies that the
comparison is consistent.

4.4 User Quality Requirements
It is often the case that when solving a specific problem not every characteristic is
important [54]. For example, some users would prefer faster web browsers, while
others would care more about resource utilization. Furthermore, for some of the
characteristics users might have specific “good to have” quality requirements to be
satisfied (e.g., the good memory utilization of a browser is less than 250Mb).

The RIDER framework provides a possibility for a user to, if needed, specify
user quality requirements; i.e., to specify criteria that are important for a particular
problem that a user has to solve. User quality requirements are specified by users in
the form of a criterion (i.e., a quality indicator of a product) and a threshold for that
criterion (i.e., a “good to have” quality to be satisfied, or a concrete value in the case
of the nominal scale). This approach is identical to other approaches for specifying
quality requirements in the literature such as those of Jadhav and Sonar [67] and of
Mochól [89]. These quality requirements are used as inputs in a recommendation
process and no further inputs, such as alternatives comparison or model construction,
are required from users.

As user quality requirements are an important information for the comparison of
alternatives, the four comparison algorithms have been extended to take into account
thresholds on criteria provided by users. Therefore, comparisons are adapted to user
quality requirements by increasing the intensity of preference (importance) for those
alternatives that satisfy them. Figure 4.11 shows the RIDER framework with the
user quality requirements component highlighted.

Similarly as in the previous case, several possibilities are distinguished, depending
on the type of scale and availability of evaluation results (Table 4.1). In the general
case, the inputs are evaluation results for two alternatives, result r1 of alternative
A1 and result r2 of alternative A2, and a threshold value (t) from a user quality
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Figure 4.11: RIDER framework with the user quality requirements component.

requirement, where both results and the threshold belong to the same type of scale; the
output is a number on standard Saaty’s comparison scale (Figure 4.12) representing
the preference (importance) of alternative A1 over alternative A2.

preference	  Comparison	  
algorithm	  

r1	  (A1)	  

Comparison	  
algorithm	  

threshold	  (t)	  

r2	  (A2)	  

r1	  (A1)	  

r2	  (A2)	  

preference	  

Figure 4.12: Inputs and outputs of the comparison algorithm with threshold.

Algorithm 6 shows the general algorithm for filling the comparison matrix with
alternatives comparisons without threshold. This algorithm uses the comparison
algorithms described further in this section (line 3) for deriving preferences between
alternatives when a threshold from user quality requirements is introduced. Similarly
as in the case of the algorithm without threshold, the number of necessary comparisons
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Algorithm 6 General algorithm for filling a pairwise comparison matrix with thresh-
old
Input: vi∈V, a set of n evaluation results for n alternatives all belonging to the

same nominal, ordinal, interval or ratio scale; t, a threshold from user quality
requirement

Output: M=[mij], a pairwise comparison matrix of size n
Complexity: o(n2)
1: for i=1 to n-1 do
2: for j=i+1 to n do
3: preference ← compare(vi,vj),t
4: mij = preference
5: mji = 1/preference
6: return M

of the general algorithm for filling a comparison matrix is n*(n-1)/2, where n is the
size of the matrix to be filled.

Next, the terminology regarding comparison algorithms with thresholds is defined,
and the particularities of each comparison algorithm when taking into account the
threshold are presented.

Definition 2. Given an evaluation result r and a threshold t, r is said to satisfy
threshold t if and only if one of the following conditions is satisfied:

1. r and t belong to a nominal scale, and r is equal to t.

2. r and t belong to an ordinal, interval or ratio scale, and r is better than or
equal to t, i.e., if r�t.

Nominal Scale Algorithm with Threshold

The Nominal scale algorithm with threshold (Algorithm 7) can be applied in the case
of evaluation results that belong to the nominal scale. In the case of the nominal scale,
a threshold provided by the user is a piece of information which allows the comparison
of different values. Therefore, there are three possible cases when comparing two
alternatives (i.e., A1 to A2), depending on whether the evaluation results meet the
threshold:

• If both results are equal among themselves (regardless whether they are different
or the same as the threshold) or if both results are different among themselves
and are also both different than the threshold (line 1), both alternatives are of
equal importance. Therefore, a value of 1 (equal importance) is assigned in the
comparison.
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Algorithm 7 Nominal scale algorithm with threshold
Input: r1 of A1, r2 of A2; t, a threshold from user quality requirement
Output: preference, a preference of A1 over A2 expressed through a number on the

Saaty’s fundamental scale (Table 2.1)
Complexity: Θ(1)
1: if r1=r2 ∨ r1 6=r2 6=t then

preference ← 1
2: else
3: if r1�t ∧ t�r2 then

preference ← 9
4: if r2�t ∧ t�r1 then

preference ← 1/9
5: return preference

• If only the first result (r1) satisfies the threshold, a value of 9 (extreme impor-
tance) is assigned in the comparison (line 3).

• If only the second result (r2) satisfies the threshold, a value of 1/9 is assigned
in the comparison (line 4).

Simple Algorithm with Threshold

The Simple algorithm with threshold (Algorithm 8) can be applied in the case of
evaluation results that belong to the ordinal, interval, or ratio scales. There are
several possible cases when comparing two alternatives (i.e., A1 to A2), depending on
whether or not evaluation results meet the threshold:

• If both results are equal, a value of 1 is assigned in the comparison (line 1).

• If both results satisfy the threshold, or none of them does (line 3), and if the
first result (r1) is better than the second result (r2), a value from the Saaty’s
comparison scale has to be assigned to define preference; in this case, a value
of 5 is chosen because it is in the middle of the Saaty’s fundamental scale and
divides the scale in two identical parts (line 4).

• If both results satisfy the threshold, or none of them does (line 3), and if the
second result is better than the first result (line 5), a value of 1/5 is assigned in
the comparison.

• If only the first result satisfies the threshold (line 7), a value of 9 is assigned in
the comparison.
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Algorithm 8 Simple algorithm with threshold
Input: r1 of A1, r2 of A2; t, a threshold from user quality requirement, all three

belonging to the same ordinal, interval or ratio scale
Output: preference, a preference of A1 over A2 expressed through a number on the

Saaty’s fundamental scale (Table 2.1)
Complexity: Θ(1)
1: if r1=r2 then

preference ← 1
2: else
3: if r1,r2�t ∨ t�r1,r2 then
4: if r1�r2 then

preference ← 5
5: if r2�r1 then

preference ← 1/5
6: else
7: if r1�t ∧ t�r2 then

preference ← 9
8: if r2�t ∧ t�r1 then

preference ← 1/9
9: return preference

• If only the second result satisfies the threshold (line 8), a value of 1/9 is assigned
in the comparison.

Scale Distance Algorithm with Threshold

The Scale distance algorithm with threshold (Algorithm 9) can be applied in the
cases of evaluation results that belong to the interval or ratio scales and when the
minimum and maximum values on a certain interval or ratio scale are available.

There are several possible cases when comparing two alternatives (i.e., A1 to A2),
depending on whether or not evaluation results meet the threshold:

• If both results are equal, a value of 1 is assigned in the comparison (line 1).

• If both results satisfy the threshold, or none of them does (line 3), and if the
first result (r1) is better than the second result (r2), a value from formula (4.1)
(Section 4.3) is assigned in the comparison (line 4).

• If both results satisfy the threshold, or none of them does (line 3), and if the
second result is better than the first result (line 5), a reciprocal value of the
one obtained using formula (4.1) is assigned in the comparison.
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Algorithm 9 Scale distance algorithm with threshold
Input: r1 of A1, r2 of A2; t, a threshold from user quality requirement, all three

belonging to the same interval or ratio scale; minimum possible value on a scale
(min); maximum possible value on a scale (max )

Output: preference, a preference of A1 over A2 expressed through a number on the
Saaty’s fundamental scale (Table 2.1)

Complexity: Θ(1)
1: if r1=r2 then

preference ← 1
2: else
3: if r1,r2�t ∨ t�r1,r2 then

x ← |r1−r2|
max - min

9

+ 0.5 ∈ [1, 9] ∈ N
4: if r1�r2 then

preference ← x
5: if r2�r1 then

preference ← 1/x
6: else
7: if r1�t ∧ t�r2 then

preference ← 9
8: if r2�t ∧ t�r1 then

preference ← 1/9
9: return preference

• If only the first result satisfies the threshold (line 7), a value of 9 is assigned in
the comparison.

• If only the second result satisfies the threshold (line 8), a value of 1/9 is assigned
in the comparison.

Maximum Distance Algorithm with Threshold

The Maximum distance algorithm with threshold (Algorithm 10) can be applied in
the cases of evaluation results that belong to the interval or ratio scales and when all
the evaluation results on a certain interval or ratio scale are available.

There are several possible cases when comparing two alternatives (i.e., A1 to A2),
depending on whether or not evaluation results meet the threshold:

• If both results are equal, a value of 1 is assigned in the comparison (line 1).

• If both results satisfy the threshold, or none of them does (line 3), and if the
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Algorithm 10 Maximum distance algorithm with threshold
Input: r1 of A1, r2 of A2; t, a threshold from user quality requirement, all three

belonging to the same interval or ratio scale; V, a complete set of evaluation
results of each alternative

Output: preference, a preference of A1 over A2 expressed through a number on the
Saaty’s fundamental scale (Table 2.1)

Complexity: Θ(1)
1: if r1=r2 then

preference ← 1
2: else
3: if r1,r2�t ∨ t�r1,r2 then

dmax ← max{|vi-vj|}, ∀vi,vj∈V
x ← |r1−r2|

dmax
9

+ 0.5 ∈ [1, 9] ∈ N
4: if r1�r2 then

preference ← x
5: if r2�r1 then

preference ← 1/x
6: else
7: if r1�t ∧ t�r2 then

preference ← 9
8: if r2�t ∧ t�r1 then

preference ← 1/9
9: return preference

first result (r1) is better than the second result (r2), a value from formula (4.2)
(Section 4.3) is assigned in the comparison (line 4).

• If both results satisfy the threshold, or none of them does (line 3), and if the
second result is better than the first result (line 5), a reciprocal value of the
one obtained using formula (4.2) is assigned in the comparison.

• If only the first result satisfies the threshold (line 7), a value of 9 is assigned in
the comparison.

• If only the second result satisfies the threshold (line 8), a value of 1/9 is assigned
in the comparison.

Illustrative example. In order to show an example, let us refer to the example
in the previous section in which four alternatives (A1-A4) were compared with respect
to a specific criterion (e.g., Ontology language component coverage, where a higher
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value denotes a better result) for which the following evaluation results are available:
86, 82, 70, and 65 respectively. Let us assume in this example that a user has specified
a quality requirement of at least 75 % of the ontology language components to be
covered.

Table 4.3 shows a comparison of the alternatives using the Maximum distance
algorithm with threshold.

Table 4.3: An example of alternatives comparison using the Maximum distance
algorithm with threshold.

Alternatives A1 A2 A3 A4 Importance
A1 1 2 9 9 0.575
A2 1/2 1 9 9 0.328
A3 1/9 1/9 1 3 0.056
A4 1/9 1/9 1/2 1 0.039

In this example, two alternatives satisfy the quality requirement (A1 and A2)
while two do not satisfy it (A3 and A4). Therefore, when comparing an alternative
that satisfies the threshold to the alternative that does not satisfy it (i.e., when
comparing A1 or A2 to A3 or A4), a value of 9 is assigned.

When comparing A3 to A4, which both do not satisfy the threshold, or A1 to A2,
which both satisfy the threshold, a value is assigned using formula 4.2. The difference
between the highest and lowest evaluation result is 86-65=21 and the interval between
the results is divided into nine equal intervals of length 21/9=2.33. In the case of
A3 and A4 the difference between the evaluation results of the observed alternatives
is 70-65=5, which implies that the output of the comparison is 3. In the case of A1

and A2 the difference between the evaluation results of the observed alternatives is
86-82=4, which implies that the output of the comparison is 2.

Comparing with the example without threshold in the previous section, it can be
observed that the intensity of preferences when comparing those alternatives that
satisfy the threshold to those alternatives that do not satisfy it have increased. For
example, when comparing A1 to A3, unlike in the previous example in which the
value of 7 has been assigned, in this example a value of 9 has been assigned in the
comparison.

Finally, the consistency ratio of this comparison is 0.08, which implies that the
comparison is consistent.
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4.5 Model Extraction Methods
The first step in the AHP and the ANP methods is to define the model of a recom-
mendation problem [114], which includes all the identified alternatives and all the
criteria with respect to which the alternatives can be compared.

Since the model can contain a large number of criteria, like for example in the
case of simulation software [54], and since different users can have different quality
requirements, not every criterion contributes equally to a user final decision (as argued
in Section 3.1). For example, a user might want to use a fast web browser, but will
not care about resource utilization. Therefore, although the initial model provides
valuable information about the problem, different sub-models will be suitable to
different users.

In this thesis, Model extraction is defined as a process in which, based on the user
quality requirements, the initial model in a domain (i.e., the model that contains
all the identified criteria) is transformed into a sub-model that contains only those
criteria that are relevant for the specified quality requirements. In order to give
more importance to user quality requirements in the recommendation process, there
are several alternatives for the extraction of the AHP or the ANP model (i.e.,
hierarchy and network, respectively), depending on the criteria that are included
into the model of the user’s problem and on the criteria according to which the
alternatives are compared to. These alternatives are formalised into model extraction
methods; Figure 4.13 shows the RIDER framework with the model extraction method
component highlighted.

The inputs for a model extraction method are a set of user quality requirements
and the AHP or the ANP model of the domain in which the recommendation is going
to be performed, including all the criteria and alternatives. The output is the model
that is going to be used in the recommendation which, depending on the extraction
method, can be a reduced model with an accent on user quality requirements.

After alternatives are added, with respect to the criteria that can appear in an
AHP hierarchy, there are several possibilities; the AHP hierarchy can consist of:

a) Only those criteria that appear in the user quality requirements (Requirements
hierarchy, Algorithm 11).

b) All the criteria defined in the initial AHP hierarchy of a domain, regardless of
those appearing in the user quality requirements (Complete hierarchy, Algorithm
12).

After alternatives are added, with respect to the criteria that can appear in an
ANP network, there are several possibilities; the ANP network can consist of:

a) Only those criteria that appear in the user quality requirements (Requirements
network, Algorithm 13).
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Figure 4.13: RIDER framework with the model extraction method component.

b) Those criteria that appear in the user quality requirements, together with the
criteria from the initial ANP network that influence the ones that appear in
the user quality requirements (Partial network, Algorithm 14).

c) All the criteria defined in the initial ANP network of a domain, regardless of
those appearing in the user quality requirements (Complete network, Algorithm
15).

The second aspect of the model extraction methods is a set of criteria according to
which the alternatives are compared to, and there are two possible cases; alternatives
can be compared with respect to:

a) Only those criteria that appear in the user quality requirements (Requirements
comparison).

b) All the criteria in the model (i.e., the AHP hierarchy or the ANP network) of
the user’s problem (Complete comparison).
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Algorithm 11 Requirements hierarchy
Input: M=C∪A, an AHP hierarchy of a domain which includes a set of criteria and

alternatives; R⊂C, a list of n user quality requirements
Output: Mr, a hierarchy to be used in the recommendation
Complexity: Θ(n)
1: Mr ← A
2: for r ∈ R do
3: add r to Mr

4: return Mr

Algorithm 12 Complete hierarchy
Input: M=C∪A, an AHP hierarchy of a domain which includes a set of criteria and

alternatives
Output: Mr, a hierarchy to be used in the recommendation
Complexity: Θ(1)
1: Mr ← M
2: return Mr

For any specific domain, an initial model is defined manually by experts only
once starting from a quality model as described in Section 4.1, and it includes all
the criteria relevant for that domain. Based on the user quality requirements, a
sub-model can be extracted automatically using one of the extraction methods and,
therefore, experts are not needed for these tasks. This minimizes the effort needed
from experts, thus making the recommendation process less expensive.

Illustrative example. For the purpose of this example, let us assume that a user
needs to perform a task which consist in modifying existing ontologies and matching
their concepts to other ontologies; that initial ANP model of the domain created by
experts is defined on Figure 4.14. For this task, let us assume that there are four

Algorithm 13 Requirements network
Input: M=C∪A, an ANP network of a domain which includes a set of criteria and

alternatives; R⊂C, a list of n user quality requirements
Output: Mr, a network to be used in the recommendation
Complexity: Θ(n)
1: Mr ← A
2: for r ∈ R do
3: add r to Mr

4: return Mr
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Algorithm 14 Partial network
Input: M=C∪A, an ANP network of a domain which includes a set of n criteria

and alternatives; R⊂C, a list of user quality requirements
Output: Mr, a network to be used in the recommendation
Complexity: O(n2)
1: Mr ← A
2: for r ∈ R do
3: add r to Mr

4: for c ∈ C do
5: if r depends on c then
6: add c to Mr

7: return Mr

Algorithm 15 Complete network
Input: M=C∪A, an ANP network of a domain which includes a set of criteria and

alternatives
Output: Mr, a network to be used in the recommendation
Complexity: Θ(1)
1: Mr ← M
2: return Mr

available alternatives (A1-A4).
Let us also assume that concrete quality requirements by the user are as follows:

he or she wants a tool that covers at least 80% of the ontology language components,
has less than 3% errors when importing and exporting ontologies, and has at least
0.75 F-measure.

Based on these user quality requirements and on the available alternatives, the
ANP network for this specific problem can be created based on the initial network
(Figure 4.14), using one of the network extraction possibilities. Regarding the
criteria that appear in the network, the extraction method of the ANP network
chosen for this example is the one that produces a network that consists of user
quality requirements and the criteria that influence them (Partial network, method
b). Regarding the comparison of alternatives, the chosen option is the comparison
of alternatives only according to criteria that appear in user quality requirements
(Requirements comparison, option b). The network produced in this example is
presented in Figure 4.158.

8For the sake of simplicity, the arcs representing dependencies between the clusters are omitted.
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Figure 4.14: An example of the ANP network of a domain.
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Figure 4.15: The ANP network after the network extraction process.
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4.6 Criteria Pairwise Comparisons
The AHP requires pairwise comparisons of all the criteria in order to determine their
importance, i.e., weights (Section 2.1.4). In this method, pairwise comparisons are
performed by users or by experts. Similarly, in the ANP, after a network is defined a
supermatrix is constructed and its entries are filled with influence priorities calculated
through pairwise comparisons of criteria and alternatives (as described in Section
2.1.5) that are performed by users or experts as well.

In RIDER, pairwise comparisons for the criteria and clusters (Figure 4.16) in
order to determine their importance in both the AHP and the ANP are performed
by experts in the field (this is a requirement of the RIDER framework). In the AHP,
these pairwise comparisons are used to determine the importance of the criteria,
which are then used directly for producing recommendations. In the ANP, these
pairwise comparisons are used for the definition of the ANP supermatrix that, in
RIDER, is defined in the following way:
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Figure 4.16: RIDER framework with criteria pairwise comparison component.

1. A set of user quality requirements is specified by a user (as described in
Section 4.4).
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2. After the ANP network is obtained following a network extraction process
(Section 4.5), a supermatrix that is related to the user problem is defined.

3. Entries related to criteria are filled based on the pairwise comparisons performed
by experts.

4. Entries related to alternatives are filled based on the pairwise comparisons
obtained by the comparison algorithm (Section 4.3 and Section 4.4), which
exploits evaluation results of alternatives.

Therefore, based on a model that is defined for any specific domain, RIDER
requires all the criteria pairwise comparisons to be performed by experts according
to the rules defined by the method to be used in this domain (the AHP or the ANP).
Furthermore, the consistency of every pairwise comparison matrix should be checked
using the consistency ratio (Section 2.1.4).

Illustrative example. For this illustrative example, let us consider the ANP
network represented on Figure 4.14 as the initial domain network. As an example,
Table 4.4 presents the pairwise comparisons with respect to Average alignment F-
measure (AAF). Since Average alignment F-measure depends on three elements
(Average alignment precision (AAP), Average alignment recall (AAR), and Average
alignment H-measure (AAH)) that all belong to the same cluster (Ontology alignment
accuracy), these three elements have to be compared in order to determine their
importance with respect to Average alignment F-measure.

Table 4.4: An example of criteria pairwise comparison with respect to Average
alignment F-measure9.

Average
alignment
F-measure

Average
alignment
precision

Average
alignment
recall

Average
alignment
H-measure

Importance

AAP 1 1 6 0.462
AAR 1 1 6 0.462
AAH 1/6 1/6 1 0.076

In order to show how the ANP supermatrix is formed using the pairwise compar-
isons and the comparison algorithms, let us consider the comparison of alternatives
by using the comparison algorithm as described in the example in Section 4.4, the
user quality requirements and the related ANP network described in the example in
Section 4.5, as well as the pairwise comparison example presented in this section.

9AAP - Average alignment precision, AAR - Average alignment recall, AAH - Average alignment
H-measure.
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The supermatrix corresponding to the example ANP network (Figure 4.15) is
shown in Table 4.5. It can be observed that the supermatrix rows and columns
represent the criteria and the alternatives from the ANP network. Therefore, the
supermatrix can be divided into four parts (which in the figure are divided by double
lines).

The first part of the supermatrix consists of the entries that correspond to those
columns and rows that are related to the criteria in the ANP network; these entries
are filled with the pairwise comparisons of criteria. For example, Ontology processing
time depends only on Import/Export errors and, therefore, the entry that corresponds
to the Ontology processing time column and the Import/Export errors (IEE) row is
filled with the value of 1. Similarly, since Import/Export errors depends on three
elements (Ontology language component coverage, Ontology processing time, and
Ontology interchange errors) which all belong to different clusters, the value of 1 is
inserted in each corresponding entry in the Import/Export errors column. In those
cases when one element in the ANP network depends on more than one other element
from the same cluster, the corresponding entries of the supermatrix are filled with
the results of pairwise comparisons. For example, since Average alignment F-measure
depends on three elements from the same cluster, the pairwise comparison with
respect to Average alignment F-measure (Table 4.4) is used to fill the corresponding
entries in the Average alignment F-measure column. In an analogous way, the entries
in the Average alignment H-measure column are filled with the pairwise comparison
of criteria with respect to Average alignment H-measure.

The second part of the supermatrix consists of the entries that correspond to
those columns that are related to criteria, and to those rows that are related to
alternatives; these entries are filled with the pairwise comparisons of alternatives with
respect to criteria by using the comparison algorithms and by exploiting evaluation
results. For example, the pairwise comparison of alternatives with respect to Ontology
language component coverage (Table 4.3) is used to fill the corresponding entries in the
supermatrix related to the Ontology language component coverage column. Similarly,
the pairwise comparisons of alternatives with respect to Import/Export errors and to
Average alignment F-measure are used to fill the corresponding entries related to the
Import/Export errors and to the Average alignment F-measure columns, respectively.

The third part of the supermatrix consists of the entries that correspond to
those columns that are related to alternatives, and to those rows that are related to
criteria; these entries are filled with the pairwise comparison of criteria with respect
to alternatives. For example, since A1 depends on three elements which all belong
to different clusters, the value of 1 is inserted in each corresponding entry in the A1
column. Similarly, the entries that correspond to the A2, A3, and A4 columns are
filled.
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The fourth part of the supermatrix consists of the entries that correspond to those
columns and rows that are related to alternatives; these entries are filled zeros, since
alternatives do not depend on each other.

4.7 Instantiation of the RIDER Recommendation
Framework

RIDER is a generic recommendation framework that can be instantiated in any domain
and that is useful when evaluation results of different alternatives are available. The
framework is instantiated only once for a particular domain; afterwards, it provides
recommendations to users based on their quality requirements.

In order to successfully instantiate RIDER, there are several artefacts that must
be provided as inputs by the experts in a particular domain, which are specified only
once for each domain:

• Quality model in a domain of application. As described in Section 4.1 quality
models provide a framework for the evaluation of alternatives and a basis for
the creation of the AHP and the ANP model of a domain.

• The model of the domain of application. The model of a domain is the starting
point in recommendations using the AHP and the ANP. When instantiating
the RIDER framework in a particular domain, an initial model of the complete
domain is required (Section 4.5); such model can be obtained using the quality
model, as described in Section 4.1. This AHP or ANP model is defined by
experts only once for a particular domain.

• Criteria pairwise comparisons related to the criteria in the model of the domain.
These comparisons are important because they are used for determining the
weights of the criteria and for constructing the ANP supermatrix (Section 4.6).
These pairwise comparisons are performed by experts.

• Evaluation results of the set of alternatives in which the recommendations will
be based. Evaluation results are important for the RIDER framework because
the comparison of alternatives according to criteria is performed automatically,
based on these evaluation results, by using comparison algorithms (Section 4.3
and Section 4.4). Furthermore, in the instantiated RIDER evaluation results
can be updated as new results become available, or added incrementally to the
instantiation.

When using the instantiated RIDER framework, the role of users or experts is to
a certain extent reduced compared to the ANP/AHP (Figure 4.17), and a typical use
case in a certain domain consists of the following:



4.7. Instantiation of the RIDER Recommendation Framework 103

• A user who seeks a recommendation specifies quality requirements, i.e., those
characteristics that are important for him or her. These quality requirements
are inputs in a recommendation process, and no other input is required from
users.

• Based on user quality requirements, the model of the user-related problem is
automatically constructed through the model extraction process.

• Alternatives are compared automatically using comparison algorithms, based
on user’s quality requirements and evaluation results of alternatives.

• Criteria are compared automatically, based on the initial criteria pairwise
comparisons provided by the experts upon the RIDER instantiation.

• A ranking of alternatives is obtained automatically and presented to users as
output.

Requirements	  
specifica0on	  

Model	  
construc0on	  

Alterna0ves	  
comparison	  

Criteria	  
comparison	  

Alterna0ves	  
ranking	  

ANP/AHP	   RIDER	  

User	  User	  

Expert	  

Figure 4.17: ANP/AHP and RIDER use case diagram.
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4.8 RIDER Software Support

The RIDER recommendation framework provides a flexible methodology for recom-
mendation based on evaluation results and user quality requirements. The main value
of the framework is that it is domain-independent and modular, and that it provides
the automatic adaptation of a decision process to any user in a particular domain.

RIDER has been implemented as a Java library, which allows developers to use
the framework in their applications. Furthermore, a generic web application for
recommendation has been developed, which can be instantiated in any domain and
provide users with recommendations based on their quality requirements.

4.8.1 The jRIDER Java Library

The jRIDER library is a Java library that implements methods and functionalities of
the RIDER framework, which include AHP and ANP-related methods and RIDER
extensions.

All the versions of the comparison algorithms without user quality requirements
(Section 4.3) and with user quality requirements (Section 4.4) are implemented in
the jRIDER library. The four types of scales are supported in both cases, allowing
developers to automatically perform comparisons using the algorithms.

The jRIDER library also includes classes designed to utilize evaluation results that
are described according to the Evaluation Result ontology (Section 4.2.1), as well as
information about quality models described according to the Quality Model ontology
(Section 4.1.1). Evaluation results that are described according to this ontology can
be loaded into the jRIDER library and be automatically processed. Also, this set of
classes provides methods for performing SPARQL queries over evaluation results.

The jRIDER library provides functionalities relevant to the AHP, the ANP, and
RIDER related to:

• Performing basic operations over a matrix (normalizing columns and determining
whether the matrix is stochastic or convergent, checking the consistency of a
matrix (Section 2.1.4)).

• Performing operations related to comparisons (pairwise comparisons of cri-
teria for calculating weights, pairwise comparisons of alternatives using the
comparison algorithms (Section 4.3 and Section 4.4)).

• Performing operations related to the supermatrix (instantiating a model ac-
cording to the described methods (Section 4.5) and constructing the related
supermatrix, filling the supermatrix with pairwise comparisons, calculating the
limit supermatrix).
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Furthermore, the jRIDER library provides some advanced functionalities which
include:

• Automatically constructing a supermatrix based on a dependence matrix, user
quality requirements, and a set of criteria pairwise comparisons.

• Automatically comparing alternatives in a given supermatrix according to
evaluation results.

• Obtaining recommendations based on the weighted supermatrix.

Architecture

The jRIDER library is divided into several packages, which correspond to the compo-
nents in the RIDER framework (Figure 4.18). Therefore, separate packages provide
classes for:

• Processing and querying evaluation results stored in the RDF format.

• Comparing the alternatives using the comparison algorithms.

• Instantiating the model according to the model extraction methods.

• Performing the operations related to the ANP and the AHP methods.

Data Service

Domain

Comparisons

AlternativesComparison

QueryExecution

QueryExecution

QueryExecution

QueryExecution

AlternativesComparison

Figure 4.18: jRIDER architecture.
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Dependencies

In the implementation of the jRIDER library, Maven10 is used for project and
dependencies management. It has become practically a standard in the software
development process and provides easy maintenance and reusability. Maven is licensed
under the Apache 2.0 license11.

The JAMA12 library is used in the development of the library. It provides some
functionalities and operations for matrices, which are extended in the jRIDER library.
JAMA library has been released to the public domain and can be freely used.

JenaBean13 is an annotation-based framework built on top of the Jena14 RD-
F/OWL API. Using JenaBean, an object-oriented Java model is bound to the ontology
that is used for representing evaluation results. That way, RDF data can be easily
managed using Java objects. JenaBean and Jena are licensed under the Apache 2.0
license.

4.8.2 The RIDER Web Application

The RIDER web application is a generic web application for recommendation that
can be instantiated in any domain. It is implemented in Java as a web application,
using some well-known open-source frameworks and libraries.

Architecture

The architecture of the RIDER web application describes several separate components
(Figure 4.19):

1. Quality model - quality indicators that are described in the quality model
(Section 2.2.5) help in obtaining evaluation results and are used to describe the
criteria in the recommendation process. Furthermore, quality indicators are a
reference for the description of user quality requirements.

2. Evaluation Result ontology and Quality Model ontology - the ontologies for
representing data about evaluation results and quality models. Such ontologies
capture data about quality indicators (i.e., criteria in the recommendation
process), their evaluation results and alternatives. The Quality Model ontology
and the Evaluation Result ontology are described in detail in Sections 4.1.1 and
4.2.1, respectively.

10http://maven.apache.org/
11http://apache.org/licenses/LICENSE-2.0.txt
12http://math.nist.gov/javanumerics/jama/
13http://code.google.com/p/jenabean/
14http://jena.sourceforge.net/

http://maven.apache.org/
http://apache.org/licenses/LICENSE-2.0.txt
http://math.nist.gov/javanumerics/jama/
http://code.google.com/p/jenabean/
http://jena.sourceforge.net/
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Evalua&on	  
results	  

User	  
interface	  

Evalua&on	  	  
Results	  

Quality	  
model	  

Quality	  	  
Model	  

jRIDER	  API	  

Ontologies	  

Quality	  requirements	  

RIDER	  

Ranking	  

Criteria	  

Alterna&ves	  

Presenta&on	  

Persistence	  

Logic	  

Figure 4.19: Architecture of the RIDER web application.

3. Evaluation results - results of the evaluation of alternatives with respect to
quality indicators (criteria) which are obtained using the quality model, and
which are described using the Evaluation Result ontology and the Quality
Model ontology. These results are used by the RIDER application logic in the
comparison of alternatives in the recommendation process, and are stored in
the RDF files.

4. RIDER application logic - the RIDER application logic is the key part of the
system and is in charge of processing user quality requirements and evaluation
results, and of ranking the possible alternatives. It implements the RIDER
framework, and uses the jRIDER library described in the previous section.

5. User Interface (UI) - the user interface is the bridge between the user and
the system. The user interacts with the system through the UI by specifying
his/her quality requirements, which are forwarded to the RIDER application
logic. When the recommendation process is finished, the results are presented
to the user through the UI.
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Dependencies

In the implementation of the recommendation system for semantic technologies,
similarly as in the case of the jRIDER library, Maven is used for project and
dependencies management.

Tapestry15 is an open-source framework for building dynamic and robust web
applications in Java. It complements and builds upon the standard Java Servlet API
and therefore it works in any servlet container or application server. Developing
Tapestry applications involves creating HTML templates using plain HTML and
combining the templates with small amounts of Java code. In Tapestry, applications
are created in terms of objects and the methods and properties of those objects –
and specifically not in terms of URLs and query parameters. Tapestry is licensed
under the Apache 2.0 license.

Spring16 is an open-source application framework for the Java platform, and it is
used as an Inversion of Control container. The container is responsible for managing
object lifecycles, and objects are obtained by means of Dependency Injection where
the container provides objects by name and which allows for high flexibility in the
implementation. Spring is licensed under the Apache 2.0 license.

Instantiation

The RIDER web application is generic and can be instantiated in any domain
taking into account several requirements. These requirements follow from the general
artefacts for RIDER instantiation (see Section 4.7), and include:

• Evaluation results (values for quality indicators obtained in the evaluation,
as well as alternatives to be recommended) have to be described according
to the Evaluation Result ontology (Section 4.2.1). Furthermore, evaluated
quality indicators and related quality model have to be described according to
the Quality Model ontology (Section 4.1.1). Data stored in RDF format and
according to previously mentioned ontologies can be used in the web application
without any code modification.

• A set of pairwise comparisons related to quality indicators, and another set
related to quality characteristics has to be described using JSON17. These
pairwise comparisons have to be performed by experts, and in accordance to
the previously specified model (AHP hierarchy or ANP network). Furthermore,
in the case that an ANP is used, dependencies between all the indicators have
to be described in another JSON file.

15http://tapestry.apache.org/
16http://www.springsource.org/
17http://www.json.org/

http://tapestry.apache.org/
http://www.springsource.org/
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• A configuration file has to be specified, which defines the method to be used
in the recommendation (ANP or AHP), as well as the specific comparison
algorithm (Sections 4.3 and 4.4) and model extraction method (Section 4.5).

4.9 Summary
This chapter has presented RIDER, a recommendation framework built on top of
the AHP and the ANP, which is specifically designed to take into account evaluation
results of alternatives and user quality requirements. To this extent, this chapter has
presented the work carried out in this thesis in order to achieve the first objective, to
provide a Multiple Criteria Decision Making framework that extends the
Analytic Network Process and that takes advantage of evaluation results
of alternatives and of user quality requirements over such alternatives.

In the context of achieving the first objective, this chapter has presented the first
contribution of this thesis, C1: domain-independent algorithms for the au-
tomatic comparison of alternatives according to alternatives’ evaluation
results (Sections 4.3 and 4.4). These algorithms take evaluation results and user qual-
ity requirements as inputs, and provide their outputs in Saaty’s pairwise comparison
scale.

This chapter has also presented the second contribution of this thesis, C2: a set
of methods for the dynamic extraction of the AHP and ANP models that
are based on user quality requirements (Section 4.5). These methods take a
set of user quality requirements and an initial AHP or ANP model in a domain of
application as inputs, and provide outputs in terms of the AHP or the ANP model
specifically adapted to the input set of user quality requirements.

RIDER consists of several components that can be exploited independently one
from another, each described in detail in this chapter, and is a generic recommendation
framework that can be instantiated in any domain. RIDER enables the automation
of a recommendation process, requiring minimal inputs from experts or users in order
to deliver recommendations in any domain of application, and can be considered as
the backbone of this thesis, providing the foundations for achieving the thesis second
objective presented in the following chapters.

Finally, this chapter has also presented the third contribution of this thesis, C3:
software that supports the proposed MCDM framework. RIDER software
helps in putting RIDER into practice and in delivering recommendations to users in
the domain of instantiation.





Chapter 5

SemQuaRE - A Quality Model for
Semantic Technologies

RIDER is a general recommendation framework that can be applied to any domain
provided that it is correctly instantiated (Section 4.7). The next two chapters in this
thesis describe the instantiation of the RIDER framework in the semantic technology
domain.

Since quality models are significant for the evaluation of alternatives and are a
basis for the creation of the AHP or the ANP model of a domain, one of the artefacts
that is needed for the instantiation of RIDER is a quality model in the domain of
application. Although a quality model is an important part of the RIDER framework,
it is also a valuable resource independent of RIDER (Section 2.2); therefore, this
chapter describes SemQuaRE, a software quality model in the domain of
semantic technologies.

SemQuaRE is a hierarchical quality model which extends the ISO SQuaRE one.
It describes base measures, derived measures and quality indicators at the lower level,
and quality sub-characteristics and quality characteristics adopted from SQuaRE at
the higher level (Figure 5.1). SemQuaRE describes six different types of semantic
technologies: ontology engineering tools (Section B.1), reasoning systems (Section B.2),
ontology matching tools (Section B.3), semantic search tools (Section B.4), and
semantic web service tools (Section B.5) have been defined using evaluation results
from the SEALS project (Section 2.3.2), while ontology annotation tools (Section
B.6) have been added in the process of evaluation (Section 7.4.2).

As discussed in Section 2.5, existing software quality models provide terminology
and descriptions of characteristics that are general. Therefore, in order to apply them
in a particular domain, these quality models usually have to be extended by applying
one method for extending quality models (Section 2.2.6). The existing methods for
extending quality models follow the top-down approach and, although in some cases it

111
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Quality	  
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Figure 5.1: Structure of the quality model for semantic technologies.

can be useful to base the definition of a quality model on already available evaluation
results, no bottom-up approach has been developed to this date. Therefore, this
chapter first presents a bottom-up method for extending software quality
models and, afterwards, a detailed description of how this method has been applied
for the construction of the quality model for semantic technologies.

5.1 Bottom-upMethod for Extending Software Qual-
ity Models

As discussed in Section 2.5, all methods for extending software quality models follow
the top-down approach and, although in some scenarios a bottom-up approach would
be more effective to apply, no bottom-up approach for extending software quality
models has been described in the literature.

This section introduces a method for extending software quality models which is
based on a bottom-up approach. In this method, test data and evaluation results
are used as the starting point from which the measures, sub-characteristics and
characteristics are specified.

The bottom-up method for extending a software quality model consists in per-
forming six consecutive steps (Figure 5.2). Next, each step is described, including
examples for the case of ontology matching tool evaluation:
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Evalua&on	  
results	   1.	  To	  iden&fy	  base	  measures	  

2.	  To	  iden&fy	  derived	  measures	   3.	  To	  iden&fy	  indicators	  
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measures	  

5.	  To	  define	  domain-‐specific	  quality	  
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Input	  data	  

SoFware	  
quality	  
model	  

Extended	  
soFware	  
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model	  

Figure 5.2: The method for extending software quality models based on a bottom-up
approach.

1. To identify base measures. The output of evaluating a software product in a
single test with some input data allows identifying the base measures.

For example, in ontology matching tool evaluation, base measures could be
output alignment, representing the alignment produced by the tool in a task, or
memory consumption in a task.

2. To identify derived measures. Base measures can be combined among them
and/or with input data in order to obtain derived measures. Derived measures
are defined in a way that they bring additional and meaningful information
not provided by the base measures themselves; it is also possible to use one
base measure in order to obtain more than one derived measure. In some cases
it is possible to combine different derived measures to obtain other derived
measures.

Derived measures are usually related to one test. However, in some cases a
derived measure can be obtained by combining base measures from a number
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of tests.

A derived measure for ontology matching tools could be alignment precision.

3. To identify indicators. Indicators are measures related to a whole evaluation
(i.e., a number of tests) and are obtained by the aggregation of base measures
and/or derived measures. As in the previous case, a base or derived measure
can be used in more than one indicator. For each indicator, a scale and a unit
of measurement should be specified.

In some cases, it is possible to perform several evaluations using different types
of input data (e.g., different ontology languages for each evaluation). In these
cases, values for indicators can be obtained as a combination (e.g., by averaging)
of values produced in each evaluation.

In the case of ontology matching tools, an indicator could be the average
alignment precision, which belongs to a ratio scale with 0 as minimum and 1
as maximum values, or average memory consumption, which belongs to a ratio
scale with 0 as minimum and no predefined maximum value.

4. To specify relationships between measures. In this step, which can be performed
in parallel with the previous ones, relationships between measures are expressed
either in an informal way (e.g., the collaboration, damage and dependency
categories proposed by Franch and Carvallo [36]) or more formally (e.g., with
the formulas used for obtaining the measures, as proposed by Bombardieri
and Fontana [12]). For every derived measure defined, it is recommendable
to specify the formula (or set of formulas) that allows obtaining such derived
measure from the base measures. Similarly, it is also advisable for any indicator
to identify the formula that defines such an indicator based on other measures.
Also, it is important to note that one indicator can be obtained by means of
different formulas and that, in order to have consistency in the quality model,
all indicators have to be obtained by means of derived or base measures that
are already defined in the model.

In the ontology matching tools example, the formula for average alignment
precision and average memory consumption could be the average of alignment
precisions and memory consumptions measured in the evaluation, respectively.

5. To define domain-specific quality sub-characteristics. Every software product
from a particular domain has some sub-characteristics that are different from
other software products; those sub-characteristics, together with more generic
ones, should be identified and precisely defined. Every indicator provides some
information about one or several software sub-characteristics; therefore, based on
the indicators defined in the previous step, software quality sub-characteristics
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are specified. It is not necessary that every quality sub-characteristic has only
one indicator but rather a set of indicators that determines it. Thus, quality
sub-characteristics can be examined through several different indicators which
can be combined to measure certain sub-characteristics. Finally, if needed, some
quality sub-characteristics can be combined into more general ones.

In order to have consistency in the quality model, all indicators should be
used for quality sub-characteristics, and no quality sub-characteristic should be
measured with indicators different to those already specified, nor should they
be measured without any of the indicators assigned.

A quality sub-characteristic of an ontology matching tool measured using average
alignment precision could be the ontology alignment accuracy, which can further
be a sub-characteristic of ontology processing accuracy, and a quality sub-
characteristic measured using average memory consumption could be ontology
alignment resource utilization.

6. To align quality sub-characteristics to a quality model. In this step, the alignment
with an existing quality model is established, i.e., the software quality sub-
characteristics previously defined are related to others already specified in
the existing model. Depending on the domain and nature of the software
product, some new quality characteristics can be specified or existing ones can
be modified or excluded.

The sub-characteristic defined for ontology matching tools in the previous step
can be aligned to the SQuaRE’s functional correctness and resource utilization
sub-characteristic.

Next, the construction of SemQuaRE is described through each step of the
presented method.

5.2 Identifying Base Measures

The starting point for defining software quality measures in SemQuaRE has been the
set of evaluations performed in the international evaluation campaigns organized in
the SEALS project (Section 2.3.2). In these campaigns, more than 40 different tools
from organizations in more than 10 countries have participated producing evaluation
results for different types of semantic technologies (ontology engineering tools [42, 43],
reasoning systems [140, 142], ontology matching tools [88, 132], semantic search tools
[137, 138], and semantic web service tools [18, 78]).

For each type of technology, different evaluation scenarios were defined, using in
each of them different test data as input. In this step, the base measures of each
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evaluation scenario (i.e., those outputs directly produced by the software during the
evaluation) have been identified.

In this section, only the outcomes of each step for two concrete scenarios are
presented, those of evaluating the conformance of ontology engineering tools and
of evaluating the accuracy of ontology matching tools (a complete description of
SemQuaRE is provided in Appendix B, as well as in the SemQuaRE wiki1).

In the SEALS project, the evaluation process is based on the IEEE 829-2008
standard [58] and the evaluation data consists of different test suites, each containing a
number of different test cases to be executed. These test suites are used for evaluating
the conformance of ontology engineering tools and the accuracy of ontology matching
tools.

Conformance Scenario of Ontology Engineering Tools

Conformance evaluations of ontology engineering tools assess the degree in which the
knowledge representation model of a tool adheres to the knowledge representation
model of an ontology language according to the different ontology components (e.g.,
classes, properties) of such knowledge representation models (see [38] for a complete
description and use of these evaluations).

In the case of the conformance evaluation of ontology engineering tools, each of
the test cases in a test suite contains:

• Origin ontology. The ontology to be used as input.

An execution of each of these test cases in a test suite consists in importing
the file that contains an origin ontology (Oi) into the tool and then exporting the
imported origin ontology to another ontology file (OII

i ), as shown in Figure 5.3. The
ontology (OI

i ) represents the ontology inside the tool, for which the state is unknown.
Therefore, the comparison of two ontologies (Oi and OII

i ) gives an insight of the
extent to which the tool observed conforms to the ontology model.

Tool X

O
i

I O
i

IIO
i

Figure 5.3: Conformance test execution of ontology engineering tools [38].

1http://semquare.oeg-upm.net
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The base measures obtained after a test case execution of the conformance scenario
of ontology engineering tools are:

• Final ontology. The ontology produced by the tool when importing and export-
ing the origin ontology.

• Execution problem. Whether there were any execution problems in the tool
when importing and exporting the origin ontology. Possible values are true,
and false.

Accuracy Scenario of Ontology Matching Tools

Accuracy evaluations of ontology matching tools assess the degree to which a product
or system provides the correct results with the needed degree of precision when
performing a matching task.

In the accuracy scenario of ontology matching tools, each test case contains:

• Ontology 1. One ontology to be used as input for an alignment task.

• Ontology 2. Another ontology to be used as input for an alignment task.

• Expected alignments. The expected alignments to be obtained when aligning
the two input ontologies.

A test case execution consists in importing two ontologies into the tool (Oi

and Oii), and performing the matching (alignment) task over the two ontologies
(Figure 5.4). The output of the test is the alignment produced by the tool (A), which
is then compared to the expected alignment (Ea).

Tool X
O
i

O
ii

A Ea
~

Figure 5.4: Accuracy test execution of ontology matching tools.

The base measures obtained after a test case execution of the accuracy scenario
of ontology matching tools are:

• Output alignments. The alignments that are produced by the tool when aligning
ontology 1 and ontology 2.
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• Alignment duration. The amount of time needed for the alignment task.

• Execution problem. Whether there were any execution problems in the tool
when performing an alignment task. Possible values are true, and false.

5.3 Identifying Derived Measures
In this step, the base measures identified in the previous step were combined together
with the test data in order to obtain derived measures.

Conformance Scenario of Ontology Engineering Tools

In the conformance scenario of ontology engineering tools, based on the test data
(origin ontology) and on the base measures of one test execution (final ontology), the
following derived measures were specified:

• Information added. The information added to the origin ontology after importing
and exporting it.

• Information lost. The information lost from the origin ontology after importing
and exporting it.

• Structurally equivalent. Whether the origin ontology and the final one are
structurally equivalent.

• Semantically equivalent. Whether the origin ontology and the final one are
semantically equivalent.

• Conformance. Whether the origin ontology has been imported and exported
correctly with no addition or loss of information.

The derived measures previously defined give insight into additions or losses of
information that are possible due to the tool’s internal ontology model and to whether
the semantics is preserved.

Accuracy Scenario of Ontology Matching Tools

In the accuracy scenario of ontology matching tools, based on the test data (expected
alignment) and on the base measures of one test execution (output alignment), the
following derived measures were specified:

• Alignment precision. The ratio between the output alignments returned by the
tool that match expected alignments and all output alignments returned by the
tool when performing an ontology matching task.
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• Alignment recall. The ratio between the output alignments returned by the
tool that match expected alignments returned by the tool when performing an
ontology matching task and the total number of expected alignments.

• Alignment F-measure. The aggregation measure of alignment precision and
alignment recall.

• Alignment H-measure. The aggregation measure of alignment precision and
alignment recall (special case of F-measure).

Previously defined derived measures give insight into the extent of accuracy of
the alignment produced by the ontology alignment tool.

5.4 Identifying Indicators

In this step, base and/or derived measures were aggregated in order to obtain quality
indicators, i.e., measures related to the whole evaluation. Table 5.1 summarizes the
results obtained for each measure and each type of tool2.

Table 5.1: Number of measures obtained for semantic technologies based on the
SEALS evaluation results.

Tool type\Measure Base Derived Indicators
Ontology engineering tools 7 20 9
Reasoning systems 11 0 16
Ontology matching tools 3 4 6
Semantic search tools 10 10 17
Semantic web service tools 4 7 7
Total 34 41 54

Conformance Scenario of Ontology Engineering Tools

From the derived measures in the conformance scenario of ontology engineering tools,
the following indicators were obtained:

• Ontology language component support. Whether the tool fully supports an
ontology language component.

2As some measures are repeated across the tools, the total number of measures can be different
than the sum.
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• Ontology language component coverage. The ratio of ontology components that
are shared by a tool internal model and an ontology language model.

• Ontology information change. The ratio of information additions or losses when
importing and exporting ontologies.

Using only the base measures, the following indicator is obtained:

• Import/Export errors. The ratio of tool execution errors when importing and
exporting ontologies.

Accuracy Scenario of Ontology Matching Tools

From the base and derived measures in the accuracy scenario of ontology matching
tools, the following quality indicators were obtained:

• Average alignment precision. The average precision of the ontology matching
tool.

• Average alignment recall. The average recall of the ontology matching tool.

• Average alignment F-measure. The average F-measure of the ontology matching
tool.

• Average alignment H-measure. The average harmonic measure of the ontology
matching tool.

• Ontology alignment time. The average amount of time needed for the alignment
task.

• Ontology alignment errors. The ratio of tool execution errors when performing
an ontology alignment task.

5.5 Specifying Relationships Between Measures

Relationships between measures have been identified in a formal way by defining the
formulas used for obtaining all derived measures and indicators. All the formulas that
are defined are completely consistent, i.e., all the formulas contain measures that are
already specified. Finally, these formulas formally define the existing dependencies
between the quality measures in the quality model.
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Conformance Scenario of Ontology Engineering Tools

The formulas for the Information added (5.1) and Information lost (5.2) derived
measures calculate the structural differences between the origin ontology and final
ontology in terms of triples, i.e., in terms of all the components of the two ontologies.
Possible values for these two measures are null and concrete information in terms of
triples:

Information added =

null if final ontology = origin ontology

final ontology - origin ontology if final ontology 6= origin ontology
(5.1)

Information lost =

null if final ontology = origin ontology

origin ontology - final ontology if final ontology 6= origin ontology
(5.2)

The formula for the Structurally equivalent (5.3) derived measure is a propositional
logic formula and it uses the previously defined measures to determine whether there
is a difference in the structure of the origin and final ontology. Possible values for
this measure are true and false:

Structurally equivalent = (information added = null) ∧ (information lost = null) (5.3)

The formula for the Semantically equivalent (5.4) derived measure calculates if
the origin ontology entails the final ontology, and vice versa. Possible values for this
measure are true and false:

Semantically equivalent =
= (final ontology |= origin ontology) ∧ (origin ontology |= final ontology)

(5.4)
Finally, the propositional logic formula for the Conformance (5.5) derived measure

observes the conformance of the process of importing and exporting an ontology, with
true and false as possible values:

Conformance = structurally equivalent ∧ ¬(execution problem) (5.5)

Similarly, formulas for the rest of indicators obtained in the conformance scenario
of ontology engineering tools have been defined: Ontology language component support
(5.6) with possible values true and false, Ontology language component coverage (5.7)
with possible values in the range from 0 to 100, Ontology information change (5.8)
with possible values in the range from 0 to 100, and Import/Export errors (5.9) with
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possible values in the range from 0 to 100.

Ontology language component support =

=

(
# tests that contain the component | (conformance = true)

# tests that contain the component
= 1

)
(5.6)

Ontology language component coverage =

=
# components in the ontology language | (component support = true)

# components in the ontology language
× 100

(5.7)

Ontology information change =

=
# tests | (information added 6= null ∨ information lost 6= null)

# tests
× 100

(5.8)

Import/Export errors =
# tests | (execution problem = true)

# tests
× 100 (5.9)

In some cases, a measure can be obtained using more than one formula. For
example, the Ontology information change measure could be also obtained using
formula 5.10.

Ontology information change =
# tests | (structurally equivalent = false)

# tests
× 100

(5.10)

Accuracy Scenario of Ontology Matching Tools

Formulas were also specified for each derived measure of the accuracy scenario
of ontology matching tools: Alignment precision (5.11), Alignment recall (5.12),
Alignment F-measure (5.13), and Alignment H-measure (5.14). Possible values for all
these measures are in the range from 0 to 1.

Alignment precision =

# output alignments | (output alignment ∈ expected alignments)
# output alignments

(5.11)
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Alignment recall =

# output alignments | (output alignment ∈ expected alignments)
# expected alignments

(5.12)

Alignment F-measure =

alignment precision × alignment recall
(1-α) × alignment precision + α × alignment recall

, α = [0..1]
(5.13)

Alignment H-measure =
alignment precision × alignment recall
alignment precision + alignment recall

× 2 (5.14)

Finally, equation 5.15 shows the formula for the Average alignment precision
quality indicator of the accuracy scenario of ontology matching tools; the other
indicators in this evaluation scenario are defined in an analogous manner. Possible
values for this measure are in the range from 0 to 1.

Average alignment precision =
∑

n alignment precision of the nth test
# tests

(5.15)

5.6 Defining Domain-Specific Quality Sub-character-
istics

In this step, from the indicators previously identified, quality sub-characteristics that
are affected by those indicators are defined. In some cases it was possible to reuse
existing quality sub-characteristics but, in others, domain-specific ones had to be
defined. All the definitions for quality sub-characteristics in SemQuaRE are adapted
from the ISO SQuaRE standard.

Conformance Scenario of Ontology Engineering Tools

In the conformance scenario of ontology engineering tools, based on the measures
and analyses presented above, three quality sub-characteristics have been identified:

• Ontology language model conformance. Degree to which the knowledge represen-
tation model of the software product adheres to the knowledge representation
model of an ontology language. It can be measured using:
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– Ontology language component coverage.

– Ontology language component support.

• Ontology processing accuracy. Degree to which a product or system provides the
correct results with the needed degree of precision when processing ontologies.
It can be measured using:

– Ontology information change.

• Ontology processing maturity. Degree to which a system, product or component
meets needs for reliability while processing ontologies under normal operation.
It can be measured using:

– Import/Export errors.

Figure 5.5 presents the base measures, derived measures, indicators, and quality
sub-characteristics of the conformance evaluation for ontology engineering tools.

Ontology	  Language	  
Model	  Conformance	  

Ontology	  Language	  
Component	  Coverage	  

Ontology	  Language	  
Component	  Support	  

Base	  measures:	  
• Final	  ontology	  
• Execu;on	  
Problem	  

Derived	  measures:	  
• Conformance	  
• Informa;on	  
Added	  
• Informa;on	  Lost	  
• Structurally	  
Equivalent	  
• Seman;cally	  
Equivalent	  

Measures Indicators Quality 
characteristics 

Ontology	  Informa;on	  
Change	  

Ontology	  Processing	  
Maturity	   Import/Export	  Errors	  

Ontology	  Processing	  
Accuracy	  

Figure 5.5: Entities in the conformance scenario of ontology engineering tools.

Accuracy Scenario of Ontology Matching Tools

In the accuracy scenario of ontology matching tools, three quality sub-characteristics
have been identified:

• Ontology alignment accuracy. Degree to which a product or system provides
the correct results with the needed degree of precision when performing an
ontology alignment task. Ontology alignment accuracy is a sub-characteristic of
Ontology processing accuracy and can be measured using:

– Average alignment precision.
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– Average alignment recall.
– Average alignment F-measure.
– Average alignment H-measure.

• Ontology alignment time behavior. Degree to which the response, processing
times and throughput rates of a product or system meet requirements when
performing an ontology alignment task. It can be measured using:

– Ontology alignment time.

• Ontology alignment maturity. Degree to which a system, product or component
meets needs for reliability when performing an ontology alignment task under
normal operation. Ontology alignment maturity is a sub-characteristic of
Ontology processing maturity and can be measured using:

– Ontology alignment errors.

Figure 5.6 presents the base measures, derived measures, indicators, and quality
sub-characteristics of the accuracy evaluation for ontology matching tools.

For	  Chapter	  5	  OMT	  accuracy	  
scenario	  

41	  

WP	  12	  

17/03/16 41 

Ontology	  
Alignment	  
Accuracy	  

Average	  Alignment	  
Recall	  

Base	  measures:	  
• Output	  
Alignments	  

• Alignment	  
DuraAon	  

• ExecuAon	  
Problem	  

Derived	  measures:	  
• Alignment	  
Precision	  

• Alignment	  Recall	  
• Alignment	  F-‐
Measure	  

• Alignment	  H-‐
Measure	  

Average	  Alignment	  
F-‐Measure	  

Measures	  Indicators	  Quality	  
characteris8cs	  

Average	  Alignment	  
H-‐Measure	  

Average	  Alignment	  
Precision	  

Ontology	  Alignment	  
Time	  

Ontology	  Alignment	  
Errors	  

Ontology	  
Alignment	  Time	  

Behaviour	  

Ontology	  
Alignment	  
Maturity	  

Figure 5.6: Entities in the accuracy scenario of ontology matching tools.

SemQuaRE Sub-characteristics Overview

In total, sixteen semantic quality sub-characteristics have been identified. Six of
them are those described for the conformance and accuracy evaluation of ontology
engineering tools and ontology matching tools, and the others are the following:
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• Ontology interchange accuracy. Degree to which a product or system provides
the correct results with the needed degree of precision when interchanging
ontologies (importing and exporting an ontology using two different tools).

• Ontology interchange maturity. Degree to which a system, product or compo-
nent meets needs for reliability when interchanging ontologies (importing and
exporting an ontology using two different tools) under normal operation.

• Ontology processing time behavior. Degree to which the response, processing
times and throughput rates of a product or system meet requirements when
working with ontologies.

• Ontology language model interoperability. Degree to which the knowledge repre-
sentation model of the software product adheres to the knowledge representation
model of an ontology language after interchanging ontologies (importing and
exporting an ontology using two different tools).

• Reasoning accuracy. Degree to which a product or system provides the correct
results with the needed degree of precision when performing a reasoning task.

• Reasoning time behavior. Degree to which the response, processing times and
throughput rates of a product or system meet requirements when performing a
reasoning task.

• Reasoning maturity. Degree to which a system, product or component meets
needs for reliability when performing a reasoning task under normal operation.

• Semantic search accuracy. Degree to which a product or system provides the
correct results with the needed degree of precision when performing a semantic
search task.

• Semantic search time behavior. Degree to which the response, processing times
and throughput rates of a product or system meet requirements when performing
a semantic search task.

• Semantic web service discovery accuracy. Degree to which a product or system
provides the correct results with the needed degree of precision when finding
services that can be used to fulfill a given requirement from a service requester.

Besides these domain-specific quality sub-characteristics, the following general
one can also be defined for semantic technologies:

• Ease of use. Degree to which a product or system is easy to operate and control
by users. The indicator used to measure this sub-characteristic is Average
usability value.
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Finally, those sub-characteristics that are contained into others have also been
identified (e.g., Ontology alignment maturity is a sub-characteristic of Ontology
processing maturity).

Table 5.2 shows all the semantic quality characteristics and the indicators that
are defined for measuring them. For some quality indicators, such as those that
measure semantic web service discovery accuracy, additional indicators related to a
given number of retrieved documents (cutoff-point) can be obtained.

5.7 Aligning Quality Sub-Characteristics with a Qual-
ity Model

As SQuaRE is a widely adopted and used quality model that has been by various
authors extended to fit a particular domain [1, 12], it has been adopted for constructing
the quality model for semantic technologies.

In the previous step, the set of quality sub-characteristics that are specific
for semantic technologies has been identified. In this step, all the identified sub-
characteristics were properly assigned to those sub-characteristics that already exist
in the SQuaRE quality model, which are highly comprehensive as those in the ISO
9126 [8] one. For example, Reasoning time behavior is aligned to the Time behavior
sub-characteristic, which is a sub-characteristic from SQuaRE that, by its definition,
is highly related to Reasoning time behavior. Where needed, as suggested in [36], new
sub-characteristics have been introduced to align existing ones with. An example
of this is the Functional compliance sub-characteristic, which is introduced as a
sub-characteristic of SQuaRE’s Functional suitability characteristic.

Finally, some quality characteristics from SQuaRE related to quality in use are
directly reused and are measured with indicators specified in one of the previous
steps. These characteristics are Efficiency (which can be measured with Average
answer found rate, Average number of attempts, and Average experiment time), and
Satisfaction (which can be measured with Average satisfaction value).

Figure 5.7 shows a complete overview of SemQuaRE obtained from the SEALS
evaluation results.

5.8 Summary

This chapter has presented the fourth contribution of this thesis, C4: SemQuaRE,
a quality model for semantic technologies. SemQuaRE has been built using the
bottom-up method described in Section 5.1, starting from the semantic technology
evaluation results produced in the SEALS project.
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Table 5.2: Semantic quality sub-characteristics and indicators defined based on the
SEALS evaluation results.

Semantic quality sub-
characteristic

Indicator

Ontology language model con-
formance

Ontology language component support, Ontology language
component coverage

Ontology language model inter-
operability

Ontology language component interoperability support, On-
tology language component interoperability coverage

Ontology interchange accuracy Interchange information change
Ontology processing accuracy Ontology information change
Ontology processing time behav-
ior

Ontology processing time, Average loading time

Ontology processing maturity Import/Export errors, Average successful loads
Ontology interchange maturity Ontology interchange errors
Ontology alignment accuracy Average alignment precision, Average alignment recall, Aver-

age alignment F-measure, Average alignment H-measure
Ontology alignment time behav-
ior

Ontology alignment time

Ontology alignment maturity Ontology alignment errors
Reasoning accuracy Classification correctness, Class satisfiability correctness, On-

tology satisfiability correctness, Entailment correctness, Non-
entailment correctness

Reasoning time behavior Average classification time, Average class satisfiability time,
Average ontology satisfiability time, Average entailment time,
Average non-entailment time

Reasoning maturity Classification errors, Class satisfiability errors, Ontology sat-
isfiability errors, Entailment errors, Non-entailment errors

Semantic search accuracy Average search precision, Average search recall, Average
search F-measure, Number of completed queries, Average
number of results

Semantic search time behavior Average query time, Average time per search result, Average
query input time, Maximum query input time, Average overall
question time

Semantic web service discovery
accuracy

Average binary preference, Average discovery precision, Aver-
age discovery recall, Average discovery normalized discounted
cumulative gain, Average number of retrieved documents,
Average number of relevant documents retrieved, Average
reciprocal rank
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SemQuaRE describes a set of quality measures, which include base measures,
derived measures and quality indicators related to semantic technologies. Where
possible, for each of these measures a formula for its calculation was defined. Also,
SemQuaRE describes a set of quality sub-characteristics that can be measured using
previously mentioned quality measures, and a set of quality characteristics adopted
from the SQuaRE standard.

To this extent, this chapter has presented the work carried out in this thesis
in order to achieve the second objective, to apply the RIDER framework in
the Semantic Web field for semantic technology recommendation using
evaluation results. Although SemQuaRE is an important part, together with the
work presented in the following chapter, of achieving this second objective, it is also
an independent artefact related to quality specification of semantic technologies.



Chapter 6

RIDER for Semantic Technologies

RIDER is a general recommendation framework that can be applied to any domain
providing that the necessary artefacts are available, as described in detail in Section
4.7. Chapter 5 has presented one of such artefacts, which is the quality model for
semantic technologies. This chapter presents the rest of the artefacts needed for
the instantiation of RIDER in the semantic technology field which, together
with the quality model for semantic technologies, form the constituent part of the
RIDER recommendation framework in such field. In particular, the chapter describes:

• The semantic technology evaluation results that are used (Section 6.1).

• The ANP network in the semantic technology domain (Section 6.2).

• Expert pairwise comparisons of the criteria from the ANP network (Section
6.3).

Furthermore, this chapter also presents an illustrative example of using RIDER
for semantic technology recommendation (Section 6.4) as well as the web application
that supports such recommendation (Section 6.5).

6.1 Semantic Technology Evaluation Results
Evaluation results are an important part of the RIDER framework (Section 4.2)
because the comparison of alternatives is performed automatically using the evaluation
results and the comparison algorithms described in Section 4.3 and Section 4.4.

A corpus of semantic technology evaluation results has been produced in the
SEALS project (Section 2.3.2), in which semantic technologies were automatically
evaluated in a number of evaluation campaigns. Each evaluation campaign used
predefined test data as input, and evaluated a number of tools, hence producing

131
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results for these tools. Evaluation results that were produced and stored in each
evaluation contain base measures and derived measures (Section 2.2.5) and, in order
to use these results in RIDER, several partners in the SEALS project were contacted
with a request to provide them.

Since the evaluation results that were obtained from the SEALS project partners
contained only base measures and derived measures, and since quality criteria in
the RIDER recommendation process are related to quality indicators from a quality
model (Section 4.1), these indicators had to be calculated from the obtained SEALS
base and derived measures.

Figure 6.1 shows an overview of the process and data used for the calculation of
quality indicators for semantic technologies. Every quality indicator was calculated
from the SEALS evaluation results using the formulas in the SemQuaRE quality
model (Appendix B), being each quality indicator related to one particular tool
evaluated in a particular SEALS evaluation.

SEALS	  tools	   SEALS	  evalua.ons	  

SEALS	  evalua.on	  
results	  

Quality	  
indicators	  

Indicator	  
calcula.on	  

Figure 6.1: Calculation of quality indicators from the SEALS evaluation results.

Table 6.1 shows, for each type of tool, the quality indicators for which evaluation
results were obtained from the second evaluation campaign in SEALS by combining
the results presented in the project deliverables with raw results provided by the
project partners. These indicators can be specified in user quality requirements
and, as well as SemQuaRE quality model, are described using the Evaluation Result
ontology (Section 4.2.1) and the Quality Model ontology (Section 4.1.1). Tables 6.2,
6.3, 6.4, 6.5 and 6.6 show the tools and evaluation results for each quality indicator.
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Table 6.1: Quality indicators calculated from the SEALS evaluation results.

Tool type Indicators
Ontology engineering tools [43] Ontology language component coverage, Ontol-

ogy information change, Import/export errors,
Ontology language component interoperability
coverage, Interchange information change, On-
tology interchange errors, Ontology processing
time

Reasoning systems [142] Classification correctness, Average classification
time, Classification errors, Class satisfiability
correctness, Average class satisfiability time,
Class satisfiability errors, Ontology satisfiability
correctness, Average ontology satisfiability time,
Ontology satisfiability errors, Entailment cor-
rectness, Average entailment time, Entailment
errors, Non-entailment correctness, Average non-
entailment time, Non-entailment errors, Average
loading time

Ontology matching tools [88] Average alignment precision, Average alignment
recall, Average alignment F-measure, Ontology
alignment errors, Ontology alignment time

Semantic search tools [138] Average search precision, Average search recall,
Average search F-measure, Average loading time,
Average number of results, Average query time

Semantic web service tools [78] Average discovery precision, Average discovery
recall, Average discovery normalized discounted
cumulative gain, Average number of retrieved
documents, Average number of relevant docu-
ments retrieved, Average binary preference, Av-
erage reciprocal rank
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Table 6.3: Tools and quality indicators for reasoning systems [142].

Indicator/Tool Fact++ Hermit
Classification correctness 64.5 66.5
Average classification time (ms) 1708 950
Classification errors 3 1
Class satisfiability correctness 97 99
Average class satisfiability time (ms) 296 200
Class satisfiability errors 3 1
Ontology satisfiability correctness 97 99
Average ontology satisfiability time (ms) 298 204
Ontology satisfiability errors 3 1
Entailment correctness 4 98
Average entailment time (ms) 4 77
Entailment errors 15 0
Non-entailment correctness 86 86
Average non-entailment time (ms) 15 216
Non-entailment errors 14 0
Average loading time (ms) 215 207

Table 6.4: Tools and quality indicators for ontology matching tools [88]1.

Tool/Indicator Average
alignment
precision

Average
alignment
recall

Average
alignment
F-measure

Ontology
alignment
errors

Ontology
alignment
time (s)

LogMapLt 0.89 0.5 0.64 0 13.5
Aroma 0.91 0.66 0.76 0 27.25
GOMMA 0.69 0.55 0.55 0 26.25
LogMap 0.91 0.45 0.6 0 26.25
MapSSS 0.98 0.68 0.8 0 66670
AUTOMS v2 0.97 0.54 0.69 0 63
YAM++ 0.99 0.64 0.77 25 1750
WeSeE 0.95 0.51 0.67 0 3968
Hertuda 0.82 0.5 0.62 0 50.75
MaasMitch 0.5 0.51 0.51 0 991
Lily 0.93 0.58 0.71 25 4682
MapEVO 0.14 0.1 0.11 0 16504
MapPSO 0.25 0.08 0.12 25 554
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Table 6.5: Tools and quality indicators for semantic search tools [138].

Tool/ Indi-
cator

Average
search
precision

Average
search
recall

Average
search
F-measure

Average
loading
time
(ms)

Average
number
of results

Average
query
time
(ms)

Arq v2.8.2 1 1 1 36415 324 369
Arq v2.9.0 1 1 1 37018 294 377
rdfQuery
v0.5.1b-
FINAL

0.99 0.99 0.99 247 236 37669

Table 6.6: Tools and quality indicators for semantic web service tools [78].

Indicator/Tool SAWSDL-OU
v.SAWSDL-OU

WSMOLITE-
OU v.LITE-OU

Average discovery precision 0.75 0.7
Average discovery recall 0.55 0.58
Average discovery normalized dis-
counted cumulative gain

0.61 0.57

Average number of retrieved doc-
uments

69 81

Average number of relevant docu-
ments retrieved

33 36

Average binary preference 0.24 0.2
Average reciprocal rank 0.95 0.87

6.2 ANP Network for Semantic Technologies
The starting point in a recommendation process in RIDER is a model of a domain
(Section 4.5), which can be obtained from the quality model by following the set of
steps described in Section 4.1.

Starting from SemQuaRE (Chapter 5) and following the specified steps, the ANP
network for semantic technologies has been constructed:

• Every quality indicator described in SemQuaRE has been introduced into the
ANP network for semantic technologies as a network element. For example,

1Values for the Average alignment H-measure of the ontology matching tools obtained in the
evaluation are the same as those for the Average alignment F-measure.
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Average alignment F-measure is an indicator and, therefore, it become an
element in the network.

• Every quality sub-characteristic described in SemQuaRE has been introduced
into the ANP network for semantic technologies as a network cluster. Then,
the elements of the ANP network have been grouped into these clusters in such
a way that an element is inside one particular cluster if the quality indicator
represented by that element is used for measuring a quality sub-characteristic
represented by that particular cluster. For example, Average alignment F-
measure is an indicator that is used to measure the Ontology alignment accuracy
sub-characteristic. Because of this, Average alignment F-measure has been
defined as an element in the Ontology alignment accuracy cluster.

• Dependencies between the elements in the ANP network for semantic tech-
nologies have been deduced based on the formulas for obtaining the related
quality indicators in SemQuaRE. For example, F-measure is calculated using
the Precision and Recall derived measures and, therefore, the Average alignment
F-measure indicator depends on the Average alignment precision and Average
alignment recall. Furthermore, relying on expert opinions, a set of dependencies
between ANP network elements has been completed.

• Dependencies between the clusters in the ANP network for semantic technologies
have been deduced based on the dependencies between the elements. For
example, since Average time per search result indicator from Semantic search
time behaviour depends on Average number of results indicator from Semantic
search accuracy, Semantic search time behaviour cluster depends on Semantic
search accuracy.

Figure 6.2 presents the ANP network for semantic technologies with all the
elements including clusters; dependencies between the elements are represented with
arcs. The elements in the network represent criteria in a recommendation process,
and these elements can be taken into account by the users when defining user quality
requirements. Most of the elements and clusters belong to one semantic technology
type; however, some elements and clusters are related to more than one type since
related quality indicators and sub-characteristics from SemQuaRE also belong to
more than one type. An example is the Average loading time element which is related
to three types (reasoning systems, semantic search tools and semantic web service
tools) and Ontology processing maturity which is related to two types (ontology
engineering tools and semantic search tools).



138 Chapter 6. RIDER for Semantic Technologies

Ontology	  alignment	  accuracy	  

Ontology	  processing	  
maturity	  

Ontology	  processing	  
accuracy	  

Ontology	  language	  
component	  coverage	  

Ontology	  
informa4on	  change	  

Ontology	  interchange	  
errors	  

Ontology	  
processing	  4me	  

Non-‐
entailment	  
correctness	  

Ontology	  language	  
component	  interoperability	  

coverage	  

Import/Export	  errors	  

Average	  
alignment	  
precision	  

Average	  
alignment	  F-‐
measure	  

Ontology	  
alignment	  4me	  

Average	  
alignment	  
recall	  

Average	  
alignment	  H-‐
measure	  

Ontology	  
alignment	  errors	  

Entailment	  
correctness	  

Ontology	  
sa4sfiability	  
correctness	  

Class	  
sa4sfiability	  
correctness	  

Classifica4on	  
correctness	  

Average	  non-‐
entailment	  

4me	  

Average	  
entailment	  

4me	  

Average	  
ontology	  

sa4sfiability	  
4me	  

Average	  
class	  

sa4sfiability	  
4me	  

Average	  
classifica4on	  

4me	  

Non-‐
entailment	  
errors	  

Entailment	  
errors	  

Ontology	  
sa4sfiability	  

errors	  

Class	  
sa4sfiability	  

errors	  
Classifica4on	  

errors	  

Average	  discovery	  
precision	  

Average	  discovery	  
normalized	  discounted	  

cumula4ve	  gain	  

Average	  number	  of	  
relevant	  documents	  

retrieved	  

Average	  number	  of	  
retrieved	  documents	  

Average	  
overall	  
ques4on	  
4me	  

Max	  query	  
input	  4me	  

Average	  
query	  input	  

4me	  
Average	  
number	  of	  
aFempts	  

Average	  
answer	  

found	  rate	  

Average	  
loading	  
4me	  

Average	  
successful	  
loads	  

Average	  
query	  4me	  

Average	  4me	  
per	  search	  
result	   Average	  

number	  of	  
results	  

Number	  of	  
completed	  
queries	  

Average	  
search	  
recall	  

Average	  
search	  

precision	  

Average	  
search	  F-‐
measure	  

Ontology	  language	  model	  
conformance	  

Ontology	  language	  model	  
interoperability	  

Ontology	  alignment	  
maturity	  

Ontology	  interchange	  
accuracy	  

Interchange	  
informa4on	  change	  

Ontology	  processing	  4me	  behaviour	  

Ontology	  alignment	  
4me	  behaviour	  

Average	  
experiment	  4me	  

Average	  
sa4sfac4on	  value	  

Average	  usability	  
value	  

Average	  reciprocal	  
rank	  

Average	  discovery	  
recall	  

Reasoning	  accuracy	  

Reasoning	  4me	  
behaviour	  

Reasoning	  
maturity	  

Seman4c	  search	  accuracy	  

Ontology	  
processing	  4me	  
behaviour	  

Ontology	  
processing	  
maturity	  

Efficiency	  

Seman4c	  search	  
4me	  behaviour	  

Seman4c	  web	  service	  
discovery	  accuracy	  

Sa4sfac4on	   Ease	  of	  use	  

Ontology	  language	  
component	  support	  

Ontology	  language	  
component	  interoperability	  

support	  

Average	  binary	  
preference	  

Ontology	  interchange	  
maturity	  

New	  version,	  without	  all	  cuF-‐off	  and	  @N	  
measures,	  save	  with	  ‘save	  as’	  op4on,	  not	  
print	  
Font	  10	  (used	  in	  thesis)	  

Figure 6.2: Semantic technology ANP network.
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6.3 Pairwise Comparisons of Criteria
Criteria pairwise comparisons are important because they are used for constructing
the ANP supermatrix, as described in Section 4.6.

In the ANP network, if there is more than one element that belongs to the same
cluster and that influences some other element in the network, it is necessary to
calculate the influence priorities of these elements over the element they have influence
on. This is done using the pairwise comparison technique (Section 2.1.4) and, based
on the ANP network for semantic technologies, influence priorities for all the criteria
were calculated.

This task, unlike the comparison of alternatives, was performed manually. Every
two elements within a certain cluster that have influence on some other element
have been compared by experts in a pairwise comparison with the following question:
“given a dependent third element, which of the two elements has more influence?”.
These comparisons have been performed for all such elements in the ANP network
for semantic technologies, as well as for all the clusters, and all comparisons are
consensual. Next, all the pairwise comparisons of the criteria in the ANP network for
semantic technologies are presented.

Table 6.7 shows the results of the pairwise comparison in which the priorities of
indicators with respect to Average alignment F-measure (AAF) have been calculated.
It can be seen from the network (Figure 6.2) that Average alignment F-measure
depends on Average alignment H-measure (AAH), Average alignment precision (AAP),
and Average alignment recall (AAR). Therefore, those three indicators have been
compared through pairwise comparisons to determine their importance. For example,
Average alignment precision has a strong plus over Average alignment H-measure
which, according to the pairwise comparison scale (Section 2.1.4), implies the value 6
when Average alignment precision is compared to Average alignment H-measure, and
the value 1/6 when Average alignment H-measure is compared to Average alignment
precision. Average alignment precision and Average alignment recall have equal
importance with respect to Average alignment F-measure, which implies the value 1
in the comparison of these two indicators.

Table 6.7: Pairwise comparisons of indicators with respect to Average alignment
F-measure

Average
alignment
F-measure

Average
alignment
precision

Average
alignment
recall

Average
alignment
H-measure

Importance

AAP 1 1 6 0.462
AAR 1 1 6 0.462
AAH 1/6 1/6 1 0.076
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Column Importance gives the overall importance for each indicator. This compar-
ison suggests that, e.g., Average alignment precision influences Average alignment
F-measure with a 0.462 importance degree.

Table 6.8 shows the pairwise comparisons performed with respect to Average
alignment H-measure.

Table 6.8: Pairwise comparisons of indicators with respect to Average alignment
H-measure2.

Average
alignment
H-measure

Average
alignment
precision

Average
alignment
recall

Average
alignment
F-measure

Importance

AAP 1 1 6 0.462
AAR 1 1 6 0.462
AAF 1/6 1/6 1 0.076

Tables 6.9 and 6.10 show the pairwise comparisons performed with respect to
Average search F-measure and Entailment correctness respectively.

Table 6.9: Pairwise comparisons of measures with respect to Average search F-
measure3.

Average
search
F-

measure

Average
number of
results

Average
number of
completed
queries

Average
search

precision

Average
search
recall

Importance

Av # R 1 1 6 6 0.429
Av # CC 1 1 6 6 0.429

ASP 1/6 1/6 1 1 0.071
ASR 1/6 1/6 1 1 0.071

For some elements in the network, which depend on more than one other element
from the same cluster, influence priorities are equal between all influencing elements
because these influencing elements have equal importance. Those are:

• Average search precision, with 0.5 influence priority from Average number of
results and Average number of completed queries.

2AAF - Average alignment F-measure.
3Av # R - Average number of results, AV # CC - Average number of completed queries,

ASP - Average search precision, ASR - Average search recall.
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Table 6.10: Pairwise comparisons of measures with respect to Entailment correctness4.

Entailment
correct-
ness

Class satis-
fiability

correctness

Ontology
satisfiability
correctness

Classification
correctness

Importance

CSC 1 1 3 0.429
OSC 1 1 3 0.429
CC 1/3 1/3 1 0.143

• Average loading time, with 0.2 influence priority from Classification errors,
Ontology satisfiability errors, Class satisfiability errors, Entailment errors, and
Non-entailment errors.

• Average overall question time, with 0.5 influence priority from Average query
time and Average query input time.

• Classification correctness, with 0.5 influence priority from Class satisfiability
correctness and Ontology satisfiability correctness.

Similar as for the quality indicators, a team of experts in semantic technologies
performed the pairwise comparisons for the clusters in the semantic technology ANP
network.

Tables 6.11 and 6.12 show the pairwise comparisons performed with respect to
Ontology language model interoperability and Ontology interchange accuracy respec-
tively.

Table 6.11: Pairwise comparisons of clusters with respect to Ontology language model
interoperability5.

Ontology language
model

interoperability

Ontology language
model conformance

Ontology
interchange
maturity

Importance

OLMC 1 6 0.86
OIM 0.166 1 0.14

Tables 6.13 and 6.14 show the pairwise comparisons performed with respect to
Semantic search time behavior and Ontology processing maturity respectively.

4CSC - Class satisfiability correctness, OSC - Ontology satisfiability correctness, CC - Classifica-
tion correctness.

5OLMC - Ontology language model conformance, OIM - Ontology interchange maturity.
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Table 6.12: Pairwise comparisons of clusters with respect to Ontology interchange
accuracy6.

Ontology
interchange
accuracy

Ontology processing
accuracy

Ontology
interchange
maturity

Importance

OPA 1 6 0.86
OIM 0.166 1 0.14

Table 6.13: Pairwise comparisons of clusters with respect to Semantic search time
behavior 7.

Semantic
search time
behavior

Ontology
processing
maturity

Semantic
search

accuracy

Semantic
search time
behavior

Importance

OPM 1 1 0.33 0.2
SSA 1 1 0.33 0.2
SSTB 3 3 1 0.6

Table 6.14: Pairwise comparisons of measures with respect to Ontology processing
maturity8.

Ontology
processing
maturity

Ontology
language
model con-
formance

Ontology
processing
accuracy

Ontology
processing

time
behavior

Importance

OLMC 1 1 3 0.3
OPA 1 1 6 0.6
OPTB 0.33 0.16 1 0.1

Tables 6.15 and 6.16 show the pairwise comparisons performed with respect to
Reasoning accuracy and Ontology interchange maturity respectively.

Finally, Table 6.17 shows the pairwise comparisons performed with respect to
Reasoning maturity.

6OPA - Ontology processing accuracy.
7OPM - Ontology processing maturity, SSA - Semantic search accuracy, SSTB - Semantic search

time behavior.
8OPTB - Ontology processing time behavior.
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Table 6.15: Pairwise comparisons of clusters with respect to Reasoning accuracy9.

Reasoning
accuracy

Reasoning
accuracy

Reasoning
maturity

Importance

RA 1 6 0.86
RM 0.166 1 0.14

Table 6.16: Pairwise comparisons of measures with respect to Ontology interchange
maturity10.

Ontology
inter-
change
maturity

Ontology
language
model

interoper-
ability

Ontology
inter-
change
accuracy

Ontology
processing

time
behavior

Ontology
processing
maturity

Importance

OLMI 1 1 3 3 0.36
OIA 1 1 6 3 0.41

OPTB 0.33 0.16 1 0.33 0.08
OPM 0.33 0.33 3 1 0.16

Table 6.17: Pairwise comparisons of clusters with respect to Reasoning maturity11.

Reasoning
maturity

Reasoning
accuracy

Reasoning
time

behavior

Importance

RA 1 6 0.86
RTB 0.166 1 0.14

For some clusters in the network, which depend on more than one other cluster,
influence priorities are equal between all influencing clusters because these influencing
clusters have equal importance. This is the case for the Ontology processing time
behaviour cluster, with 0.33 influence priority from Ontology processing maturity,
Ontology interchange maturity, and Reasoning maturity. Finally, when comparing a
cluster related to criteria to a cluster related to alternatives, with respect to a cluster
related to criteria, equal importance is always assigned. Also, when comparing a

9RA - Reasoning accuracy, RM - Reasoning maturity.
10OLMI - Ontology language model interoperability, OIA - Ontology interchange accuracy, OPTB

- Ontology processing time behavior, OPM - Ontology processing maturity.
11RA - Reasoning accuracy, RTB - Reasoning time behavior.
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cluster related to criteria with another cluster related to criteria, with respect to a
cluster related to alternatives, equal importance is always assigned as well.

Using the method provided by Saaty for the calculation of consistency ratio of
comparison matrix (Section 2.1.4), the consistency of every pairwise comparison
in the ANP network for semantic technologies has been verified, including cluster
comparisons. The consistency ratios were calculated for every pairwise comparison
matrix, and the limit of 0.1 is satisfied in all the pairwise comparisons performed; the
consistency ratio is zero in all the pairwise comparisons except to the ones related to
Average search F-measure (Table 6.9), in which the consistency ratio is 0.02, Ontology
processing maturity (Table 6.14), in which the consistency ratio is 0.05, and Ontology
interchange maturity (Table 6.16), in which the consistency ratio is 0.04.

6.4 Using RIDER for Semantic Technology Recom-
mendation

This section describes a typical use case of RIDER for semantic technology recom-
mendation.

Let us assume that a user needs to perform a task which consists in matching
the concepts in some ontologies to other ontologies and, therefore, needs an ontology
matching tool. Let us also assume that:

i) The user has two quality requirements: he or she wants a tool with at most
20s runtime and with at most 20% error rate. These user quality requirements
are specified in terms of a specific criterion (related to an element in the ANP
network for semantic technologies presented in Figure 6.2) and a threshold.
Specified user quality requirements are the only inputs required by the user in
the whole recommendation process (Threshold column in Table 6.18).

ii) There are four possible ontology matching tools for performing this task (A1-A4)
for which evaluation results are described in Table 6.18.

Table 6.18: Evaluation results for the ontology matching tools use case.

Criteria A1 A2 A3 A4 Threshold
Ontology alignment time 14 32 10 28 20s
Ontology alignment errors 30 25 13 9 20%

Based on these user quality requirements, the recommendations suggested by
RIDER are obtained as follows:
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• Based on the specified user quality requirements and on the available evaluated
alternatives, the ANP network for this specific use case is created based on
the initial domain network (Figure 6.2), using one of the network extraction
methods described in Section 4.5.

In this use case, the chosen extraction method of the ANP network is the
one that produces a network that consists only of user quality requirements
(Requirements network). The network produced in this example is presented in
Figure 6.3, and it can be obtained automatically without the need for expert or
user intervention.

Ontology	  
Alignment	  Time	  

Ontology	  Alignment	  	  
Time	  Behaviour	  

Ontology	  
Alignment	  
Errors	  

Ontology	  Alignment	  
Maturity	  

A1	  

Alterna8ves	  

A2	   A3	   A4	  

Figure 6.3: The ANP network for the ontology matching tools use case.

• Based on the extracted network, a supermatrix related to the particular use
case is constructed. Table 6.19 shows the structure of a supermatrix related to
the ontology matching tools use case.

Table 6.19: Supermatrix structure for the ontology matching tools use case12.

Network
elements

Ontology
alignment

time

Ontology
alignment
errors

A1 A2 A3 A4

OAT
OAE
A1
A2
A3
A4
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• The supermatrix is filled with the comparison of alternatives, which is performed
automatically using the comparison algorithms described in Section 4.4 and
the evaluation results presented in Table 6.18; no additional input by users
or experts is required for this task. In this use case, the chosen comparison
algorithm is the Maximum distance algorithm with thresholds.

Table 6.20 and Table 6.21 show the comparison of alternatives with respect to
Ontology alignment time and Ontology alignment errors, respectively.

Table 6.20: Comparison of the alternatives with respect to Average alignment precision
using the Maximum distance algorithm with threshold.

Alternatives A1 A2 A3 A4 Importance
A1 1 9 1/2 9 0.37
A2 1/9 1 1/9 1/2 0.04
A3 2 9 1 9 0.53
A4 1/9 2 1/9 1 0.06

Table 6.21: Comparison of the alternatives with respect to Ontology alignment errors
using the Maximum distance algorithm with threshold.

Alternatives A1 A2 A3 A4 Importance
A1 1 1/3 1/9 1/9 0.04
A2 3 1 1/9 1/9 0.07
A3 9 9 1 1/2 0.37
A4 9 9 2 1 0.52

Table 6.22 shows the supermatrix for the ontology matching tools use case,
which is filled with the previously described pairwise comparison of alternatives.

• The supermatrix is filled with the criteria pairwise comparisons performed by
experts when instantiating the RIDER framework, as well as with comparisons
of criteria with respect to alternatives (Section 6.3). In this use case, since
there are no elements in the ANP network that depend on more than one other
element that belong to the same cluster (Figure 6.3), there is no need for criteria
pairwise comparisons.

Table 6.23 shows the supermatrix filled with criteria dependencies.

12OAT - Ontology alignment time, OAE - Ontology alignment errors.



6.4. Using RIDER for Semantic Technology Recommendation 147

Table 6.22: Supermatrix for the ontology matching tools use case filled with example
alternatives comparison.

Network
elements

Ontology
alignment

time

Ontology
alignment
errors

A1 A2 A3 A4

OAT
OAE
A1 0.37 0.04
A2 0.04 0.07
A3 0.53 0.37
A4 0.06 0.52

Table 6.23: Supermatrix for the ontology matching tools use case filled with criteria
dependencies.

Network
elements

Ontology
alignment

time

Ontology
alignment
errors

A1 A2 A3 A4

OAT 0 1 1 1 1 1
OAE 1 0 1 1 1 1
A1 0.37 0.04 0 0 0 0
A2 0.04 0.07 0 0 0 0
A3 0.53 0.37 0 0 0 0
A4 0.06 0.52 0 0 0 0

• Once the supermatrix is filled with alternatives and criteria pairwise comparisons,
the cluster matrix is formed in an analogous way as the supermatrix. In this use
case, there are three necessary comparisons: between Alternatives cluster and
Ontology alignment time behaviour cluster with respect to Ontology alignment
maturity cluster, between Alternatives cluster and Ontology alignment maturity
cluster with respect to Ontology alignment time behavior cluster, and between
Ontology alignment maturity cluster and Ontology alignment time behaviour
cluster with respect to Alternatives cluster. In all three comparisons it is
assumed that the two compared clusters are of equal importance (0.5 ). Table
6.24 shows the obtained cluster matrix.

• Finally, the limit supermatrix can be obtained using the supermatrix and the
cluster matrix as described by the ANP method. The limit supermatrix is then

13OAM - Ontology alignment maturity, OATB - Ontology alignment time behavior.
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Table 6.24: Cluster matrix for the ontology matching tools use case13.

Clusters Alternatives Ontology
alignment
maturity

Ontology
alignment

time
behavior

Alternatives 0 0.5 0.5
OAM 0.5 0 0.5
OATB 0.5 0.5 0

used to rank the alternatives and provide a recommendation to the user for the
specific use case.

Table 6.25 shows the limit supermatrix obtained in the use case. It can be
observed that alternative A3 is ranked as the first with the score of 0.15, which
is the only alternative that satisfies both user quality requirements.

Table 6.25: Limit supermatrix for the ontology matching tools use case.

Network
elements

Ontology
alignment

time

Ontology
alignment
errors

A1 A2 A3 A4

OAT 0.33 0.33 0.33 0.33 0.33 0.33
OAE 0.33 0.33 0.33 0.33 0.33 0.33
A1 0.07 0.07 0.07 0.07 0.07 0.07
A2 0.02 0.02 0.02 0.02 0.02 0.02
A3 0.15 0.15 0.15 0.15 0.15 0.15
A4 0.1 0.1 0.1 0.1 0.1 0.1

6.5 Semantic Technology Recommendation System
The generic RIDER web application (Section 4.8.2) has been instantiated in the
semantic technology domain. It allows users to specify their quality requirements and
get recommendations of the semantic technologies that best suite their needs.

The architecture of the semantic technology recommendation system as well as its
dependencies are the same as those described in Section 4.8.2. The system is deployed
online under http://www.development.seals-project.eu/seals-recommendation/.

The first page of the semantic technology recommendation system allows users to
specify their desired quality requirements with respect to specific semantic technology
types; these quality requirements are consistent with the indicators described in the
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quality model for semantic technologies (Section 5.4). Users can choose which quality
indicators they want to take into account and for every desired quality indicator it
is possible to specify a desired threshold. Also, by pointing the mouse on an icon
additional information about the quality indicator is shown (Figure 6.4).

An	  ontology	  engineering	  tool	  that	  is	  able	  to	  import	  
and	  export	  ontologies	  with	  at	  most	  20%	  of	  change	  
in	  informa:on	  

Figure 6.4: The first page of the semantic technology recommendation system.

Once the quality requirements are filled and the form is submitted, the results of
the recommendation will be shown in the order of how well each of the alternatives (in
this case semantic technologies) meet user quality requirements. For each alternative
a tool is shown, together with the overall score obtained in the recommendation
process.

Figure 6.5 shows and example of the results of the recommendation with respect
to two quality requirements:

• Ontology language component coverage, with a threshold of 50.

• Ontology information change, with a threshold of 20.

In this example, each alternative consists of one ontology engineering tool, and
these tools are listed for each alternative in the Tools column. For example, the
alternative that is marked as Alternative 1 consists of the Jena 2.7.0 ontology
engineering tool. Column Result shows the overall result that an alternative has
obtained in a recommendation process, which is the result obtained in the limit
supermatrix that is used for the final ranking of alternatives (Section 2.1.5). It
can be observed that the first alternative has obtained the highest result in the
recommendation process (0.3874 ).

In order to give the user more details on the recommendation process and on
the obtained ranking of alternatives, a separate table shows values for every quality
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Figure 6.5: Results for the recommendation.

indicator that was taken into account in the recommendation process as a quality
requirement, according to each alternative. Indicators are sorted according to their
importance, and values for those alternatives that do not satisfy the quality require-
ment with respect to a specific indicator are colored in red, while values for those
alternatives that satisfy the quality requirement with respect to a specific indicator are
colored in green. Furthermore, importance of each quality indicator that is specified
as a quality requirement is shown in the Importance column.

Figure 6.6 shows evaluation results for alternatives with respect to the quality
indicators that are specified as quality requirements in the previous example (Figure
6.5). It can be observed that the first alternative is the only one that satisfies all
two quality requirements. Alternatives 2-4 satisfy one quality requirement (Ontology
language component coverage) and also have the same result for that requirement.
Furthermore, alternative 2 is better that alternative 3, which is better than alternative
4 with respect to the second requirement (Ontology information change), and this
is the order in which they are ranked. Alternatives 5 and 6 satisfy none of the
requirements, and alternative 5 is better with respect to both requirements.

Figure 6.6: Results for all the tools with respect to the quality requirements.

By clicking on a particular tool in a ranking of the alternatives (column Tools,
Figure 6.5), a page with the tool description appears, listing all the quality indicators
(Measure Name column) and the evaluation results obtained for these indicators
(Value column). Figure 6.7 shows an example of all evaluation results for one
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Figure 6.7: Results for a particular tool.

particular tool (Jena 2.7.0 ). It can be seen that, apart from the results related to the
indicators specified as quality requirements (Ontology language component coverage
and Ontology information change), results for all quality indicators related to Jena
2.7.0 can be observed.

Finally, a user has a possibility to observe in a separate page the part of the
weighted supermatrix (Section 2.1.5) related to all the quality indicators (criteria) in
a recommendation process, including those that are specified as quality requirements.
The page shows the influence priorities among all the quality requirements that were
previously defined, as well as their importance obtained in a recommendation process,
and it can help experienced users with the knowledge of the ANP method to get
more insight into influence priorities and dependencies between the indicators.

Figure 6.8 shows the part of the weighted supermatrix related to quality indicators
in the previous example. In this example, it can be observed that specified user
quality requirements are independent (zeroes in the table). Because of this, both
requirements are of equal importance (0.5, column Importance, Figure 6.6).

Figure 6.8: Part of the weighted supermatrix related to quality indicators (criteria).

6.6 Summary
This chapter has presented an instantiation of the RIDER framework for the recom-
mendation of semantic technologies. To this extent, this chapter has presented the
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work carried out in this thesis in order to achieve the second objective, to apply
the RIDER framework in the Semantic Web field for semantic technology
recommendation using evaluation results.

In the context of achieving the second objective, this chapter has presented the
fifth contribution of this thesis, C5: The application of the RIDER framework
in the semantic technology domain. The RIDER artefacts related to semantic
technologies, including evaluation results, ANP network for semantic technologies and
pairwise comparisons of criteria have been described, together with an illustrative
example and a web application.

The web application for the recommendation of semantic technologies using
RIDER relies on SEALS evaluation results, and provides recommendations of semantic
technologies based on user quality requirements as inputs.



Chapter 7

Evaluation

The main objective of this thesis is to contribute to the state of the art in the Multiple
Criteria Decision Making field by providing a Multiple Criteria Decision Making
framework that takes advantage of evaluation results of alternatives and of user
quality requirements over such alternatives, and by applying this MCDM framework
in the Semantic Web field for semantic technology recommendation.

Since evaluation is an important phase in every research or engineering process
[31], this chapter presents the evaluation of the main contributions of this thesis
(Section 3.2). In particular, this chapter presents:

• The evaluation of the comparison algorithm without threshold (Section 7.1).

• The evaluation of the comparison algorithm with threshold (Section 7.2).

• The evaluation of the model extraction methods (Section 7.3).

• The evaluation of the SemQuaRE quality model (Section 7.4).

• The evaluation of RIDER framework relying on user feedback (Section 7.5).

7.1 Evaluation of the Comparison Algorithm with-
out Thresholds

Section 4.3 presented different variations of the comparison algorithm without the
thresholds imposed by user quality requirements. In order to determine which of
these variations would be the most appropriate to be used, an evaluation addressing
the functional appropriateness of the algorithm according to SQuaRE1 has been
performed.

1The degree to which the functions facilitate the accomplishment of specified tasks and objectives.
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The goal of this evaluation is to determine how each algorithm variation behaves
with different distributions of evaluation results. To this end, this evaluation covers
the part of the RIDER framework related to the comparison algorithm without user
quality requirements (Figure 7.1), with a set of evaluation results as input and a set
of comparisons as output.
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Figure 7.1: Evaluation of the comparison algorithm without thresholds.

For the purpose of this evaluation, the quality of a comparison algorithm is defined
as its ability to produce a set of outputs that, for a given set of evaluation results,
define the difference among the alternatives with a degree equivalent to the difference
in the evaluation results. This means that the higher the difference between the two
evaluation results, the higher the output of the algorithm has to be. Furthermore,
in order to allow differentiating between different alternatives, it is expected from a
good algorithm to produce outputs that cover all values on Saaty’s scale.

Therefore, the quality of a comparison algorithm is determined by the following
metrics:

• The number of different outputs (No). There are nine possible outputs (from 1
to 9); the higher the number of outputs over a set of evaluation results denotes
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a better algorithm.

• The distance between the maximum and minimum output (Do). The maximum
value for this indicator is eight; the higher the distance denotes a better
algorithm.

The following hypotheses are made for this evaluation (Section 3.3):

• H1. The outputs of the algorithms for the comparison of alternatives that
exploit evaluation results (in terms of No and Do) do not depend either on the
distribution or the range (distance between the minimum and maximum values
in the results) of such evaluation results.

• H2. The quality of the algorithms for the comparison of alternatives that
exploit evaluation results (in terms of No and Do) does not improve when all
the evaluation results are available.

In this evaluation, various datasets are used as inputs. Each of the datasets is
used to produce the outputs of this evaluation, i.e., a set of numbers on Saaty’s
scale (Section 2.1.4) that represent comparisons in which every possible combination
between any two results from a given dataset is compared in such a way that a better
result is always compared to a worse one. The reason for this constraint is to avoid
inconsistency in outputs and to ensure that all outputs are in the range 1-9, without
reciprocal values.

7.1.1 Evaluation Datasets

Different use scenarios correspond to different sets of evaluation results. Therefore,
several datasets containing integer numbers with different distributions within the
range from zero to one hundred, in which a higher value denotes a better result, have
been defined. The distributions used in the evaluation are chosen by taking into
account well-known statistical distributions that can be expected to appear in evalu-
ations as follows: i) the values can be found with equal probability along the range;
ii) the values are clustered around a central value and are symmetrical; and iii) the
values are clustered around a central value and are asymmetrical. These expectations
can be satisfied by a uniform, normal, and Erlang distributions, respectively [23].
Therefore, for every dataset, one thousand results have been randomly generated
with a Java program:

• Uniform dataset. This dataset was generated following a uniform distribution
(i.e., results are equally distributed from lower to higher scale values). The
minimum result generated was 0, the maximum 100 (Figure 7.2a) and the
maximum distance between any two results is 100 while the minimum distance
is 0 (i.e., two identical results).
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(a) Uniform dataset.

(b) Normal dataset.

(c) Erlang dataset.

Figure 7.2: Evaluation datasets.
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• Normal dataset. This dataset was generated following a normal (Gaussian)
distribution with a mean of 60 and a standard deviation of 8. The minimum
result generated was 37, the maximum 86 (Figure 7.2b) and the maximum
distance between any two results is 49 while the minimum distance is 0.

• Erlang dataset. This dataset was generated following an Erlang distribution
with a mean of 40 and a variance of 35. The minimum result generated was 24,
the maximum 61 (Figure 7.2c) and the maximum distance between any two
results is 37 while the minimum distance is 0.

The number of results (in this case, one thousand) is chosen in order to cover all
the values over the interval to which the results belong. This is to ensure that as less
gaps as possible can be found in the results distribution.

Next, the results of the evaluation of each variation of the comparison algorithm
for each evaluation dataset are presented.

7.1.2 Uniform Dataset without Thresholds

Figure 7.3a shows the behavior of the three variations of the comparison algorithm
in the case of the Uniform dataset, where the horizontal axis represents the distance
between the two results that are compared and the vertical axis represents the output
in the comparison. Table 7.1 shows the quality metrics for each algorithm variation.

Table 7.1: Quality metrics for the different datasets without threshold.

Simple Scale distance Maximum distance
Uniform dataset

No 2 9 9
Do 8 8 8

Normal dataset
No 2 5 9
Do 8 4 8

Erlang dataset
No 2 4 9
Do 8 3 8

The Simple algorithm produces only two outputs, which are the values of 1 and
9. This is the expected behavior for this algorithm because it distinguishes only the
cases when two results are equal or when one result is better than the other.

The Scale distance algorithm and the Maximum distance algorithm behave iden-
tically (the figure shows how the lines of both algorithms coincide) and have the
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(a) Uniform dataset.

(b) Normal dataset.

(c) Erlang dataset.

Figure 7.3: Comparisons with respect to result distances for different datasets without
threshold.
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highest results with respect to both quality metrics. This is because the minimum
and the maximum results in this dataset are equal to the minimum and the maximum
values on the scale.

7.1.3 Normal Dataset without Thresholds

Figure 7.3b shows the behavior of the three variations of the comparison algorithm
in the case of the Normal dataset, where the horizontal axis represents the distance
between the two results that are compared and the vertical axis represents the output
in the comparison. Table 7.1 shows the quality metrics for each algorithm variation.

It can be observed that the Simple algorithm behaves the same as with the
Uniform dataset. This is because both datasets contain results that are the same.

The Scale distance algorithm, unlike in the previous case, does not produce the
outputs that are of higher values (i.e., 6, 7, 8, and 9). This is because the output
intervals are calculated based on the complete scale, while the dataset contains only
results that cover part of the scale (i.e., from 37 to 86).

The Maximum distance algorithm produces every possible output over the Saaty’s
scale, and has the best results with respect to both quality metrics. This is because
the output intervals are calculated based on the results in a dataset, and not on the
complete scale.

7.1.4 Erlang Dataset without Thresholds

Figure 7.3c shows the behavior of the three variations of the comparison algorithm
in the case of the Erlang dataset, where the horizontal axis represents the distance
between the two results that are compared and the vertical axis represents the output
in the comparison. Table 7.1 shows the quality metrics for each algorithm variation.

It can be observed that the behavior of the three algorithms is similar to the
previous case because of the same reasons. Besides, since the Erlang dataset covers
a smaller range of results than the Normal one, the outputs of the Scale distance
algorithm also cover a smaller range (i.e., Do is smaller).

7.1.5 Discussion on the Evaluation without Thresholds

From the analysis of the results of this evaluation, several conclusions can be outlined.
According to the defined quality metrics, theMaximum distance algorithm provides

the best quality for both metrics in all the evaluations when compared to the two
other algorithms.

The Maximum distance algorithm produces every output in the Saaty’s scale,
so all possible outputs are assigned in comparisons, which can be directly observed
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in the values of No across evaluations (which are always the maximum number of
outputs). This is because the output intervals in this algorithm are calculated based
on the results in a dataset and not on the complete scale. However, the algorithm
can only be applied when an access to all results is available. If it is not the case,
another algorithm has to be applied.

Related to this, the Maximum distance algorithm always produces both the highest
and the lowest output on the Saaty’s scale, providing the maximum distance between
the outputs in all the cases. This can be directly observed in the values of Do across
evaluations.

The Scale distance algorithm differentiates less between two results if the dataset
is more concentrated on one interval of the given scale. This can be observed in the
lower distance between the maximum and the minimum output of this algorithm
when comparing the Erlang dataset to the Normal dataset, where the Erlang dataset
contains the results that cover a smaller scale interval than in the case of the Normal
dataset.

The Simple algorithm always produces the maximum value for the distance
between the maximum and the minimum output (Do) and always produces the
minimum value for the number of outputs (No). This is because it only distinguishes
whether two results are the same or different.

In order to choose the algorithm to be applied in some specific case it is important
to know whether the required inputs are available as well as to know the distribution
and the range of the evaluation results. In the cases when the distribution and the
range of the evaluation results are not known, the Maximum distance algorithm
would be the most suitable to apply since it is independent on those characteristics
and has better values for the quality metrics when compared to other algorithms.
Furthermore, even when the distribution and the range of the evaluation results are
known, the Maximum distance algorithm can be used before other algorithms since it
showed the best values for quality metrics in all results distributions. However, while
the Maximum distance algorithm tends to produce the output value of 1 for results
that are very close, in these cases the Simple algorithm will give more importance to
a better result.

With respect to the hypotheses formulated, the following conclusions can be
drawn:

• H1. The outputs of the algorithms for the comparison of alternatives that
exploit evaluation results (in terms of No and Do) do not depend either on the
distribution or the range (distance between the minimum and maximum values
in the results) of such evaluation results.

In the case of the Simple and the Maximum distance algorithms, the number of
different outputs of the comparison algorithm (No) and the distance between the
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maximum and minimum output (Do) are independent either of the distribution
or the range of the evaluation results. However, in the case of the Scale distance
algorithm, the number of outputs and the distance between the maximum
and minimum output depend either on the distribution or the range of the
evaluation results, which can be directly observed in the No metric across the
different evaluations. Therefore, this hypothesis is false and the number of
different outputs of the comparison algorithm and the distance between the
maximum and minimum output depend either on the distribution or the range
of the evaluation results.

• H2. The quality of the algorithms for the comparison of alternatives that
exploit evaluation results (in terms of No and Do) does not improve when all
the evaluation results are available.

The results show how the quality of the comparison algorithm depends on its
ability of distributing its outputs along every value in the Saaty’s scale, and
the best way to do so is when information about all the evaluation results
is available (or at least the highest and the lowest evaluation results). The
Maximum distance algorithm is the one that takes advantage of this information
and, therefore, provides the best results for the quality metrics defined (with
the maximum values for No and Do). Therefore, this hypothesis is false, and the
quality of the comparison algorithm improves when all the evaluation results
are available.

Furthermore, based on the results of the evaluation presented in this section and
on the analysis of stated hypotheses, the overall conclusion is that the higher amount
of evaluation results improves the quality of the comparison algorithms.

7.2 Evaluation of the Comparison Algorithm with
Thresholds

Section 4.4 presented different variations of the comparison algorithm with thresholds
(which are defined by user quality requirements) and, similarly as in the previous
section, an evaluation addressing the functional appropriateness of the algorithm has
been performed.

The goal of this evaluation is to determine the influence of thresholds on com-
parisons. To this end, this evaluation covers the part related to the comparison
algorithm with the user quality requirements (Figure 7.4), with a set of evaluation
results and a threshold extracted from the user quality requirements as inputs, and a
set of comparisons as output.

The following hypotheses are made for this evaluation (Section 3.3):
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Figure 7.4: Evaluation of the comparison algorithm with thresholds.

• H3. User quality requirements (in terms of thresholds) do not influence the
comparisons of alternatives performed by the algorithm.

• H4. User quality requirements (in terms of thresholds) do not help discrimi-
nating between alternatives.

The datasets used in this evaluation and the metrics for algorithm quality are the
ones used in the evaluation of the comparison algorithm without thresholds (described
in Section 7.1). The outputs are calculated identically as in the previous evaluation
and, in all the cases, the threshold that is used in each dataset is determined as an
arithmetic mean of the maximum and minimum result in a dataset.

Next, the results of the evaluation of each variation of the comparison algorithm
for each evaluation dataset used are presented.

7.2.1 Uniform Dataset with Thresholds

Figure 7.5a shows the behavior of the three variations of the comparison algorithm in
the case of the Uniform dataset when a threshold of 50 is introduced and Table 7.2
shows the quality metrics for each algorithm variation.
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(a) Uniform dataset with threshold.

(b) Normal dataset with threshold.

(c) Erlang dataset with threshold.

Figure 7.5: Comparisons with respect to result distances for different datasets with
threshold.
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Table 7.2: Quality metrics for the different datasets with threshold.

Simple Scale distance Maximum distance
Uniform dataset

No 3 6 6
Do 8 8 8

Normal dataset
No 3 4 6
Do 8 8 8

Erlang dataset
No 3 3 6
Do 8 8 8

It can be observed that, because of the threshold, the outputs of all three algorithms
change significantly compared to the case without thresholds.

The Simple algorithm produces three outputs, and it is the maximum number of
outputs that it is able to produce.

The Scale distance and the Maximum distance algorithms have identical behavior,
as in the case of the Uniform dataset without threshold, because of the same maximum
and minimum values in the results and in the scale. Furthermore, both algorithms
produce six different outputs, which is less than in the case without threshold, and
it can also be seen that the highest output values are 5 and 9. This is because a
threshold is introduced, which makes the higher distances in the comparison neglected,
producing an output value of 9 when one result satisfies the threshold while the other
does not.

7.2.2 Normal Dataset with Thresholds

Figure 7.5b shows the behavior of the three variations of the comparison algorithm
in the case of the Normal dataset when a threshold of 62 is introduced and Table 7.2
shows the quality metrics for each algorithm variation.

Similarly as in the previous case, the outputs of all three algorithms change
significantly because of the threshold. The Simple algorithm produces three outputs,
as in the previous case; the highest outputs in the case of the Maximum distance
algorithm are 5 and 9 and the highest outputs of the Scale distance algorithm are 3
and 9 because the results in this dataset do not include every possible value in the
scale.
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7.2.3 Erlang Dataset with Thresholds

Figure 7.5c shows the behavior of the three variations of the comparison algorithm in
the case of the Erlang dataset when a threshold of 43 is introduced and Table 7.2
shows the quality metrics for each algorithm variation.

The three algorithms behave the same as in the previous cases because of the
introduced threshold. The Scale distance algorithm produces a fewer number of
outputs (1, 2, and 9); this is because the range of the Erlang results is smaller, as
happened in the evaluation without thresholds.

7.2.4 Discussion on the Evaluation with Thresholds

From the analysis of the results of this evaluation, several conclusions can be outlined.
All the algorithms behave the same in the cases when only one result satisfies

the threshold, assigning a value of 9 in the comparison of the better value to the
worst one, and the behavior among algorithms is different only in the cases when
both results satisfy the threshold or none of them satisfies it. Furthermore, when a
threshold is introduced, until a certain distance between the two results from which
all the outputs of each algorithm are 9, for a specific distance all the algorithms
produce two different outputs2, one being a value of 9 and another being a lower
value. This is because the output depends not only on the distance, but on the
introduced threshold and, while in some cases certain distance is defined by the two
results of which only one satisfies the threshold (in this case a value of 9 is assigned
as an output), in some cases the same distance is defined by the two results of which
both satisfy the threshold (in this case a value lower than 9 is assigned as an output).

In the cases when a threshold is introduced, with respect to the Do metric all
the algorithms behave the same (i.e., Do is 8). This is because all the algorithms
recognize the cases when two identical results appear (with an output of 1) and when
only one result satisfies the threshold (with an output of 9).

Similarly as in the case without a threshold, according to the defined quality
metrics for the comparison algorithm (Section 7.1) the Maximum distance algorithm
provides the best quality in all the evaluations when compared to the two other
algorithms.

In the cases when two results do not satisfy a threshold or when two results do
satisfy it, the algorithms behave the same as in the case without a threshold, and the
Simple algorithm in most of the cases gives more importance to a better result than
the two other algorithms. Furthermore, as in the case without threshold, while the
Maximum distance algorithm tends to produce the output value of 1 for results that

2For the sake of better readability of the graphs, for those distances in Figure 7.5 that produce
two output values, only values lower than 9 are shown.
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are very close, in these cases the Simple algorithm will give more importance to a
better result.

With respect to the hypotheses, the following conclusions can be outlined:

• H3. User quality requirements (in terms of thresholds) do not influence the
comparisons of alternatives performed by the algorithm.

Thresholds coming from user quality requirements influence the comparisons
performed by the algorithm; this can be directly observed in the figures and by
comparing the values of No in the cases with and without threshold. Therefore,
the hypothesis is false, and user quality requirements (in terms of thresholds)
influence the comparisons performed by the algorithm, leading to differences in
the number of outputs (No).

• H4. User quality requirements (in terms of thresholds) do not help discrimi-
nating between alternatives.

Thresholds coming from user quality requirements help discriminating between
results; by introducing a threshold two clusters of outputs are created (one with
the lower outputs in the scale and another with outputs of 9), which can be
directly observed in all three evaluations results. Therefore, the hypothesis is
false.

7.3 Evaluation of the Model Extraction Methods

Section 4.5 presented several possible model extraction methods. In order to find
the most suitable extraction method for recommending alternatives in terms of user
quality requirements an evaluation has been performed.

This evaluation focuses on the ANP method, i.e., on a network as a model in a
decision problem, and covers the part of the framework related to model extractions
(Figure 7.6). It uses the ANP network, user quality requirements, evaluation results,
comparison algorithm with threshold, and pairwise comparisons as inputs; the different
alternative rankings that are obtained using different network extraction methods are
the outputs. For this evaluation the Maximum distance algorithm is chosen because,
as shown in the previous evaluation, it has the best behavior with respect to quality
metrics and is independent of the dataset characteristics.

The evaluation of the network extraction methods addresses their functional
appropriateness with the main goal of determining the most suitable extraction
method for recommending alternatives in terms of user quality requirements. The
following hypothesis is made with respect to this goal:
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Figure 7.6: Evaluation of the model extraction methods.

• H5. Those alternatives that satisfy a higher number of specified user quality
requirements are ranked better in an extracted model which only contains those
criteria appearing in specified user quality requirements.

For the purpose of this evaluation, evaluation results that include seven criteria
(C1 - C7) have been generated for six alternatives (A - F ) and have been used as
inputs. These results have been generated randomly and are shown in Table 7.3; for
the sake of simplicity, in all criteria a lower value denotes a better result. The ANP
network for those criteria is shown on Figure 7.7 and the user quality requirements
appear in Table 7.4, together with the number of quality requirements satisfied by
each alternative for each set of quality requirements.

Table 7.5 shows the rankings obtained for each network extraction method and
for each set of user quality requirements. For each set of user quality requirements
the table shows the recommendations obtained using the Partial, Complete, and
Requirements network methods (Section 4.5), differentiating between the cases where
alternatives are compared only to criteria that appear in user quality requirements
or to every criteria in the network (Comparisons column). Besides, the alternatives
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Table 7.3: Evaluation results used in the evaluation.

Alternatives
Criterion A B C D E F

C1 15 17 2 25 50 20
C2 15 12 25 35 65 35
C3 80 75 87 70 95 87
C4 10 10 2 15 30 15
C5 12 15 20 30 60 5
C6 75 75 85 70 95 90
C7 25 12 32 10 15 30networkEvalua-on	  

Cluster	  5	  

Cluster	  3	  

C3	  

C2	  

C7	  

C4	  

C6	  

C1	  

Cluster	  1	   Cluster	  2	  

Cluster	  4	  

C5	  

Cluster	  6	  

Figure 7.7: ANP network used in the evaluation.

that satisfy the highest number of quality requirements are marked in bold.
For illustration purposes, Figure 7.8 shows the Requirements (Figure 7.8a) and

Partial (Figure 7.8b) networks for the first example in Table 7.5; the Complete
network is that shown in Figure 7.7.

The baseline for the evaluation is the case where no user quality requirements are
taken into account and the best alternative with respect to every criteria is searched;
in this case the ranking is BADCFE. From the analysis of Table 7.5 it can be seen
that, comparing to the baseline, the ranking of alternatives changes when user quality
requirements are introduced.

The extraction of an ANP network which consists only of the criteria specified
as user quality requirements (Requirements network) tends to rank better those
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Table 7.4: User quality requirements and number of satisfying quality requirements.

Quality Satisfied
requirements requirements

A B C D E F
1 C1 ≤20; C5 ≤10 1 1 1 0 0 2
2 C3 ≤85; C5 ≤10 1 1 0 1 0 1
3 C4 ≤10; C6 ≤80 2 2 1 1 0 0
4 C6 ≤80; C7 ≤20 1 2 0 2 1 0
5 C1 ≤15; C3 ≤85; C5 ≤10 2 1 1 1 0 1
6 C1 ≤15; C2 ≤15; C3 ≤80 3 1 1 1 0 0
7 C4 ≤5; C6 ≤80; C7 ≤10 1 1 1 2 0 0
8 C1 ≤10; C3 ≤75; C7 ≤13 0 2 1 2 0 0

Table 7.5: Evaluation of network extraction methods for the Maximum distance
algorithm.

ANP network extraction method
User quality requirements Comparisons Complete Partial Requirements

1 C1 ≤20; C5 ≤10
user criteria CFABDE CFABDE FCABDEall criteria BACDFE BACDFE

2 C3 ≤85; C5 ≤10
user criteria DBAFCE DBAFCE FDBACEall criteria BADCFE BADCFE

3 C4 ≤10; C6 ≤80
user criteria CABDFE CABDFE ABCDFEall criteria BADCFE DBCAFE

4 C6 ≤80; C7 ≤20
user criteria DBEACF DBEACF DBAECFall criteria BADCFE DBCAFE

5 C1 ≤15; C3 ≤85; C5 ≤10
user criteria ACDBFE ACDBFE FACDBEall criteria ABCDFE ABCDFE

6 C1 ≤15; C2 ≤15; C3 ≤80
user criteria ABDCFE ABDCFE ABCDFEall criteria ABDCFE ABCDFE

7 C4 ≤5; C6 ≤80; C7 ≤10
user criteria CDBAFE CDBAFE DBCAEFall criteria BCDAFE DCBAFE

8 C1 ≤10; C6 ≤75; C7 ≤13
user criteria DBCAFE DBCAFE DBCAFEall criteria BCDAFE BCDAFE
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(a) Requirements network.
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(b) Partial network.

Figure 7.8: ANP network for the first quality requirements example obtained using
the Requirements network and the Partial network extraction methods.

alternatives that satisfy more user quality requirements; this can be directly observed
in Table 7.5. However, some exceptions can be expected, as for example in the cases
where one alternative is much better than all the other alternatives with respect to one
or few criteria (e.g., it is the only alternative that satisfies one of the requirements),
but which does not satisfy all quality requirements. This is the case of the fifth
example in Table 7.5 (with C1, C3, and C5 as user quality requirements), in which
alternative F is ranked first even if alternative A satisfies more quality requirements.
In this case, alternative F is the only alternative that satisfies the requirement with
respect to the criterion C5; in the decision process, this alternative gets much more
importance than the others with respect to this criterion, which is why it is ranked
as the best one. However, this does not happen in all the cases, as can be seen from
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the eighth example (with C1, C3, and C7 as user quality requirements) in which
alternative C, which satisfies one requirement and is the only one that satisfies the
requirement with respect to the criterion C1, is ranked after alternatives D and B,
which satisfy two requirements.

7.3.1 Discussion on the Model Extraction Methods Evalua-
tion

In the analysis of the results, alternative rankings obtained with the different network
extraction methods are compared in order to determine which network extraction is
the most suitable for producing recommendations in terms of user quality requirements.
Such analysis leads to several conclusions.

In the case when alternatives are compared only with respect to the criteria that
appear in user quality requirements, rankings of the extraction methods that produce
complete and partial networks are identical in a large majority of the cases. This
is because the part of the network related to alternatives is the same in both cases,
which results in the same comparisons and entries in the corresponding part of the
supermatrix.

In some cases, when alternatives are compared with respect to all the criteria
in the network, the rankings of the extraction methods that produce complete and
partial networks are also identical. This is because the selection of certain quality
requirements can result in an identical or very similar networks in both extraction
methods.

In some cases, alternatives that satisfy the highest number of user quality re-
quirements are better ranked when alternatives are compared with respect to all the
criteria in the network than when alternatives are compared only with respect to the
criteria that appear in user quality requirements, which can be seen in the seventh
example with the Partial network. This is because the importance of the criteria in
these two cases are different, which leads to different rankings.

In the case when a decision maker is strictly interested in his or her quality
requirements, the network that consists only of those quality requirements is the
most suitable extraction method to be applied, because in most of the cases it is able
to rank best those alternatives that satisfy more quality requirements, as shown in
Table 7.5. In other cases, the extraction method that produces a partial network can
be applied because it is computationally more efficient than the extraction method
that produces a complete network.

Finally, with respect to the hypothesis formulated, the following conclusions can
be drawn:

• H5. Those alternatives that satisfy a higher number of specified user quality
requirements are ranked better in an extracted model which only contains those
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criteria appearing in specified user quality requirements.

It can be stated that using ANP networks that only contain quality criteria
appearing in user quality requirements does not always ensure ranking better
alternatives that satisfy a higher number of quality requirements. Even if this
is an expected behavior for most cases, as it was previously discussed, if an
alternative has the best result with respect to one or several criteria, it can
be ranked better, regardless the number of satisfying quality requirements.
Therefore, the hypothesis is false.

7.4 Evaluation of the SemQuaRE Quality Model

Chapter 5 presented SemQuaRE, a quality model for semantic technologies, and this
section presents the evaluation of such quality model.

As there are no exact criteria to be referred to when evaluating quality models,
the evaluation of SemQuaRE is based on similar evaluations found in the literature [8]
and on criteria that are seen as being the most important for the semantic technology
domain. Therefore, SemQuaRE has been evaluated along two aspects: representative-
ness and flexibility. The goal of this evaluation is to determine whether SemQuaRE is
representative with respect to the current practice in semantic technology evaluation,
and whether it can be easily extended with new tool types and quality characteristics.

The following hypotheses are made for this evaluation (Section 3.3):

• H6. The SemQuaRE quality model for semantic technologies is representative,
which means that it covers the majority of the quality characteristics that are
evaluated in practice.

• H7. The SemQuaRE quality model for semantic technologies is flexible, which
means that it can be extended with new quality characteristics or new types of
tools.

7.4.1 Representativeness

The purpose of the representativeness evaluation is to observe the inclusion of all the
quality characteristics in the area of study [8]. This evaluation has been performed
because SemQuaRE was initially built by taking into account only the evaluation
results obtained in the SEALS project. Therefore, the goal of this evaluation is
twofold: first, to determine whether the quality model proposed describes those
quality characteristics and indicators that are evaluated in practice when assessing
the quality of semantic technologies and, second, to identify whether there are any



7.4. Evaluation of the SemQuaRE Quality Model 173

quality characteristics evaluated that are not included in SemQuaRE (which could
be used to extend the quality model proposed).

In this evaluation, SemQuaRE is compared to the findings of the literature review
presented in Section 2.3.1. From the literature review it can be observed that almost
all the measures described in the publications conform to the quality characteristics
that SemQuaRE describes, and only three domain-specific quality characteristics
are not described in SemQuaRE: time behavior of semantic web services (found
in five publications), resource utilization of ontology matching tools (found in one
publication), and resource utilization of reasoning systems (found in two publications).
Besides these, only one general quality characteristic found in the literature review is
not described in SemQuaRE model, which is learnability.

7.4.2 Flexibility

In the semantic technology domain, due to the existence of tools that share function-
alities of different types, it is important to have a unique quality model for all types
of semantic technologies. As currently SemQuaRE does not include every type of
technology nor every quality characteristic for the technology types it covers, the
purpose of this evaluation is to observe how flexible the quality model proposed
is in terms of its extension with new types of semantic technologies and with new
domain-specific characteristics.

As mentioned in the previous section, some measures found in the literature review
were not observed by the initial version of SemQuaRE; therefore, new domain-specific
quality sub-characteristics have been defined for them. These are:

• Semantic web service time behavior. Degree to which the response, processing
times and throughput rates of a product or system meet requirements when
performing a semantic web service discovery task.

• Ontology alignment resource utilization. Degree to which the amount and
types of resources used by a product or system meet the requirements when
performing an ontology alignment task.

• Reasoning resource utilization. Degree to which the amount and types of
resources used by a product or system meet the requirements when performing
a reasoning task.

These sub-characteristics have been completely included into SemQuaRE together
with their related set of quality measures and their formulas.

In order to further evaluate the flexibility of SemQuaRE, the evaluations of a
new type of semantic technology, ontology annotation tools, that was not initially
included in SemQuaRE have been analysed. The goal was to determine whether
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SemQuaRE is flexible enough so that evaluation results for other types of semantic
technologies could be included.

The analysis of the ontology annotation tool evaluations included the publications
of the proceedings of the International Semantic Web Conference and of the Euro-
pean/Extended Semantic Web Conference, which in total included five publications
related to ontology annotation tool evaluation. In four publications the authors eval-
uate precision, three publications report results for recall, one publication provides
results for normalized discounted cumulative gain and F-measure, and one publication
provides results for correctness. All measures found are used to measure accuracy and,
therefore, a new sub-characteristic, namely Ontology annotation accuracy, has been
introduced into SemQuaRE. This sub-characteristic has been aligned with SQuaRE’s
Functional correctness quality sub-characteristic.

Table 7.6 shows the quality sub-characteristics and quality measures added to
SemQuaRE during the flexibility evaluation. After this evaluation, one new type of
semantic technology (i.e., ontology annotation tools) has been added to the model,
with one quality sub-characteristic, four indicators, four derived measures, and one
base measure. Furthermore, with respect to the semantic technologies that were
already described in SemQuaRE, three new quality characteristics have been added,
together with seven indicators and seven base measures.

Figure 7.9 shows the product quality characteristics and sub-characteristics (Sec-
tion 2.2.4) in SemQuaRE after the flexibility evaluation. The quality in use part was
not affected.

7.4.3 Discussion on the SemQuaRE Quality Model Evalua-
tion

The evaluation of the SemQuaRE quality model consisted in comparing the semantic
technology types, quality characteristics, and quality measures with the current
practice in semantic technology evaluation, as well as in extending SemQuaRE with
new tool types and characteristics. From the results of this evaluation, several
conclusions can be outlined.

The analysis of the literature review presented in Section 2.3.1 and of SemQuaRE
shows that the quality model proposed is quite representative with respect to the
current practice in semantic technology evaluation and to the types of semantic
technologies that it describes. Furthermore, a similar conclusion can be outlined with
respect to the quality measures and quality characteristics.

One important aspect of the representativeness evaluation of SemQuaRE would
consist in comparing SemQuaRE to other semantic technology quality models. How-
ever, to the best of the knowledge of the author of this thesis, SemQuaRE is the only
example of a quality model for semantic technologies.
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In the flexibility evaluation three new quality characteristics for the already
described tool types were added to SemQuaRE, including the complete hierarchy
of quality measures and related formulas. Furthermore, one new tool type with its
corresponding quality characteristics, quality measures and formulas has been added
to SemQuaRE in this evaluation. The inclusion of mentioned characteristics and tool
types shows that the quality model can be easily extended.

With respect to the hypotheses stated in this section, the following conclusions
can be outlined:

• H6. The SemQuaRE quality model for semantic technologies is representative.

Since a large majority of the quality characteristics described in SemQuaRE
is the one that is usually evaluated in the literature, it can be stated that
SemQuaRE is representative with respect to the current practice. Therefore,
this hypothesis is true.

• H7. The SemQuaRE quality model for semantic technologies is flexible.

The SemQuaRE quality model has been extended to include new tool types
and new quality characteristics. Therefore, this hypothesis is true.

7.5 Evaluation of the RIDER Framework with User
Feedback

Chapter 6 presented an instantiation of the RIDER framework in the semantic
technology domain and one particular type of technology included in this instantiation,
which is ontology matching tools. Since user quality requirements are an important
part of the RIDER framework, feedback from users on RIDER recommendations is
necessary in order to further evaluate the framework. Therefore, an evaluation relying
on user feedback about recommendations in the ontology matching domain has been
performed, which addresses the usefulness3 and effectiveness4 of RIDER according
to SQuaRE. The ontology matching domain has been chosen for this evaluation in
order to provide to users a simple scenario of use that will also serve for the purpose
of evaluation (see evaluation plan 8, Section 3.4).

The goal of this evaluation is to examine user feedback about RIDER recom-
mendations and to investigate whether users find the RIDER framework useful and
effective in practice.

3Degree to which users are satisfied with their perceived achievement of pragmatic goals, including
the results of use and the consequences of use.

4Accuracy and completeness with which users achieve specified goals.
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This evaluation covers the RIDER framework as a whole (Figure 7.10) in the
domain of ontology matching tools, with the user quality requirements, ANP network,
evaluation results and pairwise comparisons as inputs, and the rankings of alternatives
that are obtained as outputs.
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Figure 7.10: Evaluation of RIDER framework with user feedback.

The following hypotheses are made for this evaluation (Section 3.3):

• H8. The RIDER framework in the ontology matching domain produces recom-
mendations that are accurate in the context of users’ needs.

• H9. The RIDER framework in the ontology matching domain produces recom-
mendations that satisfy users.

The evaluation of the usefulness and effectiveness of the RIDER framework has
been performed by conducting individual interviews with users with an approximate
duration of one hour per user. The following procedure has been applied during these
interviews:

1. First, the user is presented with a set of tools, the ANP network, a set of
evaluation results, and a set of use cases in which different quality requirements
are taken into account.
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2. After the user is familiar with the previous inputs, he or she is asked, for
each use case, to rank the tools from best to worst by taking into account the
evaluation results and quality requirements related to the specific use case.

3. For each use case, the ranking provided by the user is compared to the ranking
provided by the RIDER framework. In those cases when the two rankings are
different, the user is presented with an explanation of the ranking provided
by the RIDER framework. After this, the user is allowed to change his or her
initial ranking.

4. Finally, after all the use cases have been examined, the user is asked to express
his or her satisfaction with the RIDER rankings with a single note on a 5-point
Likert scale [81], which is commonly used to measure user satisfaction, and
where note 5 denotes the highest satisfaction.

The evaluation with user feedback allows to extract several parameters that can
help in the evaluation of the hypotheses:

• The percentage of cases in which the initial user ranking agrees with the RIDER
ranking and the percentage of cases in which the ranking after a user was
allowed to change his or her initial ranking agrees with the RIDER ranking
help in evaluating H8. Furthermore, an additional parameter for evaluating H8
includes the agreement of the user selection of the best tool with the RIDER
recommendation of the best tool.

• The satisfaction note allows determining user satisfaction with the RIDER
framework, and thus helps in evaluating H9.

7.5.1 Setup of the Evaluation with User Feedback

The inputs in this evaluation, i.e., the ANP network of ontology matching tools,
pairwise comparisons and evaluation results, are those that are described in Chapter
6, with the difference that only a subset of the original evaluation results has been
used in order to meet the interview time constraint. Furthermore, eight use cases to
be used in this evaluation have been defined, where each use case is characterised by
a different set of quality requirements.

The evaluation results to be used in this evaluation have been selected in such a
way that, for each of the six characteristics for which the results are compiled, the
best and the worst results are taken into account. This selection resulted in five
different tools out of the initial nineteen, which have been assigned different names
in the evaluation in order to avoid biases in those cases where an interviewed user is
familiar with ontology matching tools.
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Table 7.7 shows the results for the five tools and the six quality characteristics
used in this evaluation and Table 7.8 shows the eight use cases used in the evaluation.
For each use case, a set of quality requirements is shown, together with the rankings
obtained by the RIDER framework by using the Simple algorithm (Section 4.4) and
Requirements network (Section 4.5). The importance of each quality requirement
is shown in brackets; in those cases where all quality requirements are of equal
importance, their importances are omitted.

Table 7.7: Evaluation results used in the evaluation with user feedback.

Tools
Characteristics A B C D E

Precision 0.89 0.98 0.99 0.14 0.25
Recall 0.5 0.68 0.64 0.1 0.08

F-measure 0.64 0.8 0.77 0.11 0.12
H-measure 0.64 0.8 0.77 0.11 0.12
Time (s) 13.5 66670 1750 16504 554
Errors (%) 0 0 25 0 25

7.5.2 Results of the Evaluation with User Feedback

In total, 30 users have been interviewed. Table 7.9 presents the results for each of
the eight use cases showing user rankings and the number of users that defined each
ranking. The initial user rankings are separated from the user rankings obtained
after having the possibility to change the initial ranking (final ranking).

It can be observed that, although the agreement of user initial rankings with the
RIDER rankings is not very high, the user selection of the best tools agrees with the

Table 7.8: Quality requirements and RIDER rankings for each use case.

Use
case

Quality requirements Ranking

1 F-measure>0.75 BCAED
2 Errors<20 ADBCE
3 Precision>0.8; Time<20 ACBED
4 Recall>0.6; Errors<20 BACDE
5 Time<20 (0.4); Errors<10 (0.4); F-measure>0.75 (0.2) ABCDE
6 Errors<5 (0.5); Precision>0.8 (0.35); Recall>0.6 (0.15) BACDE
7 Precision>0.95 (0.65); H-measure>0.75 (0.35) CBAED
8 Time<20 (0.45); Precision>0.95 (0.35); H-measure>0.75 (0.2) ACBED
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Table 7.9: Rankings obtained by RIDER and by the users.

Use case RIDER Initial ranking Final ranking

1 BCAED

24 BCAED 28 BCAED
4 BCADE 2 BCADE
1 CBAED 0 CBAED
1 CAEDB 0 CAEDB

2 ADBCE

0 ADBCE 11 ADBCE
15 BADCE 10 BADCE
14 ABDCE 9 ABDCE
1 ADBEC 0 ADBEC

3 ACBED

25 ACBED 29 ACBED
2 ACEBD 1 ACEBD
1 ABCED 0 ABCED
1 ACDBE 0 ACDBE
1 ACEDB 0 ACEDB

4 BACDE
19 BACDE 26 BACDE
8 BCADE 3 BCADE
3 BADCE 1 BADCE

5 ABCDE

1 ABCDE 21 ABCDE
16 ABDCE 6 ABDCE
1 ADCBE 1 ADCBE
1 ACBDE 1 ACBDE
1 ACEBD 1 ACEBD
3 ADBCE 0 ADBCE
2 ABCED 0 ABCED
1 ADCEB 0 ADCEB
1 AECDB 0 AECDB
1 ACDBE 0 ACDBE
1 ADBEC 0 ADBEC
1 CABDE 0 CABDE

6 BACDE

18 BACDE 27 BACDE
8 BADCE 2 BADCE
1 CBADE 1 CBADE
2 BCADE 0 BCADE
1 ABCDE 0 ABCDE

7 CBAED

17 CBAED 22 CBAED
11 BCAED 6 BCAED
1 CBADE 1 CBADE
1 BCADE 1 BCADE

8 ACBED

11 ACBED 23 ACBED
11 CBAED 5 CBAED
3 ABCED 1 ABCED
1 BCAED 1 BCAED
2 AECDB 0 AECDB
1 ACEBD 0 ACEBD
1 ACBDE 0 ACBDE
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RIDER one in most of the use cases. This is especially the case in the first five use
cases where almost all users selected as the best tools those tools that are selected as
the best in RIDER.

When it comes to the user final rankings, the agreement of the user rankings with
the RIDER rankings is significantly higher than that in the initial rankings. Also,
the user final selection of the best tools is slightly higher than the initial selection.

The average satisfaction note of the 30 users in this evaluation is 4.45, which
implies a high satisfaction of users with the RIDER rankings. To a certain extent,
the high satisfaction can be expected having in mind the results of the evaluation
and the high agreement of the user final rankings with the RIDER rankings, which
can be directly observed in Table 7.9.

7.5.3 Discussion on the Evaluation with User Feedback

The evaluation of the RIDER framework with user feedback consisted in interviewing
30 users about 8 use cases, which resulted in 240 different cases. From the analysis of
these cases, several conclusions can be outlined.

It has been observed that the initial user ranking did not agree with the RIDER
ranking in all the cases. This is because:

a) The users have made errors when processing the evaluation results, which hap-
pened in 15% of the cases with different rankings. For example, in use case 5
one user changed the ranking of alternatives C and D because he overlooked
the results for all three criteria in user quality requirements. These errors were
corrected in the final ranking.

b) The users had different criteria priorities because of their personal preferences,
which happened in 45% of the cases with different rankings. For example, in
use case 6 one user provided a different ranking because she took into account
the time criterion more than other criteria (even if such criterion did not appear
in the quality requirements).

With the exception of those cases where users had different preferences that were
not fed into the system, RIDER accuracy can be considered as high, since the user
rankings agreed with the RIDER rankings in 78% of the cases. Furthermore, if
focused on the selection of the best tools, the user selections agreed with the RIDER
ones in 90% of the cases. This means that the differences in the user rankings in the
large majority of the cases are due to disagreement in the ranking of the tools in the
middle or in the end of the ranking list.

By observing the number of cases in which the user has made an error and the
number of quality requirements in these cases, it can be concluded that the number
of quality requirements does not influence the user errors.
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In the majority of the cases, the difference between user rankings and RIDER
rankings is due to the difference in the ranking of only two tools. For example, in use
case 4 some users ranked tool C to be better than tool A, while RIDER ranked tool
A to be better than tool C.

With respect to the hypotheses, the following conclusions an be outlined:

• H8. The RIDER framework in the ontology matching domain produces recom-
mendations that are accurate in the context of users’ needs.

Although the accuracy of the RIDER recommendations taking into account the
initial user recommendations is not very high, this accuracy becomes significantly
higher after user errors are taken into account. Furthermore, the accuracy in
terms of the best tools is high in both the initial rankings and in the rankings
after taking into account user errors. Therefore, this hypothesis is true.

• H9. The RIDER framework in the ontology matching domain produces recom-
mendations that satisfy users.

Since the average satisfaction of users with the RIDER rankings can be consid-
ered as high (4.45 of 5), this hypothesis is true.





Chapter 8

Conclusions and Future Work

As stated in Chapter 3, one of the objectives of this thesis is to advance the current
state of the art in the Multiple Criteria Decision Making field by providing a
Multiple Criteria Decision Making framework that extends the Analytic
Network Process and that takes advantage of evaluation results of alter-
natives and of user quality requirements over such alternatives. Another
objective is to apply this MCDM framework in the Semantic Web field for
semantic technology recommendation.

The objectives of this thesis are fulfilled by the main contributions of the thesis:

• Domain-independent algorithms based on Saaty’s pairwise comparison scale, for
the automatic comparison of alternatives according to alternatives’ evaluation
results.

The algorithms for the automatic comparison of alternatives are the core of
the RIDER framework, which is designed to rely on evaluation results instead
of on expert or user opinions. These algorithms are domain-independent
and can also be easily applied for any comparison that is based on Saaty’s
pairwise comparison scale. When evaluation results are available, the algorithms
provide the possibility for the automatic comparison of alternatives and support
the inclusion of new results and alternatives without the need for expert
comparisons.

Since several comparison algorithms have been developed, different algorithms
can be applied in different cases, depending on the availability of evaluation
results and on the specification of user quality requirements. This means that
comparison algorithms cover a broad range of use cases, leaving decision makers
several possibilities for exploitation of these algorithms.

The algorithms for the automatic comparison of alternatives are designed to
produce outputs on the Saaty’s scale, i.e., to produce an output which is a
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natural number between 1 and 9. When it comes to the number of outputs of
a comparison algorithm and to the distance between the maximum and the
minimum output, as shown in the evaluation these depend on the distribution
and on the range of evaluation results (H1, Section 7.1). Furthermore, as shown
in the same evaluation, the quality of the comparison algorithm, as defined in
Section 7.1, improves when all evaluation results are available (H2, Section 7.1).
Additionally, since the comparison algorithms are also designed to take into
account user quality requirements, the evaluation has shown that these quality
requirements influence the comparisons performed by the algorithm and that
they help in discriminating between results (H3 and H4, Section 7.2).

• A set of methods for the dynamic construction of the AHP and ANP models
that are based on user quality requirements.

The methods for the dynamic construction of the ANP and AHP models help
to tie the recommendation process to user quality requirements. By starting
from the complete model of any particular field, these methods exploit user
quality requirements for the automatic adaptation of the model to these quality
requirements leading to recommendations that satisfy the higher number of
them, as shown in the evaluation process (H5, Section 7.3). Such methods also
help in reducing the computational complexity of a decision problem in the
cases of large and complex fields.

Model extraction methods, together with the comparison algorithms, enable
the automatisation of the recommendation process with the ANP or AHP. In
RIDER, experts or users are only needed for the construction of the initial model
of a particular domain, while the construction of the model that is suitable for
specific user quality requirements, as well as the comparison of alternatives, can
be performed automatically. This means that less effort from users or experts
is required, hence making the whole recommendation process less expensive.

• Software that supports the proposed MCDM framework.

RIDER has been implemented in a generic Java API and in a generic web
application. The web application can be instantiated in any field, giving experts
in a particular field a valuable asset for delivering recommendations to their
clients, as well as bringing benefits to users who can directly use the instantiated
web application.

• SemQuaRE, the quality model for semantic technologies, which extends the
ISO SQuaRE software quality model.

SemQuaRE, a quality model for the evaluation of semantic technologies devel-
oped in this thesis as an artefact in the instantiation of RIDER in the semantic
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technology field, is independent from the instantiation and can be a valuable
asset that provides a framework for the evaluation and comparison of semantic
technologies. SemQuaRE is particularly significant for the community in several
aspects:

– It provides a consistent terminology for semantic technology quality, even
if it is limited to its current scope.

– Within such scope, it gives comprehensive definitions of all its elements,
i.e., quality characteristics and measures.

– Although some problems with the ISO quality models have been identified
(as discussed in Section 2.2.6), SemQuaRE has introduced quality measures
specific to semantic technologies and it has also specified formulas for all
derived measures and indicators, which result in reducing ambiguities in
the model and providing guidance of how to evaluate and measure the
quality of semantic technologies.

– It serves developers of new semantic tools as a checklist for semantic
technology quality requirements.

Furthermore, it can be noted that SemQuaRE is representative and extensi-
ble, and that new quality measures or characteristics can be introduced and
categorized, as shown during the evaluation process (H6 and H7, Section 7.4).
Also, new types of semantic technologies can be included into the model, as
presented for the case of ontology annotation tools.

• The application of the RIDER framework in the semantic technology field, in-
cluding a web application for the recommendation of semantic technologies that
takes into account users quality requirements and existing semantic technology
evaluation results.
Relying on SemQuaRE and in agreement with expert opinions, the ANP network
for semantic technologies has been developed, and the necessary pairwise
comparisons have been performed. The experience in developing the ANP
network for semantic technologies shows that this task is easier to perform when
a reference such as a quality model exists.
The semantic technology recommendation use case has been implemented using
the RIDER generic web application and it allows users to specify their quality
requirements and to get recommendations of the semantic technologies that
better suit their needs. The web application supports Semantic Web developers
in choosing the semantic technologies that are the best for solving their problems.
The semantic technology use case suggests that RIDER can be successfully
applied in any field. Furthermore, the web application that is available can be
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a valuable resource for experts who can use it and provide users with a tool for
recommendations without the knowledge in the MCDM field, and also for users
that get fast recommendations according to their quality requirements.

Even though this thesis presents advances to the fields of Multiple Criteria Decision
Making and Semantic Web technologies, there are still some open problems that have
not been addressed in this thesis, or that have come out as a consequence of the
advances proposed in it. These problems encompass the lines of future work:

• This thesis has provided a set of comparison algorithms and it can be expected
that better comparison algorithms appear in the future; therefore, this thesis
has also provided an evaluation framework to assess their quality. One line
of future work consists in defining new comparison algorithms and comparing
them to the existing ones, as well as defining better quality metrics for assessing
comparison algorithms.

• One of the advantages of the Saaty’s pairwise comparison method is that
it allows the calculation of the consistency of pairwise comparisons. The
comparison algorithms developed in this thesis enable the automatic comparison
of alternatives based on their evaluation results and user quality requirements;
however, these algorithms have not been evaluated in terms of the consistency of
their comparisons and, therefore, one line of future work includes an additional
evaluation of the comparison algorithms in the context of pairwise comparison
consistency.

• The evaluation of the comparison algorithms only takes into account the interval
scale. However, as the ratio and interval scales behave identically for most
statistical analyses, the conclusions obtained for the interval scale can be applied
to ratio scale as well. Future work includes performing evaluations that take
into account other types of scales.

• With respect to the RIDER framework, one potential line of work consists
in applying it and providing recommendations in other fields (e.g., ontologies,
Linked Data). This will help in further validating the applicability of RIDER
framework.

• SemQuaRE has been built using the bottom-up methodology described in
Section 5.1. Although the author of this thesis has not found any bottom-up
approach for extending quality models in the literature, some authors suggest
that a bottom-up approach is important when building quality models [29]. The
bottom-up approach that was used is not validated, so one line of future work
consists of performing an evaluation and providing details about the validation
and usefulness of such approach.



189

• The SemQuaRE evaluation process relied only on a literature review, i.e.,
limited venues that include the most relevant conferences and workshops in the
semantic field, and limited tool types. Although some venues were implicitly
included in the study (some editions of the Ontology Alignment Evaluation
Initiative1 and the Semantic Web Service Challenge2 have been addressed in
the SEALS project and in the IWEST workshop series), in order to get a more
complete quality model the future work will consist of extending the analysis
to other types of tools and to other evaluation campaigns (e.g., the Semantic
Web Challenge3, the Triplification Challenge4, or the Linked Data Cup5), as
well as on relevant journals.

• SemQuaRE is a hierarchical quality model, as those of the ISO 9126 and the
SQuaRE standards are, and this is regarded as an important factor for clear
and unambiguous quality models [8]. Furthermore, Bertoa et al. [10] argue that
the structure and organization of the model influence its understandability and,
in this sense, it can be assumed that SemQuaRE provides a high degree of
understandability to its users; however, the evaluation of understandability of
SemQuaRE is planned for future work.

• Although SemQuaRE is quite complete, it is reasonable to expect some advances
in the future, most notably in including additional types of semantic technologies.
Therefore, one line of future work consists of extending the SemQuaRE, as well
as extending the ANP network for semantic technologies and, consequently, the
coverage of the semantic technology recommendation system.

• The ANP network for semantic technologies consists of a number of dependent
criteria, and in every particular use case (i.e., for every set of user quality
requirements) it is used in the network extraction process (Section 4.5) for
extracting a subnetwork related to a use case; in this way, dependencies in
the model are preserved. One alternative solution is to apply multiattribute
analysis in order to reduce the complexity of the ANP network for semantic
technologies, and possibly to obtain a model with no dependencies between the
criteria (i.e., a hierarchy). Such approach is left to be investigated in future
work, as well as a comparison of the two mentioned approaches.

• More advanced scenarios in the RIDER web application are planned for future
work. For example, one scenario could provide feedback in the process of quality

1http://oaei.ontologymatching.org/
2http://sws-challenge.org/wiki/
3http://challenge.semanticweb.org/
4http://triplify.org/Challenge
5http://i-semantics.tugraz.at/i-challenge/call-for-submissions
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requirements specification, such that if a user chooses a quality requirement
according to which all the tools are highly similar, a suggestion for omitting
such quality requirement from the recommendation process can be given.

• Since some experienced users might be interested in providing their own inputs
in the recommendation process, one line of future work consists of enabling the
users of the RIDER web application the possibility to provide inputs in terms
of modifications of the pairwise comparisons or model extractions, which are
otherwise performed automatically.

• The results of the evaluation of the instantiation of the RIDER framework in
the semantic technology domain rely on ontology matching tools; one line of
future work consists of extending the evaluation by taking into account other
tool types and other domains.
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Appendix B

Detailed Description of the
SemQuaRE Quality Model

This appendix presents in detail the quality model obtained for all the evaluation
campaigns performed in the SEALS project (Section 2.3.2) which covered: ontology
engineering tools (Section B.1), reasoning systems (Section B.2), ontology matching
tools (Section B.3), semantic search tools (Section B.4), and semantic web service
tools (Section B.5).
In the final version of the model, the analysis presented in the flexibility evaluation of
SemQuaRE (Section 7.4.2) has also been taken into account. Several characteristics
that were not obtained from the SEALS evaluation campaigns are fully included into
SemQuaRE, together with a set of related quality measures. Also, a new type of tool
that was not evaluated in the SEALS project has been included into SemQuaRE,
which is ontology annotation tools (Section B.6).

B.1 Ontology Engineering Tools

The evaluation campaign for ontology engineering tools contained three evaluation
scenarios to evaluate the conformance (Figure B.1), interoperability (Figure B.2),
and scalability (Figure B.3) of these tools.

B.1.1 Test Data

The test data used in the evaluation scenarios had the same structure. Different test
suites were used, each containing several tests with one origin ontology each.
Origin Ontology - The ontology to be used as input
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Figure B.1: Conformance scenario of ontology engineering tools.
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Figure B.2: Interoperability scenario of ontology engineering tools.
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B.1.2 Base Measures

Conformance Scenario

Final Ontology - The ontology that is produced by the tool when importing and
exporting the origin ontology
Execution Problem - Whether there was any execution problem in the tool when
importing and exporting the origin ontology. Possible values are true, and false

Interoperability Scenario

Final Ontology - The ontology that is produced by the tool when importing and
exporting the intermediate ontology
Intermediate Ontology - The ontology that is produced by the origin tool when
importing and exporting the origin ontology
Execution Problem 1 - Whether there was any execution problem in the tool when
importing and exporting the origin ontology. Possible values are true, and false
Execution Problem 2 - Whether there was any execution problem in the tool when
importing and exporting the intermediate ontology. Possible values are true, and
false

Scalability Scenario

Execution Problem - Whether there was any execution problem in the tool when
importing and exporting the origin ontology. Possible values are true, and false
Start Time - The time when the operation of importing and exporting the origin
ontology starts. Possible value is any number greater than 0
End Time - The time when the operation of importing and exporting the origin
ontology ends. Possible value is any number greater than 0

B.1.3 Derived Measures

Conformance Scenario

Conformance - Whether the origin ontology has been imported and exported
correctly with no addition or loss of information. Possible values are true, and false

Conformance = structurally equivalent ∧ ¬(execution problem)

Information Added - The information added to the origin ontology (e.g., triples,
axioms) after importing and exporting it. Possible values are null and concrete
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information in terms of triples

Information added =

{
null if final ontology = origin ontology

final ontology - origin ontology if final ontology 6= origin ontology

Information Lost - The information lost from the origin ontology (e.g., triples,
axioms) after importing and exporting it. Possible values are null and concrete
information in terms of triples

Information lost =

{
null if final ontology = origin ontology

origin ontology - final ontology if final ontology 6= origin ontology

Structurally Equivalent - Whether the origin ontology and the final one are
structurally equivalent. Possible values are true, and false

Structurally equivalent = (information added = null) ∧ (information lost = null)

Semantically Equivalent - Whether the origin ontology and the final one are
semantically equivalent. Possible values are true, and false

Semantically equivalent =
= (final ontology |= origin ontology) ∧ (origin ontology |= final ontology)

Interoperability Scenario

Interoperability - Whether the origin ontology has been interchanged correctly
with no addition or loss of information. Possible values are true, and false

Interoperability = (final structurally equivalent) ∧ ¬(final execution)

Information Added 1 - The information added to the origin ontology after import-
ing and exporting it. Possible values are null and concrete information in terms of
triples

Information added 1 =

null if intermediate ontology = origin ontology

intermediate ontology - origin ontology if intermediate ontology 6= origin ontology

Information Lost 1 - The information lost from the origin ontology after importing
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and exporting it. Possible values are null and concrete information in terms of triples

Information lost 1 =

null if intermediate ontology = origin ontology

origin ontology - intermediate ontology if intermediate ontology 6= origin ontology

Information Added 2 - The information added to the intermediate ontology after
importing and exporting it. Possible values are null and concrete information in
terms of triples

Information added 2 =

null if intermediate ontology = final ontology

final ontology - intermediate ontology if intermediate ontology 6= final ontology

Information Lost 2 - The information lost from the intermediate ontology after
importing and exporting it. Possible values are null and concrete information in
terms of triples

Information lost 2 =

null if intermediate ontology = final ontology

intermediate ontology - final ontology if intermediate ontology 6= final ontology

Structurally Equivalent 1 - Whether the origin ontology and the intermediate
one are structurally equivalent. Possible values are true, and false

Structurally equivalent 1 = (information added 1 = null)∧(information lost 1 = null)

Structurally Equivalent 2 - Whether the intermediate ontology and the final one
are structurally equivalent. Possible values are true, and false

Structurally equivalent 2 = (information added 2 = null)∧(information lost 2 = null)

Semantically Equivalent 1 - Whether the origin ontology and the intermediate
one are semantically equivalent. Possible values are true, and false

Semantically equivalent = (intermediate ontology |= origin ontology)∧
∧ (origin ontology |= intermediate ontology)

Semantically Equivalent 2 - Whether the intermediate ontology and the final one
are semantically equivalent. Possible values are true, and false

Semantically equivalent = (intermediate ontology |= final ontology)∧
∧ (final ontology |= intermediate ontology)

Final Execution - Whether there was any execution problem in the tool when
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importing and exporting the origin and intermediate ontology. Possible values are
true, and false

Final execution = (execution problem 1) ∨ (execution problem 2)

Final Information Added - The information added to the origin ontology after
importing and exporting it by the first tool and then importing and exporting the
intermediate ontology by the second tool. Possible values are null and concrete
information in terms of triples

Final information added =

null if final ontology = origin ontology

final ontology - origin ontology if final ontology 6= origin ontology

Final Information Lost - The information lost from the origin ontology after
importing and exporting it by the first tool and then importing and exporting the
intermediate ontology by the second tool. Possible values are null and concrete
information in terms of triples

Final information lost =

null if final ontology = origin ontology

origin ontology - final ontology if final ontology 6= origin ontology

Final Structurally Equivalent - Whether the origin ontology and the final one
are structurally equivalent. Possible values are true, and false

Final structurally equivalent =
= (final information added = null) ∧ (final information lost = null) =
= (structurally equivalent 1) ∧ (structurally equivalent 2)

Final Semantically Equivalent - Whether the origin ontology and the final one
are semantically equivalent. Possible values are true, and false

Final semantically equivalent =
= (semantically equivalent 1) ∧ (semantically equivalent 2)

Scalability Scenario

Duration - The amount of time needed for importing and exporting the origin
ontology. Possible value is any number greater than 0

Duration = end time− start time
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B.1.4 Ontology Engineering Tools Indicators

Conformance Scenario

Ontology Language Component Support - Whether the tool fully supports an
ontology language component. Possible values true and false

Ontology language component support =

=

(
# tests that contain the component | (conformance = true)

# tests that contain the component
= 1

)

Ontology Language Component Coverage - The ratio of ontology components
that are shared by a tool internal model and an ontology language model. Possible
values are in the range from 0 to 100

Ontology language component coverage =

=
# components in the ontology language | (component support = true)

# components in the ontology language
× 100

Ontology Information Change - The ratio of information additions or losses when
importing and exporting ontologies. Possible values are in the range from 0 to 100

Ontology information change =

=
# tests | (information added 6= null ∨ information lost 6= null)

# tests
× 100

Import/Export Errors - The ratio of tool execution errors when importing and
exporting ontologies. Possible values are in the range from 0 to 100

Import/Export errors =
# tests | (execution problem = true)

# tests
× 100

Interoperability Scenario

Ontology Language Component Interoperability Support - Whether the tool
fully supports an ontology language component interchange. Possible values true and
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false

Ontology language component interoperability support =

=

(
# tests that contain the component | (interoperability = true)

# tests that contain the component
= 1

)

Ontology Language Component Interoperability Coverage - The ratio of
ontology components that can be interchanged with other tools. Possible values are
in the range from 0 to 100

Ontology language component interoperability coverage =

=
# components in the ontology language | (component interoperability support = true)

# components in the ontology language
× 100

Interchange Information Change - The ratio of information additions or losses
when interchanging ontologies. Possible values are in the range from 0 to 100

Interchange information change =

=
# tests | (final information added 6= null ∨ final information lost 6= null)

# tests
× 100

Ontology Interchange Errors - The ratio of tool execution errors when interchang-
ing ontologies. Possible values are in the range from 0 to 100

Ontology interchange errors =
# tests | (final execution = true)

# tests
× 100

Scalability Scenario

Ontology Processing Time - The average amount of time needed for importing
and exporting ontologies. Possible value is any number greater than 0

Ontology processing time =
∑

n duration in the nth test
# tests

Import/Export Errors - The ratio of tool execution errors when importing and
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exporting ontologies. Possible values are in the range from 0 to 100

Import/Export errors =
# tests | (execution problem = true)

# tests
× 100

B.1.5 SquaRE Quality Characteristics

Functional Suitability - Degree to which a product or system provides functions
that meet stated and implied needs when used under specified conditions
Functional Compliance - Degree to which the software product adheres to stan-
dards, conventions or regulations in laws and similar prescriptions relating to func-
tional suitability. Functional Compliance is introduced in SemQuaRE as a sub-
characteristic of Functional Suitability
Functional Correctness - Degree to which a product or system provides the
correct results with the needed degree of precision. Functional Correctness is a
sub-characteristic of Functional Suitability
Compatibility - Degree to which a product, system or component can exchange
information with other products, systems or components, and/or perform its required
functions, while sharing the same hardware or software environment
Interoperability - Degree to which two or more systems, products or components
can exchange information and use the information that has been exchanged. Interop-
erability is a sub-characteristic of Compatibility
Performance Efficiency - The performance relative to the amount of resources
used under stated conditions
Time Behaviour - Degree to which the response, processing times and throughput
rates of a product or system meet requirements when performing its functions. Time
behaviour is a sub-characteristic of Performance Efficiency
Reliability - Degree to which a system, product or component performs specified
functions under specified conditions for a specified period of time
Maturity - Degree to which a system, product or component meets needs for
reliability under normal operation. Maturity is a sub-characteristic of Reliability

B.1.6 Ontology Engineering Tools Quality Characteristics

Ontology Language Model Conformance - Degree to which the knowledge
representation model of the software product adheres to the knowledge representation
model of an ontology language. Ontology language model conformance is a sub-
characteristic of Functional Compliance and can be measured using:

• Ontology Language Component Support

• Ontology Language Component Coverage
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Ontology Processing Accuracy - Degree to which a product or system provides
the correct results with the needed degree of precision when processing ontologies.
Ontology Processing Accuracy is a sub-characteristic of Functional Correctness and
can be measured using:

• Ontology Information Change

Ontology Processing Maturity - Degree to which a system, product or component
meets needs for reliability when processing ontologies under normal operation. On-
tology Processing Maturity is a sub-characteristic of Maturity and it can be measured
using:

• Import/Export Errors

Ontology Language Model Interoperability - Degree to which the knowledge
representation model of the software product adheres to the knowledge representation
model of an ontology language after interchanging ontologies (importing and exporting
an ontology using two different tools). Ontology language interoperability is a sub-
characteristic of Interoperability and can be measured using:

• Ontology Language Component Interoperability Support

• Ontology Language Component Interoperability Coverage

Ontology Interchange Accuracy - Degree to which a product or system provides
the correct results with the needed degree of precision when interchanging ontologies
(importing and exporting an ontology using two different tools). Ontology Interchange
Accuracy is the sub-characteristic of Ontology Processing Accuracy and can be
measured using:

• Interchange Information Change

Ontology Interchange Maturity - Degree to which a system, product or com-
ponent meets needs for reliability when interchanging ontologies (importing and
exporting an ontology using two different tools) under normal operation. Ontology
Interchange Maturity is a sub-characteristic of Ontology Processing Maturity and it
can be measured using:

• Ontology Interchange Errors

Ontology Processing Time Behaviour - Degree to which the response, processing
times and throughput rates of a product or system meet requirements when working
with ontologies. Ontology Processing Time Behaviour is a sub-characteristic of Time
Behaviour and can be measured using:

• Ontology Processing Time

Figure B.4 shows the part of the quality model obtained from the evaluation campaign
for ontology engineering tools.
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Figure B.4: Quality characteristics of ontology engineering tools.

B.2 Reasoning Systems

The evaluation campaign for reasoning systems contained evaluation scenarios to
evaluate the accuracy, scalability, and maturity of these tools. Those scenarios
include: classification scenario (Figure B.5), class satisfiability scenario (Figure B.6),
ontology satisfiability scenario (Figure B.7), entailment scenario (Figure B.8), and
non-entailment scenario (Figure B.9).

B.2.1 Test Data

Classification Scenario

Ontology - The ontology to be classified

Class Satisfiability Scenario

Ontology - The ontology to be used in a class satisfiability task
Class URIs - URIs of the classes to be checked for satisfiability

Ontology Satisfiability Scenario

Ontology - The ontology to be checked for satisfiability



228 Appendix B. Detailed Description of the SemQuaRE Quality Model

WP	  11	  

17/03/16 5 

Reasoning	  
Accuracy	  

Classifica5on	  
Correctness	  

Base	  measures:	  
• Loading	  Time	  
• Classifica5on	  
Time	  

• Classifica5on	  
• Classifica5on	  
Memory	  
Consump5on	  

Measures Indicators Quality 
characteristics 

Reasoning	  
Maturity	  

Classifica5on	  
Errors	  

Average	  
Loading	  Time	  

Average	  
Classifica5on	  

Time	  

Reasoning	  Time	  
Behaviour	  

Ontology	  
Processing	  Time	  

Behaviour	  

Reasoning	  
Resource	  
U5liza5on	  

Average	  Classifica5on	  
Memory	  Consump5on	  

Figure B.5: Classification scenario of reasoning systems.
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Figure B.6: Class satisfiability scenario of reasoning systems.



B.2. Reasoning Systems 229

17/03/16 7 17/03/16 7 

WP	  11	  

17/03/16 7 

Reasoning	  
Accuracy	  

Ontology	  
Sa6sfiability	  
Correctness	  

Base	  measures:	  
• Loading	  Time	  
• Ontology	  Sa6sfiability	  
Time	  

• Ontology	  Sa6sfiability	  
• Ontology	  Sa6sfiability	  
Memory	  Consump6on	  

Measures Indicators Quality 
characteristics 

Reasoning	  
Maturity	  

Ontology	  
Sa6sfiability	  

Errors	  

Average	  
Loading	  Time	  

Average	  
Ontology	  

Sa6sfiability	  
Time	  

Reasoning	  Time	  
Behaviour	  

Ontology	  
Processing	  Time	  

Behaviour	  

Reasoning	  
Resource	  
U6liza6on	  

Average	  Ontology	  
Sa6sfiability	  Memory	  

Consump6on	  

Figure B.7: Ontology satisfiability scenario of reasoning systems.
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Figure B.8: Entailment scenario of reasoning systems.
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Figure B.9: Non-entailment scenario of reasoning systems.

Entailment Scenario

Premise Ontology - The ontology to be used in an entailment scenario
Conclusion Ontology - The ontology to be checked for being logically entailed by
the premise ontology

Non-Entailment Scenario

Premise Ontology - The ontology to be used in a non-entailment scenario
Conclusion Ontology - The ontology to be checked for not being logically entailed
by the premise ontology

B.2.2 Base Measures

Common Base Measures

Loading Time - The amount of time needed to load the ontology. Possible value is
any number greater than 0
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Classification Scenario

Classification Time - The amount of time needed to perform a classification
operation. Possible value is any number greater than 0
Classification - Whether the classification of the ontology is performed correctly.
Possible values are true, false, unknown, and error

Classification = classify(ontology)

Classification Memory Consumption - The amount of memory consumed during
a classification task. Possible value is any number greater than 0

Class Satisfiability Scenario

Class Satisfiability Time - The amount of time needed to perform a class satisfia-
bility operation. Possible value is any number greater than 0
Class Satisfiability - Whether specific classes from the ontology are satisfiable.
Possible values are true, false, unknown, and error

Class satisfiability = satisfiability(ontology, class URIs)

Class Satisfiability Memory Consumption - The amount of memory consumed
during a class satisfiability task. Possible value is any number greater than 0

Ontology Satisfiability Scenario

Ontology Satisfiability Time - The amount of time needed to perform an ontology
satisfiability operation. Possible value is any number greater than 0
Ontology Satisfiability - Whether the ontology is satisfiable. Possible values are
true, false, unknown, and error

Ontology satisfiability = satisfiability(ontology)

Ontology Satisfiability Memory Consumption - The amount of memory con-
sumed during an ontology satisfiability task. Possible value is any number greater
than 0

Entailment Scenario

Entailment Time - The amount of time needed to perform entailment operation.
Possible value is any number greater than 0
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Entailment - Whether the conclusion ontology is being logically entailed by the
premise ontology. Possible values are true, false, unknown, and error

Entailment = (premise ontology |= conclusion ontology)

Entailment Memory Consumption - The amount of memory consumed during
an entailment task. Possible value is any number greater than 0

Non-Entailment Scenario

Non-Entailment Time - The amount of time needed to perform non-entailment
operation. Possible value is any number greater than 0
Non-Entailment - Whether the conclusion ontology is not being logically entailed
by the premise ontology. Possible values are true, false, unknown, and error

Non-entailment = ¬(premise ontology |= conclusion ontology)

Non-Entailment Memory Consumption - The amount of memory consumed
during a non-entailment task. Possible value is any number greater than 0

B.2.3 Reasoning Systems Indicators

Common Indicators

Average Loading Time - The average time needed for a tool to load an ontology.
Possible value is any number greater than 0

Average loading time =
∑

n loading time for the nth test
# tests

Classification Scenario

Classification Correctness - The ratio of correctly performed classification tasks.
Possible values are in range from 0 to 100

Classification correctness =
# tests | (classification = true)

# tests
× 100

Average Classification Time - The average time needed for a tool to perform a
classification task. Possible value is any number greater than 0

Average classification time =
∑

n classification time for the nth test
# tests
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Classification Errors - The ratio of tool execution errors when performing a
classification task. Possible values are in range from 0 to 100

Classification errors =
# tests | (classification = error)

# tests
× 100

Average Classification Memory Consumption - The average amount of memory
consumed during a classification task. Possible value is any number greater than 0

Average classification memory consumption =

=

∑
n classification memory consumption for the nth test

# tests

Class Satisfiability Scenario

Class Satisfiability Correctness - The ratio of correctly performed class satisfia-
bility tasks. Possible values are in range from 0 to 100

Class satisfiability correctness =
# tests | (class satisfiability = true)

# tests
× 100

Average Class Satisfiability Time - The average time needed for a tool to perform
a class satisfiability task. Possible value is any number greater than 0

Average class satisfiability time =
∑

n class satisfiability time for the nth test
# tests

Class Satisfiability Errors - The ratio of tool execution errors when performing a
class satisfiability task. Possible values are in range from 0 to 100

Class satisfiability errors =
# tests where | (class satisfiability = error)

# tests
× 100

Average Class Satisfiability Memory Consumption - The average amount of
memory consumed during a class satisfiability task. Possible value is any number
greater than 0

Average class satisfiability memory consumption =

=

∑
n class satisfiability memory consumption for the nth test

# tests
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Ontology Satisfiability Scenario

Ontology Satisfiability Correctness - The ratio of correctly performed ontology
satisfiability tasks. Possible values are in range from 0 to 100

Ontology satisfiability correctness =
# tests | (ontology satisfiability = true)

# tests
× 100

Average Ontology Satisfiability Time - The average time needed for a tool to
perform an ontology satisfiability task. Possible value is any number greater than 0

Average ontology satisfiability time =
∑

n ontology satisfiability time for the nth test
# tests

Ontology Satisfiability Errors - The ratio of tool execution errors when performing
an ontology satisfiability task. Possible values are in range from 0 to 100

Ontology satisfiability errors =
# tests | (ontology satisfiability = error)

# tests
× 100

Average Ontology Satisfiability Memory Consumption - The average amount
of memory consumed during an ontology satisfiability task. Possible value is any
number greater than 0

Average ontology satisfiability memory consumption =

=

∑
n ontology satisfiability memory consumption for the nth test

# tests

Entailment Scenario

Entailment Correctness - The ratio of correctly performed entailment tasks. Pos-
sible values are in range from 0 to 100

Entailment correctness =
# tests | (entailment = true)

# tests
× 100

Average Entailment Time - The average time needed for a tool to perform an
entailment task. Possible value is any number greater than 0

Average entailment time =
∑

n entailment time for the nth test
# tests

Entailment Errors - The ratio of tool execution errors when performing an entail-
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ment task. Possible values are in range from 0 to 100

Entailment errors =
# tests | (entailment = error)

# tests
× 100

Average Entailment Memory Consumption - The average amount of memory
consumed during an entailment task. Possible value is any number greater than 0

Average entailment memory consumption =

=

∑
n entaiment memory consumption for the nth test

# tests

Non-Entailment Scenario

Non-Entailment Correctness - The ratio of correctly performed non-entailment
tasks. Possible values are in range from 0 to 100

Non-entailment correctness =
# tests | (non-entailment = true)

# tests
× 100

Average Non-Entailment Time - The average time needed for a tool to perform
a non-entailment task. Possible value is any number greater than 0

Average non-entailment time =
∑

n non-entailment time for the nth test
# tests

Non-Entailment Errors - The ratio of tool execution errors when performing a
non-entailment task. Possible values are in range from 0 to 100

Non-entailment errors =
# tests | (non-entailment = error)

# tests
× 100

Average Non-Entailment Memory Consumption - The average amount of
memory consumed during a non-entailment task. Possible value is any number
greater than 0

Average non-entaiment memory consumption =

=

∑
n non-entailment memory consumption for the nth test

# tests
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B.2.4 SQuaRE Quality Characteristics

A number of SQuaRE quality characteristics related to this case is already described
in Section B.1.5. Here, only those SQuaRE quality characteristics that are new are
listed.
Resource Utilization - Degree to which the amount and types of resources used by
a product or system meet the requirements when performing its functions. Resource
Utilization is a sub-characteristic of Performance Efficiency

B.2.5 Reasoning Systems Quality Characteristics

A number of semantic quality characteristics related to this case is already described
in Section B.1.6. Here, only those semantic quality characteristics that are new are
listed, together with already defined ones that have new quality indicators associated
with it.
Reasoning Accuracy - Degree to which a product or system provides the correct
results with the needed degree of precision when performing a reasoning task. Rea-
soning Accuracy is a sub-characteristic of Ontology Processing Accuracy and can be
measured using:

• Classification Correctness

• Class Satisfiability Correctness

• Ontology Satisfiability Correctness

• Entailment Correctness

• Non-Entailment Correctness

Reasoning Time Behaviour - Degree to which the response, processing times
and throughput rates of a product or system meet requirements when performing
a reasoning task. Reasoning Time Behaviour is a sub-characteristic of Ontology
Processing Time Behaviour and can be measured using:

• Average Classification Time

• Average Class Satisfiability Time

• Average Ontology Satisfiability Time

• Average Entailment Time

• Average Non-Entailment Time
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Reasoning Resource Utilization - Degree to which the amount and types of
resources used by a product or system meet the requirements when performing a
reasoning task. Reasoning Resource Utilization is a sub-characteristic of Resource
Utilization and can be measured using:

• Average Classification Memory Consumption

• Average Class Satisfiability Memory Consumption

• Average Ontology Satisfiability Memory Consumption

• Average Entailment Memory Consumption

• Average Non-Entailment Memory Consumption

Reasoning Maturity - Degree to which a system, product or component meets
needs for reliability when performing a reasoning task under normal operation.
Reasoning Maturity is a sub-characteristic of Ontology Processing Maturity and it
can be measured using:

• Classification Errors

• Class Satisfiability Errors

• Ontology Satisfiability Errors

• Entailment Errors

• Non-Entailment Errors

Ontology Processing Time Behaviour - Degree to which the response, processing
times and throughput rates of a product or system meet requirements when working
with ontologies. Ontology Processing Time Behaviour is a sub-characteristic of Time
Behaviour and can be measured using:

• Average Loading time

Figure B.10 shows the part of the quality model obtained from the evaluation
campaign for reasoning tools.

B.3 Ontology Matching Tools
The evaluation campaign for matching tools contained one evaluation scenario to
evaluate accuracy (Figure B.11).
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Figure B.10: Quality characteristics of reasoning systems.
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Figure B.11: Accuracy scenario of ontology matching tools.
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B.3.1 Test Data

Ontology 1 - One ontology to be used as input for an alignment task
Ontology 2 - Another ontology to be used as input for an alignment task
Expected Alignments - The expected alignments to be obtained when aligning
the two input ontologies

B.3.2 Base Measures

Output Alignments - The alignments that are produced by the tool when aligning
ontology 1 and ontology 2

Output alignment = align(ontology 1, ontology 2)

Alignment Duration - The amount of time needed for an ontology alignment task.
Possible value is any number greater than 0
Execution Problem - Whether there was any execution problem in the tool when
performing an alignment task. Possible values are true, and false
Memory Consumption - The amount of memory consumed during an alignment
task. Possible value is any number greater than 0

B.3.3 Derived Measures

Alignment Precision - The ratio between the output alignments returned by the
tool that match expected alignments and all output alignments returned by the tool
when performing an ontology matching task. Possible values are in range from 0 to 1

Alignment precision =

=
# output alignments | (output alignment ∈ expected alignments)

# output alignments

Alignment Recall - The ratio between the output alignments returned by the tool
that match expected alignments returned by the tool when performing an ontology
matching task and the total number of expected alignments. Possible values are in
range from 0 to 1

Alignment recall =

=
# output alignments | (output alignment ∈ expected alignments)

# expected alignments

Alignment F-Measure - The aggregation measure of alignment precision and
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alignment recall. Possible values are in range from 0 to 1

Alignment F-measure =

=
alignment precision × alignment recall

(1-α) × alignment precision + α × alignment recall
, α = [0..1]

Alignment H-Measure - The aggregation measure of alignment precision and
alignment recall (value of alignment F-Measure when α = 0.5). Possible values are in
range from 0 to 1

Alignment H-measure =
alignment precision × alignment recall
alignment precision + alignment recall

× 2

B.3.4 Ontology Matching Tools Indicators

Average Alignment Precision - The average precision of an ontology alignment
task. Possible values are in range from 0 to 1

Average alignment precision =
∑

n alignment precision of the nth test
# tests

Average Alignment Recall - The average recall of an ontology alignment task.
Possible values are in range from 0 to 1

Average alignment recall =
∑

n alignment recall of the nth test
# tests

Average Alignment F-Measure - The average F-Measure of an ontology alignment
task. Possible values are in range from 0 to 1

Average alignment F-measure =
∑

n alignment F-Measure of the nth test
# tests

Average Alignment H-Measure - The average harmonic measure of an ontology
alignment task. Possible values are in range from 0 to 1

Average alignment H-measure =
∑

n alignment H-measure of the nth test
# tests

Ontology Alignment Time - The average amount of time needed for an ontology
alignment task. Possible value is any number greater than 0

Ontology alignment time =
∑

n alignment duration in the nth test
# tests
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Ontology Alignment Errors - The ratio of tool execution errors when performing
an ontology alignment task. Possible values are in range from 0 to 100

Ontology alignment errors =
# tests | (execution problem = true)

# tests
× 100

Ontology Alignment Memory Consumption - The average amount of memory
consumed during an ontology alignment task. Possible value is any number greater
than 0

Ontology alignment memory consumption =

=

∑
n memory consumption in the nth test

# tests

B.3.5 SQuaRE Quality Characteristics

All SQuaRE quality characteristics related to this case are already described in
Section B.1.5 and Section B.2.4.

B.3.6 Ontology Matching Tools Quality Characteristics

A number of semantic quality characteristics related to this case is already described
in Section B.1.6. Here, only those SQuaRE quality characteristics that are new are
listed.
Ontology Alignment Accuracy - Degree to which a product or system provides
the correct results with the needed degree of precision when performing an ontology
alignment task. Ontology Alignment Accuracy is a sub-characteristic of Ontology
Processing Accuracy and can be measured using:

• Average Alignment Precision

• Average Alignment Recall

• Average Alignment F-measure

• Average Alignment H-Measure

Ontology Alignment Maturity - Degree to which a system, product or component
meets needs for reliability when performing an ontology alignment task under normal
operation. Ontology Alignment Maturity is a sub-characteristic of Ontology Processing
Maturity and can be measured using:

• Ontology Alignment Errors
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Ontology Alignment Time Behaviour - Degree to which the response, process-
ing times and throughput rates of a product or system meet requirements when
performing an ontology alignment task. Ontology Alignment Time Behaviour is a
sub-characteristic of Ontology Processing Time Behaviour and can be measured using:

• Ontology Alignment Time

Ontology Alignment Resource Utilization - Degree to which the amount and
types of resources used by a product or system meet the requirements when performing
an ontology alignment task. Ontology Alignment Resource Utilization is a sub-
characteristic of Resource Utilization and can be measured using:

• Ontology Alignment Memory Consumption

Figure B.12 shows the part of the quality model obtained from the evaluation
campaign for matching tools.
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Figure B.12: Quality characteristics of ontology matching tools.



B.4. Semantic Search Tools 243

B.4 Semantic Search Tools

The evaluation campaign for semantic search tools contained evaluation scenarios
to evaluate accuracy, performance and usability. The evaluation was divided into
two separate phases, an automated phase (Figure B.13 and Figure B.14) and a
user-in-the-loop phase (Figure B.15 and Figure B.16).WP	  13	  
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Figure B.13: Automated scenario (I) of semantic search tools.

WP	  13	  (II)	  

17/03/16 14 

Ontology	  
Processing	  
Maturity	  

Base	  measures:	  
• Loading	  Time	  
• Query	  Time	  
• Load	  Successful	  

Derived	  
measures:	  
• Time	  Per	  Search	  
Result	  

SemanAc	  
Search	  Time	  
Behaviour	  

Measures Indicators Quality 
characteristics 

Average	  Successful	  
Loads	  

Average	  Loading	  
Time	  

Average	  Query	  
Time	  

Average	  Time	  Per	  
Search	  Result	  

Ontology	  
Processing	  

Time	  
Behaviour	  

Figure B.14: Automated scenario (II) of semantic search tools.



244 Appendix B. Detailed Description of the SemQuaRE Quality Model

18/03/16 15 

WP	  13	  (III)	  

18/03/16 15 

Seman.c	  
Search	  Accuracy	  

Average	  Search	  
Precision	  

Derived	  measures:	  
• Sa.sfac.on	  Value	  
• Answer	  Found	  
Rate	  

• Search	  Precision	  
• Search	  Recall	  
• Search	  F-‐
Measure	  

• Experiment	  Time	  

Average	  
Sa.sfac.on	  

Value	  

Measures Indicators Quality 
characteristics 

Efficiency	  

Sa.sfac.on	  

Average	  Search	  
Recall	  

Average	  Search	  
F-‐Measure	  

Average	  
Answer	  

Found	  Rate	  

Average	  
Number	  of	  
AKempts	  

Average	  
Experiment	  

Time	  

Base	  measures:	  
• Sa.sfac.on	  
Results	  

• Number	  of	  
AKempts	  

• Number	  of	  
AKempts	  Before	  
Giving	  Up	  

• Query	  Results	  

Figure B.15: User-in-the-loop scenario (I) of semantic search tools.
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Figure B.16: User-in-the-loop scenario (II) of semantic search tools.
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B.4.1 Test Data

Automated Scenario

Origin Ontology - The ontology to be used as input for a search task
Input Question - The question to be used as input for a search task
Expected Answers - The expected answers to be obtained from the origin ontology
for the input question

User-In-The-Loop Scenario

Origin Ontology - The ontology to be used as input for a search task
Input Question - The question to be used as input for a search task
Expected Answers - The expected answers to be obtained from the origin ontology
for the input question
Usability Questionnaire - Standardized Usability Test by Brooke [17] containing
ten standardized questions to be given to the users
Satisfaction Questionnaire - User satisfaction questionnaire to be given to the
users

B.4.2 Base Measures

Automated Scenario

Query Results - The results returned by the tool when executing the query

Query results = search(origin ontology, input question)

Loading Time - The amount of time needed to load the ontology. Possible value is
any number greater than 0
Query Time - The amount of time needed to execute the query. Possible value is
any number greater than 0
Load Successful - Whether the ontology has been successfully loaded. Possible
values are true or false

User-In-The-Loop Scenario

Satisfaction Results - The results of the satisfaction questionnaire filled by the
specific user
Number of Attempts - The number of times the user had to reformulate the query
using the tool interface in order to obtain satisfactory answers for the input question.
Possible value is any number greater than 0
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Number of Attempts Before Giving Up - The number of times the user had
reformulated the query using the tool interface before giving up. Possible value is
any number greater than 0
Query Results - The results returned by the tool when executing the query

Query results = search(origin ontology, input question)

Usability Results - The results of the usability questionnaire filled by the specific
user
Query Time - The amount of time needed to execute the query. Possible value is
any number greater than 0
Query Input Time - The amount of time needed for the user to formulate a query
using the tool’s interface. Possible value is any number greater than 0
Question Time - The amount of time needed for one user to answer one question.
Possible value is any number greater than 0

B.4.3 Derived Measures

Automated Scenario

Number of Results - The number of results obtained for the query. Possible value
is any number greater or equal to 0

Number of results = count(query results)

Search Precision - The ratio between the relevant answers returned by the tool and
all answers returned by the tool when performing a semantic search task. Possible
values are in range from 0 to 1

Search precision =
# query results | (query result ∈ expected answers)

# query results

Search Recall - The ratio between the relevant answers returned by the tool when
performing a semantic search task and the total number of relevant answers. Possible
values are in range from 0 to 1

Search recall =
# query results | (query result ∈ expected answers)

# expected answers

Search F-Measure - The aggregation measure of semantic search precision and
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semantic search recall. Possible values are in range from 0 to 1

Search F-measure =
search precision × search recall
search precision + search recall

× 2

Time Per Search Result - The amount of time needed to obtain one result. Possible
value is any number greater than 0

Time per search result =
query time

number of results

User-In-The-Loop Scenario

Satisfaction Value - The value obtained from the satisfaction questionnaire for a
specific user. Possible values are in range from 0 to 100

Satisfaction value = interpret(satisfaction results)

Answer Found Rate - The ratio of finding the satisfactory answer for a specific
question after a number of attempts and the users giving up after a number of
attempts

Answer found rate =
∑

n number of attempts of the nth user∑
n number of attempts before giving up of the nth user

Search Precision - The ratio between the relevant answers and all answers returned
by the tool when performing a semantic search task. Possible values are in range
from 0 to 1

Search precision =
# query results | (query result ∈ expected answers)

# query results

Search Recall - The ratio between the relevant answers returned by the tool when
performing a semantic search task and the total number of relevant answers. Possible
values are in range from 0 to 1

Search recall =
# query results | (query result ∈ expected answers)

# expected answers

Search F-Measure - The aggregation measure of semantic search precision and
semantic search recall. Possible values are in range from 0 to 1

Search F-measure =
search precision × search recall
search precision + search recall

× 2
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Usability Value - The value obtained from the usability questionnaire for a specific
user. Possible values are in range from 0 to 100

Usability value = interpret(usability results)

Experiment Time - The amount of time needed for a specific user to complete all
input questions. Possible value is any number greater than 0

Experiment time =
∑
n

question time of the nth input question

Overall Question Time - The average time needed to answer a specific input
question. Possible value is any number greater than 0

Overall question time =
∑

n question time of the nth user
# users

B.4.4 Semantic Search Tools Indicators

Automated Scenario

Average Search Precision - The average precision of a semantic search task.
Possible values are in range from 0 to 1

Average search precision =
∑

n search precision of the nth test
# tests

Average Search Recall - The average recall of a semantic search task. Possible
values are in range from 0 to 1

Average search recall =
∑

n search recall of the nth test
# tests

Average Search F-Measure - The average F-Measure of a semantic search task.
Possible values are in range from 0 to 1

Average search F-measure =
∑

n search F-Measure of the nth test
# tests

Number of Completed Queries - The number of queries that produced expected
answer. Possible value is any number greater or equal to 0

Number of completed queries = # tests | (expected answers ∈ query results)
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Average Number of Results - The average number of results obtained for a query.
Possible value is any number greater or equal to 0

Average number of results =
∑

n number of results of the nth test
# tests

Average Successful Loads - The ratio of successful ontology loads. Possible values
are in the range from 0 to 100

Average successful loads =
# tests | (load successful = true)

# tests
× 100

Average Loading Time - The average time needed for a tool to load an ontology.
Possible value is any number greater than 0

Average loading time =
∑

n loading time of the nth test
# tests

Average Query Time - The average amount of needed to execute a query. Possible
value is any number greater than 0

Average query time =
∑

n query time of the nth test
# tests

Average Time Per Search Result - The average amount of time needed to obtain
one result. Possible value is any number greater than 0

Average time per search result =
∑

n time per search result of the nth test
# tests

User-In-The-Loop Scenario

Average Search Precision - The average precision of a semantic search task.
Possible values are in range from 0 to 1

Average search precision =
∑

n search precision of the nth test
# tests

Average Search Recall - The average recall of a semantic search task. Possible
values are in range from 0 to 1

Average search recall =
∑

n search recall of the nth test
# tests
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Average Search F-Measure - The average F-Measure of a semantic search task.
Possible values are in range from 0 to 1

Average search F-measure =
∑

n search F-Measure of the nth test
# tests

Average Answer Found Rate - The ratio of finding the appropriate answer after
a number of attempts and the user giving up after a number of attempts for all
questions. Possible value is any number greater than 0

Average answer found rate =
∑

n answer found rate of the nth input question
# input questions

Average Number of Attempts - The average number of attempts before the user
is happy with the results. Possible value is any number greater than 0

Average number of attempts =
∑

n number of attempts of the nth test
# tests

Average Experiment Time - The average time needed for completing all input
questions. Possible value is any number greater than 0

Average experiment time =
∑

n experiment time of the nth user
# users

Average Satisfaction Value - The average value obtained from the satisfaction
questionnaires. Possible values are in range from 0 to 100

Average satisfaction value =
∑

n satisfaction value of the nth user
# users

Average Usability Value - The average value obtained from the usability question-
naires. Possible values are in range from 0 to 100

Average usability value =
∑

n usability value of the nth user
# users

Average Query Time - The average amount of needed to execute a query. Possible
value is any number greater than 0

Average query time =
∑

n query time of the nth test
# tests
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Average Query Input Time - The average time needed to formulate a query.
Possible value is any number greater than 0

Average query input time =
∑

n query input time of the nth test
# tests

Maximum Query Input Time - The maximum time needed to formulate a query.
Possible value is any number greater than 0

Maximum query input time = maximum(query input time of the nth test)

Average Overall Question Time - The average amount of time needed to answer
one question. Possible value is any number greater than 0

Average overall question time =
∑

n overall question time of the nth input question
# input questions

B.4.5 SQuaRE Quality Characteristics

A number of SQuaRE quality characteristics related to this case is already described
in Section B.1.5. Here, only those SQuaRE quality characteristics that are new are
listed.
Usability - Degree to which a product or system can be used by specified users to
achieve specified goals with effectiveness, efficiency and satisfaction in a specified
context of use
Operability - Degree to which a product or system has attributes that make it easy
to operate and control. Operability is a sub-characteristic of Usability
Efficiency - Degree of resources expended in relation to the accuracy and complete-
ness with which users achieve goals. Efficiency is a sub-characteristic of Quality in
Use, and can be measured using:

• Average Number of Attempts

• Average Answer Found Rate

• Average Experiment Time

Satisfaction - Degree to which user needs are satisfied when a product or system is
used in a specified context of use. Satisfaction is a sub-characteristic of Usability in
Use, and can be measured using:

• Average Satisfaction Value
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Ease of Use - Degree to which the product or system makes it easy for users to
operate and control it. Ease of Use is a sub-characteristic of Operability, and can be
measured using:

• Average Usability Value

B.4.6 Semantic Search Tools Quality Characteristics

A number of semantic quality characteristics related to this case is already described
in Section B.1.6. Here, only those semantic quality characteristics that are new are
listed, together with already defined ones that have new quality indicators associated
with it.
Semantic Search Accuracy - Degree to which a product or system provides the
correct results with the needed degree of precision when performing a semantic search
task. Semantic Search Accuracy is a sub-characteristic of Functional Correctness and
can be measured using:

• Average Search Precision

• Average Search Recall

• Average Search F-measure

• Number of Completed Queries

• Average Number of Results

Semantic Search Time Behaviour - Degree to which the response, processing
times and throughput rates of a product or system meet requirements when performing
a semantic search task. Semantic Search Time Behaviour is a sub-characteristic of
Time Behaviour and can be measured using:

• Average Query Time

• Average Time Per Search Result

• Average Execution Time

• Average Query Input Time

• Max Query Input Time

• Average Overall Question Time
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Ontology Processing Maturity - Degree to which a system, product or component
meets needs for reliability when performing a semantic search task under normal
operation. Ontology Processing Maturity is a sub-characteristic of Maturity and it
can be measured using:

• Average Successful Loads

Ontology Processing Time Behaviour - Degree to which the response, processing
times and throughput rates of a product or system meet requirements when working
with ontologies. Ontology Processing Time Behaviour is a sub-characteristic of Time
Behaviour and can be measured using:

• Average Loading Time

Figure B.17 shows the part of the quality model internal and external characteristics
obtained from the evaluation campaign for semantic search tools, as well as quality
in use.
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Figure B.17: Quality characteristics of semantic search tools.

B.5 Semantic Web Service Tools
The evaluation campaign for semantic web services contained one evaluation scenario
to evaluate discovery (Figure B.18).

B.5.1 Test Data

Goal Document - The semantic web service document containing the users request
description to be used in the discovery test
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Figure B.18: Accuracy scenario of semantic web service tools.

Service Document - The semantic web service document containing all service
offers to be used in the discovery test
Relevant Documents - A list of documents containing service offers relevant to
the goal document and service document.

B.5.2 Base Measures

Match Results - The ranked list of documents containing service offers produced
by the tool in the discovery task

Match results = discover(goal document, service document)

Match Degree - Match degree produced by the tool for each match result. Possible
values are Non, Plugin, Exact, Subsumption
Relevance - The relevance of a result at particular position

Relevance = relevancei

Number of Relevant Documents - The number of relevant documents. Possible
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value is any number greater than 0

Number of relevant documents = count(relevant documents)

Discovery Time - The amount of time needed to perform the discovery task.
Possible value is any number greater than 0

B.5.3 Derived Measures

Number of Retrieved Documents - The number of retrieved documents. Possible
value is any number greater or equal to 0

Number of retrieved documents (nr) = count(match results)

Number of Relevant Documents Retrieved - The number of retrieved docu-
ments that are relevant. Possible value is any number greater or equal to 0

Number of relevant documents retrieved (nrel) =
# retrieved documents | (match degree = exact) ∧
(retrieved document ∈ relevant documents)

Discovery Precision - The ratio between the relevant documents retrieved by the
tool and all documents retrieved by the tool when performing a semantic web service
discovery task. Possible values are in range from 0 to 1

Discovery precision =
number of relevant documents retrieved

number of retrieved documents

Discovery Recall - The ratio between the relevant documents retrieved by the tool
when performing a semantic web service discovery task and the total number of
relevant documents. Possible values are in range from 0 to 1

Discovery recall =
number of relevant documents retrieved

number of relevant documents

Discovery Normalized Discounted Cumulative Gain (NDCG) - A normalized
measure of the effectiveness of the discovery tool according to the relevance of tool’s
discoveries. Possible value is any number greater than 0

Discovery NDCG = relevance1 +
nr∑
i=2

relevancei
log2 i

Binary Preference - Measures the relevant documents retrieved (r) when dealing
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with incomplete information

Binary preference =
1

nrel

∑
r

1− |n ranked higher than r|
nrel

,

where n is a member of the first nrel judged non relevant documents
Reciprocal Rank - Returns the reciprocal of the rank of the first relevant document
retrieved, or zero if no relevant documents were retrieved. Possible values are in
range from 0 to 1

Reciprocal rank =
1

rank of the first relevant document retrieved

Based on these derived measures, other derived measures related to a particular
given number of documents retrieved at cutoff-point or to a given number of relevant
documents retrieved at cutoff-point can be calculated.

B.5.4 Semantic Web Service Tools Indicators

Average Number of Retrieved Documents - The average number of retrieved
documents for all tests. Possible value is any number greater or equal to 0

Average number of retrieved documents =

=

∑
n number of retrieved documents of the nth test

# tests

Average Number of Relevant Documents Retrieved - The average number of
retrieved documents that were judged relevant. Possible value is any number greater
or equal to 0

Averagenumber of relevant documents retrieved =

=

∑
n number of retrieved relevant documents of the nth test

# tests

Average Discovery Precision - The average precision of a semantic web service
discovery task. Possible values are in range from 0 to 1

Average discovery precision =
∑

n discovery precision of the nth test
# tests

Average Discovery Recall - The average recall of a semantic web service discovery
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task. Possible values are in range from 0 to 1

Average discovery recall =
∑

n discovery recall of the nth test
# tests

Average Discovery NDCG - The average NDCG of a semantic web service dis-
covery task. Possible value is any number greater than 0

Average discovery NDCG =
∑

n discovery NDCG of the nth test
# tests

Average Binary Preference - The average binary preference of a semantic web
service discovery task

Average binary preference =
∑

n binary preference of the nth test
# tests

Average Reciprocal Rank - The average reciprocal rank of a semantic web service
discovery task. Possible values are in range from 0 to 1

Average reciprocal rank =
∑

n reciprocal rank of the nth test
# tests

Average Discovery Time - The average amount of time needed for a semantic web
service discovery task. Possible value is any number greater than 0

Average discovery time =
∑

n discovery time of the nth test
# tests

Similar as in the case of derived measures, other indicators related to a particular
given number of documents retrieved at cutoff-point or to a given number of relevant
documents retrieved at cutoff-point can be calculated.

B.5.5 SQuaRE Quality Characteristics

All SQuaRE quality characteristics related to this case are already described in
Section B.1.5.

B.5.6 Semantic Web Service Tools Quality Characteristics

Some semantic quality characteristics related to this case are already described in
Section B.2.5. Here, only those SQuaRE quality characteristics that are new are
listed.
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Semantic Web Service Discovery Accuracy - Degree to which a product or
system provides the correct results with the needed degree of precision when finding
services that can be used to fulfill a given requirement from the service requester. Se-
mantic web service discovery accuracy is a sub-characteristic of Functional Correctness
and can be measured using:

• Average Number Retrieved Documents

• Average Number of Relevant Documents Retrieved

• Average Precision

• Average Recall

• Average Discovery NDCG

• Average Binary Preference

• Average Reciprocal Rank

Furthermore, semantic web service discovery accuracy can be also measured using
previous indicators calculated for a particular given number of documents retrieved
at cutoff-point or for a given number of relevant documents retrieved at cutoff-point.
Semantic Web Service Time Behaviour - Degree to which the response, pro-
cessing times and throughput rates of a product or system meet requirements when
performing a semantic web service discovery task. Semantic Web Service Time
Behaviour is a sub-characteristic of Time Behaviour and can be measured using:

• Average Discovery Time

Figure B.19 shows the part of the quality model obtained from the evaluation
campaign for semantic web services.

B.6 Ontology Annotation Tools

The evaluation scenario of ontology annotation tools contains one evaluation scenario
to evaluate accuracy (Figure B.20).

B.6.1 Test Data

Input Document - A document to be annotated by the tool
User Annotations - Annotations of the input document provided by the users
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Figure B.19: Quality characteristics of semantic web service tools.
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Figure B.20: Accuracy scenario of ontology annotation tools.
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B.6.2 Base Measures

Output Annotations - The annotations of the input document inferred by the tool

Output annotations = annotate(input document)

Number of Relevant Annotations - The number of relevant annotations. Possible
value is any number greater or equal to 0

Number of relevant annotations = count(user annotations)

Relevance - The relevance of a particular annotation

Relevance = relevancei

B.6.3 Derived Measures

Number of Annotations - The number of annotations produced by the tool.
Possible value is any number greater or equal to 0

Number of annotations (nr) = count(output annotations)

Number of Relevant Annotations Produced - Number of annotations produced
by the tool that are relevant. Possible value is any number greater or equal to 0

Number of relevant annotations produced =
= # output annotations | (output annotation ∈ user annotations)

Annotation Precision - The ratio between the relevant annotations produced by
the tool and all annotations produced by the tool when performing an annotation
task. Possible values are in range from 0 to 1

Annotation precision =
number of relevant annotations produced

number of annotations

Annotation Recall - The ratio between the relevant annotations produced by the
tool when performing an annotation task and the total number of relevant annotations.
Possible values are in range from 0 to 1

Annotation recall =
number of relevant annotations produced

number of relevant annotations

Annotation F-Measure - The aggregation measure of annotation precision and
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annotation recall. Possible values are in range from 0 to 1

Annotation F-measure =

=
annotation precision × annotation recall

(1-α) × annotation precision + α × annotation recall
, α = [0..1]

Annotation Normalized Discounted Cumulative Gain (NDCG) - A normal-
ized measure of the effectiveness of the annotation tool according to the relevance of
tool’s annotations. Possible value is any number greater than 0

Annotation NDCG = relevance1 +
nr∑
i=2

relevancei
log2 i

B.6.4 Ontology Annotation Tools Indicators

Average Annotation Precision - The average precision of an ontology annotation
task. Possible values are in range from 0 to 1

Average annotation precision =
∑

n annotation precision of the nth test
# tests

Average Annotation Recall - The average recall of an ontology annotation task.
Possible values are in range from 0 to 1

Average annotation recall =
∑

n annotation recall of the nth test
# tests

Average Annotation F-Measure - The average F-Measure of an ontology annota-
tion task. Possible values are in range from 0 to 1

Average annotation F-measure =
∑

n annotation F-Measure of the nth test
# tests

Average Annotation NDCG - The average NDCG of an ontology annotation task.
Possible value is any number greater than 0

Average annotation NDCG =
∑

n annotation NDCG of the nth test
# tests

B.6.5 SQuaRE Quality Characteristics

All SQuaRE quality characteristics related to this case are already described in
Section B.1.5.
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B.6.6 Ontology Annotation Tools Quality Characteristics

Ontology Annotation Accuracy - Degree to which a product or system provides
the correct results with the needed degree of precision when performing an ontology
annotation task. Ontology Annotation Accuracy is a sub-characteristic of Functional
Correctness and can be measured using:

• Average Annotation Precision

• Average Annotation Recall

• Average Annotation F-measure

• Average Annotation NDCG

Figure B.21 shows the part of the quality model related to annotation tools.

17/03/16 20 17/03/16 20 

Func%onal	  
Suitability	  

Func%onal	  
Correctness	  

Ontology	  
Annota%on	  
Accuracy	  

Figure B.21: Quality characteristics of ontology annotation tools.

B.7 Complete Overview of the Quality Model

Figure B.22 shows a complete overview of the quality model for semantic technologies
that was obtained after analysing all the evaluation scenarios and results from the
SEALS evaluation campaigns, and after the inclusion of the results of the SemQuaRE
evaluation (Section 7.4).
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