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Luis Sanchez-Fernandez and Norberto Fernandez-Garcia

In this article we present an overview of the Semantic Web. We look at the some of the problems facing the Web today and
by way of a possible solution we propose an evolution of the current Web whereby the content available on the Web would
have associated formal, machine-readable descriptions. We describe the fundamental components of the Semantic Web
and its state-of-the-art: semantic annotation, ontologies, and logical reasoning.
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1 Introduction

The World Wide Web was created as recently as 15 years
ago and yet it in that short time it has brought about an
astonishing revolution. It has allowed people all over the
world to exchange information to a degree that had previ-
ously been impossible.

In spite of its great success, the Web as it is today has a
number of limitations which we would like to address in
order to achieve a higher level of automation in its use. A
typical example is the use of search engines. The most com-
mon way to find information on the Web is by using search
engines such as Google; we can type some words in a box
and it will return a number of relevant web pages. Although
search engines usually work well, anyone who regularly
uses one will know that they do not always deliver the goods.
On occasion either or both of the following will occur:

m\We find web pages that are not related to the object of
the search. For example, we wanted to find information on
the Web about the "International Semantic Web Conference”
to take place in Galway (Ireland) in November 2005 and so
we queried Google for "ISWC" (the query was made on
October 27, 2005). The first hit referred to the 2004 "Inter-
national Semantic Web Conference" which was not what
we were looking for, while the second was for the Web page
for the 2005 "International Symposium on Wearable Com-
puters". The first page relevant Web page related to what
we were actually looking for (in fact it was the home page
of the conference) came 6" in the list of hits returned by
Google.

mThe search engine does not find some Web important
pages related to what we are interested in. For example, we
also queried Google for "Computer Architecture™ + "Carlos",
(the query was made on November 2, 2005) to try and find
information about a course forming part of the Telecommu-
nications Engineering degree studies at the Universidad
Carlos 11l de Madrid (UC3M). The two main pages about
this course posted on UC3M’s Web server of the UC3M
were not among the first 50 hits first shown by Google.

There are also some things that you simply cannot do
automatically on today’s Web. For example, it would be
nice to be able to ask a search engine, say, "tell me the name
of the President of France". All we can do at the moment is
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search for "President of France" in Google, which will give
us a number of web pages where we can find the answer to
our question, but will not specifically answer the question.
It is somewhat annoying to have to go through this two-
step procedure. After all, the information is there; we can’t
it be retrieved by the search engine directly? At times we
need to make a number of searches and look through sev-
eral web pages before we find what we are looking for.

2 Syntax vs. Semantics

Search engines like Google retrieve documents that con-
tain the we have put in the query box (Google itself also
uses links pointing to a particular Web page to decide
whether or not to retrieve that page). For example, in our
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query for "ISWC" we found web pages containing the term
"ISWC". This technique (together with a great many tech-
nical details that we will not go into here) works quite well
for retrieving documents related to a query. However, as
we have seen, in some cases the results of the query are not
correct (we found web pages that were unrelated to what
we were looking for or we failed to find some particularly
relevant pages). There are at least three kinds of situations
that can lead to such errors:

m Polysemy: we search for a term and find web pages
containing that term but with a different meaning from the
one we are interested in.

m Synonymy: we search for a term and instead of find-
ing pages related to what we are interested in we find web
pages containing a synonym of the term (but not the term
itself).

m Multilingualism: we search for a term in English and
we find pages related to what we are interested in but they
are written in Spanish or some other language.

In all these cases, the problem is that the query does not
precisely identify what we are interested in but only identi-
fies a term which in a given language has amongst its vari-
ous meanings the meaning we are looking for. A search pro-
cedure in which the result of the search is a set of docu-
ments containing the terms we typed into the query box is
called a "syntax search".

If web pages had formal annotations attached to them
which unambiguously identified the main concepts and en-
tities they contain, a (semantic) search engine could avoid
making the three types of errors described above and only
find documents precisely related to what we were actually
interested in when we made the query.

The Semantic Web is a vision of a future Web in which
information that in the current version of the Web is under-
standable only by humans will also be machine-readable. If
this vision comes to fruition in the future, it will open the
door to new Web-based applications, ranging from seman-
tic search engines to intelligent agents capable of browsing
the Web and making a doctor’s appointment for us [1].

3 Fundamentals of The Semantic Web

As we have just seen, under the Semantic Web, pages
will have annotations (inside the pages themselves or else-
where) which formally describe the information (knowl-
edge) contained in those pages. Semantic Web applications
will make use of that knowledge to help in the automation
of Web tasks that are currently performed with heavy user
interaction (following links, form-filling, combining data
from various sources, deciding on the next step to take,
making searches, etc.).

Knowledge-based systems of the kind that will be de-
veloped for the Semantic Web have been studied by re-
searchers into Artificial Intelligence for some years. As read-
ers will know, these systems have two basic components: a
knowledge base of facts known by the intelligent system
and an inference engine. As we will see, knowledge-based
applications for the Semantic Web will also have these two

6 UPGRADE vol. vi, No. 6, December 2005

elements although there will be some differences with re-
spect to classical knowledge-based systems.

The knowledge base for a Semantic Web application will
be built from annotations collected by the application as it
browses (semantic) web pages. The open nature of Web
architecture advises against the use of traditional knowl-
edge representation languages, because they presuppose the
existence of a common vocabulary shared by all the users
of the system. However, in an open environment such as
the Web such a supposition cannot be made because differ-
ent user groups must be able to use their own vocabularies.
On the Semantic Web, anyone will be able to annotate web
pages and these annotations will not be limited to a fixed
vocabulary.

This requirement has prompted the World Wide Web
Consortium (W3C) [2] to define a standard recommenda-
tion for representing knowledge on the Semantic Web: the
RDF (Resource Description Framework) [3].

An RDF model is made up of a set of triples in which
each triple comprises a subject (the resource being described:
a Web page, a person, a location or anything else that may
be of interest), a predicate identifying the characteristic de-
fined for that resource (the author of the Web page, his work,
the coordinates of the location, ...) and an object indicating
the value of the predicate for the specified subject (for ex-
ample the Web page author’s name is "Luis Sanchez"). Re-
sources in RDF are identified by Universal Resource Iden-
tifiers, URIs (URLs are the most common type of URISs).
The subject and predicate of an RDF triple are URIs. Any-
one can identify new resources to describe and new proper-
ties of resources simply by assigning a new URI to them.
This fits in very well with the open architecture of the Web.
Objects can be URIs, but they can also be constants (a string
of characters, an integer, ...).

Semantic Web applications may need more than seman-
tic annotations. Most of these applications will need a model
of the domain they are operating in, which includes a vo-
cabulary of the concepts relevant to that domain and prob-
ably the properties relating the different concepts and the
rules governing the domain. This model will enable the sys-
tem to draw conclusions and/or take decisions by process-
ing the annotations extracted from browsed web pages.
These models are defined by means of the second essential
ingredient needed to make the Semantic Web a reality:
ontologies.

Although there are a many definitions of what an ontol-
ogy is, we will borrow a definition coined by Studer et al.
[4] based on the previous definitions by Gruber [5] and Borst
[6]: "An ontology is a formal and explicit specification of a
shared conceptualization”.

The elements of this definition are also explained in [4]
as follows:

m Conceptualization refers to an abstract model of some
phenomenon in the world by having identified the relevant
concepts of that phenomenon.

m Explicit means that the types of concepts used and
the constraints on their use are explicitly defined.
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m Formal refers to the fact that the ontology should be
machine-readable.

m Shared reflects the notion that an ontology captures
consensual knowledge; that is, it is not private to some in-
dividual but accepted by a group.

It may seem a little confusing that we are now talking
about Semantic Web applications that store vocabularies
describing concepts and properties in their knowledge bases
while previously we had said that anyone can create new
terms (URISs) to identify resources (remember that resources
can be the subject, object, or predicate of an RDF triple).
How can a Semantic Web application ‘understand’ the mean-
ing of an annotation if it does not use a vocabulary known
by the application? The answer is simply that it cannot. This
is where the idea of "shared conceptualization™ of ontologies
comes in. A useful ontology will be shared by a group of
people (or a group of organizations) and will be used to
annotate their web pages. The Semantic Web application
storing that ontology in its knowledge base will be able to
understand the annotations of such web pages. This actu-
ally is not so very different from the state of the Web today.
A Spanish person will find it difficult to understand web
pages written in German (unless he or she happens to speak
German) and a doctor can easily understand web pages re-
lated to medicine but may have problems understanding web
pages related to complex electronic technologies.

With regard to this, one of the most active lines of re-
search into the Semantic Web today is concerned with what
is known as ontology mapping. Ontology mapping addresses

—-

the problem of detecting that two concepts defined in two
ontologies are related to one another in some way or even
that they are actually the same concept. There are several
techniques that can be used to do this: by analysing the on-
tology structures, by natural language processing techniques
if the concepts have associated labels, etc. Thanks to ontol-
ogy mapping we can discover relationships between the
vocabulary (the ontology) used by our knowledge-based
system and other vocabularies, thereby enabling us to ex-
tend the range of web pages that our system is capable of
processing. Unfortunately, the problem of ontology map-
ping is far from being solved (at least not automatic map-
ping).

As in the case of RDF, the W3C has developed two stand-
ard recommendations for the development of ontologies for
the Semantic Web: RDF Schema [7] and OWL (Web Ontol-
ogy Language) [8].

The third fundamental element of the Semantic Web is
the development of inference engines to implement the se-
mantics of the ontology and annotation languages used. In
order to be of use, these inference engines will need to com-
bine powerful reasoning capabilities with scalable perform-
ance.

The W3C has proposed an architecture (Figure 1) for
the Semantic Web based on the three fundamental elements
we have just described: annotations, ontologies and infer-
ence engines.

The lower levels of Semantic Web architecture reflect
the fact that the RDF models can be encoded as XML
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Figure 1: Semantic Web architecture.
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(eXtensible Markup Language) documents and that the RDF
Schema and OWL ontology languages are RDF models. It
is interesting to note that digital signature technologies also
appear in the figure. Due to the open nature of the Web,
annotations will follow the philosophy of: "anyone can say
anything about anything™. A Semantic Web application will
need to know how reliable the annotations it collects are.
New models for security and trust on the Semantic Web
will need to be developed.

The next three sections of this article deal with the state-
of-the-art in research activities related to annotation,
ontologies, and reasoning for the Semantic Web. The great
variety of research activities being conducted today, the zeal
with which the research community is addressing the chal-
lenge of the Semantic Web, and the obvious constraints of
space of an article of this kind, means that our overview
will be of necessity incomplete. For each topic we will try
and mention some of the most important papers on the sub-
ject, but others will inevitably be left out. We will finish off
with some conclusions and our view of how the Semantic
Web will develop in the near future.

4 Introduction to Semantic Annotation

As we have suggested in previous sections, the Seman-
tic Web [1] can be seen as an extension of the current day
Web in which the information contained on web pages must
be represented formally (as well as in natural language) to
enable machines to understand that information and proc-
ess it intelligently.

In order to give web resources a machine-readable for-
mal description and thereby realize the Semantic Web vi-
sion, we need to add semantic metadata®to those web re-
sources. The process of adding semantic metadata to web
resources is commonly known in the state-of-the-art as se-
mantic annotation? .

Generally speaking, the semantic annotation of a web
resource (a web page, an image, an email, ...) needs to as-
sociate its entire content or part of it (for example, a par-
ticular word) with a given identifier. This identifier (nor-
mally a URI) unambiguously identifies a concept mentioned
in the content of the resource. The identifiers of the con-
cepts to be used in the annotation process are obtained from
conceptualizations of certain domains of knowledge, typi-
cally in the form of ontologies.

Since annotations are the key to automatic processing
of web pages, semantic annotation is of vital importance if
we are to make the Semantic Web a reality. As a result, an-
notations have been, and will continue to be, an important
field of Semantic Web research. In the state-of-the-art of
semantic annotation we can find dozens of approaches that
can be broken down in various ways, such as by the degree
of automation of annotation tasks, or by the kind of web

* From the Greek semantikos, meaning, from the Greek meta, 'be-
yond', and the Latin data, 'data": data about the meaning of other data
2From the Greek semantikos, meaning, and from the Latin annotare,
'to add a note': to add a note to explain the meaning of a symbol
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resources that can be annotated. Looking first at the degree
of automation, we can break the proposed tools and sys-
tems down into:

Manual annotation systems: these include systems
such as Annotea [9], SHOE Knowledge Annotator [10],
SMORE (Semantic Markup, Ontology and RDF Editor) [11]
or CREAM (Creating RElational, Annotation-based
Metadata) [12]. These systems typically provide a user in-
terface allowing human annotators to view and browse both
ontologies and web resources simultaneously, using the
knowledge modelled in the ontologies to add annotations
to web resources. On the subject of approaches featuring
manual annotation we should also mention proposals that
aim to extend content authoring tools to include semantic
annotation capabilities, such as Semantic Word [13].

(Semi-)automatic annotation systems: these include
systems such as AeroDAML [14], SemTag [15], S-CREAM
[16], PANKOW [17], C-PANKOW [18], KIM [19] or MnM
[20]. These systems basically make use of NLP (Natural
Language Processing) techniques to extract references in
the text to certain concepts described in ontologies. These
systems generally require the input of seed patterns or
corpuses of documents in order to train the system.

With regard to the kind of resources that can be annotated,
most of the state-of-the-art approaches are centred on the an-
notation of text resources. This is true of most of the systems
mentioned previously, especially those using NLP techniques.
However, recently there ahs been a growing interest in the an-
notation of non-text resources, and so it is no surprise to find
among our semantic annotation state-of-the-art approaches
proposals for the annotation of images [21], audio [22] and
multimedia [23]. We can also find approaches where the infor-
mation to be annotated is not the content of a web resource,
but a service [24]. Thus we could say that semantic annotation
is following the trends in Semantic Web research by not only
covering aspects of the classical Web but also more innovative
aspects such as Web Services or GRID services (Global Re-
source Information Database).

5 Introduction to Semantic Web Ontologies

An ontology is made up of the following parts:

m Classes and instances: for example, an ontology mod-
elling the political structure of the European Union may
contain classes such as "Country" or "Political Party". In-
stances are used to model elements or individuals. Usually
instances belong to classes. For example, the instance
"Spain" belongs to the class "Country". Classes are usually
organized in a hierarchy of subclasses. If class A is a sub-
class of class B, instances of class A also belong to class B.

m Properties: they establish relationships between the
concepts of an ontology. For example, the property
"isPartyMember" associates a person with the party he or
she belongs to.

m Rules: They model logical sentences that are always
true. They are commonly used for modelling knowledge
that cannot be represented using the other three ontology
elements. Rules can be used for three purposes:
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- Knowledge creation: to obtain new logical sentences
based on information stored in the knowledge base.

- Constraint definition: define properties that the model
should met. They are used to detect inconsistencies.

- Reactive rules: determine actions to be taken by a
knowledge-based system as a result of certain conditions
being met.

Ontologies having no rules are called lightweight
ontologies. The simplest type of lightweight ontology are
called taxonomies and they are made up of a hierarchy of
classes representing the relevant concepts in the domain.

The decision of whether or not to use rules should not
be taken lightly, since while rules provide us with high ex-
pressiveness they also make for more complex reasoning
with the ontology, which can give rise to scalability issues.

The development and maintenance of complex
ontologies requires new techniques and tools to be devel-
oped. This is the purpose of what is known as "ontology
engineering”. Within the scope of "ontology engineering”
there are currently a number of research activities in
progress, among which are:

m Methodologies for the development of ontologies.
There are a several different proposals for defining appro-
priate methods and methodologies for the development of
ontologies. Among the most important are
METHONTOLOGY [25], and On-To-Knowledge [26].

m Tools supporting the development of ontologies. Most
of these tools include an ontology editor with a user-friendly
graphical interface that allows users to view the class hier-
archy of the ontology and insert/modify/delete classes, prop-
erties, instances and/or axioms. Some of them also provide
support to other phases of the ontology life-cycle, such as
evolution, documentation, evaluation, etc. Among the most
widely used ontology editors that support RDF, RDF
Schema and/or OWL are Protegé [27], InferEd [28],
WebODE [29] and OilEd [38].

m Evaluation and quality measures of ontologies. As in
other types of engineering, in ontology engineering we need
to evaluate the ontologies that we are going to use. This
evaluation includes a number of different aspects, such as
checking that the ontology is consistent (that it cannot reach
contradictory conclusions), that it models the domain prop-
erly, that it contains no redundancies, that it is easy to main-
tain, etc. Some relevant approaches to ontology evaluation
are to be found at [30] and [31].

m Support for ontology maintenance and evolution. As in
any other software system, Semantic Web-based applications
will evolve over time, as will the ontologies that they use.

We should also mention research activities related to
ontology learning, whereby ontologies are built (semi-)au-
tomatically using various techniques (for example, NLP).
The results obtained by these systems normally need to be
debugged manually before they can be used.

6 Reasoning Tools and Rule Languages for The

Semantic Web
One of the activities currently being carried out in the
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field of the Semantic Web is the development of inference
engines that support the languages being defined for the
Semantic Web. Examples of these are Jena [32], a develop-
ment environment for Semantic Web applications that in-
cludes for RDF Schema and OWL Lite reasoners (OWL
Lite is an OWL subset). Another RDF development envi-
ronment that incorporates an inference engine is SESAME
[39].

A very important subset of OWL is OWL-DL, in which
DL means Description Logics, a type of logic with less ex-
pressiveness than first-order predicate logic, but one over
which it is possible to perform reasoning tasks more effi-
ciently. Pellet [33] is an example of an OWL-DL reasoner.

The RDF Schema and OWL ontology languages have
limited capabilities for logical reasoning. For this reason, a
number of proposals for rule languages for the Semantic
Web have been put forward. One of the first proposals was
TRIPLE [34]. TRIPLE is a rule language based on Horn
clauses on top of RDF and an inference engine capable of
reasoning about models defined in TRIPLE.

Another very important initiative is RuleML (Rule
Markup Language) [35]. RuleML is an XML language for
defining rules intended for the Semantic Web RuleML con-
tains aspects logical programming, functional programming
(the subject of an article in this monograph) and object ori-
entation. The designers of RuleML have submitted a lan-
guage called SWRL (Semantic Web Rule Language) [36]
for consideration as a W3C standard. SWRL is a combina-
tion of OWL-DL (an OWL subset) and a subset of RuleML.

Regardless of the languages and tools being developed,
an important issue when designing a system based on Se-
mantic Web technologies is exactly how logical reasoning
capabilities are to be used. As readers will know, most logi-
cal reasoning languages with high expressiveness are char-
acterized by exponential complexity (as is the case of OWL-
DL) or are undecidable (as in the case of first-order predi-
cate logic). As a result, the use of inference engines for large
scale knowledge bases is not feasible today, nor does it seem
likely that it will be feasible in the future.

To overcome this problem a number of approaches are
open to us, all of which involve limiting the use of infer-
ence engines in our systems. One frequently adopted solu-
tion is to use lightweight ontologies combined with a
reasoner to expand class hierarchy queries. The expanded
query is finally processed by a conventional relational da-
tabase which stores the instances. This type of reasoning
can be implemented efficiently and therefore has no
scalability issues.

Other approaches are based on "approximate reasoning";
that is, reasoning algorithms that do not return 100% of the
results but perform much better.

7 Conclusions

In this article we have presented an overview, necessar-
ily incomplete for reasons of space, of the state-of-the-art
of the Semantic Web. It is incomplete in two aspects: 1) we
have omitted references to some important work in this field
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and 2) we have left out a number of important Semantic
Web related research activities. Atruly exhaustive overview
would, in any case, be impossible due to the huge volume
of research work going on in this area. However, we did not
want to conclude this article without at least mentioning
two important activities: Semantic Web Services and Se-
mantic Web query languages.

Web Services is a middleware technology promoted by the
W3C for communication between applications using the Web.
The Web Services standards that are being developed by the
W3C provide mechanisms for defining the interfaces provided
by servers to clients wishing to use a given Web Service. How-
ever, they do not provide any way to formally define either the
tasks that can be performed with a particular Web Service, or
the semantics of the data to be exchanged between client and
server. The idea behind Semantic Web Services is to provide
formal descriptions to services to enable automatic discovery,
access and composition of Web Services. References to some
important work in the field of Semantic Web Services are to be
found at [40][41][42][43][44].

Query languages are used to formally represent the in-
formation we wish to obtain from a knowledge base (or a
conventional database). In the case of the Semantic Web,
there are a number of proposals for RDF query languages,
the most promising of which is probably SPARQL [37],
which is currently a W3C Working Draft.

The Semantic Web vision is a source of great contro-
versy among its supporters and detractors. The latter be-
lieve that it will never become a reality. However, applica-
tions and prototypes based on Semantic Web technologies
are beginning to appear.

At this point in time it is hard to gauge to what degree
this vision will eventually be implemented or if and when
its use and deployment will become widespread. Clearly
the first requirement for this to happen is for a significant
number of web pages to be annotated. We believe that be-
fore this requirement is met, existing semantic annotation
systems need further development and more applications
promoting their use need to appear.

The development of a Semantic Web with all its possi-
bilities, as described in [1], is probably still very far off, if
indeed it ever happens. However, we are convinced that in
the near future the technologies being developed will make
for a more automated, more user —friendly, and more effi-
cient use of the Web.

Translation by Steve Turpin
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