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h i g h l i g h t s

• Cloud resources are automatically annotated with semantic content.
• The semantic annotation approach supports document and ontology evolution.
• Semantic information improves cloud service discovery and selection processes.
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a b s t r a c t

Currently, the availability ofWeb resources has grown enormously to the point thatwhatever a user needs
at a given moment can potentially be found on the Internet. These resources are not limited to data items
anymore, functionality delivered through some sort of service architectural model is also offered on the
Internet. In the last few years, cloud computing has emerged as one of the most popular computing mod-
els to provide services over the Internet. However, as the number of available cloud services increases,
the problem of service discovery and selection arises. Experience indicates that semantic technologies
can provide the basis for enhanced and more precise search processes. In this paper, we present a plat-
form thatmakes use of semantic technologies and techniques to facilitate the discovery of cloud resources
meeting the users’ needs.We propose an architecture that puts together semantic annotation techniques,
ontology evolution, term extraction and indexing resources to semantically annotate cloud services, and a
semantic search engine that leverages the semantic description of the cloud resources to find them from
keyword-based searches. A comprehensive evaluation of the tool in the ICT domain has produced very
promising results and is also presented in this article.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Experts define cloud computing as a ‘‘model for enabling ubiq-
uitous, convenient, on-demand network access to a shared pool of
configurable computing resources (e.g., networks, servers, storage, ap-
plications, and services) that can be rapidly provisioned and released
with minimal management effort or service provider interaction’’
[1]. Additionally, cloud computing can be seen as a technological
paradigm shift that permits to offer computing services over the
Internet using a pay-per-use model. This later feature of the cloud
makes it especially appealing for companies in the current socio-
economic climate. Consequently, according to studies by Gartner
Inc., one of the most prominent IT analyst firms, cloud comput-
ing is the primary source of growth in IT expending. The National
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Institute of Standards and Technology (NIST) has established a
group focused on promoting the effective and secure use of cloud
technology within government and industry. They identify three
main service models, namely, Software-as-a-Services (SaaS), Platf-
orm-as-a-Service (PaaS), and Infrastructure-as-a-Service (IaaS) [1].
The former is the model representing the actual applications that
endusers leverage to accomplish their objectives. PaaS is themodel
representing frameworks and common functions on which appli-
cations can be built. The latter refers to the services that provide
processing, storage, networks, and other fundamental computing
resources, on which consumers can deploy arbitrary software. In
this manuscript, when we use the term ‘‘cloud service’’ we are re-
ferring to services in any of the three categories just mentioned
(SaaS, PaaS, and IaaS). As the cloud computing model is gaining
momentum,more andmore cloud services are becoming available.
While service consumers can clearly benefit from such a broad ser-
vice offer, they are significantly hampered by the time-consuming
task of manual service discovery. Indeed, the exponential increase
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in the number of services availablemakes it harder for users to find
the ones that meet their needs. So, one of the main concerns in
the cloud computing community is that of service search and re-
trieval [2,3].

Under these circumstances, the authors believe that the success
in the application of semantic technologies in other environments
to enhance search processes (e.g., semantic Web Services [4]) can
be seamlessly applied in the cloud context. Semantic Web tech-
nologies [5] are currently achieving a certain degree of maturity.
The semantic Web was conceived with the aim of adding seman-
tics to the data published on theWeb (i.e., establish themeaning of
the data), so that machines are able to process these data in a simi-
lar way a human can do. Semantic technologies have been applied
with success in several domains such as tourism [6,7], finances
[8,9], e-learning [10], leisure [11,12], or bioscience [13,14]. Ontolo-
gies are the paramount technology of the semantic Web. An ontol-
ogy can be defined as ‘‘a formal and explicit specification of a shared
conceptualization’’ [15]. Ontologies provide a formal, structured
knowledge representation, with the advantage of being reusable
and shareable. Knowledge in ontologies is mainly formalized us-
ing five kinds of components: classes, relations, attributes, axioms
and instances. The use of ontologies and semantic technologies can
overcome the limitations of traditional search tools [16,17], and
they have also proved to be useful in the scope of the mechanisms
related to, for instance, Web Browsing [18,19], Service Discov-
ery [4], Recommendation [20], and Information Management [21].

Given that finding the appropriate services manually is time
consuming, the addition of semantics to the cloud landscape can
help automate the search process [22]. This approach requires the
generation of semantic descriptions for all the available cloud ser-
vices. This, if manually performed, would be again a very time
consuming task. Instead, it is possible to apply natural language
processing (NLP) techniques to the documents describing the ser-
vices for adding semantic annotations to them. The computer can
then assist the user in discovering the appropriate services by
leveraging the semantic information available. In line with this, in
this paperwepresent an ontology evolution-based framework that
enables the semantic annotation of the services available in the
cloud. The annotations attached to the cloud services are then ex-
ploited in order to carry out a semantically-enhanced search over
the cloud services space. The ultimate goal is to improve the pro-
cesses related with the search and retrieval of cloud services that
meet the users’ needs. The proposed architecture puts together
(1) semantic annotation techniques, ontology evolution, term ex-
traction and indexing resources to semantically annotate cloud
services, and (2) a semantic search engine that leverages the
semantic description of the cloud resources to find them from
keyword-based searches. The main contribution of this work is
the design and development of a semantic platform for cloud ser-
vices annotation and retrieval. The platform aims at alleviating the
burdens of manually discovering the appropriate cloud services.
For this, a semantic annotation mechanism is proposed that ad-
vances the state-of-the-art in several ways. Our approach provides
support for multiple ontologies, can deal with unstructured doc-
uments, supports both document and ontology evolution, and is
fully automatic. In all, the main difference between our proposal
and other relatedworks is the possibility to automatically annotate
cloud services from their natural language descriptions available in
several digital formats, and thus assist in enhancing the precision
of the service search processes.

The rest of the paper is organized as follows. Some relatedwork
is presented in Section 2. The functional architecture of the pro-
posed solution along with its constituent components is described
in Section 3. In Section 4, a use case scenario in the information
and communications technologies (ICT) domain is shown. Finally,
conclusions and future work are put forward in Section 5.

2. Related work

The concept of annotation can be defined as ‘‘the practice of
adding interpretative linguistic, information to a corpus’’ [23]. More
concretely, annotation or tagging is a process that permits to map
attributes, comments, or descriptions to a document or to a frag-
ment in a text. In general, annotations can be seen as extra infor-
mation associatedwith a particular point in a document or another
piece of information. Annotation systems can be classified into
three different categories:manual (performed by one ormore peo-
ple), semi-automatic (based on automatic suggestions) [24] or sim-
ply automatic (based on computer annotations processes).

Semantic annotations help bridge the ambiguity of natural lan-
guage and its computational representation in a formal language
through ontologies. The process basically consists of inserting tags
in a document. These tags represent links between text fragments
and ontological elements (attributes, concepts, relationships and
instances). As a result of this process, documents are created that
can be processed not only by humans but also by automated
agents [25]. According to [26], these systems canbe classified based
on the kind of annotationmethod used. There are two primary cat-
egories, namely, Pattern-based annotation and Machine Learning-
based annotation. The former is based on discovery rules, and the
latter relies on probabilistic and induction techniques.

Although in the last decade several systems for ontology-based
annotation have been proposed, there is not a standard approach
for semantic annotation [27]. Table 1 shows some of themostwell-
known semantic annotation systems as compared against our ap-
proach,which is presented in the last row. The parameters selected
for their representation in Table 1 are the following: ‘standard for-
mat’, ‘ontology support’, ‘heterogeneous document formats sup-
port’, ‘document evolution’, ‘automation’, and ‘ontology evolution’.
Next, these parameters are explained in detail.
Standard formats.

Most of the annotation tools developed up to 2006 use the
RDF format for the annotations (e.g., Armadillo [28], MnM [34],
S-CREAM [36] and CREAM [30]) or RDFa1 for embedding richmeta-
data within web documents. The tendency in the last few years,
however, has been to utilize OWL ontologies as the annotation
format, as described in CERNO [29], EVONTO [31], GoNTogle [32],
KIM [33], and Onto-Mat [35]. Finally, there exist other approaches,
such as the work presented in [29], that make use of alternative
annotation schemas based on text files generated by the TXL pro-
gramming language [37].

In this work, the second version of OWL, OWL 2 [38], has been
used. Its formal model supports a number of important automatic
DL inference services, which can be provided by different DL
reasoners including HermiT, Pellet2, Fact++ or Racer [39].
Multiple ontologies support.

One property that is often desired in the scope of semantic an-
notation is that of multiple ontologies support. The tools that offer
such a feature can support several ontologies in different domains.
The main advantage of semantic annotation systems supporting
multiple ontologies is that they can cover different domains.While
KIM [33], CREAM [30], GoNTogle [32], or Armadillo [28] sup-
port the use of multiple ontologies, CERNO [29], S-CREAM [36],
MnM [32], EVONTO [31] or Onto-Mat [35] do not include this fea-
ture. Our approach does indeed provide support for multiple on-
tologies.
Heterogeneous document formats support.

The main approaches for semantic annotation focus on deal-
ing with texts available on the Web, and so the documents being

1 http://www.w3.org/TR/rdf-primer.
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