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A B S T R A C T

The Semantic Web has attracted significant attention during the last decade. On the one hand, many

research groups have changed their focus towards Semantic Web research and research funding

agencies particularly in Europe have explicitly mentioned Semantic Web in their calls for proposals. On

the other hand, industry has also begun to watch developments with interest and a number of large

companies have started to experiment with Semantic Web technologies to ascertain if these new

technologies can be leveraged to add more value for their customers or internally within the company,

while there are already several offers of vendors of Semantic Web solutions on the market. The essence of

the Semantic Web is to structure Web-based information to make it more interoperable, machine-

readable and thereafter to provide a means to relate various information concepts more easily and in a

reusable way. The Semantic Web acts as an additional layer on the top of the Web, and is built around

explicit representations of information concepts and their relationships such as ontologies and

taxonomies. Furthermore, Semantic Web technologies are not only valuable on an open environment

like the Web, but also in closed systems such as in industrial settings. Hence, these technologies can be

efficiently deployed for domains including Web Services, Enterprise Application Integration, Knowledge

Management and E-Commerce, fulfilling existing gaps in current applications. This paper focuses on this

synthesis between Semantic Web technologies and systems problems within industrial applications.

There will be a short review of Semantic Web standards, languages and technologies followed by a more

detailed review of applications of Semantic Web computing in industry. The paper covers theoretical

considerations as well as use cases and experience reports on the topic, and we also present some current

challenges and opportunities in the domain.

� 2010 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Computers in Industry

journa l homepage: www.e lsevier .com/ locate /compind
1. Introduction

The Semantic Web is now becoming a well-established branch
of computer science and software engineering with its own
standards, languages, technologies and applications. It is also a
foundation for what is termed ‘Web Science’, where the Web itself
is the object of a dedicated science of its own when it is deployed in
a wide range of domains.1 There are a number of research institutes
now feeding new knowledge into the associated research
community, and a large number of new and existing industries
are deploying Semantic Web techniques to provide goods and
services to customers. While the World Wide Web and its
associated technologies and applications have become a ‘disrup-
tive technology’ over a relatively short period of time, it remains to
be seen whether the Semantic Web with its related new
technologies and applications will do the same. There are
nevertheless some encouraging indications. The number of new
* Corresponding author.
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business start-ups that now deploy Semantic Web technologies
has become noticeable. Web 2.0 companies such as Freebase,
Faviki and Zemanta have embraced Semantic Web technologies.
The New York Times also identified commercial industries around
the world that are using Semantic Web technologies as part of their
core business offerings to customers [1]. Giants such as Oracle,
Vodafone, Amazon, Adobe, Microsoft, Yahoo and Google are now
experimenting with Semantic Web technologies to provide new
value to customers [2], with some recent efforts including the
Yahoo! SearchMonkey search engine [3] and Google’s support in
indexing structured RDF information from the Web.2

The core of the Semantic Web contains a number of
fundamental formal models, languages and technologies for
interoperability and reuse of information, including RDF, RDFS,
the OWL family of languages, the WSML family of languages and
SPARQL. Semantic Web Services build on the Semantic Web and
previous work regarding Web Services to power semi-automated
or automated interoperable applications. In this paper, we will
2 http://googlewebmastercentral.blogspot.com/2009/05/introducing-rich-snip

pets.html.
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Fig. 1. Industrial applications for the Semantic Web and Semantic Web Services.

3 http://www.w3.org/2003/01/geo/.
4 http://www.w3.org/2007/OWL/wiki/OWL_Working_Group.
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describe the Semantic Web and Semantic Web Services technolo-
gies which act as foundational layers for a variety of semantic
industrial applications. We will detail three key areas for
applications: Knowledge Management, Enterprise Application
Integration and E-Commerce. These three application areas are
shown in Fig. 1, where the Y-axis represents the reward or
potential impact for semantics within industry, and the X-axis
represents the risk involved in implementing change to existing
technologies. For example, deploying semantics in the field of
Knowledge Management may not yield the same rewards as
applications in e-commerce, but the risks involved in successful e-
commerce deployment are much higher. Each of these three major
application domains is built upon two major areas of research—the
Semantic Web and Semantic Web Services. We begin our review by
looking at these two areas and then looking at each of the major
application domains in turn.

In the following section, we will introduce the main directions
of development within the Semantic Web along with their main
technologies, tools and achievements to date, as well as describing
various limitations and possible future developments.

2. The Semantic Web

The ‘Semantic Web’ can be thought of as the next generation of
the Web where computers that can aid humans with their daily
web-related tasks as more meaningful structured information is
added to the Web (manually and automatically) [4]. For example,
using a combination of facts like ‘‘John works_at NUI Galway’’,
‘‘Mary knows John’’, ‘‘a Person works_at an Organisation’’, and ‘‘a
Person knows a Person’’, you can allow computers to answer
relatively straightforward questions like ‘‘Find me all the people
who know others who work at NUI Galway’’ which at this moment
is quite difficult to do without significant manual processing of the
information returned from search results. The Semantic Web
represents these facts through the use of metadata that is
associated with Web resources, and behind this metadata there
are specific vocabularies or ‘ontologies’ [5] that describe what are
the semantics (or meaning) of this metadata and how it is all
related to each other.

Metadata can be thought of as ‘data about data’. Similar to how
librarians traditionally put information about books into catalo-
gues or library cards, metadata on the Web commonly refers to
descriptive information about Web resources that can support a
wide range of operations [6] ranging from retrieving to re-
contextualising content. Metadata elements are used to give
structure to the description of a resource. For example in an
educational course, metadata elements will include title, descrip-
tion, keywords, author, educational level, version, location,
language, date created, and so on. RDF (Resource Description
Framework) is used to express metadata about resources [7] while
these resources are defined using URIs (Uniform Resource
Identifier) such that they are provided with unique and non-
ambiguous identifiers at Web-scale, enabling interoperability
between various applications. Led by the W3C consortium, RDF
is supported by a wide range of stakeholders ranging from digital
librarians to B2B industries and has achieved significant industrial
momentum.

RDF consists of two aspects: a graph-based abstract model for
the data (made up of multiple statements, or triples) and the RDF
syntax (with a variety of serialisations to represent these triples in
a computer-readable form such as N3, Turtle, RDF/XML or RDFa
which allows RDF annotations to be directly embedded within
XHTML pages). For example, to say that Alice knows Bob, we could
use the Notation3 (N3) syntax for the corresponding RDF triple:
‘‘http://example.org#Alice http://xmlns.com/foaf/0.1/knows
http://example.org/#Bob’’. All triples are in the form of a directed
graph, from subject via a directed arc (the predicate) to an object. In
the previous example, Alice would be the subject, the ‘knows’
relationship is the predicate and Bob is the object. URIs are
normally used to give identifiers to the subject, predicate and
object, but the object may sometimes be a literal or text string if an
attribute is to be assigned to a subject, e.g. ‘‘http://example.or-
g#Alice http://xmlns.com/foaf/0.1/name ‘Alice Cooper’’’. A sample
RDF graph model is shown in Fig. 2.

Further structure is provided by a metadata schema or ontology
(e.g. as shown in the bottom layer of Fig. 2). For example, if there is
metadata about a soccer team, an underlying ontology will say that
a soccer team always has a goalkeeper and always has one and only
one manager, so each metadata entry for a soccer team should have
that information. Ontologies are formal and consensual specifica-
tions of conceptualisations that provide a shared and common
understanding of a domain [5]. In order to deploy ontologies on the
Web, two languages have been put forward as standard proposals
by the W3C, namely RDFS and OWL. RDF schema (RDFS) is
commonly used for the definition of RDF ontologies (and written in
RDF) on the Semantic Web [8]. Some of the more popular Semantic
Web lightweight ontologies include FOAF (Friend-of-a-Friend, for
social networks) [9], Dublin Core (for resources online or in
libraries), SIOC (Semantically-Interlinked Online Communities, for
online communities and content) [8], and the Geo vocabulary3 (for
geographic locations). Recently, Bizer et al. [10] provided a list of
popular and core vocabularies that people should use when
publishing data on the Semantic Web as well as some best
practices for publishing RDF data on the Web.

While popular, RDFS is somewhat limited in various regards. In
order to overcome some of the limits of RDFS, ontology developers
can use OWL (the Web Ontology Language) [11] (currently being
revised towards OWL2)4 to define more precise axioms within
their ontologies, for example, transitivity of some properties (e.g.
in an ‘‘ancestor’’ property), symmetry (e.g. ‘‘sibling’’) or cardinality
constraints (such as the ‘‘has one and only one manager’’ in the
previous example). In addition, ontologies also act as a support for
reasoning systems, both to derive new facts or to check the
consistency of the model. OWL provides three increasingly
expressive sublanguages designed for use by specific communities
of implementers and users: OWL Lite, OWL DL and OWL Full. OWL
Lite supports those users primarily needing a classification
hierarchy with simple constraints. OWL DL supports those users
who want the maximum expressiveness while retaining compu-
tational completeness, while OWL Full is meant for users who want

http://example.org/
http://xmlns.com/foaf/0.1/knows
http://example.org/
http://example.org/
http://example.org/
http://xmlns.com/foaf/0.1/name
http://www.ebusiness-unibw.org/tools/goodrelations-annotator/
http://www.ebusiness-unibw.org/tools/goodrelations-annotator/
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Fig. 2. Metadata and ontologies.
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Fig. 3. The Semantic Web stack.27
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maximum expressiveness and the syntactic freedom of RDF with
no computational guarantees.

Once this metadata has been published, using RDF(S)/OWL,
query languages are required to make full use of it. SPARQL
(Protocol And RDF Query Language) aims to satisfy this goal and
provides both a query language and a protocol for accessing RDF
data [12]. SPARQL can be thought of as the SQL of the Semantic
Web, and offers a powerful means to query RDF triples and graphs.
As Tim Berners-Lee stated5: ‘‘Trying to use the Semantic Web
without SPARQL is like trying to use a relational database without
SQL. SPARQL makes it possible to query information from
databases and other diverse sources in the wild, across the
Web.’’ SPARQL is a graph-querying language, which means that the
approach is different than SQL where people deal with tables and
rows. Since query patterns are based on the RDF graph model,
advanced queries are made possible such as ‘‘find every person
who knows someone who knows someone else interested in
Semantic Web technologies’’. In addition, to overcome some of the
current limitations of the language, the SPARQL Working Group in
W3C is now working on updating the language and considering
some new features such as aggregates and updates [13].

When data is represented using RDF and can be accessed with
SPARQL, queries can be created that are relevant to a particular
organisation, e.g. ‘‘show me the most popular or least popular
reports’’, or ‘‘show me any reports that used some of my data’’.
According to Eric Miller from Zepheira [14], this can bring
organisations into a ‘‘Linked Enterprise Data’’ (LED) framework,6

a parallel idea to the Linking Open Data7 initiative (a community
project focusing on providing interlinked RDF data from existing
open sources, leading to the availability of billion of resources and
triples on the Web, and based on the Linked Data principles defined
in [15]). LED aims to both expose and link enterprise data, while
showing that there are benefits in terms of solutions that can be
made available immediately.

Other components are required to achieve the complete
Semantic Web vision, including proof, trust and user interfaces
and applications, leading to the Semantic Web stack designed by
5 http://www.w3.org/2007/12/sparql-pressrelease.
6 A summary of the presentation is given at http://tinyurl.com/ericmiller.
7 http://linkeddata.org/.
the W3C as depicted in Fig. 3. Some of these components are
described under the discussion on Semantic Web Services.

3. Semantic Web Services

The Semantic Web Services (SWS) domain appeared in 2004
with the idea of combining the Semantic Web with Web Services
technologies in order to increase automation and business
execution in a digital environment. A strong motivation was to
address the huge integration problems that IT industry faces
continuously, including data interoperability issues, formats
heterogeneity and many other issues that appear when several
IT systems need to be interconnected. Their combination was a
natural way of enhancing the power of possible semi-automated or
27 http://www.w3.org/2007/03/layerCake.png.
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automated applications in order to save time and operational costs.
Semantic technology is used to add ‘meaning’ (machine process-
able declarative features) to the specifications and implementa-
tions of Web Services, to make possible the integration of
distributed autonomous systems, while having independently
designed data and behaviour models. Data definitions, behaviour
and system components are designed in a machine-understand-
able form by using ontologies defined in new languages (e.g.
WSMO—Web Services Modelling Ontology), providing the basis for
reducing the need for human intervention in system integration
processes. Web services (WS) are used in the context of
automatically publishing functions or content to the rest of the
world on the Web. They are application components and they
communicate by using open protocols. The basic WS platform is
made of XML and HTTP. Within their original design, they were
aimed to be self-contained and self-describing. UDDI (Universal
Description, Discovery and Integration) repositories together with
SOAP (Simple Object Access Protocol) and WSDL (Web Services
Description Language) make up the constituent elements of WS.
More concretely, a WS presents (i) a capability that is a functional
description of a Web Service, describing constraints on the input
and output of a service through the notions of pre-conditions,
assumptions, post-conditions, and effects and (ii) interfaces that
specify how the service behaves in order to achieve its
functionality. A service interface consists of a choreography that
describes the interface for the client–service interaction required
for service consumption, and an orchestration that describes how
the functionality of a Web Service is achieved by aggregating other
Web Services.

Some key languages can be used for describing Semantic Web
Services including OWL [11], OWL-S [16] and WSMO/WSML (Web
Services Modelling Ontology/Language) [17]. The W3C’s Semantic
Web stack in Fig. 3 shows a layering of technologies that can be
traced bottom-up from XML, RDF, SPARQL, OWL, a logic layer and
some final layers on top. While an evolutionary path can be
followed from XML towards RDF and OWL,8 the WSML language
has been created independently of the previous languages (but it
sits at the same level as OWL) with the goal of overcoming some
limitations of previous technologies in relation to Web Services.
Description logic [18] is being used in the OWL family of languages
while description logic, first-order logic [19] and logic program-
ming [20] are all used in the WSML family of languages.

3.1. OWL/OWL-S

OWL was one of the first languages to be considered for use in
combination with Web Services. OWL builds on XML’s ability to
define customised tagging schemes and on RDF’s flexible approach
to representing data. If machines are expected to perform useful
reasoning tasks on these documents, the language must some-
times go beyond the basic semantics of RDF schema. OWL was
designed to meet this need for a full Web Ontology Language, and
is part of a growing stack of W3C recommendations related to the
Semantic Web.

OWL-S was created with the purpose of being a semantic mark-
up language for Web Services and was submitted to the W3C in
November 2004 [21]. The motivation behind this was to ensure
automatic Web Service discovery, invocation, composition and
interoperation. In order to provide such functionality for Web
Services consumption, it was necessary to be able to declare ‘what
does a service provide’, ‘how a service can be used’ and ‘how does
the interaction process occur’. For these functionalities, concepts
8 It is important to note that RDF is not a subset of XML, rather that RDF/XML is

only one of the multiple serialisation formats that can be used to represent RDF

data.
were created such as ‘service profile’, ‘service model’ and ‘service
grounding’. Within the W3C specification on OWL-S, details can be
found for each concept regarding their features and outlining how
the OWL language can be used to address the profile description of
a service, how to model a process to be executed and how to
ground a service—protocols, serialisation, transports and addres-
sing.

OWL and OWL-S have become quite popular in the academic
research around the world. The missing part from this approach
was a standardised execution environment that can process and
handle the transactions of OWL ontologies and web service
descriptions so as to realise discovery, invocation and composition.
Interested users needed to build execution environments for
themselves in order to execute the applications they were
interested in. The industry pick-up has been quite modest and
to date there are no major usages or killer applications of OWL/
OWL-S technologies. This may be due to the high complexity of the
technology itself, the lack of an educated critical mass to deal with
logic modelling and process modelling where logic challenges can
be many and quite challenging. Also, there were no strong
messages coming from the research community detailing the clear
proven advantages if such technology were to be adopted.

3.2. WSMO/WSML/WSMX

WSMO (Web Services Modelling Ontology) [17] is a fully-
fledged framework for Semantic Web Services. It appeared
chronologically in 2005 after OWL/OWL-S, and was intended as
a novel approach to address by design several limitations exhibited
by OWL. The WSMO initiative provides a complete framework
enhancing syntactic description of Web Services with semantic
metadata. The WSMO project is an ongoing research and
development initiative aiming to define a complete framework
for Semantic Web Services and consists of three activities (i)
WSMO,9 which provides a formal specification of concepts for
Semantic Web Services; (ii) WSML (Web Services Modelling
Language),10 which defines the language for representing WSMO
concepts; (iii) WSMX11 (Web Services Execution Environment),
which defines and provides reference implementation allowing
the execution of Semantic Web Services.

As illustrated in Fig. 4, WSMO was designed around concepts:
Ontologies, Goals, Web Services and Mediators. As defined by [17],
Goals provide a means to characterise user requests in terms of
functional and non-functional requirements. For the former, a
standard notion of pre- and post-conditions has been chosen and
the latter provides a predefined ontology of generic properties.
Web Service descriptions enrich this with an interface definition
that defines service access patterns (its choreography) as well as
the means to express services composed from other services (its
orchestration).

The WSML language is based upon different logical formalisms:
description logics, first-order logic and logic programming. WSML
aims to provide a means to formally describe all the elements
defined in WSMO. Some variants of WSML correspond to different
levels of logical expressiveness/logic formalisms, and the use of
different language paradigms. These variants are: WSML-Core,
WSML-DL (description logic), WSML-Flight, WSML-Rule and
WSML-Full. WSML-Core corresponds to the intersection of
description logic and Horn logic. WSML is specified in terms of
a normative human-readable syntax. The logic constraints that are
declared in WSML goals or capabilities are interpreted and
reasoned upon within WSMX by a dedicated component called
9 http://www.wsmo.org/.
10 http://www.wsmo.org/wsml/.
11 http://www.wsmx.org/.
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Fig. 4. WSMO top-level concepts.
[(Fig._5)TD$FIG]

Fig. 5. WSMX reference architecture.
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a ‘reasoner’. Some of the reasoners available on the market include
KAON212 [22], MINS13 and IRIS [23].

As a conceptual and reference model, the WSMO framework
provides the high-level concepts that are used in its WSMX
reference implementation for Semantic Web Services. WSMX is an
execution environment that supports dynamic discovery, selec-
tion, mediation, invocation and interoperation of Semantic Web
Services, and provides a reference implementation for a service-
oriented architecture that uses semantic annotation of all its major
elements. The WSMX specification is currently being developed
further through OASIS as the Semantic Execution Environment
(SEE). In Fig. 5, we present the WSMX architecture and its most
important components. WSMX is a framework for both Web
Service providers and requesters. As a provider, one may register a
service using WSMX in order to make it available to consumers
and, as a requester, one can find the Web Services that suits one’s
needs and then invoke them in a transparent, secure and reliable
way.

The platform shown in Fig. 5 offers the possibility to execute
simple or complex operations with Web Services: discovery,
invocation, composition (choreography and orchestration), medi-
ation (where needed), reasoning over WS ontologies, and finally,
results retrieval. The WSMX platform allows interoperability
between WSML-described Web Services and other service defini-
tions (e.g. via OWL) with the help of the data and process
12 http://kaon2.semanticweb.org/.
13 http://dev1.deri.at/mins.
mediation components. Also, the platform allows various compo-
sition scenarios to be executed and for its components to be
selectively used via an execution semantics process file that can be
loaded into the WSMX core. With this platform, the semantic
‘offering’ of WSML and WSMO is completed and forms a full
package for anyone who wants to use an open-source technology
and have an ontology modelling methodology. This combination of
a language (WSML) and an execution environment can be
customised for various execution scenarios that can range across
industries—tourism, banking, procurement and many others.

Fig. 6.
To conclude, the SWS initiative has proved that it is possible to

semi-automate processes and execute distributed operations over
the Internet, while having a flexible and inferable way of
interpreting data and behaviours attached to the services made
available for machines. Various prototypes in e-tourism, e-
banking, geospatial applications and business processes have
been built in EU projects such as DIP [24], SWING [25] and SUPER
[26], revealing that it is possible to build rather complex semi-
automated applications and at the same time disclose the
challenges of implementing such solutions on the market: the
complexity of the technologies, the demand for highly-skilled
knowledge workers, as well as the need for getting out on the
market ‘at the right time’. Overall, the combinations of the OWL/
WSML ontologies, used for describing the interactions of Web
Services with the help of inference provided by reasoners, is one of
the most advanced applied research trials to date. The goals have
been extremely ambitious and the prototypes delivered to date

http://www.ebusiness-unibw.org/tools/goodrelations-annotator/
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Fig. 6. Mashup of organisational data from a Semantic Wiki using Google Maps, GeoNames and Exhibit.
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have proven the feasibility of such technical solutions, given that
the right moment for them to be applied has been carefully chosen.

Sections 2 and 3 have presented the foundations of the
Semantic Web. In the next three sections we look into each of
the three applications domains outlined earlier—Knowledge
Management, Enterprise Application Integration and E-Commerce.
We begin with some Knowledge Management Applications. As
Knowledge Management is a wide topic, especially in organisa-
tions, we will mainly focus on the use of collaborative software for
Knowledge Management and in particular discuss their improve-
ments thanks to Semantic Web technologies.

4. Knowledge Management and the Semantic Web

‘‘Enterprise 2.0’’ [27] describes a next generation of Knowledge
Management and collaboration tools being used in organisations,
similar to how Web 2.0 is being used to describe a second-
generation of web-based communities and hosted media services.
It is defined as ‘‘the use of emergent social software platforms
within companies, or between companies and their partners or
customers’’.14 For instance, blogs can be used to ease information
sharing within organisations [28], wikis can be efficient platforms
for collaborative document editing, from project management to
software development [29], while microblogging can be used as a
means to enhance real-time conversations and questions and
answers between employees. Enterprise 2.0 is a new way to share
and manage knowledge in industry, focusing on the ‘‘we are
smarter than me’’15 meme [30] in order to enable collective
intelligence in organisations.

In the same way that the Semantic Web refers to an extension of
the Web providing structured and machine-readable content,
Semantic Enterprise 2.0 refers to the extension of these tools using
semantic technologies, e.g. semantic wikis or semantically-
enhanced blogging within organisations [31]. Most of the tools
used in these enterprise settings can be efficiently enhanced with
14 http://andrewmcafee.org/blog/?p=76.
15 http://wearesmarter.org.
Semantic Web technologies. For example, semantic blogging [32]
systems such as semiBlog [33] allow one to embed metadata
within blog posts where more structure is required, e.g. for
meeting minutes or for project deliverable descriptions. Similarly,
Haystack allows us to embed structured information and link to
other resources when blogging [34]. More focused on real-time
exchange in organisations, microblogging can also be enhanced
with rich and structured metadata for similar purposes [35].
Semantic tagging capabilities, including the Tag Ontology [36],
SCOT [37] and MOAT [38], can also help to integrate tagged data
from different sources, the latter providing the ability to give
meaning to users’ tags using ontology instances, enabling
enhanced information retrieval over tagged data [39].

One of the major areas for Semantic Web technologies and
collaborative Knowledge Management in organisations is the use
of semantic wikis. Semantic wikis enhance usual wiki functionali-
ties by providing semantic annotations regarding the structure of
the wiki, its content, or sometimes both. In his presentation on
‘‘The Relationship Between Web 2.0 and the Semantic Web’’,16

Mark Greaves, previously at DARPA, said that semantic wikis are a
promising answer to various issues associated with semantic
authoring by professionals, by reducing the investment of time
required for training on an annotation tool and by providing
incentives required to providing semantic markup (attribution,
visibility and reuse by others). Semantic wikis such as the popular
Semantic MediaWiki extension [40] for the MediaWiki platform
are also being repackaged for commercial use by companies like
Centiare (now MyWikiBiz) or Ontoprise. Various semantic wiki
applications exist, enabling the collaborative construction of
structured knowledge and providing advanced querying or
browsing interfaces, some of them also including reasoning
capabilities. As well as Semantic MediaWiki, some interesting
semantic wiki applications of note include: IkeWiki [41], OntoWiki
[42], KiWi [43], and UfoWiki [44]. In [31,44], the use of a semantic
wiki at EDF (Électricité de France, the main electricity company in
France) is described, focusing on how ontologies are used to
16 http://tinyurl.com/markgreaves.
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Fig. 7. Tracking actions in Semanta.

17 http://commontag.org.
18 http://www.ontoprise.de/.
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provide advanced means to identify relevant companies in
collaboratively-built knowledge. It is also demonstrated how
internal wikis can be enhanced from structured information from
the Web, especially via the Linking Open Data project [45] to
provide geolocation mashups combining internal wiki information
and data from the Web (as depicted below). In [46], another use
case regarding Semantic MediaWiki is described, focusing on the
deployment of the application in a network of small- to medium-
sized enterprises (SMEs).

4.1. Personal Knowledge Management

Semantic Web technologies in organisations can be used not
only to enhance information published on Intranets, but also to
improve personal information management and direct exchanges
between employees. The Semantic Desktop initiative, via the
Nepomuk project [47], currently deployed in KDE environments,
uses dedicated ontologies to improve integration between desktop
applications such as calendar, note taking, and so on. Projects
within the Semantic Desktop initiative include Semanta [48], a
semantic e-mail client that can identify various discourse patterns
in e-mails such as actions, and then enhance the usual workflow of
communication between knowledge workers, as depicted in Fig. 7,
in which someone can directly accept or deny a meeting proposal
that has been identified in the e-mail message. Other tools include
SemNote [49], a semantic notetaking application, enabling the
ability to link a note to any content on the desktop, providing
integration between tools originally designed as independent data
silos.

4.2. Public applications for corporate semantic Knowledge

Management

Companies can also use public Web tools for Knowledge
Management, especially when these tools allow private areas to be
created. Many tools are now emerging that makes use of semantic
representations for more efficient Knowledge Management and
retrieval. Among these services, Radar Networks’ flagship service is
a semantic social software product called ‘Twine’ [50] that allows
people to share what they know. It can be thought of as a
knowledge networking application in that it allows users to share,
organise, and find information with people they trust. People
create and join ‘twines’ (community containers) around certain
topics of interest, and items (documents, bookmarks, media files,
etc.) are posted to these twines through a variety of methods.
Content can be tagged by users when it is added, but Twine also
automatically extracts relevant tags and entities from the content
(people, places, organisations, etc.) Unlike many public communal
sites, more than half of the data and activities in Twine are private
(60%), and privacy/permission controls are deeply integrated into
the Twine data structures. Another interesting service is Faviki [51]
that allows people to annotate their content using tags based on
DBpedia (the RDF version of Wikipedia) identifiers, enabling better
ways to link tagged content together. In addition, Faviki exposes its
data in RDF using CommonTag,17 making integration easier with
other services. Another San Francisco-based company, Metaweb,
has created the open collaborative knowledge database Freebase,
termed a ‘‘massive collaboratively-edited database of cross-linked
data’’ powered by semantic technologies. Freebase organises its
data and categories of data in ontology-like structures called
‘‘Freebase Types’’, based on a graph model. Any user can create and
modify their own types and associated properties, and these can be
promoted for adoption by administrators of the relevant domains
that the type belongs to. Both Metaweb and Radar Networks have
indicated that their services may later be repackaged for
organisational use, thereby allowing proprietary or commercial
data to be stored and accessed using semantic technologies [52]. As
mentioned earlier, Knowledge Management is a relatively low risk
but also low benefit area for IT investment in industry. We now
turn our attention to an area where the benefits of Semantic Web
can be higher, but with that comes a higher risk in terms of
successful implementation—enterprise data integration within
industry.

5. Enterprise data integration using semantic web technologies

By nature, Semantic Web technologies are a great candidate for
enterprise data integration and middleware services [52]. By
mapping data contained in heterogeneous applications to common
representation layers using RDF(S)/OWL, they unify heterogenous
data structures in a meaningful way. Among the various systems
using Semantic Web technologies for data integration, Ontobroker
[53] (now available as a commercial product from Ontoprise)18

uses ontologies to extract and integrate information from
distributed and heterogeneous semi-structured data sources,
and provides a single query interface so that the user sees these
distributed applications as a single system. SCORE – Semantic
Content Organisation and Retrieval Engine [54] – uses Semantic
Web technologies to integrate external sources inside manage-
ment systems, using ontologies to manage heterogeneous data and
using data extraction process from these various sources. In [55],
the authors propose an ontology-based Knowledge Management
System, aligning several internal data sources (databases, direc-
tories) via a mediation layer and aligning different local ontologies
in the system.

Since lots of knowledge in organisations is stored inside
relational databases management systems, another relevant area
for enterprise data integration is also how this existing data can be
integrated with Semantic Web applications. Recent efforts have
provided various tools to translate existing databases to RDF, or to
directly use SPARQL to query RDBMS. These include Triplify and
D2RQ [56], and work regarding integrations between RDBMS and
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Fig. 8. The RDF Bus architecture.
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RDF is to be tackled in the W3C by the RDB2RDF Working Group.19

Recently, the W3C RDF2RDB Incubator Group20 published a survey
on current approaches regarding these mappings [57], as well as a
report defining future research and standardisation steps on the
topic [58]. Another means to bridge this gap between the RDF and
XML worlds is XSPARQL [59], while GRDDL (Gleaning Resource
Descriptions from Dialects of Languages) can be used to convert
any XML document to RDF [60]. Moreover, it is worth mentioning
that various use cases have successfully reported the use of data
integration using Semantic Web technologies systems, within
companies ranging from NASA [39], Lilly [61], British Telecom [62],
and a recent W3C workshop on Semantic Web technologies in
Energy Industries21 also showed interest from companies such as
Chevron in the area.22

5.1. Data integration in collaborative environments

We previously mentioned how Enterprise 2.0 services can be
independently enhanced using Semantic Web technologies, but
there is often a need to integrate various sources (blogs, wikis and
RSS feeds) together to have a global object-centric [63] view of a
given topic. In order to define a mediation layer to interlink these
social applications, one can rely on lightweight vocabularies such
as SIOC [64] and FOAF [9] to unify the content from these
applications. These applications can interact using an architecture
similar to the RDF Bus, introduced by [65] and described in [66],
and as depicted in the services shown in Fig. 8.

Collaborative work environments (CWEs) used for collabora-
tion between organisations often act as data silos since they are
isolated systems that cannot communicate with the rest of the
world. SIOC has been adapted in the ECOSPACE integrated project
for use in CWEs as an interoperable format to share workspaces
and documents between different CWE systems, e.g. BSCW and
Business Collaborator [67]. Concepts that exist in the CWE domain
were mapped to the SIOC ontology (e.g. document, folder, user and
19 http://www.w3.org/2009/03/rdb2rdf-charter.
20 http://www.w3.org/2005/Incubator/rdb2rdf/.
21 http://www.w3.org/2008/12/ogws-cfp.
22 http://www.w3.org/2008/07/ogws-report.html.
post). CWEs can then access data from heterogeneous remote
CWEs within the application itself.23 A user in BSCW or BC can
create a new ‘‘shadow’’ folder which connects to a remote folder in
a remote (heterogeneous) CWE, thereby providing transparency
and the same look-and-feel as native folders24 with much of the
same essential functionality.

We now turn our attention to the final and arguably the most
risk-intensive application domain for Semantic Web technolo-
gies—e-commerce. This domain is also arguably the domain with
the highest potential rewards for industry from successful
implementation. This final domain, e-commerce, builds on both
the Semantic Web and Semantic Web Services discussed in
Sections 2 and 3.

6. E-Commerce

The term e-commerce as used in this article relates to the
applications that facilitate business-to-consumer and business-to-
business transactions using elements of Semantic Web technolo-
gies and Semantic Web Services discussed earlier, to improve and
enhance value-adding processes. Current transactions depend to a
large extent on human interaction between co-operating processes
and/or on vendor-specific software that utilises various standards
available in this domain. Semantic Web technologies and services
can provide mechanisms that integrate applications and services in
an extended and virtual business environment. Virtual enterprises
can be envisaged that will support configuration and reconfigura-
tion through semi-automatic service discovery and mediation.
Major information transactions from functions such as design,
production, planning, distribution, supply chain, recycling and the
innovation process can be codified into an ontology and made
machine processable (see Fig. 9).

The use of a loosely-integrated virtual enterprise-based
framework holds the potential of adapting to changing market
demands. Its success requires reliable and large-scale interopera-
tion among trading partners via a Semantic Web of trading
partners’ services whose properties, capabilities, and interfaces are
encoded in an unambiguous as well as computer-understandable
form. The ability to search for and quickly find the small piece of
information needed from the huge amount of information
available has crucial importance. To overcome current bottlenecks
in business-to-business (B2B) electronic commerce, we need
intelligent solutions for mechanising the process of structuring,
standardising, aligning and personalising data. Interoperability
represents a major challenge for current IT solutions in dealing
with the information layer of business-to-business (B2B) integra-
tion that may only be overcome by means of an ontology-based
mediation. This allows organisations with different data standards
to exchange information seamlessly without having to change
their proprietary data schemas. The Semantic Web can make e-
commerce interactions more flexible and automated by standar-
dising ontologies, message content, and message protocols.
Exploration of Semantic Web technologies in particular ontologies,
grid technologies and Semantic Web Services promotes the
development of modern manufacturing technology. Grid applica-
tions need resources and services to be discovered quickly and
efficiently. The greatest obstacle however, lies in the difficulties in
appropriately describing resources and services. To easily find the
needed services, an ontology is used to describe resources and
services. Recent work in Artificial Intelligence (AI) is exploring the
use of formal ontologies as a way of specifying content-specific
agreements for the sharing and reuse of knowledge among
software entities. Formal ontologies are viewed as designed
23 http://tinyurl.com/siocecospace2.
24 http://tinyurl.com/siocecospace2.
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Fig. 9. Functions and processes in industry.

25 http://www.heppnetz.de/projects/goodrelations/.
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artefacts, formulated for specific purposes and evaluated against
objective design criteria.

The vision of the Semantic Web is to have many routine
transactions between all of these functions and processes across
the extended enterprise become machine processable, thus
minimising human interaction and the need for expensive bespoke
programming. The scale of processes and applications across e-
commerce is significant. The spectrum of applications is extremely
large and to name a few: corporate portals and knowledge
management, e-commerce, e-work, e-business, healthcare, e-
government, natural language understanding and automated
translation, information search, data and services integration,
social networks and collaborative filtering, knowledge mining,
business intelligence and so on.

Fig. 9 illustrates a number of generic functions in a typical
industrial organisation that deploy computer technology to
support its business processes, in particular B2B and B2C
communications. The figure also illustrates key processes that
integrate specific functions, for example, the co-design process
that integrates the design, supply and production functions. Other
processes include the concurrent design process, the e-business
process, the supply chain process, the order fulfillment process and
the recycling process. There are a significant number of research
initiatives for creating ontologies and associated services and
applications across these and other functions and processes. Fig. 9
also illustrates some published research on the key research
thrusts that are emerging. Not included in this figure is the large
number of surveys completed into industrial-based Semantic Web
applications [68–73]. Also, not included in this figure are a number
of research papers that are emerging on the application of
Semantic Web technologies in specific application domains that
vary from organic food [74], telecommunications [75,76], and
petroleum [77,78] to the pharmaceutical industry [79] and
healthcare [80]. We will now briefly examine some of the research
underway in the core business processes illustrated.

6.1. Co-design and design processes

The co-design process takes place between the design function
and two major stakeholders—suppliers and customers. Qiu [81]
looks at service-based collaborative design architectures to allow
multi-disciplinary experts to cooperate closely in the whole
product development lifecycle. Lee [82] looks at distributed
product development architecture for engineering collaborations
across ubiquitous virtual enterprises. Finally, Lin [83] looks at a
manufacturing system engineering ontology for semantic inter-
operability across extended project teams. The principle objectives
of this research are to find an efficient method through which
partnerships may be managed on demand and to facilitate
collaborative design. The key solution emerging are the use of
Web Services for the discovery of common processes, a common
ontology that promotes integration between dissimilar informa-
tion systems and applications codified in machine-readable
languages such as RDF and OWL. Various service models have
emerged which are able to represent manufacturing behaviour,
facilitate the complex communication required for collaborative
process management, and help companies collaborate on an
optimal solution for design and co-design of products and
processes. Other ontology-based knowledge schemes facilitate
communication and information exchange in inter-enterprise,
multi-disciplinary engineering design teams and are encoded in
standard Semantic Web languages. The approach which is
common across a wide range of research in this area focuses on
how to support information autonomy that allows the individual
team members to keep their own preferred languages or
information models rather than requiring them all to adopt a
standardised terminology. The use of semantics extends beyond
product data and includes the modelling of skills and expertise
among design team members. The complexity of design data
increases substantially in extended enterprise environments
comprising of a large number of co-designing organisations.
Recent advances in grid, Semantic Web, P2P and Web Services have
revolutionised the way we communicate and collaborate and also
make it possible to integrate desktop data. Undertaking the
intersection fulfillment of these technologies on an enterprise
desktop enables new integrative and collaborative use of not only
organisational data but also distributed, autonomous personal
data on the Web by fully leveraging potentially-useful information
sources on many desktops. Collaborative product commerce is
carried out concurrently with the identification of potential
manufacturing partners based on the design requirements and
manufacturing constraints. The innovation management process
includes research thrusts in the fields of creativity and project
management. Specific research in this area is currently limited but
some initial thrusts are emerging regarding how Semantic Web
technologies can be leveraged to improve the innovation
management process itself [84] and how it can be used in project
management [85–87]. Lin’s work on extended project teams is also
relevant here [88]. A recent effort in the domain of e-commerce
and Semantic Web technologies is the GoodRelations vocabu-
lary.25 The aim of this vocabulary is to let vendors and business
annotate their content with machine-readable descriptions of the
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products they are selling (price, quantity, etc.) as well as
information about the shop itself (opening time, allowed payment
types, etc.). In order to facilitate the annotation process, different
tools have been provided, such as the GoodRelations annotator.26

Thanks to these annotations, if widely deployed on the Web
(BestBuy has already released details of more than 1000 stores in
the US using this model), one can run queries to find, for example,
all places in his or her locality that are open on weekends and that
sell CD players for less than $20.

6.2. Supply process

The supply chain process encompasses relationships between
organisations and their suppliers, and typically involves business-
to-business digital transactions. There is a significant amount of
research in this area, most of which has been discussed earlier in
the context of Semantic Web Services. Important research topics
that include Semantic Web technologies include collaborative
commerce (c-commerce) [89], product data integration [90],
partnership outsourcing [91] and matchmaking [92]. Other
important topics include the concept of dynamically building
virtual enterprises that come together to co-design and co-
manufacture goods and services. Moitra explores the creation of
adaptive enterprises [93] whereas Shen looks at ways to configure
networks of manufacturing competences and capabilities [94].
Web Services have emerged as a promising enabling technology for
BPM in support of c-commerce. Web Services offer effective and
standard-based means to improve interoperability among differ-
ent software applications over Internet protocols. Web Services
can enhance business process coordination and provide rapid
reconfigurability in order to evolve and adapt to emerging issues
such as mass customisation. This challenge is increased as new
types of processes and components are introduced, as existing
components are expected to interact with the novel entities but
have no previous knowledge on how to collaborate. The capabili-
ties of Semantic Web Services for performing automatic service
discovery, selection, composition and invocation enable
manufacturing systems to self-orchestrate without the need for
manual configuration, and without the need for concentrating
logic in centralised systems.

6.3. Production process

The production process focuses attention onto the shop floor of
manufacturing and in particular into how Semantic Web
technologies and sensor technologies can be put to use to improve
costs. There are a number of research thrusts emerging in this
domain including resource discovery [95], factory automation [91],
and service-oriented manufacturing resource planning [96].
Various ontologies are emerging to help manage the various
common concepts used in production [94,97,98]. Some examples
include an array of architecture patterns for creating distributed
message brokers frameworks, focusing mainly on globally-
distributed federations and locally-distributed clusters. A unified
architecture is subsequently presented that leverages the different
patterns by combining federated frameworks with locally-
distributed clusters into a unified set of architecture elements
and interactions. The service-oriented approach is also used to
dynamically discover resources and automatically invoke the
(re)configuration and messaging services. The services are
enriched with semantics in order to facilitate automatic discovery
and selection of services using the Semantic Web Services formal
ontology. One of the significant challenges is that of providing
rapid reconfigurability in order to evolve and adapt to mass
26 http://www.ebusiness-unibw.org/tools/goodrelations-annotator/.
customisation. This challenge is aggravated if new types of
processes and components are introduced, as existing components
are expected to interact with the novel entities but have no
previous knowledge on how to collaborate. This statement not only
applies to innovative processes and devices, but is also due to the
impossibility to incorporate knowledge in a single device about all
types of available system components.

6.4. Order fulfillment process

The order fulfillment process looks at the way customers are
linked to the manufacturing process through the order cycle and
customer relationship management processes. This process and
indeed others mentioned above are currently dominated by large
manufacturing resource planning and customer relationship
management systems produced by the large software houses
including SAP, Baan, Microsoft and Oracle. Semantic Web
technologies are slow to penetrate these traditionally strong
software sectors that typically integrate their own systems before
concentrating on integration with third-party software. Outside of
the mainstream software vendors, a number of research thrusts are
emerging including ontologies for e-business [99], and fuzzy-
ontology generation for help desk support [100]. Service Orientat-
ed Architectures (SOA) based on Semantic Web Services will allow
organisations to enhance interoperability and encourage reuse of
components and interfaces. The application of semantic descrip-
tions to services is frequently advocated in research with the aim of
further improving SOA and enabling scalability. Components
forming part of an SOA can be descried semantically in term of
commonly-understood data and process ontologies. Various
technical difficulties and ontological issues arise, such as
distributed computing, application integration, and distributed
product information sharing that can impede the collaborative
product development. One issue is concerned with product
information sharing and synchronisation across virtual enter-
prises. Another is concerned with federations of product develop-
ment services over the collaborative process. The third is related to
the engineering context management using the Semantic Web for
providing more human-oriented collaborations services. The
service orientation is achieved via virtualisation in which
everything, including machines, equipments, devices, various data
sources, applications, and processes, are virtualised as standard
Web Services.

6.5. Recycling process

The product life cycle now extends to end of life. This has an
impact on the way organisations design their products, i.e. design
for the environment and also the way products can be efficiently
recycled once they reach their end of life. Surprising little research
is ongoing in this area with respect to Semantic Web technologies.
Two interesting research thrusts include a semantically-enabled
compliance tool for environment-focused design [101] and tools
for assisting the design process to discover more environmentally-
friendly materials used in products [102].

6.6. Trends

We end this review of e-commerce by citing a major report on
the application of semantic technologies in industry. The report
entitled ‘Semantic Wave Report—Industry Roadmap to Web 3.0’
was released in 2008 and reports on the potential market impact of
the Semantic Web and how it will add value to existing
information systems [103]. It charts the development of the
Internet from the current Web 2.0 towards Web 3.0 and visualises
semantic technologies making the Internet and Web even more
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Table 1
Value proposition of the Semantic Web (source: Semantic Wave 2008 Report [103]).

Challenges Semantic capabilities Value drivers

1. Development: Complexity, labour-intensity,

solution time, cost, risk

Semantic modelling is business rather than

IT centric, flexible, less resource intense,

and handles complex development faster

Semantic automation of ‘‘business need-to-

capability-to-simulate-to-test-to-deploy-to-

execute’’ development paradigm

2. Infrastructure: Net-centricity, scalability;

resource, device, system, information source,

communication intensity

Semantic enablement and orchestration of

transport, storage, and computing resources,

IPv6, SOA, WS, BPM, EAI, EII, grid, P2P,

security, mobility, system-of-systems

In the semantic wave, infrastructure scale,

complexity, and security become unmanageable

without semantic solutions

3. Information: Semantic interoperability of

information formats, sources, processes, and

standards; search relevance, use context

Composite applications (information and

applications in context powered by semantic

models), semantic search, semantic

collaboration, semantic portals

Semantic interoperability, semantic search,

semantic social computing, and composite

applications and collaborative knowledge

management become ‘‘killer apps’’

4. Knowledge: Knowledge automation, complex

reasoning, knowledge commerce

Executable domain knowledge-enabled

authoring, research, simulation, science,

design, logistics, engineering, virtual

manufacturing, policy and decision support

Executable knowledge assets enable new

concepts of operation, super-productive

knowledge work, enterprise knowledge

superiority, and new intellectual property

5. Behaviour: Systems that know what they

are doing

Robust adaptive, autonomic, autonomous

system behaviours, cognitive agents, robots,

games, devices, and systems that know,

learn, and reason as humans do

Semantic wave systems learn and reason as

humans do, using large knowledge bases and

reasoning with uncertainty and values as

well as logic

J.G. Breslin et al. / Computers in Industry 61 (2010) 729–741 739
ubiquitous as it begins to impact all of the sciences and utilises a
wide variety of ambient intelligent devices and sensors. The report
created a table of how semantic technologies will add value, see
Table 1. Value is realised across five interrelated phases—
development, infrastructures, information, knowledge and behav-
iour.

The report concludes by describing a number of trends that will
bring the Semantic Web to the next level of diffusion. These trends
include: intelligent user interfaces; semantic social computing;
semantic applications across a wide variety of industries; semantic
infrastructure to support Semantic Web technologies and;
semantic development environments. It cites over 270 commercial
organisations that are currently offering value to customers with
products built on Semantic Web technologies.

7. Conclusions

In this article, we have reviewed the use of Semantic Web
technologies and Semantic Web Services in various applications in
the industrial domain and in particular Knowledge Management,
Enterprise Application Integration and E-Commerce. The Semantic
Web is now an active topic of research among leading research
groups around the world. It is also the core enabling technology in
an increasingly wide range of commercial applications. Many of
these are breakthrough applications offering enhanced function-
ality beyond conventional applications. As some of these Semantic
Web applications begin to make a breakthrough and attract
attention from more routine and traditional solution providers, it
can be anticipated that there will be a wider adoption of Semantic
Web technologies among the programming community, thereby
leading to a potentially exponential increase in the adoption of the
Semantic Web and associated new applications and IT solutions.
The Semantic Web has matured as an enabling technology but is
still in its infancy regarding industrial applications. Through this
review, we have demonstrated how the Semantic Web has moved
from being an academic endeavour (where the various languages,
logics and representation mechanisms required for it to succeed
are now in place and have been standardised within W3C during
the past few years) to a commonly-deployed industrial technology
(with a wide range of applications for small, medium and large
enterprises as well as dedicated solution vendors). Various
challenges are still to be taken into account, such as the dynamics
of some social information systems (e.g. semantic microblogging)
as well as integration with sensor data, that can be used for
example to track purchases and deliveries more precisely. It is clear
from the number of new journals and conferences dedicated to the
Semantic Web that it has become a main stream branch of
computer science. What remains to be demonstrated is whether it
has the potential to become the next breakthrough technology that
will lead industry to the next level of value-creating solutions for
customers.
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