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1. Introduction

The spreading interest in Semantic Web technologies is leading to the development of
an increasing number of tools, each of them providing a different set of functionalities:
ontology development tools, ontology repositories, ontology alignment tools, ontology-
based annotators, and so on.

As ontologies are widely used in the Semantic Web for representing knowledge, these
tools should be able to correctly interchange ontologies between themselves and, there-
fore, to interoperate. One of the ways of approaching interoperability is to interchange
ontologies using an interchange language, which is the one that is considered in this the-
sis.

Nevertheless, this interchange may not be as straightforward as it seems. Interoper-
ability between tools with different underlying knowledge models using an interchange
language requires that these tools are able to translate ontologies from their own knowl-
edge model to the interchange language when they export them, and vice versa when they
import them from the interchange language.

In the case of ontology development tools, interoperability is a key issue because these
tools use different underlying knowledge models and require frequent ontology inter-
changes when developing ontologies collaboratively. Hence, assessing the reliability of
ontology development tools in the interchange process is a key issue on the way to a
better interoperability.

In the Semantic Web area, several benchmarking activities have been organized, fo-
cused on different types of Semantic Web technologies. The Knowledge Web Network of
Excellence already organized a benchmarking of the interoperability of ontology devel-
opment tools using RDF(S) as interchange language.

The work performed in this thesis has also been performed within Knowledge Web
and continues the benchmarking of the interoperability of ontology development tools.
This benchmarking also considers interoperability using an interchange language, but
instead of using RDF(S), it uses OWL as interchange language, the language recom-
mended by the World Wide Web Consortium for defining and instantiating ontologies
[Smith et al., 2004].

This thesis describes the process followed for the organization of this benchmarking
activity and for the definition of the OWL Lite Import Benchmark Suite that is being
used in this activity for evaluating the OWL import capabilities of ontology development
tools.

This benchmark suite considers the different combinations of ontology components that
can be found in ontologies as well as other factors that may influence the interoperability
such as the different syntax variants that an OWL serialization in RDF/XML allows.

This thesis is organized as follows.



In Chapter [2] we will introduce the current State of the Art in the domains involved in
this thesis, including:

e Evaluation, benchmark suites and benchmarking, and their characteristics, as well
as the benchmarking methodology for ontology tools developed in Knowledge Web.

e The Semantic Web, the Web Ontology Language (OWL) considered in the devel-
opment of this work, and the Semantic Web tools.

e The approaches to evaluate interoperability in the Semantic Web and other similar
works, related to the present one.

In Chapter 3| we present the approach we have chosen in the development of this thesis.
It contains the existing insufficiencies in the State of the Art, the goals that we want to
achieve, and the scope of this work. We will give also give an overview of how we have
achieved these goals.

Chapter 4] shows how we adapted the Knowledge Web methodology for benchmarking
ontology tools to the development of the OWL interoperability benchmarking.

Chapter [3]is the core part of this thesis. It contains a detailed description of the bench-
mark suite that we defined for the evaluation of the import of OWL Lite ontologies in
ontology development tools.

Finally, Chapter [0] draws the conclusions of our work and discusses some possible
evolutions and future developments of this work.



2. State of The Art

This thesis presents a proposal for the evaluation and the improvement of the interoper-
ability of ontology development tools using the Web Ontology Language OWL as inter-
change language.

The development of this thesis needs a thorough knowledge of the State of the Art in
the domains involved. We can recognize three great domains directly covered by this
thesis.

Evaluation and benchmarking. Benchmarking is a process that allows not only an
evaluation of one or more systems, but also to extract the best practices and to continu-
ously improve these systems.

The Semantic Web, its languages and its tools. The Semantic Web “provides
a common framework that allows data to be shared and reused across application, en-
terprise, and community boundaries”'. The idea underlying the Semantic Web is to have
data that can be machine-readable and machine-processable, to allow for a better organi-
zation of documents and knowledge, a faster search of information, and interoperability
among software applications, enterprises, communities of people, industries, and so on.

The Web Ontology Language OWL is the latest step of the W3C for reaching interop-
erability. One of the purposes of OWL is to provide a standard formalism for representing
and interchanging knowledge in the Semantic Web.

Therefore, the Semantic Web needs the development of technologies that can inter-
change ontologies using these languages.

Interoperability. Interoperability is the ability of two or more systems to interchange
information and use this information [IEEE, 1990]]. Interoperability is one of the main
goals of the Semantic Web: the better two systems can interoperate, the faster information
can be processed, interchanged, and (re)used.

This chapter is divided in three sections, according to the three domains identified
above. We start with an introduction to the concepts of evaluation and benchmarking
and outline the benchmarking methodology that will provide the guidelines for the de-
velopment of the work presented in this thesis. We will then present the Semantic Web,
outline its architecture, describe the OWL language, and define what an ontology devel-
opment tool is. Finally, we present how interoperability is approached in the Semantic
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Web and other interoperability evaluations regarding Semantic Web technology that have
taken place.

2.1. Evaluation and benchmarking

We give here a brief definition of the terms that will be used throughout the whole thesis.
Hence, we define what benchmark, benchmark suite, benchmarking, and software evalu-
ation are. Then, we introduce the characteristics that a benchmark suite should have and
finally we describe in detail the benchmarking methodology followed in this thesis.

This section includes content of the Knowledge Web deliverables [Wache et al., 2004]]
and [|Garcia-Castro et al., 2005]] that is relevant to our work.

Benchmark. The Standard Glossary of Software Engineering [IEEE, 1991] proposed
several definitions of benchmark:

1. A standard against which measurements or comparisons can be made.

2. A procedure, problem, or test that can be used to compare systems or compo-
nents to each other or to the standards as in[ll

3. A recovery file.

Later, [Sill, 1996] improved the definition at point[2|above, by stating that a bench-
mark is a test that measures the performance of a system or subsystem on a well-
defined task or set of tasks.

Benchmark Suite. A benchmark suite is a collection of benchmarks. The properties
of benchmarking are discussed in Section [2.1.]

Software evaluation. In [IEEE, 1998], the evaluation of software is defined as the pro-
cess of determining the degree to which software possesses a desired combination
of quality attributes that fulfill its quality requirements.

Benchmarking. Among the several definitions available, we have chosen to refer to the
following two:

e [Camp, 1989] defined benchmarking as the search for industry best practices
that lead to superior performance.

e Later, [Spendolini, 1992] refined that definition as a continuous, systematic
process for evaluating the products, services, and work processes of organi-
zations that are recognized as representing best practices for the purpose of
organizational improvement.

According to [Ahmed and Rafig, 1998, the main characteristics of benchmarking
are: a measurement by comparison, a continuous improvement, and a systematic
procedure to carry out the benchmarking.



The reason for benchmarking ontology tools instead of just evaluating them is to
obtain several benefits from benchmarking that cannot be obtained from tool eval-
uations. The evaluation of a tool shows us the weaknesses of the tool or its com-
pliance to quality requirements. If several tools are involved in the evaluation, we
also obtain a comparative analysis of these tools and recommendations for their
users. When benchmarking several tools, besides all the benefits commented, we
gain continuous improvement of the tools, recommendations for developers on the
practices used when developing these tools and, from these practices, those that can
be considered best practices.

There are different types of benchmarking, which are classified in two main ways:
a first one according to the type of participants involved and a second one according
the type of the objects analyzed.

The first classification was defined by [Camp, 1989] and foresees four categories of
benchmarking:

Internal. This type of benchmarking measures and compares the performances of
activities as well as functions and process within one organization.

Competitive. In this benchmarking, products, services and/or business processes
are compared with those of a direct competitor.

Functional. This type of benchmarking is similar to the competitive one, but in-
volves more competitors in the same industry.

Generic. Itis a benchmarking that aims to a search for the best practices, with no
focus on a specific industry.

The second classification was introduced in [Ahmed and Rafiq, 1998|] as a com-
plement of the previous one, and later was identified as separate classification in
[Lankford, 2000]. It consists of these three types of benchmarking:

Process. This type of benchmarking involves comparisons between discrete work
processes and systems.

Performance. It is a benchmarking that involves the comparison and the inspec-
tion of performance attributes of products and services.

Strategic. In this benchmarking are involved comparisons of the strategic issues
or processes of an organization.

2.1.1. Benchmark suites

Benchmarks are experiments used for measuring the quality attributes of a system. They
are usually grouped in benchmark suites and are used in both evaluations and benchmark-
ings. However, the definition of a benchmark suite is not only a group of benchmarks
but a collection of several information related to the benchmarks. In particular,

(a) All the benchmarks that compose the benchmark suite.

(b) What kind of tools and which of their functionalities can be measured with it.



(c) The criteria that must be used in the evaluation of the benchmark results.
(d) A list of the tools and/or the data needed to run the benchmarks.
(e) The procedure to follow to run the benchmarks.

The main desirable properties of a benchmark suite have been identified by several
authors [Bull et al., 1999, [Shirazi ef al., 1999, |Sim et al., 2003, |Stefani1 et al., 2003, and
should assist people to develop new benchmarks suites or to assess the quality of existing
benchmark suites.

Accessibility. Every people interested in the benchmark suite must have access to it
and to every additional component needed for executing it (e.g., documentation,
software modules, source code, and so on); the results of the execution of the bench-
mark suite should also be public, to allow comparisons with other tools.

Affordability. The cost of executing a benchmark suite (in terms of human, hardware
and software resources) must be lower than those of having to implement one from
scratch and then use it. Also methods for automatizing all or part of the execution
of the benchmark suite should be taken into account (e.g., providing components
for data collection and analysis).

Simplicity. Every people must be able to understand and interpret the benchmark suite
and how it works; also the evaluation of the results and the procedure to use in
the experiments should be clear and transparent enough to avoid misinterpretation.
Hence, all elements of the suite should have a common structure, use, inputs, and
outputs.

Representativity. The benchmark suite must represent the most common actions that
a tool usually carries out in its normal use.

Portability. The level of abstraction of the benchmark suite should be high enough so
that it can be executed on the largest number possible of environments and systems,
thus ensuring the portability of the benchmark suite.

Scalability. The benchmark suite should be parameterized to allow to scale the bench-
marks with varying input rates. It should also scale to work with tools or techniques
at different levels of maturity. It should be applicable both to research prototypes
and commercial products.

Robustness. The benchmark suite must consider unpredictable behaviours of the en-
vironment, and should not be sensitive to factors not relevant to the study. When
running the same benchmark suite several times on a given system under the same
conditions, the results obtained should not change.

Consensus. The benchmark suite must be developed by experts that provide their
knowledge about the domain, and are able to identify the key problems. It should
also be assessed and agreed on by the whole community.



2.1.2. Benchmarking methodology

A benchmarking methodology provides a set of guidelines that shall be followed in bench-
marking activities. The methodology that we describe in this section has been devel-
oped from methodologies from different areas such as business community benchmark-
ing, software experimentation, and software measurement and it is being used within
the IST-2004-507482 Network of Excellence Knowledge Web? for various benchmarking
initiatives.

The work presented in this thesis is developed within Knowledge Web and the bench-
marking methodology used in this work, which is described in the remainder of this Sec-
tion, is the one developed in Knowledge Web [Garcia-Castro et al., 2005]]. The instantia-
tion of this general methodology to our own case is described in Chapter 4}

This benchmarking methodology includes the main phases that must be carried out
when benchmarking ontology tools, with a definition of the tasks to perform in each of
them, considering its inputs, outputs, and actors. Therefore, the methodology can be used
in a twofold manner: to assist in carrying out benchmarking activities or to know, at a
certain point in time, which is the actual progress of a benchmarking activity.

This methodology considers that the benchmarking activity is focused on software
products, in this specific case, ontology development tools. Benchmarking can also deal
with methods or processes, but we have limited the scope of the methodology for a better
understanding.

Although this methodology has been developed for benchmarking activities in Knowl-
edge Web to cover all the benchmarking activities developed and supported in this Net-
work of Excellence, it is intended to be as general as possible, in order to allow other
people and institutions not involved in the Network of Excellence (for example the indus-
try or other academical projects) to take advantages from it and to use it.

The actors of the benchmarking process

Before presenting the different tasks that must be carried out in the benchmarking process,
we identify the actors that take part in it:

Benchmarking initiator. The benchmarking initiator is the member (or members) of
an organization who performs the first tasks of the benchmarking process. His work con-
sists in preparing a proposal for carrying out the benchmarking activity in the organization
and in obtaining the management approval to perform it. After receiving the approval for
starting the benchmarking process, he will coordinate all the remaining tasks and he will
also take part to the experiments and to their analysis.

Organization management. The management of the organization plays a key role in
the benchmarking process, as it must approve the benchmarking activity and the changes

Zhttp://knowledgeweb.semanticweb.org
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in the tool and in the organization itself that might result from the benchmarking pro-
cess. It must also assign resources for the benchmarking to take place and integrate the
benchmarking planning into the whole organization planning.

Benchmarking team. The benchmarking team is composed by the members of the
organization that, after the organization management approval, will be responsible for per-
forming most of the remaining benchmarking process. Its members are usually selected
among the developers of the tool, managers of the organization, ontology engineers, end
users, and by the benchmark initiator.

Benchmarking partners. The benchmarking partners are the organizations that take
part in the benchmarking activity. They play an active role in the whole benchmarking
process and can suggest, criticize, pose questions, express particular needs: in practice,
they can help in the improvement of the benchmarking process. Moreover, all the partners
must agree on the steps to carry out during the benchmarking.

Tool developers. The developers of the tools are the ones that will implement the
necessary changes in the tool, considered for the benchmarking, in order to improve it,
following the results of the benchmarking activity and the recommendations emerged
from them. Some of them may also be part of the benchmarking team and, in this case,
care must be taken to minimize bias.

The benchmarking process

The benchmarking methodology for ontology tools proposed in Knowledge Web, is a
continuous process that is composed of a benchmarking iteration that should be repeated
indefinitely. Figure 2.1/ presents the three phases that compose the methodology with the
tasks to be performed in each phase. This methodology is described in detail below.

(BEN CHMARKING ITERATION A
4 N\ 4 N\ 4
PLAN PHASE EXPERIMENT PHASE IMPROVE PHASE
1. Goals identification 8. Experiment definition 11. Benchmarking
| 2. Tool and metrics 9. Experiment execution report writing
identification 10. Experiment results 12. Findings
3. Participant identification analysis communication
4. Proposal writing 13. Improvement planning
5. Management involvement] 14. Improvement
6. Partner selection 15. Monitor
7. Planning and resource
allocation
\_ J - J o J )
task

Figure 2.1.: The Knowledge Web benchmarking methodology



Plan Phase

The Plan phase is composed of the sequence of tasks that must be performed to prepare the
benchmarking proposal, to find other organizations that participate in the benchmarking
activity, and to plan and organize the benchmarking. The tasks to be performed in this
phase are:

Goals identification. The benchmarking process starts in an organization in which
one of its members, who becomes the benchmarking initiator, is aware of the need for
benchmarking. This need for benchmarking varies from one organization to another and
is highly related to the desired goals of the benchmarking process. The main goals to
achieve [Sole and Bist, 2005, Wiremann, 2003]] by starting the benchmarking process are:

e To assess the performance and improve the quality of the products and the processes
of the organization.

e To compare the products and processes of the organization with those of the best
organizations and to reduce or close the gap with the competitors.

e To understand in details the practices that lead to the creation of better products
and processes and establish standards set by the industry or to create them after the
analysis of the best organization.

e To increase the satisfaction of the customers for the products of the organization.

The benchmarking initiator has to identify also the benefits brought to the organization
by carrying out the benchmarking process and has to estimate the costs of the whole
benchmarking process.

Tools and metrics identification. The benchmarking initiator analyzes all the tools
developed in his organization and identifies their functionalities and weaknesses that shall
be improved, producing a document that summarizes this findings. Moreover, he also se-
lects which tools, and which of their functionalities, should take part in the benchmarking
and define the criteria to evaluate the results of the experiments.

Participant identification. The benchmarking initiator contacts the members of his
organization, which are involved with the selected tool(s) and selects among them the
benchmarking team, that will perform most of the remaining task in this and in the other
phases. The members of the benchmarking team can be developers, managers, users or
customers (i.e., they can also be external to the organization) and should have experience
with the tool and its relevant functionalities. The benchmarking initiator can be part of
this team.



Proposal writing. The benchmarking team collects all information produced in the
previous tasks and produces a document with the benchmarking proposal, which will be
used as a reference in the rest of the benchmarking process. As this document is intended
for heterogeneous readers (developers, managers, management and so on), it should be
readable and understandable by all of them.

Management involvement. The benchmarking initiator presents the document with
the proposal, produced in the previous task, to the management of its organization, in
order to receive support for the development and continuation of the process.

Partner selection. The benchmarking team should look for other tools that might
take part to the benchmarking and collect information about them and the organizations
that develop them. It should also define criteria to identify other tools suitable for the
benchmarking, which are:

e Importance of the tool in the community or in the industry.

e Use of the latest available technologies.

e Wide use of the tool by the community.

e Public availability (e.g., as freeware or under a GPL-like® license).

The organizations that develop the identified tools, should be contacted to check their
interest in participating to the benchmarking. All the organizations that accept to partic-
ipate become benchmarking partners and shall set up a benchmarking team and present
a benchmarking proposal to their management for approval. If this proposal is modified,
the changes are proposed to other partners and the original proposal must be modified as
well. At the end all partners have to agree on the benchmarking proposal and use it as
reference in the remaining tasks.

Planning and resource allocation. The managers and the benchmarking teams of
each involved organization define a plan for the remaining tasks of the process, taking into
account all efforts needed during the whole process: time, human resources, financial, and
SO On.

Experiment Phase

The Experiment phase is composed of the sequence of tasks related with the experimen-
tation on the different tools that are considered in the benchmarking. The tasks to be
performed in this phase are:

3nttp://www.gnu.org/licenses/licenses.html#GPL
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Experiment definition. The benchmarking teams define a set of experiments that will
be carried out on all the tools. These experiment must be designed to evaluate the func-
tionalities of the tools, as reported in the benchmarking proposal, and they must evaluate
in an objective and reliable way the tools. Moreover, also a planning and a procedure for
executing the experiments should be provided.

Experiment execution. Each benchmarking team carries out the experiments on its
tool. All the data obtained will be collected and written in a common format to ease the
analysis of the results.

Experiment results analysis. The results of each tool and the practices that lead
to them are analyzed and compared; the benchmarking teams should also identify the
best practices, if there are any. The benchmarking teams will write a technical report
containing all the findings obtained in the experiment phase.

Improve Phase

The Improve phase is composed of the set of tasks where the results of the benchmarking
process are produced and communicated to the benchmarking partners, and the improve-
ment of the different tools is performed in several improvement cycles. The tasks to be
performed in this phase are:

Benchmarking report writing. The benchmarking teams write a report targeted to
all the people involved in the benchmarking process (developers, managers, users, and so
on) but also to external people and organizations. This report should clearly describe the
benchmarking process followed, the results of the experiments, the best practices found,
and provide recommendations from the benchmarking teams to improve the tools.

Findings communication. Each benchmarking team organizes one or more meet-
ings that possibly involve more organizations, in order to communicate the results of the
benchmarking. The purposes of these meetings are:

e To obtain feedback and improvement recommendations on the benchmarking pro-
cess and the results.

e To obtain support and commitment from the organizations for implementation in
the tools of the improvement recommendations.

Improvement planning. This task, together with the next two (i.e., Improvement and
Monitoring), forms a cycle that must be performed separately in each organization. It is
in these tasks where each organization benefits from the results obtained in the bench-
marking.

The management and the benchmarking team of each organization identify, from the
benchmarking report and from the monitoring report (see the Monitor task below), the

11



changes needed for improving the tools, a mechanism to ensure the accomplishment of
the improvements, and define a plan for the improvement, which takes into account all
possible factors that may influence it: time, human resources, financial, and so on.

Improvement. Before the developers of the tools implement the changes defined in
the previous task, they must assess the actual state of the tool by means of the mechanism
identified in the previous task; after the implementation, they have to assess again the state
of the tool, and compare the new state with the one the tool had before the improvements.

Monitor. Each benchmarking team provides means for monitoring its tool (monitoring
tools, an updated version of the benchmark suites and so on); the developers monitor reg-
ularly their tool and write a monitoring report containing the results. If the monitoring
results in a need for new improvement, a new cycle of Improvement planning, Improve-
ment and Monitoring can be started, using the monitoring report as reference.

Recalibration Task

The recalibration task is performed at the end of each benchmarking iteration. In this
task, the benchmarking team must recalibrate the benchmarking process using the lessons
learnt while performing it. This way, the organization gets improvement not just in the
tools, but also in the benchmarking process. This recalibration is needed because both the
tools and the organizations evolve over time.

2.2. The Semantic Web and its languages

In the last years there has been an impressive increase of the World Wide Web technolo-
gies and of their use. The Web is today the largest collection of data ever existed, but its
organization is rather inefficient. The idea underlying the Semantic Web is to provide a
framework that allows data to be shared and reused by different applications, organiza-
tions, and people*. It is meant to have machine-readable data, i.e., to allow computers to
manage data in a more efficient way, providing a faster search of information, and a more
organized knowledge and knowledge management.

Figure@ shows the Semantic Web layer, i.e., the foreseen architecture of the Semantic
Web, as imagined by its author, Tim Berners Lee. We outline here briefly the building
blocks of the Semantic Web. A deeper discussion on the Semantic Web layers can be
found online’.

Unicode character. Computers only deal with numbers, hence a string of characters
has to be encoded in numbers before a computer can process it. Unicode® provides a

http://www.w3.org/2001/sw/
Shttp://www.w3.org/DesignIssues/Semantic.html
Shttp://www.unicode.org
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Figure 2.2.: The Semantic Web layers

standard character encoding for almost all languages of the world, including punctuation
symbols.

URI references. Each resource on the web can be identified by a unique string of char-
acters. This string is called Uniform Resource Identifier (URI), and is defined in [T.Berners-Lee and M
as a compact string of characters for identifying an abstract or physical resource.

XML and XML Schema. The eXtensible Markup Language (XML’) is a standard
data format to exchange data on the web, derived from SGML (Standard Generalized
Markup Language). XML Schema® gives the opportunity to define the content, the struc-
ture, and the semantics of an XML document.

RDF and RDF Schema. The RDF language allows to represent information about
resources (i.e., metadata) in the World Wide Web, while RDF Schema provides a formal
semantics to relate resources and metadata, and inference rules for allowing reasoning
over them.

Ontology Vocabulary. Languages like OIL °, DAML+OIL!, and OWL!! allow the
use of ontologies in the World Wide Web, providing a large vocabulary to define complex
properties (e.g., transitive or functional properties, cardinality and value restrictions on
properties) and complex classes (e.g., classes defined by union or intersection of other
classes).

"Thttp://www.w3.orqg/XML/
8nttp://www.w3.org/XML/Schema
http://www.ontoknowledge.org/oil/
Ohttp://www.daml.org/
Thttp://www.w3.0rg/2004/0WL/
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Logic, Proof and Trust. These layers and the following are not yet well defined,
and are subject of investigation. The logic layer allows the definition of rules on top of
ontology, for adding additional expressiveness to the ontology layer.

The Proof layer will allow the execution of the rules defined in the Logic layer. The
results of the execution of rules are evaluated together with the Trust layer, to check
whether the given proof can be trusted or not.

Digital Signature. The conjunction of the layers from the RDF layer to the Proof
layer will allow to digitally sign a document. In other words, it will be possible for the
author of a document to be recognized as such and to check for changes made to that
document by unauthorized people.

2.2.1. The OWL Web Ontology Language

In this Section we present the OWL Web Ontology Language, which is a Technical Rec-
ommendation of the W3C Consortium'? since 2004. We outline the differences among
its three sublanguages, then we present the vocabulary of OWL and the limitations that
OWL Lite has in using this vocabulary, the different syntaxes of OWL, and finally some
OWL considerations related to this work.

The OWL vocabulary

The vocabulary of OWL is composed by several vocabulary terms, whose purpose is to
increase the expressiveness of the RDF(S) vocabulary and to extend the RDF(S) capability
to describe classes and properties. The most relevant improvements introduced by the
OWL vocabulary are the possibility to express disjointness or equality among different
classes or among different individuals, to express cardinality constraints on properties,
and to further specify logical characteristics of properties (e.g., transitivity or symmetry).
We do not report the whole OWL vocabulary here, as it can be found online'?, along with
examples and illustration of its use.

Moreover, the use of some vocabulary terms of the RDF(S) vocabulary is forbidden
when building OWL Lite or OWL DL ontologies, as their semantics conflict with the
correspondent OWL vocabulary terms.

The sublanguages of OWL and their limitations

OWL is composed by three layered sublanguages, which are: OWL Lite, OWL DL, and
OWL Full, in order of increasing expressiveness. We describe here the most relevant

Phttp://www.w3.0rg/
Bhttp://www.w3.org/TR/owl-features/
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differences between the semantics and the use of vocabulary terms in the three species of
OWL. An exhaustive description of these differences between them can be found online'.

OWL Full can use all the OWL and RDF(S) vocabulary terms with no restrictions; as it
is a proper superset of RDF(S), it gives the user the freedom to extend the RDF(S)
vocabulary with the OWL vocabulary terms and also to augment the meaning of
both vocabularies. In particular:

e The vocabulary terms rdfs:Class and owl:Class, rdfs:Resource
and owl:Thing, and rdf :Property and owl :ObjectProperty are
equivalent.

e The built-in owl :DatatypeProperty class is a subclass of the built-in
owl:0ObjectProperty class.

e There is no disjunction among classes, datatypes, datatype properties, object
properties, annotation properties, ontology properties (i.e., import statements
and versioning properties), individuals, data values, and the built-in vocabu-
lary

OWL DL can use all the OWL vocabulary terms, but sets a number of limitations on their
use: OWL DL cannot modify its vocabulary and forbids the use of some RDF(S)
constructors. In particular:

e Classes, datatypes, datatype properties, object properties, annotation proper-
ties, ontology properties, individuals, data values, and the built-in vocabulary
are pairwise disjoint. This implies, for example, that a class can not be treated
as an individual and that OWL DL can not modify its vocabulary, as OWL
Full can.

e A datatype property can have as object only a literal value (i.e., an instance
of rdfs:Literal) and a literal can never be subject of a property, hence
datatype properties can neither be specified as symmetric, as transitive, as
inverse of another datatype property, nor as inverse functional.

e The use of a large part of the RDF(S) vocabulary is forbidden in OWL DL,
for example rdfs:Class or rdf :Property.

e Transitive properties can not have cardinality constraints, neither local (i.e.,
using one of the terms owl :cardinality, owl:minCardinality, or
owl:maxCardinality), nor global (i.e., using a functional or an inverse
functional property).

e All axioms must be well formed and form a tree-like structure.

OWL DL has been named this way because its semantics resembles the one of the
SHOIN (D) Description Logic [Horrocks and Patel-Schneider, 2004]).

Yhttp://www.w3.0rg/TR/owl-ref/#Sublanguage—def
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OWL Lite cannot use some of the OWL vocabulary terms and has limitations in the use
of others. Besides the limitations of OWL DL, the OWL vocabulary terms that can
not be used in OWL Lite are:

16

e owl:hasValue, used to specify the filler of a property (i.e., the value that a

property can have in its range).
owl :unionOf, used to define classes as union of other classes.

owl:disjointWith, used to define that two or more classes have no in-
stances in common. Used in conjunction with owl : unionOf£, allows to cre-
ate a partition of a class.

owl:complementOf, used to define classes as complement of other classes.
owl :DataRange, used to define enumerated datatypes.

owl:oneOf, used to describe classes explicitly as collections of individu-
als. In conjunction with owl :DataRange allows to define collections of
datatypes.

The vocabulary terms of OWL that have a limited use in OWL Lite are shown in

table
Vocabulary Term Use in OWL Lite
owl:cardinality limited to a value of O or 1
owl:minCardinality limited to a value of O or 1
owl:MaxCardinality limited to a value of O or 1
. . only with lists of class names or
owl:intersectionOf .
restrictions
_ subject must be class names and object
owl:equivalentClass ..
must be class names or restriction
subject must be class names and object
owl:subClassOf . .. )
must be class names or restriction
owl:allValuesFrom object must be class names or datatype
owl:someValuesFrom names
rdf:type object must be class names or restrictions
rdfs:domain object must be class names
object must be class names or datatype
rdfs:range : yp
names

Table 2.1.: Limited use of OWL vocabulary terms in OWL Lite

These limitations result in a fewer expressiveness and complexity of OWL Lite,
than those provided by OWL DL. OWL Lite is equivalent to the SHZF (D) De-
scription Logic [Horrocks and Patel-Schneider, 2004] and is intended for an easy
implementation and as a bridge for migrations from existing RDF(S)-based tech-
nologies (e.g., ontologies, software applications and so on) to OWL.



The different OWL syntaxes

We can recognize two types of OWL syntaxes. On the one hand the OWL abstract syntax,
which consists of a set of productions that define the grammar of the OWL language.
These productions are divided in Ontologies and Facts, which are common to OWL Lite
and OWL DL, and by different Axioms for OWL Lite and OWL DL. The Axioms are
further divided into class, restriction and property axioms, common to OWL Lite and
OWL DL, and by description axioms for OWL DL.

We do not report all the productions here, as they can be found online!, they will be
presented in Section [5.3] when we will describe how we used them in the definition of the
benchmarks of the OWL Lite Import Benchmark Suite.

On the other hand, there are three syntaxes commonly used to serialize OWL ontolo-
gies: Notation3'®, Turtle'’, and RDF/XML!'®. Notation3 and Turtle are very similar and
were designed to write ontologies in human readable form, whereas RDF/XML is in-
tended to write ontologies in machine readable form, for a faster machine processability.

Other considerations to take into account

Since the work presented in this thesis is likely to be extended at some point in the future,
and since the semantics of OWL is provided by the Description Logics formalism, it is
worth presenting some aspects of this formalism that might confuse or lead to errors.

The three important aspects to point out are: the differences between the Open and
Closed World Reasoning, the difference between primitive and defined classes, and the
range and domain constraints.

Open World Reasoning

The Closed World Reasoning and the Open World Reasoning (or Open World seman-
tics, see [Baader et al., 2003|]) represent two different approaches in how to evaluate im-
plicit knowledge in a knowledge base. Implicit knowledge are information contained in
the knowledge base, but not explicitly stated.

The former approach is the one used in database, whereas the latter is the one used in
Description Logics and therefore also in OWL.

The difference in the behaviour is usually clarified by a comparison between the struc-
ture of a knowledge base ¥.=(7,.4), where the TBox 7T represents the terminology of the
ontology (i.e., the structure of the classes and the properties) and the ABox A represents
the assertions in the ontology (i.e., instances of classes and relations among them), and
a relational database where its schema represents 7 (i.e., its tables and structure) and its
tuples represent 4. The difference between them is given in terms of interpretations.

On the one side, in the Description Logics formalism, we can have different interpre-
tations of X, on the other one, in databases, we have the only one interpretation that a

Bhttp://www.w3.org/TR/owl-semantics/syntax.html
Ohttp://www.w3.org/Designlssues/Notation3.html
Tnhttp://www.dajobe.org/2004/01/turtle/
Bhttp://www.w3.0rg/TR/rdf-syntax-grammar/
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database can have. Hence, while in a database what is not explicitly stated in one tuple is
interpreted as “negative” or false knowledge, in knowledge bases it is interpreted only as
absence or incompleteness of knowledge.

The most known and subtle example of difference between the Open and Closed World
Reasoning was originally created and presented in [Donini ef al., 1996] and lately named
the Little house problem in [Damiani et al., 2005]].

Primitive and Defined classes

There are two possibilities to describe a class in OWL: either as a primitive class or as
a defined class.

e A primitive class is described by a set of necessary conditions that a resource must
satisfy. This is a partial class in the OWL Abstract Syntax, expressed in OWL by
defining it as subclass of another class, of combinations of classes, or of combina-
tions of classes and restrictions, using the rdfs: subClassOf vocabulary term.

e A defined class is described by a set of necessary and sufficient conditions that
a resource must satisfy. This is a complete class in the OWL Abstract Syntax,
expressed in OWL by defining it as owl :equivalentClass of another class,
of combinations of classes, or of combinations of classes and restrictions, using the
owl:equivalentClass vocabulary term.

As stressed in different papers (for example in [Rector et al., 2004]), this difference is es-
sential in the inference process. The key point is to understand that a process of inference
will not be able to classify an individual as an instance of a primitive Class.

Range and domain constraints

These constraints do not indicate, in OWL, the type of an individual in the range or in
the domain of a property, but they are used in reasoning processes to determine the type
of instances related by a property, i.e., given classes as domain or range of a property, then
individuals related by means of this property are inferred to be instances of those classes.

If there are two or more classes in the domain (or in the range) constraints, than the
instance is classified as instance of the intersection of all those classes.

2.2.2. Semantic Web tools

We outline here the main characteristics of Semantic Web tools. We have divided them
in 4 categories: knowledge model, knowledge representation languages, connection with
reasoners, and storage of ontology.

Knowledge model. The internal knowledge model is the core of a Semantic Web
tool: it contains the components that can be modelled to create a knowledge base (i.e., an
ontology). Some Semantic Web tools may support more than one knowledge model. The
most used knowledge models used today for ontology development tools and relevant for
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the Semantic Web are frame-based or Description Logics-based, depending on the type
of logic implemented.

Frame-based representation [Fikes and Kehler, 1985]] allows the description of con-
cepts as frames, which can also have additional information attached to them. Without
going into much details, frames can be either Classes or Slots: a class represents a set of
individuals in the domain and a slot represents a property of a class. Classes are organized
in (hierarchical) taxonomies and may have instances, i.e., single individuals that satisfy
the property of a class. Classes, slots and individuals can be used to set up a knowl-
edge base, on which there is also the possibility of reasoning by means of rules. Earlier
frame-based systems did not have a clear underlying semantics, hence many efforts have
been devoted to fill this hole. The results of these efforts is the F-Logic (Frame Logic)
formalism [Kifer et al., 1990].

Description Logics (DLs) [Baader ef al., 2003]] is a formalism that represents an evolu-
tion of the frame-based logic representation. The two main components of a DLs knowl-
edge base are the TBox and the ABox: the former contains the vocabulary (i.e., the ter-
minology) of the knowledge base, while the latter contains assertions about individuals
using the vocabulary defined in the TBox.

The TBox contains (atomic) concepts, that are collections of individuals, and (atomic)
roles, that denote binary relationships between individuals. Atomic concepts and roles
can be composed to define complex classes and Roles. The inference processes and the
reasoning support for DLs has been thoroughly investigated in the last few years, where
algorithms has been discovered even for very expressive DLs.

Knowledge Representation languages. There are several languages in which an
ontology can be represented, the most popular today in the field of Semantic Web, are
RDF(S)"?, OWL? and their ancestors, OIL?' and DAML+OIL??. However, outside the
Semantic Web, other language are used for knowledge representation, for example KIF??
(Knowledge Interchange Format), a computer-oriented language whose purpose is to fa-
cilitate sharing and interchanging of knowledge among different systems.

Moreover, many Semantic Web tools use an own language to store ontologies and meta-
data about them.

Connection with reasoners. A reasoner is a tool that takes a knowledge base as
input, computes some inference process and gives an output depending on the inference
process. An ontology development tool usually has the facility to connect with an external
reasoner, for helping developers in building ontologies and also for computing inference
processes on them. The output of a reasoner can be either:

e The original knowledge base augmented with implicit knowledge, i.e., knowledge
contained in the knowledge base but not explicitly stated.

Ynhttp://www.w3.org/RDF/
Ohttp://www.w3.0org/2004/0WL
2lhttp://www.ontoknowledge.org/oil
Zhttp://www.daml.org/
Bhttp://www.ksl.stanford.edu/knowledge-sharing/kif/
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e The answer to a query explicitly asked by the user.

e A consistent ontology or the notification of the inconsistency of the ontology, i.e.,
that in the ontology there are contradictory or unsatisfiable concepts.

Storage of the ontology. All the tools can store ontologies in different ways: in
some relational database, in files on the hard disk, in the World Wide Web, or in ontology
repositories. Every tool can also serialize ontologies using one or more of the languages
cited above or some own format.

These characteristics are common to all types of Semantic Web tools and therefore also
for ontology development tools, on which the work presented in this thesis is focused.

An ontology development tool is defined in [Gomez-Pérez et al., 2003]] as a tool that
can be used to build a new ontology from scratch. In addition to the common edition and
browsing functions, these tools usually give support to ontology documentation, ontology
export and import to/from different formats and ontology languages, ontology graphical
edition, ontology library management, etc.

2.3. Interoperability in the Semantic Web

Interoperability is the ability of two or more systems or components to exchange infor-
mation and to use the information that has been exchanged [LEEE, 1990].

In this section we first provide a description of the approaches that can be adopted to
achieve interoperability in the Semantic Web and then presents three initiatives similar to
the one presented in this thesis.

2.3.1. Interoperability approaches in the Semantic Web

The tradeoff between expressiveness and reasoning in a formalism (i.e., the more ex-
pressive is a language, the higher is the complexity of reasoning on it), identified in
[Brachmann and Levesque, 1985], leads to different approaches in the interoperability,
depending on the expressiveness required.

There are different ways to achieve interoperability between Semantic Web technology
using an interchange language, which are formally defined in terms of the languages used
to represent knowledge in [Euzenat and Stuckenschmidt, 2003]].

In this section we will use the following conventions. L, P are languages, defined as a
set of expressions that can be generated from a set of atomic terms and a set of construc-
tors, 7 is a term or a set of terms in the language, 7, (7 : 2¥ — 2%) is a transformation
from a language L to a language L’ And L <, L’ denotes the existence of a transformation
7 from L to L’ that satisfies a property p.

1. The Mapping Approach. This approach requires to relate expressions in one
source language to a target language. Formally, this approach is defined by:

Ir: (VY CL,7(r) C L) (2.1
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In other words, there is a function 7 that maps an expression r in the source lan-
guage L to an expression 7(r) in the target language L’. This is easy to achieve,
and provides a direct interface to interchange knowledge represented in two differ-
ent languages, but has the drawback that requires a mapping between each pair of
languages, if more languages are used, and is therefore not reusable.

2. The Pivot Approach. This approach requires that an expression in the source
language is expressed into a common, intermediate language (the pivot language)
and transformed from this into the target language. Formally:

3P (VL,L =, P) 2.2)

Informally, there is a unique pivot language P that includes (i.e., is more expressive
than) all other languages L. In this approach, the choice of the pivot language P
is substantial: it has to be expressive enough for containing all other languages,
in order to preserve semantics: i.e., P must have the ability to encode all other
languages: if P can not express a term 7 in one language L, the consequence is a
loss of knowledge when trying to interchange knowledge from a language L to a
language L’. This approach solves the complexity issue of the mapping approach,
as it needs a considerable lower number of transformation compared to the mapping
approach. However, there might be some loss of knowledge when translating a set
of terms r from the pivot language P to a less expressive language L.

3. The Layered Approach. The necessity of a very expressive language on the
pivot approach is overcome here using a layered architecture of languages with
increasing expressiveness, included one in the other. In this approach, written for-
mally in[2.3] there is no unique pivot language, and every language L; can be trans-
lated in a language L; higher in the hierarchy, without loss of knowledge.

4. The ’Family of Languages’ Approach. It is a generalization of the pivot and
layered approaches and requires neither a fixed pivot language nor a fixed layering
of languages. Formula [2.4] shows that this approach requires a partial ordering
(instead of a total ordering) of the layered languages and, for every pair of languages
L, L', a third language L” that contains both. For this reason, and since the third
language L” is difficult to know and to define a priori, this approach is difficult to
manage.

VL, L'3L": (L=<, L'ANL <, L") (2.4)
2.3.2. Evaluating interoperability in the Semantic Web

To the best of the authors’ knowledge, in the recent past, three other initiatives similar
to the one presented in this thesis have been taken place. Two of them were focused on
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the evaluation of the interoperability of Semantic Web technology (the EON 2003 Work-
shop and the RDF(S) Interoperability Benchmarking), while the third one (the OWL Test
Cases) was focused on the import of OWL ontologies into Semantic Web tools. We intro-
duce them here in chronological order from the first describing their main characteristics.

The OWL Test Cases

The OWL Test Cases [Carroll and Roo, 2004] were developed by the W3C Web Ontology
Working Group. Their first official version dates back in October 200224, as a W3C
Working Draft. They are a collection of simple ontologies that show examples of the
correct use of the OWL language and of its vocabulary terms? and also show how the Web
Ontology Working Group solved some issues raised during the development of OWL.

Table summarizes the types of tests defined in the OWL Test Cases and describes
them briefly. In that table, a document is an ontology saved in a RDF/XML file.

Although the OWL Test Cases do not represent a benchmark suite for assessing inter-
operability, they might be used for the evaluation of the OWL importers of the ontology
development tools, as they require to import one document in the tool considered.

The W3C Consortium maintains a web page®® that lists the results obtained by several
applications when tested against the OWL Test Cases.

The characteristics of the OWL Test Cases are:

Target. The OWL Test Cases were defined for any tool that implements OWL ontolo-
gies.

Purpose. The purposes of the OWL Test Cases are to check whether a tool (not nec-
essarily an ontology development tool but every tool that can manage OWL ontologies)
correctly deals with the OWL language, to clarify the formal meaning of the OWL con-
structors, and to show examples of their use. They are also intended as a guideline for the
developers of new tools, that want to implement the OWL language.

Language. There are test cases defined for all of the three sublanguages of OWL (Lite,
DL and Full).

Syntax. The OWL Test Cases assume that the ontology is written in correct RDF/XML
and do not have tests for checking whether the tools can deal with the variants allowed by
the RDF/XML syntax.

Valid ontologies. The OWL Test Cases contain sets of invalid ontologies, which use
invalid namespaces or incorrect OWL vocabulary terms. These tests are intended for
helping in the migration from DAML+OIL ontologies to OWL ontologies.

Xhttp://www.w3.0org/TR/2002/WD—owl-test-20021024/
25The OWL vocabulary terms are also called constructors.
Mhttp://www.w3.0rg/2003/08/owl-systems/test-results—out
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Type of Test

Description

Incorrect Use of the

The tool must import a document that includes a vo-

OWL Vocabulary cabulary term that does not belong to OWL.
The tool must import a document that contains an on-
Entailment tology from which it is possible to entail the conclu-

sions contained in a second document.

Non-Entailment

The tool must import a document that contains an on-
tology from which it is not possible to entail the con-
clusions contained in a second document.

These are a special case of entailment tests, in which

True Tests there is no ontology to import, but the conclusions
contained in a document can still be entailed.
These are a special case of true test, in which the con-
OWL for OWL clusions contained in a document follow directly from
the OWL Full semantics.
. The tool must import a document that contains a con-
Consistency . .
sistent (w.r.t. the OWL semantics) ontology.
. The tool must import a document that contains an in-
Inconsistency

consistent (w.r.t. the OWL semantics) ontology.

Import Entailment

The tool must import a document that imports one or
more documents. All together they entail the conclu-
sions contained in another document. The imported
documents are contained in the imports closure of the
document that imports them, i.e., they form subparts
of the premises.

Import Level

The tool must import a document that imports another
document, which is written in a different OWL sub-
language.

Semantics.

Table 2.2.:

Execution of the experiments.

Types of tests in the OWL Test Cases.

As the OWL Test Cases are targeted to any kind of technology that can deal
with OWL, a number of tests involving semantics are included. There are entailment and
non-entailment tests, consistency and inconsistency tests, and import test. Furthermore,
this kind of tests involve the simultaneous import of more than one RDF/XML document.

Each type of test shown in Table [2.2]is composed by
one or more documents. One document must be imported into the tool considered and
then, depending on the type of test, one of the following situations happen.

e The tool in which the document is imported should notify an error (i.e., in tests for
incorrect use of the OWL vocabulary and for inconsistency).

e The tool shows a valid ontology (i.e., in true tests, OWL for OWL, consistency, and
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import level tests).

e The knowledge shown by the tool after the import process must be equivalent to
that contained in another document that is part of the test (in all the remaining types
of tests).

EON 2003 Workshop

The central topic of the Second International Workshop on Evaluation of Ontology-based
Tools (EON 2003) was the evaluation of the interoperability of ontology development
tools.

In the experiments organized in this workshop, the participants were asked to model an
ontology in their ontology development tools and to perform different tests for evaluating
the import and export capability of the tool and its interoperability capabilities with other
tools using an interchange language [Corcho and Sure, 2003]].

The characteristics of this experimentation were the following:

Methodology. The activity had no underlying methodology, hence it was not really a
benchmarking activity but only an evaluation of the interoperability of ontology develop-
ment tools.

Language. There was no constraint in the choice of the interchange language. The par-
ticipants could choose the language they preferred (e.g., RDF(S), DAML+OIL, OIL, and
so on) and OWL was used as interchange language only in few experiments. Moreover,
OWL had not yet reached the status of Technical Recommendation of the W3C Consor-
tium, hence these experiments are outdated and may not reflect the actual specification of
OWL.

Procedure. There was no fixed procedure that all the participants should follow to per-
form the experiments. Hence, the interpretation of the results of the interoperability ex-
periments was localized to the single tools. As a consequence, neither general recommen-
dations could be provided (e.g., for the improvement of the ontology development tools),
nor best practices could be extracted from the experiments.

The experiments. During the experiments it was suggested to interchange the traveling
domain ontology developed in the previous EON workshop?’(EON2002). Different types
of experiments were performed in various tools by the participants: a summary of them
is presented in Table [2.3]and below:

1. Interoperability of Protégé 2.0 beta and OilEd [Calvo and Gennari, 2003]. In this
experiment, an ontology (in the osteoporosis domain) was developed in both tools,
then exported to RDF(S) and imported in the other tool.

Yhttp://km.aifb.uni-karlsruhe.de/ws/eon2002/
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Experiment From tool To tool Interchange Language

1. Protégé 2.0 Beta OilEd RDEFE(S)
OilEd Protégé 2.0 Beta RDEF(S)
2. Protégé-2000 1.8 WebODE 2.0 RDE(S)
WebODE 2.0 Protégé-2000 1.8 RDEFE(S)
3. DOE OilEd RDEFE(S)
DOE OntoEdit RDEFE(S)

DOE Protégé-2000 RDEF(S), OWL

DOE WebODE RDEF(S), OWL

OilEd DOE RDF(S) OWL
OntoEdit DOE RDE(S)

Protégé-2000 DOE RDEF(S), OWL

WebODE DOE RDEF(S), OWL
4, KAON SemTalk DAML
OilEd SemTalk DAML
OntoEdit SemTalk DAML
Protégé SemTalk RDEF(S)
WebODE SemTalk RDF(S)

Table 2.3.: Summary of the experiments carried out at EON2003.

. Interoperability of Protégé-2000 1.8 and WebODE 2.0 [Corcho et al., 2003]]. In
this experiment, the travel ontology has been developed in WebODE, exported in
RDEF(S), and imported in Protégé. At this point the ontologies in the two ontol-
ogy development tools where compared. Finally, the ontology was exported from
Protégé to RDF(S), imported to WebODE, and the results were analyzed again.

. Interoperability of DOE [Isaac et al., 2003|] with OilEd, OntoEdit, Protégé-2000,
and WebODE. This set of experiments concerned both RDF(S) and OWL, which
were used both as interchange language, between those ontology development tools
that already supported it (i.e., for OWL, only WebODE and Protégé). Experiments
were performed with the traveling domain ontology.

. Import in SemTalk [Fillies, 2003] the travel ontology modeled in KAON, OilEd,
OntoEdit, Protégé, and WebODE using DAML and RDF(S).

. In another experiment, Protégé was used for modeling the traveling domain ontol-
ogy and Protégé’s plugins were used for exporting the ontology to UML and OWL
[Knublauch, 2003].

The RDF(S) Interoperability Benchmarking

The Knowledge Web Network of Excellence organizes several benchmarking initiatives.
One of these activities concerns the evaluation of the interoperability of ontology devel-
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opment tools using RDF(S) as interchange language?®. This initiative started before the
benchmarking initiative presented in this thesis and is, at the time of writing this thesis, at
the end of the analysis of the Experiment phase.

The main characteristics of the interoperability benchmarking using RDF(S) as inter-
change language are thoroughly described in [Garcia-Castro and Gomez-Pérez, 2005a,
Garcia-Castro and Gomez-Pérez, 2005b|], and are outlined here.

Methodology. The RDF(S) interoperability benchmarking uses the Knowledge Web
benchmarking methodology introduced in Section [2.1.2]

Target. The tools targeted by this benchmarking initiative are ontology development
tools, ontology repositories, and other tools that have the ability to export ontologies to,
and import ontologies from the RDF(S) language.

Goals. The goals of the RDF(S) Interoperability Benchmarking are the same as those
of the OWL Interoperability Benchmarking: to assess and improve the interoperability of
ontology development tools using RDF(S) as interchange language, and to identify the
fragment of knowledge that these tool can share by means of the RDF(S) language.

Organization of the benchmarking. The benchmarks defined in the RDF(S) interop-
erability benchmarking are divided in three benchmark suites: an RDF(S) Import Bench-
mark Suite, an RDF(S) Export Benchmark Suite, and an RDF(S) Interoperability Bench-
mark Suite. The definition of three suites is due to the necessity of evaluating the im-
porters and exporters of the ontology development tools to the language (RDF(S)) used
in the benchmarking activity.

Bhttp://knowledgeweb.semanticweb.org/benchmarking interoperability/
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3. Approach

This chapter presents the approach followed in the development of this thesis. We first
list the insufficiencies of the State of the Art, we present the goals that we want to achieve
to overcome these insufficiencies, the limitations posed, and the hypothesis under which
we are going to develop the work presented in this thesis. Finally, we outline the general
guidelines that we will follow in the development of the work.

3.1. Insufficiencies of the State of the Art

The idea of the Semantic Web is to interchange knowledge by means of standard lan-
guages and, since the interest for the Semantic Web has raised in the last few years, the
development of software applications that support the Semantic Web has increased. More-
over, the W3C Consortium' puts a lot of efforts in the definition of standard languages for
interoperability.

However, the availability of several tools and languages is not enough to ensure interop-
erability, as the interchange of ontologies depends also from the importers and exporters
of the tools to the language chosen for this interchange. Indeed, how the RDF(S) interop-
erability benchmarking showed [Garcia-Castro et al., 2006], the level of interoperability
among ontology development tools using RDF(S) is not yet satisfactory.

The State of the Art presents insufficiencies with regard to the organization of interop-
erability benchmarking activities, the availability of benchmark suites, and the software
support for benchmarking.

Interoperability benchmarking. In the past, the only activities concerning the inter-
operability evaluation of Semantic Web technology have been the EON 2003 Workshop
and the interoperability benchmarking using RDF(S) as interchange language organized
by Knowledge Web. However, there have not yet been benchmarking activities involving
interoperability evaluation using OWL, and we do not have any information about the
interoperability of the tools.

Benchmark suites. There are other benchmark suites available with the purpose of
the evaluation of the interoperability of ontology tools (for example the three suites that
compose the RDF(S) Interoperability Benchmark Suite for ontology development tools)
but none of these suites is intended for assessing their interoperability using OWL as
interchange language.

'http://www.w3.0rg/
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Also the OWL Test Cases might be considered as a benchmark suite for the import of
OWL ontologies, but they are not suitable for that, as we explained in Section[2.3.2]

Software support. Although some interoperability evaluations took place in the past,
there is no software for supporting in evaluating interoperability or in automatizing the
analysis of the results. To the best of the authors’ knowledge, the only development in
that direction is the case of rdfsbs [Garcia-Castro, 2006], a tool developed for the exe-
cution of the RDF(S) benchmarking experiments on the WebODE ontology engineering
workbench.

3.2. Goals

The goals of the work presented in this thesis provide solutions to two of the insufficien-
cies of the State of the Art mentioned above, in particular:

Interoperability benchmarking. In this thesis we start with the organization of a
benchmarking activity concerning the interoperability of ontology development tools. Ac-
cording to the classifications of benchmarking presented in Section[2.1] our benchmarking
activity is competitive (i.e., it compares ontology development tools) and focused on per-
formance (i.e., it compares the performances of the importers and exporters of ontology
development tools).

The main goals of the benchmarking are the following:

e To assess and improve the interoperability of ontology development tools using
OWL as interchange language. This would result in knowing the current interoper-
ability of ontology development tools and in maximizing the knowledge that these
tools can interchange, while minimizing the information addition or loss.

e To identify the fragment of knowledge that ontology development tools can share
using OWL as interchange language. As this fragment becomes larger, more ex-
pressive ontologies can be interchanged among ontology development tools.

Benchmark suites. After organizing the benchmarking activity, there was the neces-
sity to define a benchmark suite for evaluating the import of OWL Lite ontologies into
ontology development tools. According to the definition of benchmark suite presented in
Section [2.1.1] our benchmark suite contains the single benchmarks and several additional
information: the tools target of the benchmark suite and their functionalities, the criteria
used in the evaluation of the results of the benchmark suite, other material relative to the
experiments, and the procedure to execute the experiments.
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3.3. Scope

Interoperability benchmarking. The work presented in this thesis instantiates the
Knowledge Web benchmarking methodology. In particular, the tasks that have been car-
ried out are all those of the Plan phase and the Experiment definition task of the Experi-
ment phase.

Interoperability scenario. We have described in Section the four different ap-
proaches to the interoperability in the Semantic Web. In this work, we apply the pivot
approach, using OWL as interchange language.

The language we have chosen is the less expressive of the three species of the OWL
Web Ontology Language, OWL Lite, as this choice allows to extend this work towards
OWL DL and OWL Full.

We have also chosen the RDF/XML syntax? for writing OWL ontologies as this is the
most used by ontology development tools for serializing OWL ontologies.

Software support. This work does not include the creation of any software that can
be used for automatizing the execution of the experiments (like the rdfsbs tool mentioned
above), the development of such a tool might be a future part of the benchmark suite.

3.4. General vision for approaching the solution

There are two levels on which the work presented in this thesis will be developed, accord-
ing to the goals we described in section [3.2] The first one is to organize a benchmarking
activity, and the second one is to define a benchmark suite for the import of OWL Lite
ontologies in ontology development tools to be used in the benchmarking.

Interoperability benchmarking. In order to organize a benchmarking activity, we
have instantiated the methodology for benchmarking ontology tools presented in Section
212

In the organization of the benchmarking, we studied the technology and planned the
benchmarking activity before starting to define a benchmark suite for interoperability.
We have used the same approach for the experimentation that was used in the RDF(S)
Interoperability Benchmarking. We realized that we needed three benchmark suites: one
for import, one for export, and one for interoperability. However, we did not need to
define all of them from scratch, since the suites for export and interoperability have been
reused from those of the RDF(S) Interoperability Benchmarking [Garcia-Castro, 2006]].

Benchmark suite. The process to define the benchmark suites for the evaluation of
ontology development tools interoperability using OWL as interchange language started
with the study of the knowledge models of OWL and of the ontology development tools,

nttp://www.w3.org/TR/rdf-syntax-grammar/
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since in the definition of the ontologies that compose the suites, acquaintance with the
knowledge models reduces the possibilities of designing redundant or invalid ontologies.

Before starting with the definition of the ontologies used in the benchmarks, we tried
two approaches that were not successful, then we found the one that we thought was the
correct one. In this approach, we divided the vocabulary terms of OWL into groups and
then defined the ontologies. Each ontology has been described in different ways, for a
better understandability.
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4. Benchmarking OWL
interoperability

This section presents the instantiation of the Knowledge Web benchmarking methodology
(described in Section [2)) for benchmarking the interoperability of ontology development
tools using OWL as interchange language.

The benchmarking methodology developed in Knowledge Web was used in the RDF(S)
Interoperability Benchmarking and has been adopted also for the OWL Interoperability
Benchmarking presented in this thesis. We introduce here how the tasks of the methodol-
ogy have been carried out. At the time of writing this thesis, we do not have yet started
with the Experiment phase, hence we will not present the instantiation of the Improve
phase.

4.1. Plan Phase

The tasks in this phase are those related with the organization and the planning of the
benchmarking activity. In the case of the OWL interoperability benchmarking, they are:

Goals identification. The benchmarking initiator wanted to know, and to improve
if needed, the interoperability of WebODE!, the ontology development tool developed in
his group (the Ontology Engineering Group, OEG?), comparing it with other ontology de-
velopment tools and decided to start a benchmarking activity. The benchmarking initiator
identified the benefits (e.g., an improved tool brings compliance with current technology
and a broader user base) and estimated the costs related to the benchmarking process.

Tools and metrics identification. The functionalities that would be investigated in
the benchmarking activity are the importers and exporters of ontology development tools
to OWL. The benchmarking initiator also decided the best objective criteria to evalu-
ate these functionalities, which are the fragment of OWL that the tools can interchange
correctly and the OWL components that WebODE can interchange with other ontology
development tools.

Participant identification. The benchmarking initiator selected the members of the
OEG group that did take part in the benchmarking process, forming the benchmarking

http://webode.dia.fi.upm.es/WebODEWeb/index.html
http://www.oeg-upm.net

31


http://webode.dia.fi.upm.es/WebODEWeb/index.html
 http://www.oeg-upm.net

team after obtaining their availability. The team is composed by the benchmarking ini-
tiator, the current maintainer of WebODE, and the developer of the OWL importers and
exporters of WebODE.

Proposal writing. The benchmarking initiator wrote the proposal document as a web
page’, which is publicly available for comments, proposals, suggestions, and feedback in
general. This page provides all information about the benchmarking, in particular:

e The goals of the benchmarking (i.e., to identify the fragment of the knowledge
models shared by the tools that they can use to interoperate and to improve the in-
teroperability of ontology development tools using OWL as interchange language).

e The benefits for developers and users of ontology development tools (i.e., to know
in detail the actual interoperability of their ontology development tools, to know
the set of terms in which interoperability between their ontology development tools
can be achieved, and to show that their ontology development tools are able to
interoperate and are among the best).

e The benefits for the Semantic Web community and the industrial sector (i.e., to
obtain a significant improvement in the interoperability of ontology development
tools, to know the best practices that are performed when developing the import
and export facilities of ontology development tools, to obtain instruments to assess
the interoperability of ontology development tools, and to know the best-in-class
ontology development tools regarding interoperability).

e The experiments (i.e., the different stages that compose the benchmarking execu-
tion, that will be presented in detail in Section 4.2 below).

e The benchmark suites used in this benchmarking activity: OWL Lite Import Bench-
mark Suite, OWL Export Benchmark Suite, and OWL Interoperability Benchmark
Suite. For each of them, an additional web page has been set up, with all the bench-
marks, the procedure to execute the experiments, the evaluation criteria, and the
templates that must be filled with the results of the experiments.

Management involvement. The proposal document was submitted to the director
of the OEG group for her approval. She discussed the proposal with the benchmarking
team, gave her authorization to proceed with the benchmarking activity, and granted the
financial support to the benchmarking team.

Partner selection. The benchmarking team collected information about the ontology
development tools developed by partners in the Knowledge Web project, then extended
its research to other ontology development tools developed by external organizations. For
each tool found, different types of information were collected and reported: its name, the

3http://knowledgeweb.semanticweb.org/benchmarking_interoperability/owl
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name of the organization that develops it, and the home page of the tool. Table @.1|shows
these informations for the tools found by the benchmarking initiator.

Tool Organization URL
Cerebra
Cerebra http://www.cerebra.com/products/repos_bench_it.html
Workbench
Universit of
COBrA . y http://xspan.org/applications/cobra/
Edinburgh
.- . http://www.intellidimension.com/pages/site/
InferEd Intellidimension
products/infered/
Integrated
Ontolo
gy IBM http://www.alphaworks.ibm.com/tech/semanticstk
Development
Toolkit
IODE Ontologyworks http://www.ontologyworks.com/iode.php
. W3C Consor-
IsaViz . http://www.w3.0rg/2001/11/Isaviz/
tium
LinkFactory Language and
. http://www.landcglobal.com/pages/linkfactory.php
Workbench computing nv
Universitit
KAON2 http://kaon2.semanticweb.org/
Karlsruhe
. Universit of
OilEd y http://oiled.man.ac.uk/
Manchester
OntoStudio Ontoprise http://www.ontostudio.de/
L Stanford
Protege . . http://protege.stanford.edu/
University
. http://www.altova.com/products/semanticworks/
SemanticWorks | Altova
semantic_web_rdf_owl_editor.html
SemTalk Semtation http://www.semtalk.com/
SMORE Mindswap http://www.mindswap.org/2005/SMORE/
SWOOP Mindswap http://www.mindswap.org/2004/SWOOP /
University Paris http://www-lipn.univ-parisl3.fr/%$7Eszulman/
TERMINAE y
North TERMINAE . html
Universidad
WebODE Politécnica de http://webode.dia.fi.upm.es/WebODEWeb/index.html
Madrid

Table 4.1.: Ontology development tools capable of importing/exporting OWL

The functionalities of these tools were investigated, in order to find which of them can
import and export OWL ontologies. Besides their functionalities, the ontology develop-
ment tools considered should also meet the criteria previously defined by the benchmark-
ing team in order to take part to the benchmarking process: the importance of the tool in
the community or in the industry, the use of the latest available technologies, the wide use
of the tool by the community, and the public availability of the tool.
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A call for participation was sent to the members of Knowledge Web and some of the
interested organizations provided useful feedback. The document containing the bench-
marking proposal was therefore modified according to their suggestions on the process to
follow in the benchmarking process. The updated proposal document was then approved
by all partners.

Planning and resource allocation. The directors of all the organizations and all
the benchmarking teams discussed the updated benchmarking proposal and planned the
future stages of the benchmarking process, taking into account the available resources,
both financial and human, and ended up with a tentative scheduling of the tasks of the
next phases: deadlines for definition of the benchmarking, proposal of working days for
the execution of the experiments, and for the presentation of the results.

4.2. Experiment Phase

The execution of the experiments has not yet started by the time of writing this thesis. We
describe here how the Experiment definition task was carried out.

Experiment definition. Before starting with the definitions of the ontologies con-
tained in the benchmarks, the benchmarking teams studied various technical documents of
the W3C consortium about the OWL Web Ontology language, especially the OWL Guide
[Smith et al., 2004, the OWL Test Cases [Carroll and Roo, 2004]], and the OWL Abstract
Syntax and Semantics [Patel-Schneider et al., 2004]], in order to increase its knowledge
about the language used in the benchmarking. The first result was to create an interoper-
ability benchmark suite for OWL Lite, as this is the less expressive of the sublanguages
of OWL and benchmark suites for OWL DL and OWL full might be created on top of the
one for OWL Lite.

The benchmarking teams decided to follow the same approach of the RDF(S) inter-
operability benchmarking, assessing the functionalities of the importers and exporters of
ontology development tools before actually evaluating their interoperability.

For this purpose, we needed three different benchmark suites: two of them are intended
to evaluate importers and exporters of the ontology development tools, while the third one
is intended for the evaluation of interoperability of ontology development tools. These
three benchmark suites were assessed and agreed on by all the members involved in the
benchmarking initiative, to ensure their quality.

The benchmarking teams also realized that the RDF(S) Export and Interoperability
Benchmark Suites [Garcia-Castro, 2006] could be used in the OWL Interoperability bench
marking. The Export and the Interoperability suites, indeed, are independent from the
interchange language. Therefore, these two suites have been reused without any modifi-
cations, but changing their names to OWL Export Benchmark Suite and OWL Interoper-
ability Benchmark Suite respectively.

The benchmarking teams set up a planning for the execution of the experiments, which
is shown in Figure 4.1|and consists of three stages, described below.
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Agreement stage Evaluation stage 1 Evaluation stage 2
* Benchmark suites * Import and Export * Interoperability
definition experiments experiments

Figure 4.1.: The experimentation phases

Agreement stage. The agreement stage concludes all the theoretical work that has been
produced for the definition of the benchmark suites. All the partners involved in the
definition of the benchmark suites shall agree on their quality. This agreement is
necessary to state that the benchmark suites satisfy the principles defined in Section
2.1 and to allow the benchmarking teams to start the experiments on the ontology
development tools with the same benchmarks.

Evaluation stage 1. In the first stage of evaluation, the benchmarking teams execute the
import and export experiments on the tools. The outcomes of the tools are used
to fill a result template, which may contain also comments and other information,
for a more complete overview of each experiment (see also Section [5.6| for more
details). These results are then analyzed: they show strengths and weaknesses of
the importers and exporters of the tool and provide guidelines on how to improve
them.

Evaluation stage 2. In the second stage of the evaluation, experiments on the interop-
erability of the ontology development tools are carried out. The result of these
experiments will allow for reaching the goals of the benchmarking initiative: it will
become clear which fragment of knowledge ontology development tools can share
and it will be possible to assess the current state of interoperability among ontology
development tools and to provide guidelines for their improvement.

All the material produced (i.e., the three benchmark suites and all additional data and
information necessary to the execution of the experiments) is made available to the part-
ners on the benchmarking web page*. This gives also the possibility to people or orga-
nizations, which are interested in benchmarking OWL interoperability, but that have not
been contacted, to participate or to perform their own experiments.

4http://knowledgeweb.semanticweb.org/benchmarking_interoperability/owl/
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5. The OWL Lite Import Benchmark
Suite

In this chapter we present in detail the process followed to develop the OWL Lite Import
Benchmark Suite, which is intended to evaluate the OWL import capabilities of ontol-
ogy development tools. We show here the approaches followed: the first and the second
were discarded, whereas the third is the one which revealed the most convenient for our
case. This last approach foresees the creation of groups of benchmarks, according to the
OWL Lite Semantics and Abstract Syntax ([Patel-Schneider et al., 2004]). For each of
this groups, we present the OWL axioms involved, some example of the benchmarking
defined, the criteria that shall be used for the evaluation of the outcomes of the ontol-
ogy development tools, and the procedure that has to be followed for carrying out the
experiments.

5.1. Hypothesis

The assumptions we took for the development of the OWL Interoperability Benchmark
Suite are the following:

e The use of OWL Lite for the definition of the ontologies.

e To use the RDF/XML syntax for writing OWL ontologies as this is the most used
by ontology development tools for importing and exporting ontologies.

e To only define correct ontologies. The ontologies defined in the benchmarks do not
contain syntactic or semantic errors, and in order to ensure the syntactic correct-
ness of the ontologies, we decided to use an OWL validator. Our choice was the
WonderWeb OWL Ontology Validator!.

e To only define simple ontologies. In the list of benchmarks that we have defined
there are no complex ontologies, but only simple ones. Indeed, when importing
a complex ontology, it becomes difficult to detect errors, for example when some
components are lost in the import process.

e The number of benchmarks should be small. Benchmarking is a process that con-
sumes a lot of resources, and any increase in the number of benchmarks leads to an
increment in the time required for performing the experiments and for the subse-
quent analysis of the results.

'http://phoebus.cs.man.ac.uk:9999/0WL/Validator
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5.2. Typology of benchmarks

One of the goals of this benchmark suite is to identify the fragment of the OWL knowledge
model that ontology development tools can use to interchange ontologies. We decided to
concentrate our efforts in the definition of benchmarks that cover the largest possible frag-
ment of the knowledge model of OWL, but we realized that we had to consider also the
different variants for expressing knowledge allowed by the RDF/ XML syntax in which
the OWL ontologies could be written

Hence, we decided to separate the benchmarks related with the OWL Lite knowledge
model (i.e., defining benchmarks to check the import of the different combinations of
the OWL Lite vocabulary terms) from those that are related with the variants of the
RDF/XML syntax, by defining a separated group.

5.3. Benchmarks that depend on the OWL Lite
knowledge model.

These benchmarks check the import of ontologies with different combinations of the
OWL Lite vocabulary terms.

Before starting with the definition of the single benchmarks, we analyzed the OWL
vocabulary and tried to figure out the possible development process for the composition
of the suite, but our first and second tentatives revealed ineffective. We briefly describe
here these two approaches, and then extensively present the final one.

5.3.1. The first approach

RDEF(S) Shared OWL Lite OWL DL/Full

Figure 5.1.: The first approach to build the OWL Lite Import Benchmark Suite

The OWL language uses also some of RDF and RDF Schema vocabulary terms, so
our idea was to split the OWL and RDF(S) vocabularies in three groups, like Figure
shows, and obtain a layered benchmark suite that could be executed incrementally.

However, the vocabulary terms of RDF(S) cannot form a stand-alone group, since
they must be used in conjunction with the OWL vocabulary. As an example, consider
that the terms rdfs:subClassOf, rdfs:subPropertyOf, rdfs:range, and
rdfs:domain cannot be used without being related to owl :DatatypeProperty,
owl:0bjectProperty, or owl:Class. Moreover, the class rdfs:Literal is
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used for expressing the range of datatype properties and therefore must be used in con-
junction with the owl :DatatypeProperty vocabulary term.

Hence, we discarded this solution, keeping only the idea of a layered approach to the
solution, as the semantics of OWL Lite, OWL DL and OWL Full suggests.

5.3.2. The second approach

a The OWL Import Benchmark Suite N

TBox Suite ABox Suite
. (P;lasses' * Classes * Relations
* Properues * Properties  ® Instances
\0 Relations P /

Figure 5.2.: The second approach to build the OWL Lite Import Benchmark Suite

The second idea for defining the benchmark suite considered the creation of two dis-
tinct benchmark suites: one for TBox with definitions of classes, properties, and relations
among them and another for ABox adding instances to at least some of the TBox on-
tologies. With this separation, we wanted to resemble the semantics that OWL inherits
from the Description Logics formalism. However, this idea was discarded for several
reasons: the final benchmark suite would have comprised too many benchmarks, most of
them would have been very similar to each other or redundant, and the time and human
resources needed to carry out the experiments and to analyze the results would have been
too long.

5.3.3. The final approach

We finally decided to simplify the second tentative and split the benchmarks related to
the OWL knowledge model into three parts, each of them focusing on one of the main
components of the OWL knowledge model: classes, properties, and instances.

Each part was further divided into groups, for the sake of clarity. The groups have
been defined by keeping in mind the productions of the OWL Semantics and Abstract
Syntax [Patel-Schneider ef al., 2004]], although we did not took into consideration these
productions for defining the groups of the OWL Lite Import Benchmark Suite, but only
for defining the ontologies.

Indeed, there is some difference between the groups of productions defined by the OWL
Abstract Syntax and the groups defined in the OWL Lite Import Benchmark Suite. The
productions of the OWL Abstract syntax are divided in three groups (i.e., ontology, facts,
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and axioms), while we have created more groups in order to have a clearer organization
of the benchmarks.

The process that we followed to define the ontologies contained in the benchmarks was
the following. We first defined the ontologies in natural language, then we expressed
them in the OWL abstract syntax using the productions, and finally we wrote them in the
RDF/XML syntax.

In the definition of the ontologies, we took the different possibilities to define classes
(i.e., with a class identifier, with a value or cardinality restriction on a property, or with the
intersection operator), properties (i.e., object and datatype properties with range, domain,
and cardinality constraints, relations between properties, global cardinality constraints,
and logical property characteristics), and instances (i.e., with named and anonymous in-
dividuals, equivalence and differences among individuals) in OWL.

We considered at most one or two OWL vocabulary terms at a time, then we considered
all the possible combinations of these terms with the remaining. We then defined in nat-
ural language the ontologies that would have composed the groups. Moreover, according
to the goals of benchmarks, we decided to discard those vocabulary terms that do not con-
tribute to the OWL expressiveness, which are those for annotation properties, versioning,
and heading.

When the number of the ontologies defined was large, we pruned the benchmark suite
and also decided to consider the combinations of the OWL vocabulary terms with a car-
dinality of zero, one, and two, assuming that the result for higher cardinality equals the
result for cardinality two.

The reminder of this Section presents in details the ontologies defined for the bench-
marks in each group, along with the vocabulary terms and the productions (axioms) in-
volved.

The conventions used in the productions are: a start symbol of the language is capi-
talized, otherwise it is lowercase. Terminals are quoted. Alternatives are separated by a
colon (|) or given in different productions. Square brackets ([. ..]) indicate elements that
occur at most once. Braces ({. . .}) indicate elements that can occur any number of times,
including zero.

Benchmarks for Classes

The initial step was to enumerate the different possibilities that can be used for the de-
scription of classes in OWL Lite and list the corresponding OWL vocabulary.

In OWL Lite, classes can be described by a class identifier, by a value or cardinality
restriction on a property, or by the intersection operator. From these building blocks, we
used the OWL Lite class axioms and restriction axioms and defined the different ways of
describing a class in OWL Lite with these class descriptions and axioms.

We decided to group the benchmarks according to the following criteria: description of
classes and class hierarchies, description of class equivalence and description of classes
by set operator.
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Group A: Classes and class hierarchies

These benchmarks are intended for checking the import of classes and class hierarchies.
This group includes classes that are subclass of value restrictions and cardinality restric-
tions on properties and classes that are subclass of class intersections.

In this group, we focus on vocabulary terms of both RDF(S) and OWL?:

rdfs:subClassOf, owl:Class, owl:Restriction, owl:onProperty,
owl:someValuesFrom, owl:allValuesFrom, owl:cardinality,
owl:maxCardinality, owl:minCardinality, owl:intersectionOf

The productions we used for defining the benchmarks are:

axiom ::= ’'Class(’classID modality
{super}’)’
modality ::= ’'partial’
super ::= classID | restriction
restriction ::= ’'restriction(’datavaluedPropertyID

dataRestrictionComponent ')’
| "restriction(’individualvaluedPropertyID
individualRestrictionComponent ")’
dataRestrictionComponent ::= "allValuesFrom(’ dataRange ’)’
| "someValuesFrom(’ dataRange ')’
| cardinality
individualRestrictionComponent ::= "allValuesFrom(’ classID ')’
| "someValuesFrom(’” classID ')’
| cardinality
cardinality ::= "'minCardinality(0)’” | "'minCardinality (1)’
| 'maxCardinality(0)’ | ’'maxCardinality (1)’
| "cardinality(0)’ | "cardinality (1)’
dataRange ::= datatypeID | ’rdfs:Literal’
datatypelID ::= URIreference
classID ::= URIreference
datavaluedPropertyID ::= URIreference
individualvaluedPropertyID ::= URIreference

To see how the productions of the OWL abstract syntax are used in the definition of
the OWL ontologies, consider the ontology of benchmark ISAO7. This ontology con-
tains a class (e.g., Driver), which is subclass of an anonymous class defined by an
owl:someValuesFrom value restriction in the object property hasCar, which can
have only instances of class Car as range.

In the abstract syntax, we can express this ontology as follows:

Ontology( <http://www.example.org/ISA07.owl>
ObjectProperty (myNs:hasCar)

Class (myNs:Car partial)

Class (myNs:Driver partial

’In boldface we highlight the main vocabulary terms of the group.
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restriction (myNs:hasCar someValuesFrom(myNs:Car)))

)
The ontology is written in the RDF/XML syntax as follows:

<owl:Ontology rdf:about="#" />
<owl:ObjectProperty rdf:about="&myNs;hasCar"/>
<owl:Class rdf:about="&myNs;Driver">
<rdfs:subClassOf>
<owl:Restriction>
<owl:onProperty rdf:resource="&myNs;hasCar"/>
<owl:someValuesFrom>
<owl:Class rdf:about="&myNs;Car" />
</owl:someValuesFrom>
</owl:Restriction>
</rdfs:subClassOf>
</owl:Class>

Group B: Class equivalence

These benchmarks are intended for checking the import of class equivalences. This group
includes classes equivalent to value restrictions and cardinality restrictions on properties
and classes equivalent to intersection of classes. Moreover, this group and group A are
also intended to stress the ability of ontology development tools to cope with the differ-
ence between a subclass relation and an equivalent class relation. The benchmarks in this
group are alike those in Group A that define hierarchies: the difference is that in Group A
there are primitive classes (i.e., withmodality = ’'partial’) andin group B there

are defined classes (i.e., withmodality = ’complete’).
The vocabulary terms involved in this group are:

owl:equivalentClass, owl:Class, owl:Restriction, owl:onProperty,
owl:someValuesFrom, owl:allValuesFrom, owl:cardinality,
owl:maxCardinality, owl:minCardinality, owl:intersectionOf

The productions we used for defining the benchmarks are:

axiom ::= ’'Class(’classID modality
{super}’)’
axiom ::= ’'EquivalentClasses (’classID classID {classID}’)’
modality ::= 'complete’
super ::= classID | restriction | description
restriction ::= ’'restriction(’datavaluedPropertyID

dataRestrictionComponent’)’
| "restriction(’individualvaluedPropertyID
individualRestrictionComponent’ )’
dataRestrictionComponent ::= "allValuesFrom(’dataRange’)’
| "someValuesFrom(’dataRange’ )’

| cardinality
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individualRestrictionComponent ::= "allValuesFrom(’classID’)’
"someValuesFrom(’classID’ )’

|
| cardinality
cardinality ::= "'minCardinality(0)’” | ’"minCardinality (1)’
| 'maxCardinality(0)’ | 'maxCardinality(l)’
| "cardinality(0)’ | "cardinality (1)’
dataRange ::= datatypeID | 'rdfs:Literal’
datatypelID ::= URIreference
classID ::= URIreference
datavaluedPropertyID ::= URIreference
individualvaluedPropertyID ::= URIreference

Group C: Class defined with set operators

The ontologies defined in this group consist of classes defined by means of set operators.
Although the OWL language has three vocabulary terms for expressing set operations
(i.e., owl:unionOf, owl:intersectionOf, and owl:complementOf, which
correspond to logical disjunction, conjunction, and negation respectively), OWL Lite can
only express classes that are intersection of other classes.

The vocabulary terms involved in this group are :

owl:intersectionOf, owl:Class

The production we used for defining these benchmarks are:

axiom ::= ’Class(’classID modality {super}’)’
modality ::= ’‘complete’ |’partial’

super ::= classID

classID ::= URIreference

Benchmarks for Properties

We identified the different ways provided by the OWL Abstract Syntax to define a prop-
erty. In OWL Lite, properties can be either object properties, i.e., properties that link a
class with another class, or datatype properties, i.e., properties that link a class to a data
value (e.g., a string, an integer, a boolean value and so on).

We grouped the benchmarks in this group according to the following criteria: descrip-
tion of properties and property hierarchies, properties with domain and range, relations
between properties, and global cardinality constraints and logical characteristics of prop-
erties.

Group D: Property and property hierarchies

These benchmarks are intended for checking the import of properties and property hier-
archies.
The vocabulary terms involved are:
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owl:ObjectProperty, owl:DatatypeProperty, rdfs:subPropertyOf.
The axioms of the abstract syntax used in this group are:

axiom ::= ’'DatatypeProperty (’datavaluedPropertyID
{’" super (' datavaluedPropertyID’)}’)’
| "ObjectProperty(’individualvaluedPropertyID
{" super (' individualvaluedPropertyID’)’}’ )’

datatypelID ::= URIreference
datavaluedPropertyID ::= URIreference
individualvaluedPropertyID ::= URIreference

Group E: Property with domain and range

The ontologies in this group describe properties that have from one to three domain and/or
range constraints. We do not consider in this group properties with no range and domain
constraint, as they are included in group D.

The vocabulary terms involved in this group are:

owl:Class, owl:0bjectProperty, owl:DatatypeProperty,
rdfs:range, rdfs:domain, rdfs:Literal.

The axioms of the abstract syntax are:

axiom ::= ’'DatatypeProperty (’datavaluedPropertyID
{"domain (' classID’)’ }{’ range (' dataRange’)’}")’
| "ObjectProperty(’individualvaluedPropertyID
{"domain (" classID’)’ }{’range (' classID’)’"}")’

datatypelID ::= URIreference

classID ::= URIreference
datavaluedPropertyID ::= URIreference
individualvaluedPropertyID ::= URIreference

Group F: Relation between properties

These benchmarks are intended for checking the import of equivalences among object
properties and among datatype properties and the import of object properties which are
one inverse of the other. It is not possible to define the inverse of a datatype property,
since the inverse relation would have a literal (i.e., a data value) as its domain, and this is
not allowed in OWL Lite.

The vocabulary terms involved are:

owl:Class, owl:0ObjectProperty, owl:DatatypeProperty,
rdfs:range, rdfs:domain, rdfs:Literal,

owl:equivalentProperty, owl:inverseOf.

In this group we use the following axioms:
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axiom ::= ’'DatatypeProperty (’datavaluedPropertylID
{"domain (' classID’) "’ }{’ range (' dataRange’ )’ }")’
| "ObjectProperty(’individualvaluedPropertyID
{"domain (' classID’)’ }{’'range (' classID’)’"}")’
[/inverseOf (' individualvaluedPropertyID’ )’ ]
axiom ::= ’'EquivalentProperties (’datavaluedPropertyID
datavaluedPropertyID
{datavaluedPropertyID}’)’
| "EquivalentProperties (’individualvaluedPropertyID
individualvaluedPropertyID
{individualvaluedPropertyID}’ )’
dataRange ::= datatypeID | ’'rdfs:Literal’
datatypelID ::= URIreference
classID ::= URIreference
datavaluedPropertyID ::= URIreference
individualvaluedPropertyID ::= URIreference

Group G: Global cardinality constraints and logical characteristics of
properties

In OWL, object and datatype properties can be further described with more expressive
characteristics. The ontologies in this group describe properties with domain and range,
that are also symmetric, transitive, functional, or inverse functional. Datatype properties
can be specified only as functional, since the other specifications would lead to have
literals in the domain of the datatype property, which is forbidden in OWL Lite.

The vocabulary terms involved are:

owl:Class, owl:0ObjectProperty, owl:DatatypeProperty,
rdfs:range, rdfs:domain, rdfs:Literal,
owl:SymmetricProperty, owl:TransitiveProperty,

owl :FunctionalProperty, owl:InverseFunctionalProperty.

The axiom used for generating ontologies in this group are:

axiom ::= ’'DatatypeProperty (’datavaluedPropertyID {[’Functional’]
{"domain (" classID’’)’} {’range (’dataRange’)’}’)’
| "ObjectProperty(’individualvaluedPropertyID
[/inverseOf (' individualvaluedPropertyID’ )’ ]

["Functional’ | 'InverseFunctional’ |
"Functional’ ’'InverseFunctional’ |
"Transitive’] [’Symmetric’]
{"domain (' classID’)’} {’range(’classID’)’"}")’
dataRange ::= datatypeID | ’'rdfs:Literal’
datatypelID ::= URIreference
classID ::= URIreference
datavaluedPropertyID ::= URIreference
individualvaluedPropertyID ::= URIreference
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Benchmarks for Instances

We enumerate the possibilities that the OWL Abstract syntax allows for defining facts
about instances (individuals). In OWL Lite, individuals are instances of classes related
by properties to other individuals. There are also special built-in properties for asserting
relationships among them. Individuals can be either named or anonymous.

Group H: Single individuals

The easiest way to describe an individual is to instantiate a class: the ontologies in this
groups define one or more classes which have single or multiple individuals as instances.

The only vocabulary terms involved in this group are owl:Class and rdf:type.
The OWL Lite axioms used in this group are:

axiom ::= ’"Class(’classID’)’

fact ::= individual

individual ::= ’Individual (' [individualID] {’type(’type’)’}
{value}’)"

value ::= ’value(’individualvaluedPropertyID individualID ")’

| "value (’individualvaluedPropertyID individual 7))’
| "value (’datavaluedPropertyID datalLiteral ")’

type ::= classID

datatypelID ::= URIreference

classID ::= URIreference

datavaluedPropertyID ::= URIreference

individualvaluedPropertyID ::= URIreference

individuallID ::= URIreference

Group I: Named individual and properties

Individuals can be related one to each other by means of user defined properties. In each
ontology of this group, there is one object or datatype property with possibly different
classes as domain and range and individuals as instance of these classes. Moreover, the
object and datatype properties are simple (i.e., the are no logical characteristics of proper-
ties specified) and, in the case of datatype properties, there are also data values (we used
only strings).

The vocabulary terms are used for defining classes and properties with range and do-
main constraints. The individuals are instances of these classes and properties.

owl:Class, rdf:type, owl:0ObjectProperty, owl:DatatypeProperty,
rdfs:range, rdfs:domain, rdfs:Literal.

The axioms covered in this group are:

axiom ::= ’"Class(’classID’)’
| "DatatypeProperty (’ datavaluedPropertyID
{"domain(’ classID’ ’)’}{’'range(’ dataRange ')’}’)’
| "ObjectProperty(’ individualvaluedPropertyID
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{"domain(’ classID ’)’}{’range(’ classID ")’"}")’
fact ::= individual

individual ::= ’Individual (' [individualID] {’type(’'type’)’}
{value}’)’
value ::= ’value(’individualvaluedPropertyID individualID ")’

| "value (’individualvaluedPropertyID individual 7))’
| "value (’datavaluedPropertyID datalLiteral 7))’

type ::= classID

datatypelID ::= URIreference

classID ::= URIreference

datavaluedPropertyID ::= URIreference

individualvaluedPropertyID ::= URIreference

individualID ::= URIreference

Group J: Anonymous individuals and properties

Individuals in OWL can also be anonymous, i.e., we can refer to them without giving
them an explicit name, but they can be used in assertions.

The vocabulary terms are used for defining classes and properties with range and do-
main constraint.

owl:Class, rdfs:range, rdfs:domain, rdf:type, rdfs:Literal,
owl:0bjectProperty, owl:DatatypeProperty

The OWL Lite axioms involved in this group are:

axiom ::= ’'Class(’classID’)’
| "DatatypeProperty (’datavaluedPropertyID
{"domain (' classID’)’ }{’ range (' dataRange’)’}’)’
| "ObjectProperty(’individualvaluedPropertyID
{"domain (' classID’)’ }{’'range (' classID’)"}")’
fact ::= individual

individual ::= ’Individual (' [individualID] {’type(’'type’)”’}
{value}’)’
value ::= ’'value(’individualvaluedPropertyID individualID’)’

| "value ('’ individualvaluedPropertyID individual’)’
| "value ('datavaluedPropertyID dataLiteral’)’

type ::= classID

datatypelID ::= URIreference

classID ::= URIreference

datavaluedPropertyID ::= URIreference

individualvaluedPropertyID ::= URIreference

individualID ::= URIreference

Group K: Individual identity

The OWL vocabulary consists also of built in predicates (i.e., terms) to express basic
relations among individuals. This terms can be used to state that two individuals are the
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same or that are different and to state that in a set of individuals, each of them is different
from the others.

The vocabulary terms are used for defining classes and properties with range and do-
main constraint.

owl:Class, owl:0bjectProperty, owl:DatatypeProperty, rdfs:range,
rdfs:domain, rdfs:Literal, rdf:type, owl:differentFrom,
owl:sameAs, owl:AllDifferent, owl:distinctMembers

The axioms involved in this group are:

axiom ::= ’'Class(’classID’)’
fact ::= ’'SameIndividual (' individuallID
individuallID

{individualID}’)’
| '"DifferentIndividuals (’individuallID
individualID
{individualID}’ )’

fact ::= individual

individual ::= ’Individual (' [individualID] {’type ('type’)’}
{value}’)”

value ::= ’'value(’individualvaluedPropertyID individualID’)’

| "value (’individualvaluedPropertyID individual’)’
| "value ('datavaluedPropertyID datalLiteral’)’
type ::= classID

datatypelID ::= URIreference

classID ::= URIreference
datavaluedPropertyID ::= URIreference
individualvaluedPropertyID ::= URIreference
individuallID ::= URIreference

The reader can note that there is no explicit production that generates the vocabulary terms
owl:AllDifferent and owl:distinctMembers. The abstract syntax of OWL
allows to produce only pairwise disjoint individuals, and these two vocabulary terms are
indeed intended as a shortcut for expressing that, given a set of individuals, each of them
is unique and different from all the other in the set.

5.4. Benchmarks that depend on the syntax.

These benchmarks check the correct import of OWL ontologies with the different variants
of the RDF/XML syntax, as stated in the RDF/XML specification. These benchmarks
are arranged into different categories, each of which checks one different aspect of the
possible RDF/XML variants.

These syntactic variants are the same as those considered in the RDF(S) Import Bench-
mark Suite. However, the ontologies defined in each benchmark suite are different, as in
one case they are written in RDF(S) and in the other case in OWL. The benchmarks that
depends from the syntax form a group on their own (i.e., group L).
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URI references. There are different possibilities to refer to a resource on the web,
listed below. For each of them we have defined a benchmark.

e using an absolute URI references, e.g.,

<rdf:Description
rdf:about="http://www.example.org/ontology#Man"/>

e using an URI reference relative to a base URI, e.g.,

xml:base="http://www.example.org/ontology#"

<rdf:Description rdf:about="#Man" />

e using an URI reference transformed from rdf : ID attribute values, e.g.,

<rdf:Description rdf:ID="Man"/>

e using an URI reference relative to an ENTITY declaration, e.g.,

<!ENTITY myNs "http://www.example.org/ontology#">
xmlns:myNs="http://example.org/ontology#">

<rdf:Description rdf:about="&myNs;Man" />

Abbreviations. Each statement in OWL is composed by exactly one subject, one pred-
icate and one object and this is also what happens in the RDF/XML syntax. However,
there are cases in which the RDF/XML syntax relaxes this constraint, allowing to group
statements with a same subject or to shorten the RDF/XML code, like the examples in the
following four subcategories show. Here there are benchmarks for evaluating the import
of descriptions of empty nodes, of multiple properties, of typed nodes, of string literals,
and of blank nodes. For each subcategory we have defined two benchmarks.

e Empty nodes. The following two descriptions of Woman define exactly the same
concept, but the second is written more compactly.

<rdf:Description rdf:about="#Woman">
<rdf:type>
<rdf:Description rdf:about="&owl;Class">
</rdf:Description>
</rdf:type>
</rdf:Description>
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<rdf:Description rdf:about="#Woman">
<rdf:type rdf:resource="&owl;Class" />
</rdf:Description>

Multiple properties or properties with multiple ranges and domains. The following
example shows how to group statements relative to a same property.

<owl:DatatypeProperty rdf:about="#hasName">
<rdfs:domain rdf:resource="&myNs;Person"/>
</owl:DatatypeProperty>
<owl:DatatypeProperty rdf:about="#hasName">
<rdfs:range rdf:resource="&rdfs;Literal"/>
</owl:DatatypeProperty>

<owl:DatatypeProperty rdf:about="#hasName">
<rdfs:domain rdf:resource="&myNs;Person"/>
<rdfs:range rdf:resource="&rdfs;Literal"/>

</owl:DatatypeProperty>

Typed nodes. They can be expressed in two equivalent ways:
<rdf:Description rdf:about="#Man">

<rdf:type rdf:resource="&owl;Class"/>
</rdf:Description>

<owl:Class rdf:about="#Man"/>

A string literal can be expressed as the object of an OWL statement or as XML
attribute.
<myNs:Person rdf:about="#JohnDoe">
<myNs :hasName>John</myNs:hasName>
<myNs:hasSurname>Doe</myNs:hasSurname>
</myNs:Person>

<myNs:Person rdf:about="&myNs; JohnDoe"
myNs :hasName="John" myNs:hasSurname="Doe"/>

Blank nodes are used to identify unnamed individuals. The following two OWL
snippets identify the same resource.

<myNs:Person rdf:about="#John">
<myNs:hasChild rdf:nodeID="nodel" />

</myNs:Person>

<myNs:Child rdf:nodeID="nodel">
<myNs:hasName>Paul</myNs:hasName>

</myNs:Child>

<myNs:Person rdf:about="#John">
<myNs:hasChild rdf:parseType="Resource">
<rdf:type rdf:resource="#Child"/>
<myNs:hasName>Paul</myNs:hasName>
</myNs:hasChild>
</myNs:Person>



Language identification attributes. The benchmark is intended for evaluating the
correct interpretation of the xm1 : 1ang attribute in tags.

<owl:Class rdf:about="&myNs;Book">
<rdfs:label xml:lang="en">Book</rdfs:label>
<rdfs:label xml:lang="es">Libro</rdfs:label>
</owl:Class>

5.5. Description of the benchmarks

Each benchmark of the OWL Lite Import Benchmark Suite, as Table [5.1] shows, is de-
scribed by:

Identifier ISGO03

Import a single functional object property with domain a
class and range another class

T C VYhasHusband

Description

Dellzf'?l:t:lilon T C YhasHusband™ .Woman
P T C VYhasHusband.Man
Graphical
. hasHusband
representation

<owl:Ontology rdf:about="#" >

<owl:Class rdf:about="&ex;Woman"/>

<owl:Class rdf:about="&ex;Man"/>

<owl:0bjectProperty rdf:about="&ex;hasHusband">

I{I)Fy)(NII‘ﬁle <rdf:type rdf:resource="&owl;FunctionalProperty"/>
<rdfs:domain rdf:resource="g&ex;Woman"/>
<rdfs:range rdf:resource="&ex;Man"/>

</owl:0ObjectProperty>

Table 5.1.: The description of a benchmark of the OWL Lite Import Benchmark Suite.

A unique identifier (i.e., ISG03, where IS denotes the OWL Import Benchmark
Suite, G is the group to which the benchmark belongs to, and 0/ is an increasing
number).

A description in natural language of the ontology defined in the benchmark.

A formal description in the Description Logics notation of the ontology defined in
the benchmark.

A graphical representation of the ontology.
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o A file with the ontology in the RDF/XML syntax. All the files have been syntacti-
cally validated against the WonderWeb OWL Ontology Validator®.

The resulting OWL Lite Import Benchmark Suite is available in a public web page*
and is composed of 82 benchmarks that are classified in 12 groups, each identified by one
letter (from A to L), to manage them easily. The list of all the benchmarks that compose
the OWL Lite Import Benchmark Suite can be found in Appendix |A} the OWL files have
not been included here, but they can be found in the OWL Lite Import Benchmark Suite
web page.

Moreover, since OWL Lite has an underlying Description Logics semantics, we have
also provided a description of all the benchmarks in both natural language and in Descrip-
tion Logics formalism. These descriptions can be found in Appendix

5.6. Evaluation criteria

The evaluation criteria of the OWL Import Benchmark Suite are defined as follows:

Modelling (YES/NO). This criterion concerns the ability of the ontology development
tool to model the components of the ontology described in the benchmark. Mod-
elling is YES if the tool can model the component and NO otherwise.

Execution (OK/FAIL). If the execution of the benchmark is normally carried out with-
out any problem, and the tool always produces the expected result, then the Execu-
tion is OK, otherwise it is FAIL. When a failed execution occurs, the benchmarking
participants are asked to provide information about this failure for obtaining the
practices used when developing the OWL importers. The information required is
the following:

e The reasons for the ontology development tool to fail in the execution of the
benchmark.

e In case the ontology development tool is repeating the benchmark, because in
a previous execution it failed, the changes implemented in the tool.

Information added or lost. The information added or lost in the import of the ontol-
ogy when executing the benchmark.

Table [5.2] shows the different possible results that a benchmark execution can produce.
As it can be seen, there is no Right or Wrong result, as the benchmarking is not intended
to provide a ranking of the tools. Furthermore, any combination of results can be possible
as they depend on the decisions taken by each tool developer when implementing the
behaviour of the tool when it has to deal with components outside of its knowledge model.

The only pattern that can be identified in the results is that when a tool does import
an ontology with a component that does not belong to its knowledge model, there will
always be some information loss (at least the component that the tool cannot model).

3http://phoebus.cs.man.ac.uk:9999/OWL/Validator

4http://knowledgeweb.semanticweb.org/benchmarkinq_interoperability/owl/import.html

52


http://phoebus.cs.man.ac.uk:9999/OWL/Validator
 http://knowledgeweb.semanticweb.org /benchmarking_interoperability/owl/import.html

Modelling | Execution | Information added | Information lost
YES OK Some Some
YES OK Some None
YES OK None Some
YES OK None None
YES FAIL Some Some
YES FAIL Some None
YES FAIL None Some
YES FAIL None None
NO OK Some Some

NO OK None Some
NO FAIL Some Some
NO FAIL None Some

Table 5.2.: The different results of a benchmark execution

For example, consider the benchmark ISG03, which requires the import of a functional
property. The developer of an ontology development tool that does not support func-
tional properties, has two possibilities to implement the importer of the tool when dealing
with a functional property. The first is to completely ignore the property and discard it:
in that case the information lost is the functional property and its domain and range, if
present. The second one is to import only the property as not functional, in that case the
information lost is only the "functional” characteristic of the property.

Table[5.3|shows the results of a fictitious experimentation involving five ontology devel-
opment tools, identified by A, B, C, D, and E, which execute benchmark ISG03 (Import
a single functional object property with domain a class and range another class). For
each tool we define the expected result and provide the result of Modelling, Execution,
Information added, and Information lost.

In this example, tools A and B can model functional object properties and therefore
their Modelling result is YES, whereas tools C, D, and E cannot model functional object
properties and therefore their Modelling result is NO.

Tool A. The expected result is to import an ontology containing the functional object
property hasHusband with class Woman as domain and class Man as range. All these
components are imported, hence the result of Execution is OK. A rdfs:label is added
to all of the resources imported, and this is reported as Information added.

Tool B. The expected result is to import an ontology containing a functional object
property with a class as domain and another class as range. Tool B imports the functional
object property, the two classes and the range relation, but not the domain relation, i.e., the
property hasHusband has the class Man as range, but not the class Woman as its domain.
Since this does not coincide with the expected result, the Execution result is FAIL. The
domain constraint that has not been imported has to be reported as Information lost.
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Tool

ID

Expected result

Modelling

Execution

Information added

Information lost

ISGO3

A functional object property
with a class as domain and
another class as range

YES

OK

A label in all the
components

ISGO3

A functional object property
with a class as domain and
another class as range

YES

FAIL

The property’s do-
main

ISGO3

An object property with
domain a class and domain
another class

NO

OK

ISGO3

An object property with
domain a class and domain
another class

NO

OK

A cardinality of 1 in
the property

The property as
functional

ISGO3

An object property with
domain a class and domain
another class

NO

FAIL

The property

Table 5.3.: Fictitious results of executing benchmark ISG03
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Tool C. The expected result is to obtain the object property hasHusband with domain
class Woman and range class Man. The imported ontology is the same as the expected
result, therefore the Execution is OK. As no additional knowledge is added by the tool in
the import process, nothing has to be reported as Information added or Information lost.

Tool D. The expected result is to obtain the object property hasHusband with range
class Man and domain class Woman. The imported ontology contains the expected result,
therefore the Execution is OK. However, during the import process, the tool added a
cardinality of 1 to the object property, since its internal knowledge model requires every
property to have a cardinality. This knowledge added has to be reported as Information
added.

Tool E. The expected result is to obtain the object property hasHusband with class Man
as its range and class Woman as its domain. However, Tool E imports the two classes but
it does not import at all the functional object property, although its expected result is to
import it as an object property. The Execution result of Tool E is therefore FAIL, and
it loses all the information about the property (i.e., its “functionality” , as expected, but
also the range and domain constraints) when importing the ontology, and this has to be
reported as Information lost.

5.7. Procedure for executing the benchmark suite

In order to compare the outcomes of the ontology development tools and to guarantee
that all the participants in the benchmarking activities execute the experiments in the
same conditions, we defined a procedure for carrying out the experiments, that must be
followed by each participant. This procedure consists of the sequence of steps described
below and illustrated with an example.

Step 1. To define the expected result, which is the result that the ontology development
tool is supposed to produce after importing the ontology contained in the bench-
mark. The expected result is defined either by modelling in the ontology de-
velopment tool the ontology expected from importing the file with the OWL
ontology, or by defining it informally (i.e., in natural language).

Step 2. To import, from the ontology development tool, the file which contains the OWL
ontology defined in the benchmark.

Step 3. After the benchmark has been executed, to check whether the expected ontol-
ogy modelled equals the imported one: if they are not the same, the differences
should be reported along with the reason of the two ontologies being different.

Furthermore, it should be identified whether some information has been added
or was lost in the import process.
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We illustrate this procedure with an example. Consider two ontology development
tools (tool X and tool Y), and execute on them the benchmark ISFO3 (Import an object
property with domain a class and range another class, which is inverse of another object
property), which consists of an ontology containing two object properties:

i hasParent, with class Child as domain and class Person as range

ii hasChild, which is the inverse of hasParent.
The execution of the benchmark consists of the following steps.

Step 1. Suppose that tool X can model all the components of the ontology. In this case
the expected result is ”To obtain the two properties hasParent and hasChild, the
inverse relation between them and the domain (Child) and range (Person) of
hasParent”.

Suppose now that tool Y can model all the components of the ontology and that
automatically adds a label to all imported resources. In this case the expected
result is: "To obtain the two properties hasParent and hasChild, the inverse
relation between them, the domain (Child) and range (Person) of hasParent and
a label in each resource”.

Step 2. To open the file ISF03.owl containing the ontology within tool X and tool Y.

Step 3. Suppose that tool X imports all the components of the ontology, but not the
inverse relation: in this case the Information lost is the inverse relationship be-
tween the properties.

Suppose that tool Y correctly imports all the components of the ontology and
adds a label to all resources: in this case something like “the ontology devel-
opment tool adds to every resource an rdfs:1label with the name of the re-
source” must be reported as Information added.

5.8. Automation of the execution of the benchmark
suite

The procedure required to execute all the benchmarks of the OWL Lite Import Benchmark
Suite is time consuming, as the user must, for each ontology, define the expected result,
load the ontology, compare the results and fill the necessary fields in the documentation
template.

However, it is possible to automate this procedure, or at least some part of it, thus saving
time in the benchmark suite execution. For example, it might be possible to develop a
software application that relies on the API of the ontology development tool for importing
or comparing the ontologies, leaving to the user only the tasks of defining the expected
result and compile the documentation.

As an example of such a software application, consider the rdfsbs Java application
(see [Garcia-Castro, 2006]), which was developed right after the definition of the RDF(S)
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interoperability benchmark suites. It is an application that relies on the WebODE API and
allows to automate, in that ontology development tool, the following tasks:

1. To import files containing RDF(S) ontologies written in the RDF/XML syntax.

2. To create a text file containing the description of an ontology, which has been mod-
elled or imported into WebODE.

3. To create ontologies in WebODE and exporting them in RDF(S) format to files.

It is evident that the rdfsbs application, although tailored for the RDF(S) benchmarking
in the WebODE ontology development tool, can easily be adapted to the OWL Lite Import
Benchmark Suite, since WebODE supports the import and export of OWL ontologies.

The steps of the procedure to execute the OWL Lite Import Benchmark Suite, that can
be automatized using the API of WebODE as follows:

Step 1. To define the expected results in WebODE.

Step 2. To import each ontology of the OWL Lite Import Benchmark Suite into We-
bODE.

Step 3. To export text files with the description of the expected and of the imported
ontology to files, to ease the comparison of the ontologies.

The automatization of the procedure can be implemented not only for WebODE, but
also for every ontology development tool that has an API.

It is straightforward to see the great reduction of efforts required for carrying out the
experiments: the only effort required to execute the whole OWL Lite Import Bench-
mark Suite would be to compare the original benchmarks with the texts files produced by
rdfsbs.

Moreover, as many ontology development tools have their own API, the development
of software applications like rdfsbs would not be difficult. This would result in a twofold
improvement:

e On the one side, as already said, the time and efforts needed for the execution of
the benchmark suites would evidently decrease, leaving more time for the analysis
of the results.

e On the other side, it would be possible, if everybody would be able to automatize
the procedure for the execution of the experiments, to carry out more benchmarks
in the same time needed for a manual execution of the experiments. This would
imply also the possibility to define more comprehensive and detailed benchmark
suites.
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5.9. Towards import benchmark suites for OWL DL
and OWL Full

We have seen in Section that OWL is composed of three layered sublanguages.
Hence, the OWL Lite Import Benchmark Suite described in this paper, although just
dealing with the OWL Lite sublanguage, might be used also for the evaluation of the
importers from OWL DL and OWL Full of ontology development tools.

However, the definition of the OWL Import Benchmark Suite does not take into account
the OWL vocabulary terms whose use is not allowed in OWL Lite. Moreover, the use of
the OWL vocabulary terms is restricted in both OWL Lite and OWL DL. Hence, the OWL
Lite Import Benchmark Suite defined for OWL Lite is incomplete for being used as an
import benchmark suite for OWL DL and OWL Full.

The next Sections analyze the possibility of extending the OWL Import Benchmark
Suite to cover OWL DL and OWL Full, by analyzing the differences between the three
species of OWL.

OWL DL

As we mentioned above, it is not necessary to develop from scratch a new benchmark
suite to evaluate the import of OWL DL ontologies; the OWL Import Benchmark Suite
can be extended by implementing an OWL DL import benchmark suite on top of it.

The OWL Import Benchmark Suite provides us with benchmarks to evaluate the dif-
ferent combinations of the OWL Lite vocabulary terms and the different variants of the
RDF/XML syntax.

As Figure[5.3|shows, to cover the OWL DL sublanguage of OWL, we should need also
to consider:

e The different combinations of the OWL Lite vocabulary terms according to their
use in OWL DL, as OWL DL imposes less restrictions to their use. Table[5.9)shows
the differences in the use restrictions of the vocabulary terms for OWL Lite and
DLS.

e The different combinations of the OWL DL vocabulary terms not allowed in OWL
Lite, between themselves and between the OWL Lite vocabulary terms. The vo-
cabulary terms that are allowed in OWL DL and not allowed in OWL Lite are:
owl:oneOf, owl:disjointWith, owl:unionOf, owl:complementOf,
owl:hasValue, and owl : DataRange.

For example, if we wanted to extend the benchmarks for owl :equivalentClass
and rdfs:subClassOf we should define new benchmarks to import ontologies in the
ontology development tools that consider as the subject and object of these properties all
the different types of class descriptions allowed in OWL:

e A class identifier. These benchmarks are already defined for OWL Lite.

5http://www.w3.org/TR/owlfref/#Sublanquagesfdef
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OWL DL Import Benchimark Suite

Different use of OWL Lite OWL DL
Vocabulary Tenms Vocabulary Terms
r———— == — = = — — = — = = = = = I
| OWL Lite I
I Vocabulary Terms RDF/XML Syntax I

I owL Lite Tmport Benchmark Suite |

Figure 5.3.: The OWL DL Import Benchmark Suite

e An exhaustive enumeration of individuals. These benchmarks are not defined for
OWL Lite.

e Property restrictions with value and cardinality constraints. Benchmarks are defined
for OWL Lite considering restrictions in the object of the properties with 0 and
1 cardinality constraints. New benchmarks should be defined for cardinalities in
the object of the properties greater than 1 and for restrictions in the subject of the
properties.

e Set operators. Benchmarks are defined for OWL Lite considering intersections in
the object of the properties. New benchmarks should be defined for intersections in
the subject of the properties and for union and complement in the subject and object
of the properties.

Following this approach, a considerable part of the benchmarks of the OWL Lite Import
Benchmark Suite could be reused without any modification and, therefore, any ontology
development tool that already performed the experiments of the OWL Import Benchmark
Suite presented in section [5| would not need to repeat them.

Nevertheless, when relaxing the restrictions in the use of OWL vocabulary terms from
OWL Lite to OWL DL a quite larger number of new benchmarks should be defined, which
affects the usability of the whole benchmark suite.

OWL Full

OWL Full has the same the vocabulary terms than OWL DL, but places no restrictions
in their use. In fact, OWL Full is a superset of RDF(S), that gives the user the freedom
to extend the RDF(S) vocabulary with the OWL constructors and also to augment the
meaning of both vocabularies.

The main characteristics in the use of OWL Full that are relevant to our case are:

e All the RDF(S) vocabulary can be used within OWL Full.
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Vocabulary Terms OWL Lite restrictions | OWL DL restrictions
owl:cardinality Object must be 0 or 1 Object must be any
owl:minCardinality integer > (
owl:maxCardinality
owl:equivalentClass | Subject must be class No restriction

rdfs:subClassOf names

owl:equivalentClass | Object must be class No restriction

rdfs:subClassOf names or restrictions

rdf :type

rdfs:domain Object must be class | No restriction
names

owl:allValuesFrom Object must be class | No restriction

owl:someValuesFrom names or datatype

rdfs:range names

owl:intersectionOf Used only with lists of | No restriction
length greater than one
of class names or
restrictions

Table 5.4.: Restrictions in the use of OWL Lite and OWL DL

e OWL Full has no separation between classes, datatypes, datatype properties, object
properties, annotation properties, individuals, data values, and the built-in vocabu-
lary.

e Axioms in OWL Full must not be well formed.

This lack of restrictions implies that the use and possible combinations of the vocabu-
lary terms in OWL DL and OWL Full is highly different. To develop a benchmark suite
for evaluating the import of OWL Full ontologies it might not be sufficient to develop
some new benchmarks on top of the import benchmark suite for OWL DL, but it might be
necessary to create a whole new benchmark suite that covers all the differences between
OWL DL and OWL Full.

This import benchmark suite for OWL Full should consider all the possible combina-
tions of the OWL and RDF(s) vocabularies terms and, as the number of these combina-
tions is huge, it would be necessary to prune the generation of benchmarks like was done
for the RDF(S) Import Benchmark Suite [Garcia-Castro and Gémez-Pérez, 2005b].
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6. Conclusions and future work

There are several lessons we learned during the development of this thesis, concerning
both the evolution of the benchmarking process and the design and definition of the bench-
mark suites.

6.1. Lesson learned

6.1.1. Benchmarking process

A benchmarking initiative is a long and complex process, composed by several interde-
pendent tasks. Hence, starting such an initiative requires to have in mind a clear idea about
the whole benchmarking process. The main issues to consider and to take care of are on
the one side planning and time (i.e., time needed for defining the suites, for executing the
experiments, for analyzing the results, and so on) and on the other the human resources
required during the process (i.e., how many people are involved and in which task).

Planning and time. The planning of the whole benchmarking process must be both
strict and flexible. This apparent contradiction can be explained as follows.

We already stressed the fact that benchmarking is a time consuming process, therefore
it is mandatory, before the beginning, to define a time line as early as possible, and to try
to keep the work to be done in the limits set. It is also necessary that such a time line
foresees possible delays in the commitment of the work, due to unforeseeable reasons, as
happened during the development of this work.

When we started the development of the benchmark suites, we realized that we had
to set up, beside a benchmarking suite for interoperability, also two more benchmark
suites for evaluating the importers and exporters of the ontology development tools. This
implied that we needed more time for the experiment definition, but also that we would
have had to split the experiments execution task in two stages, like it is described in
Section ] It also implied that the time required for the analysis of the results of the
experimentation would have been considerably longer.

Human Resources. Another important point to take into account when undertaking
a benchmarking initiative is represented by the human resources on which to count on. It
is straightforward to affirm, that the more people play an active role in the benchmarking,
the less time is needed in each cycle of the benchmarking process. Hence, it is important
to think about possible defection of people during the process and being able to replace
them.
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When deciding how many tools to use in the benchmarking, it is necessary to consider
that executing manually all the experiments of the three suites requires a lot of time to
each participant, and also the participants are prone to commit errors. It is possible to
spare time and avoid unwanted errors by automatizing the experiment execution. For a
discussion on that, refer to Section [5.8] and to Section below.

Hence, the benchmark initiator must define a strict planning of time and human re-
sources from the beginning, but he/she has to take into account the possibility to have to
reallocate both resources on the fly at any point of the development.

6.1.2. Benchmark suite

During the development of the benchmark suites, we have learned some useful lessons
from several situations in which we had to take a decision for continuing our work.

The most important point to consider is that the creation of a benchmark suite is a task
that has a trade-off between the necessity of performing a thorough evaluation activity
and the time needed for executing all the benchmarks and for analyzing the results.

The definition of a benchmark suite for the interchange of ontologies using a layered
language like OWL is a source of additional difficulties, as there is not a unique language
to build a benchmark suite for.

Finally, it is also important to select the appropriate level of expressiveness and com-
plexity of the ontologies that compose the benchmark suite, as discussed in Section [5.2]

Time. Time is an issue in both the definition of the single ontologies, in their validation,
and also in ensuring that they can cover the largest possible fragment of knowledge model
of OWL. However, these issues can be hardly overcome, as they require for the largest
part an human active involvement.

Time is also an issue when executing the benchmarking. However, in this case, as ex-
plained in Section it is possible to spare time by programming some simple software
application, that automatically carries out all the experiments. This allows to decrease the
time needed for the execution of the whole benchmark suite to a few minutes and reserve
the spared time for the analysis of the results. Moreover, if the automatization were done
for all ontology development tools, then it would be possible to define benchmark suite
that contain a higher number of benchmarks.

The OWL language. The use of a language like OWL, composed by three layered
languages, posed the first important question in the development of this work: which of
them to use? There can be two feasible approaches: define some benchmarks for each of
the OWL species or focus on the simpler sublanguage and then build benchmark suites
for the other sublanguages on top of that one.

Our choice was to start from the less expressive of OWL sublanguages (OWL Lite),
as it is more manageable and the one with the smallest knowledge model. This permits
to cover a significant part of OWL Lite’s knowledge model with a reasonable number of
benchmarks.
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Simple ontologies. The definition of simple ontologies helps a quick identification
of possible problems and/or inefficiencies in the importers and exporters of the ontology
development tools, as discussed in Section Moreover, as the vocabulary terms of
OWL Lite are the same than those of OWL DL and OWL Full, the definition of simple
ontologies helps to reuse the benchmark suites in either extending the OWL Lite Import
Benchmark Suite towards OWL DL and OWL Full or extending the OWL Export Bench-
mark Suite by broaden the shared knowledge model defined by the most common features
of the ontology development tools.

6.2. Future work

The work presented in this thesis can be extended in several directions. We present here
those that can be carried out in the next future or that will be executed within the Knowl-
edge Web Network of Excellence.

Automating the execution of the experiments. The manual execution of the ex-
periments is a very time consuming task. To this end, an automatization of this task would
be of great help.

Since most of the ontology development tools are released with an API to access
their functionalities, the development of an application that takes care of executing the
benchmarks should be quite straightforward. An example of such an application is rdfsbs
[Garcia-Castro, 2006, a Java program for executing the benchmark suites in the RDF(S)
interoperability benchmarking.

Completing the first iteration of the benchmarking process. The most imme-
diate extension to the work presented in this thesis is to carry out the import and export
experiments on the ontology development tools. After this it is possible to move to the
interoperability experiments and to their analysis.

The result obtained by performing the experiments will help the developers of the on-
tology development tools to improve their tools.

Moving to OWL DL and OWL Full. The OWL Lite Import Benchmark Suite for
OWL Lite can be extended to cover OWL DL.: this is described in detail in Section
This extension is quite straightforward, as it only requires to add benchmarks for the
OWL vocabulary terms whose use is forbidden in OWL Lite and with combinations of
these terms with the other.

More complex is the case of extending the OWL Lite Import Benchmark Suite to
OWL Full. The semantics of OWL Full allows to combine every vocabulary term of
OWL and RDF(S) without any limitations, like RDF(S) allows. Hence, a thorough import
benchmark suite for OWL Full would require to develop, on top of the suite for OWL DL,
a new benchmark suite that covers the differences between OWL DL and OWL Full.
The main characteristic of this additional suite is that its development should follow the
guidelines described in [Garcia-Castro and Gomez-Pérez, 2006]]: consider all the possible
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combinations of the OWL and RDF(s) vocabularies terms and, as the number of these
combinations is high, prune the generation of benchmark suite.
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A. List of benchmarks in the OWL
Lite Import Benchmark Suite

This appendix contains the list of benchmarks of the OWL Lite Import Benchmark Suite,
which are described by:

e A unique identifier (i.e., ISA01 where IS denotes the OWL import benchmark suite,
A is the group to which the benchmark belongs to, and 01 is a number)

e A description of the ontology in natural language (e.g., Import a single class).

e The description of the ontology in the Description Logics formalism. All these
descriptions can be found in Appendix B}

e A graphical representation of the ontology, that uses the notation shown in Figure
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rdfssubProperty0f o wiSP = owlSimmetricProperty, owl.TP = owt TransitiveProperty

xfem:enﬁhasur allDifferent = owlallDifferent and owl:distincthember,
equivalentProperty different = owl.differentFrom, sameds = owl:sameAs,
owlaVF = owlallVauesFrom, owl:sVF = owl:someValuesFrom,

hasName minCard = owl:minCardinality, maxCard = owl:maxCardinality,
hasthild Card = owl:cardinality,

—_—

relations

Figure A.1.: Notation used in the benchmarks of the OWL Lite Import Benchmark Suite
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Class benchmarks

Group A: Class hierarchies

ID Description Graphical representation
ISAO1 Import a single class
Import a single class, subclass of a - _ —
ISA02 second class which is subclass of a QT"___} E'C*C"EFD sc*@*j“_j_/'
third one
sC
ISA03 Import a class that is subclass of
two classes o=
=%
Import several classes subclass of a
15A04 single class @
S
Import two classes, each subclass of sc,
ISADS the other "E
»~SC
ISA06 Import a class, subclass of itself
Import a class which is subclass
of an anonymous class defined by .:m“am LC__ wasBorn /
ISA07 an owl:some ValuesFrom value con- - owis\FSpai)
straint in an object property
Import a class which is subclass of
an anonymous class defined by an aton sC wasBorn /
ISAO8 owl:allValuesFrom value constraint owl-aVKltaly)
in an object property
Import a class which is subclass
of an anonymous class defined by | 2"~ _SC worksin /
ISAD9 an owl:minCardinality=0 cardinal- minCard(0)
ity constraint in an object property
Import a class which is subclass
of an anonymous class defined by .mma sC hasAffiliation
ISAI0 an owl:maxCardinality=1 cardinal- - maxCard(1)
ity constraint in an object property
Import a class which is subclass of
an anonymous class defined by an mereon sC hasMother /
ISATL owl:cardinality=1 cardinality con- Card(1)
straint in an object property
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Import a class which is subclass
of an anonymous class defined

Researcher

0 |
Olﬁ

hasAffiliation /
minCard(0)

ISA12 by an owl:minCardinality=0 and

an owl:maxCardinality=1 cardinal- hasAffiliation /

ity constraints in an object property maxCard(1)

Import a class which is subclass

of an anonymous class defined by roroon sC hasName /
ISAI3 an owl:minCardinality=0 cardinal- minCard(0)

ity constraint in a datatype property

Import a class which is subclass

of an anonymous class defined by | -~ _SC wrotePhDThesis
ISAl4 an owl:maxCardinality=1 cardinal- - maxCard(1)

ity constraint in a datatype property

Import a class which is subclass of

sC

ISA15 an anonymous class de.ﬁne‘d by an roroon

owl:cardinality=1 cardinality con-

straint in a datatype property

Import a class which is subclass PR

of an anonymous class defined LC..
ISA16 by an owl:minCardinality=0 and sC

an owl:maxCardinality=1 cardinal- e PhdThook

ity constraints in a datatype prop-

erty

Import a class which is subclass of talian
ISA17 an anonymous class defined by the

intersection of two other classes

%ll%

7

W




Group B: Class equivalences

ID Description Graphical representation
Import several classes which are all o o
ISBO1 .
of them equivalent
:
Import a class which is equivalent
to an anonymous class defined by | o — _¢C wasBorn /
ISBO2 an owl:some ValuesFrom value con- owl:sVF(Spain)
straint in an object property
Import a class which is equivalent
ISBO3 to an anonymous class defined by eC wasBorn /
an owl:allValuesFrom value con- owl-aVF(italy)
straint in an object property
Import a class which is equivalent
to an anonymous class defined by ——— eC worksin /
ISBO4 an owl:minCardinality=0 cardinal- minCard(0)
ity constraint in an object property
Import a class which is equivalent
ISBOS to an anonymous class defined by | = _e€
an owl:maxCardinality=1 cardinal- ot
ity constraint in an object property
Import a class which is equiva-
lent to an anonymous class defined eC hasMother /
ISB Do . forson ) <+—
SB06 by an owl:cardinality=1 cardinality
constraint in an object property
Import a class which is equiva- eC hasAffiliation /
lent to an anonymous class defined . minCard(0)
ISBO7 by an owl:minCardinality=0 and
an owl:maxCardinality=1 cardinal- hasAffiliation /
ity constraints in an object property maxCard(1)
Import a class which is equivalent
ISBOS to an anonymous class defined by — eC hasName /
an owl:minCardinality=0 cardinal- minCard(0)
ity constraint in a datatype property
Import a class which is equivalent
to an anonymous class defined by .Fomarchef eC wrotePhDThesls
ISBOY an owl:maxCardinality=1 cardinal- - maxCard(1)
ity constraint in a datatype property
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Import a class which is equiva-
lent to an anonymous class defined

eC
Person
ISBI0 by an owl:cardinality=1 cardinality
constraint in a datatype property
Import a class which is equiva- -
tePhdTh
lent to an anonymous class de- PN
fined by an owl:minCardinality=0 eC
ISB11 -an =
and an owl:maxCardinality=1 car-  PhdThooks
dinality constraints in a datatype
property
Import a class which is equivalent eC talian
ISB12 to an anonymous class defined by w w

the intersection of two other classes

Group C: Classes defined with set operators

of several other classes

ID Description Graphical representation
I { hich is i ) Italianhlan_h__
SCOL | o otherclasses
ltalianMan __
1SCO2 Import a class which is intersection

Property benchmarks

Group D: Property hierarchies

ID Description Graphical representation
ISDO1 Import a single object property
Import an object property that is
subproperty of another object prop- sFather ) 5P, (Cararoon) 3P ( Ancentr
15D02 erty that is subproperty of a third Q— — T -> Q- —
one

(continued on next page)
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property that is subproperty of a
third one

ISDO3 Import a single datatype property
Import a datatype property that
1SD04 is subproperty of another datatype @T;QE > @_ﬂ?ﬁ@ P, 'g;fb

Group E: Properties with domain and range

ID Description Graphical representation
ISEO1 Imp01Tt a single object property with d
domain a class
: . . '
ISE02 Import a single object property with
range a class
Import a single object property with —F -
ISEO3 domain a class and range another
class ™
d
ISE04 Import a single object property with
domain and range the same class
™
Import a single object property with /
ISEOS domain multiple classes and range a @ -
class \
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Import a single object property with

D

with domain a class

.
ISE06 domain a class and range multiple hasChild )—-s
classes \

M
ISEQ7 Import a single datatype property hasssy .9

Import a single datatype property

ISE08 with range rdfs:Literal

hasName _r__

Import a single datatype property
ISE09 with domain a class and range
rdfs:Literal

d
—-f“'
—

Import a single datatype property
ISE10 with domain multiple classes and
range rdfs:Literal

=
R
Ne=

Group F: Relations between properties

ID Description

Graphical representation

Import several object properties
with domain a class and range an-
other class, which are all of them
equivalent

ISFO1

4 NG

(continued on next page)
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Import several datatype properties
with domain a class and range

TS
=

class, which is inverse of another
object property

ISF02 rdfs:Literal, which are all of /
. r
them equivalent
| | g
Import an object property with do- /
ISFO3 main a class and range another

hasParent T, @
i&

hasChild

Group G: Global cardinality constraints andlogical property
characteristics

ID

Description

Graphical representation

ISGO1

Import a single transitive object
property with domain and range the
same class

has-FrIend -

ISGO2

Import a single symmetric object
property with domain and range the
same class

hasFriend ).9f,
A‘-

ISGO3

Import a single functional object
property with domain a class and
range another class

=
=L
e
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Import a single functional datatype
ISG0O4 property with domain a class and
range rdfs:Literal

Import a single inverse functional
ISGO5 object property with domain a class
and range another class

Individual benchmarks

Group H: Single individuals

ID Description

Graphical representation

Import one class and one individual

ISHOI that is instance of the class

Import several classes and one indi-

ISHO2 vidual that is instance of all of them

Import one class and several indi-

ISHO3 viduals that are instance of the class

\1
O




Group I: Named individuals and properties

ID Description Graphical representation
Import one class, one object prop- -
erty with domain and range the —
1SI01 class, and one 1nd1V}dual of the JMV' o I
class that has the object property
with another individual of the same
class
Import one class, one object prop- Ba
erty with domain and range the knows
IS102 class, and one individual of the ‘jfr/'
class that has the object property @
with himself
Import two classes, one object a3
property with domain one class and
range the other class, and one indi- _
1103 vidual of one class that has the ob- | MasChikd T
ject property with an individual of ™ Paul | =a
the other class -
Import one class, one datatype Ba_
property with domain the class and
IS104 range rdfs:Literal, and one individ- m*,,a hasName _—
ual of the class that has the datatype _ Ba
property with a literal Wary @
LY
Import one class, one datatype
property with domain the class and A
ISI05 range rdfs:Literal, and one individ- el hasName ':

ual of the class that has the datatype
property with several literals

5
Al
e/:
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Group J: Anonymous individuals and properties

mous individual of the class that has
the datatype property with a literal

ID Description Graphical representation
Import one class, one object prop- isa
—_— Person
erty with domain and range the II
o d
1SJ01 class, and one anonymous individ- . __..
ual of the class that has the object hasChild [
property with another individual of | John Isa_ Person
the same class
Import two classes, one object is-a
’ X —_— Parent
property with domain one class : 3
and range the other class, and one -
1SJ02 .. hashild —
anonymous individual of one class
that has the object property with an John Isa_ Person
individual of the other class
is-a
Import one class, one datatype — Person
property with domain the class and
I1S103 range rdfs:Literal, and one anony- hasName

o

9-; f

Group K: Individual identity

ID Description Graphical representation
I5-a
Import one class and two named in- Mandon | —»
ISKO1 dividuals of the class that are the ”\“;R s /
same —
isa
Import one class and two named in- ManAnn | —
ISK02 dividuals of the class that are the

different

]
N

differen

!

(continued on next page)
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ISK03

Import one class and three named y— A @
individuals of the class that are all : isa .

of them different | Ann | —1"
allDifferent

Syntax and abbreviation benchmarks

Group L: Syntax and abbreviation benchmarks

ID Description
ISLO1 Import several resources with absolute URI references
Import several resources with URI references relative to a
ISL02
base URI
Import several resources with URI references transformed
ISL03 )
from rdf:ID attribute values
ISL04 Import several resources with URI references relative to an
ENTITY declaration
Empty node benchmarks
ISLO5 Import several resources with empty nodes
ISLO6 Import several resources with empty nodes shortened
Multiple properties benchmarks
ISLO7 Import several resources with multiple properties
ISLO8 Import several resources with multiple properties shortened
Empty node benchmarks
ISLO9 Import several resources with typed nodes
ISL10 Import several resources with typed nodes shortened
Empty node benchmarks
ISL11 Import several resources with properties with string literals
Import several resources with properties with string literals
ISL12 .
as XML attributes
Empty node benchmarks
ISL13 Import several resources with blank nodes with identifier
ISL14 Import several resources with blank nodes shortened
Language identification benchmarks
Import several resources with properties with xml:lang at-
ISL15 .
tributes
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B. Description of the ontologies In
the Description Logics
formalism.

This appendix provides a formal description of the ontologies that compose the OWL Lite
Import Benchmark Suite!, in the Description Logics formalism.

The formalism presented in this appendix adopts the following conventional notation,
presented in [Volz, 2004], to map the OWL axioms in the abstract syntax to Description
Logics concepts.

Axiom DL

Class (C partial D;...D,) CC(DinN...MDy,)
Class (C complete D;...D,) C=(DinN...MD,)
DisjointClasses(C;...C,) C, C-C,
EquivalentClasses(Cy...C,) (Cy =Ch)
SubClassOf(C1Cs) (Cy CECy)
Property(P

domain(D; ... D,,) TCVP .D;; Vi<i<n
range(D; ... D,) TLCVPD;; Vi<i<n
super(Q1 ... Q) PEQi; V1<i<n
inverseOf() P=Q
Symmetric P=P
Transitive PtCP
Functional TLCVP
InverseFunctional TCVP™

)

SameIndividuals ((01...0,)) (0 =0;); V1<i<n
DifferentIndividuals ((Di...D,)) | =(0;=0,); V1<i<j<n

On the left side it appears the abstract syntax of an OWL axiom and on the right side
the corresponding axiom expressed in the Description Logics formalism.

Table shows a sample description of an ontology defined in the OWL Lite Import
Benchmark Suite: each entry comes with a description in both natural language and in

1http://knowledgeweb.semanticweb.org/benckmarking_interoperability/owl/import.html
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the Description Logics formalism.

Here there is the description in natural language...

1D ...and here the one in the Description Logics formalism.
Import a single object property with domain a class and range
multiple classes
ISE06 T C VhasChild~ .Person

T C VhasChild.Person
T C VhasChild.Human
T C VhasChild.Child

Table B.1.: Structure of the tables and a sample instantiation

Class benchmarks

Group A: Class hierarchies

84

ISA01

Import a single class
] Person |

ISA02

Import a single class, subclass of a second class which is
subclass of a third one
’ ChildCManCPerson ‘

ISA03

Import a class that is subclass of two classes
ChildC Man
ChildC Person

ISA04

Import several classes subclass of a single class
WomanC Person
ManC Person

ISA05

Import two classes, each subclass of the other
MaleC Man
ManC Male

ISA06

Import a class, subclass of itself
’ WomanC Woman \

ISA07

Import a class which is subclass of an anonymous class defined
by an owl : someValuesFrom value constraint in an object
property
] DriverC JhasCar.Car \

ISA08

Import a class which is subclass of an anonymous class defined
by anowl:allValuesFrom value constraint in an object
property
’ ltalianC YwasBorn.ltaly ‘

(continued on next page)
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ISA09

Import a class which is subclass of an anonymous class defined
by an owl :minCardinality=0 cardinality constraint in an
object property
’ EmployeeC >0 worksiIn ‘

ISA10

Import a class which is subclass of an anonymous class defined
by an owl :maxCardinality=I cardinality constraint in an
object property
’ ResearcherC <1 hasAf filiation ‘

ISA11

Import a class which is subclass of an anonymous class defined
by an owl :cardinality=1 cardinality constraint in an object
property
’ ManC = 1 hasMother ‘

ISA12

Import a class which is subclass of an anonymous class defined
by an owl :minCardinality=0 and an
owl:maxCardinality=1 cardinality constraints in an object
property
ResearcherC >0 hasAf filiation
ResearcherC <1 hasAf filiation

ISA13

Import a class which is subclass of an anonymous class defined
by an owl :minCardinality=0 cardinality constraint in a
datatype property
’ Person C >0 hasName ‘

ISA14

Import a class which is subclass of an anonymous class defined
by an owl :maxCardinality=I cardinality constraint in a
datatype property
’ Researcher C <1 wrotePhDThests ‘

ISA15

Import a class which is subclass of an anonymous class defined
by an owl :cardinality=1 cardinality constraint in a
datatype property
] Person C= 1hasSSN \

ISA16

Import a class which is subclass of an anonymous class defined
by an owl :minCardinality=0 and an
owl :maxCardinality=1 cardinality constraints in a
datatype property
Researcher C >0 wrotePhDThesis
Researcher C <1wrotePhDThesis

ISA17

Import a class which is subclass of a class defined by the
intersection of two other classes
ltalianManC (ltalian 1 Male)
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Group B: Class Equivalences

86

Import several classes which are all of them equivalent

15801 ] ltalian = Italiano = Italienne \
Import a class which is equivalent to an anonymous class defined
by an owl : someValuesFrom value constraint in an object
ISB02 property
’ Driver= 3hasCar.Car ‘
Import a class which is equivalent to an anonymous class defined
by an owl :allValuesFrom value constraint in an object
ISB03 property
’ ltalian= YwasBorn.ltaly ‘
Import a class which is equivalent to an anonymous class defined
by an owl :minCardinality=I cardinality constraint in an
ISB04 object property
’ Employee= >1 worksIn ‘
Import a class which is equivalent to an anonymous class defined
by an owl :maxCardinality=I cardinality constraint in an
ISB0S object property
’ Researcher= <1 hasAf filiation ‘
Import a class which is equivalent to an anonymous class defined
by an owl:cardinality=1 cardinality constraint in an object
ISB06 property
’ Man= = 1 hasMother ‘
Import a class which is equivalent to an anonymous class defined
by an owl :minCardinality=0 and an
ISB07 | owl:maxCardinality=I cardinality constraints in an object
property
Researcher= (<1 hasAf filiation 11 >0 hasAf filiation)
Import a class which is equivalent to an anonymous class defined
by an owl :minCardinality=0 cardinality constraint in a
ISBOR datatype property
’ Person = >0 hasName ‘
Import a class which is equivalent to an anonymous class defined
ISB09 by an owl :maxCardinality=I cardinality constraint in a

datatype property
’ Researcher = <1 wrotePhDThesis ‘

(continued on next page)
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ISB10

Import a class which is equivalent to an anonymous class defined
by an owl : cardinality=1 cardinality constraint in a
datatype property
| Person == 1hasSSN |

ISB11

Import a class which is equivalent to an anonymous class defined
by an owl :minCardinality=0 and an
owl:maxCardinality=1 cardinality constraints in a
datatype property
Researcher = >0 wrotePhDThesis
Researcher = <1 wrotePhDThesis

ISB12

Import a class which is equivalent to an anonymous class defined
by the intersection of two other classes
’ ltalianMan=(ltalian 1 Male)

Group C: Class defined by set operators

1SCo1 Import a class which is intersection of two other classes

’ ItalianMan =(ltalian 1 Male) ‘
1SC02 Import a class which is intersection of several other classes

’ ltalianMan =(ltalian 11 Male r Person) ‘

Property benchmarks

Group D: Property hierarchies

ISD01

Import a single object property
] hasChild \

ISD02

Import an object property that is subproperty of another object
property that is subproperty of a third one
’ i1sFatherOf C isGrandFatherOf C isAncestorO f ‘

ISD03

Import a single datatype property
’ hasAge ‘

ISD04

Import a datatype property that is subproperty of another
datatype property that is subproperty of a third one
’ 1sInteger C isRational C isReal ‘
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Group E: Properties with domain and range
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ISE01

Import a single object property with domain a class
’ T C VYhasChild~ .Person ‘

ISE02

Import a single object property with range a class
] T C VhasChild.Person \

ISE03

Import a single object property with domain a class and range
another class

T C VhasChild~ .Father
T C VhasChild.Person

ISE04

Import a single object property with domain and range the same
class
T C VhasChild~.Person
T C VhasChild.Person

ISE0S

Import a single object property with domain multiple classes and
range a class
T C YhasChild— .Mother
T C VhasChild~.Woman
T C VYhasChild~ .Person
T C VhasChild.Person

ISE06

Import a single object property with domain a class and range
multiple classes
T C VhasChild™.Person
T C VhasChild.Person
T C VhasChild.Human
T C VhasChild.Child

ISE07

Import a single datatype property with domain a class
’ T C VhasSSN~.Person ‘

ISE08

Import a single datatype property with range rdfs:Literal
’ T EVhasName.rdfs:Literal ‘

ISE09

Import a single datatype property with domain a class and range
rdfs:Literal
T C VhasName™.Person
T CEVhasName.rdfs:Literal

ISE10

Import a single datatype property with domain multiple classes
and range rdfs:Literal
T C VhasChildNamed~ .Mother
T C VhasChildNamed—.Woman
T C VhasChildNamed.rdfs:Literal




Group F: Property equivalences

ISFO01

Import several object properties with domain a class and range
another class, which are all of them equivalent
T C ViwesIn~.Person
T C ViivesIn.City
livesIn = isResdentIn

ISF02

Import several datatype properties with domain a class and range
rdfs:Literal, which are all of them equivalent
T C VYhasName™.City
T C VhasName.rdfs:Literal
hasName = hasSpanishName

ISF03

Import an object property with domain a class and range another
class, which is inverse of another object property
T C VhasParent~.Child
T C VhasParent.Person
hasChild = hasParent™

Group G: Logical characteristics of properties

ISGO01

Import a single transitive object property with domain and range
the same class
hasFriend™ C hasFriend
T C VhasFriend™ .Person
T C VhasFriend.Person

ISG02

Import a single symmetric object property with domain and
range the same class
hasFriend = hasFriend™
T C VhasFriend— .Person
T C VhasFriend.Person

ISGO03

Import a single functional object property with domain a class
and range another class
T C VhasHusband
T C VhasHusband~.Woman
T C VhasHusband.Man

ISG04

Import a single functional datatype property with domain a class
and range rdfs:Literal
T E VhasAge
T C VhasAge™.Person
T C VhasAge.rdfs:Literal

(continued on next page)
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ISGO0S

Import a single inverse functional object property with domain a
class and range another class
T C VhasTutor™
T C VhasTutor™ .Professor
T C VhasTutor.Student

Individual benchmarks

Group H: Single individuals

ISHO1

Import one class and one individual that is instance of the class
| Person(PETER)

ISHO02

Import several classes and one individual that is instance of all of
them

Person(PETER)

Father(PETER)

Student(PETER)

ISHO3

Import one class and several individuals that are instance of the
class
Person(PETER)
Person(PAUL)
Person(MARY)

Group I: Named individuals and properties

IS101

Import one class, one object property with domain and range the
class, and one individual of the class that has the object property
with another individual of the same class
T C VYhasChild~ .Person
T C VhasChild.Person
Person(MARY)
Person(PAUL)
hasChild(MARY, PAUL)

IS102

Import one class, one object property with domain and range the
class, and one individual of the class that has the object property
with himself
T C VhasChild~.Person
T C VhasChild.Person
Person(PAUL)
knows(PAUL, PAUL)
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ISI103

Import two classes, one object property with domain one class
and range the other class, and one individual of one class that has
the object property with an individual of the other class

T C VhasChild— .Mother
T C VhasChild.Child
Mother(MARY)
Child(PAUL)
hasChild(MARY, PAUL)

IS104

Import one class, one datatype property with domain the class
and range rdfs:Literal, and one individual of the class that
has the datatype property with a literal

T C VhasName™.Person
T C VYhasName.rdfs:Literal
Person(MARYSMITH)
hasName(MARYSMITH, “Mary”)

ISI0S

Import one class, one datatype property with domain the class
and range rdfs:Literal, and one individual of the class that
has the datatype property with several literals

T C VhasName™.Person
T C VhasName.rdfs:Literal
Person(MARYANN)
hasName(MARYANN, “Mary”)
hasName(MARYANN, “Ann”)

Group J: Anonymous individuals and properties

ISJO1

Import one class, one object property with domain and range the
class, and one anonymous individual of the class that has the
object property with another individual of the same class
T C VhasChild~.Person
T C VhasChild.Person
Person(JOHN)
hasChild(ANON?, JOHN)

“This denotes an anonymous individual

(continued on next page)
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ISJ02

Import two classes, one object property with domain one class
and range the other class, and one anonymous individual of one
class that has the datatype property with an individual of the
other class
T C VhasChild~ .Parent
T C VhasChild.Person
Person(JOHN)
hasChild(ANON, JOHN)

ISJ03

Import one class, one datatype property with domain the class
and range rdfs:Literal, and one anonymous individual of the
class that has the datatype property with a literal
T C VhasName .Person
T C VhasName.rdfs:Literal
hasName(ANON, “Peter”)

Group K: Individual identity

92

Import one class and two named individuals of the class that are

ISK01 the same

’ Person(MARYANN) = Person(MARY)

Import one class and two named individuals of the class that are
ISK02 different

ﬁ(Person(MARYANN) - Person(MARY))

ISK03

Import one class and three named individuals of the class that are
all of them different

ﬂ(Person(MARY) - Person(ANN))
ﬂ(Person(MARY) = Person(JOAN))
ﬂ(Person(JOAN) - Person(ANN))
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