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A Semantic Web Based Approach to
Knowledge Management for Grid Applications

L. Chen, N.R. Shadbolt and C.A. Goble

Abstract—Knowledge has become increasingly important to support intelligent process automation and collaborative problem
solving in large-scale science over the Internet. This paper addresses distributed knowledge management, its approach and
methodology, in the context of Grid application. We start by analysing the nature of Grid computing and its requirements for
knowledge support; then we discuss knowledge characteristics and the challenges for knowledge management on the Grid. A
Semantic Web based approach is proposed to tackle the six challenges of the knowledge lifecycle — namely, those of acquiring,
modelling, retrieving, reusing, publishing and maintaining knowledge. To facilitate the application of the approach, a systematic
methodology is conceived and designed to provide a general implementation guideline. We use a real world Grid application, the
GEODISE project, as a case study in which the core Semantic Web technologies such as ontologies, semantic enrichment and

semantic reasoning are used for knowledge engineering and management. The case study has been fully implemented and
deployed through which the evaluation and validation for the approach and methodology have been performed.

Index Terms—Grid computing, methodology, knowledge management, Semantic Web, engineering design

1 INTRODUCTION

Grid computing [1] is an emerging distributed comput-
ing paradigm that intends to enable flexible, secure

and coordinated resource sharing and problem solv-
ing in dynamic, multi-institutional virtual organisations. It
has been under vigorous investigation and has evolved
rapidly [2] for the past several years, during which a whole
raft of tools, middleware and infrastructure such as Globus
(www.globus.org), OMII (www.omii.ac.uk) and UNICORE
(www.unicore.org) has emerged, and a number of Grid
applications across the whole spectrum of scientific disci-
plines such as myGrid (www.mygrid.org.uk), EUROGRID
(www.eurogrid.org) and TERAGRID (www.teragrid.org)
have been developed. One finding from these endeavours
[3] is that the success of Grid applications depends on the
effective Knowledge Management (KM) of Grid resources
[4], [5]

The Semantic Web [6] is “an extension of the current
Web in which information is given well-defined meaning,
better enabling computers and people to work in coopera-
tion. It is the idea of having data on the Web defined and
linked in a way that it can be used for more effective dis-
covery, automation, integration, and reuse across various
applications [...] where data can be shared and processed
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by automated tools as well as by people.” To achieve this
vision, researchers in the Semantic Web community have
developed core enabling technologies, APIs and tools, en-
compassing ontologies, ontology languages, annotation,
semantic repositories and reasoning, which provide an in-
frastructure for distributed information and knowledge
management based on metadata, semantics and reasoning.

In this paper we analyse the nature of Grid computing
and identify its requirements for knowledge management.
We further argue that an innovative and systematic ap-
proach to knowledge management on the Grid is required
in order to help achieve the goal of the Grid. To this end,
we propose a Semantic Web based approach to KM in
which we use ontologies for knowledge acquisition and
modelling, the web ontology language for knowledge rep-
resentation and semantic-based reasoning for decision-
making support.

Our contributions are three folds: Firstly, we propose the
Semantic Web based approach to managing heterogeneous,
distributed Grid resources for Grid applications. Secondly,
we design an architecture to realize the proposed approach
and conceive a methodology to addresses the complete life
cycle of knowledge management. Thirdly, we apply the
approach, concepts and methodology to a real world Grid
application - Grid Enabled Optimisation and Design Search
in Engineering (GEODISE) (www.geodise.org) in which
domain knowledge and design expertise are exploited to
assist Grid resource discovery and composition for problem
solving. The implementation and deployment not only
demonstrate the benefits of using KM in GEODISE, but also
provides an infrastructure for applying this approach to
other Grid applications.

The remainder of the paper is organized as follows: Sec-
tion 2 discusses the motivation and challenges of knowl-
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edge management for the Grid, followed by an introduc-
tion to the Semantic Web based KM architecture. Section 3
describes the methodology for adopting and implementing
the proposed approach. A case study is presented in Sec-
tion 4, which describes the design rationale and implemen-
tation of the KM architecture in the context of GEODISE. In
Section 5 we discuss our experience and lessons learnt from
GEODISE. We present related work in Section 6 and con-
clude the paper in Section 7.

2 GRID, SEMANTIC AND KNOWLEDGE MANAGEMENT

2.1 Motivations

Grid computing was conceived to connote the idea of a
“power grid”: namely applications can plug into the Grid
to draw computing resources in the same way electrical
devices plug into a power grid to draw power. Analogous
to a power grid, it views geographically distributed com-
puting capabilities, storage, data sets, scientific instruments,
knowledge and so on as utility resources to be delivered
over the Internet seamlessly, transparently and dynami-
cally as and when needed. The Grid is built upon two fun-
damental concepts: virtualisation, i.e. individuals and/or
institutions with the required resources or common inter-
ests can dynamically form a virtual organisation (VO) that
enables rapid assembly and disassembly of resources into
transient confederations for coordinated problem solving,
and dynamic provisioning, i.e. resources provision is tran-
sient, dynamic and volatile without guarantee of availabil-
ity, central control for accessibility and prior trust relation-
ships. Grid computing offers a promising distributed com-
puting infrastructure where large-scale cross-organisational
resource sharing and routine interactions are commonplace.

Grid applications usually refer to large-scale science and
engineering that are carried out through distributed global
collaboration enabled by the Grid. Typically such scientific
enterprises are data-intensive and/or computation-
intensive and/or collaboration-intensive, i.e. they require
access to very large data collections, very large-scale com-
puting resources and close collaboration among multiple
stakeholders. This necessitates the interaction and sharing
of various resources, in particular, domain-dependent ap-
plication-specific resources, despite the heterogeneity of
their respective policies, platforms and technologies, and
their geographical and organisational dispersal.

It is envisioned that Grid applications would be carried
out through flexible collaborations and computations on a
global scale with a high degree of easy-to-use and seamless
automation. However, the reality is some way off this vi-
sion. Current Grid infrastructure is difficult to install and
manage, and requires continual nursing by trained admin-
istrators. For example, a typical installation procedure for
the Globus toolkit - a very popular Grid middleware infra-
structure, consists of twenty-five steps [7], and this does not
include any sub-procedure required for accomplishing each
individual step and any steps for fail-over or fault han-
dling. Current Grid applications are usually based on be-
spoke solutions, i.e. resources are pre-located and/or pre-
specified with very limited support for dynamic resource
provisioning. Cross-organizational resource sharing and

effective reuse are constrained by the lack of interoperabil-
ity and knowledge of configuration and usage. There is
little automation for dynamic VO formation. Most configu-
rations and operations are carried out manually with prior
knowledge. As a result, the Grid and its applications are
hard to reach and hard to use for ordinary scientists, engi-
neers and researchers.

We contend that the Grid should use the metadata, seman-
tics and knowledge of Grid resources in order to evolve the
Grid beyond a manual plumbing practice [8]. More specifi-
cally, metadata provide rich descriptions for the states and
properties of resources as well as their purposes and con-
figurations for problem solving, thus facilitating resource
discovery and sharing. Grid applications are usually
knowledge intensive, and such knowledge resides implic-
itly in resource models and/or descriptions. Making do-
main knowledge explicit and understandable for third-
party consumers can enhance effective resource reuse by
providing well-informed decisions regarding when, where
and how to use a resource. By enriching metadata and
knowledge with semantics, the Grid can break down the
barrier of heterogeneity and move to truly seamless access
and cross-organisational resource sharing. Furthermore,
semantics empowers machines or software agents to un-
derstand and process resources’ metadata. Consequently, it
will increase the level of automation and reduce the need of
manual intervention.

2.2 Challenges

Metadata and knowledge pervade the Grid and some of
them already exist on and within the Grid. For instance, a
Grid resource published as a Grid/Web service exposes its
metadata in its WSDL1 file, which include information
about the service location, signature, input/output argu-
ment types and formats, interaction and invocation meth-
ods, etc. Given that the emphasis of the Grid is to share and
reuse distributed resources in a VO for coordinated prob-
lem solving, it is reasonable to assume that domain-
dependent application-specific scientific knowledge in a
Grid application is also available. For example, in an engi-
neering design search and optimization Grid application all
design optimization algorithms and knowledge regarding
their usage should already be there, though they might ex-
ist in a diversity of formats. While metadata and knowl-
edge that are currently not available could be required in
order to help realize the Grid vision, the key issues for us-
ing metadata, semantics and knowledge on the Grid are
how (1) to acquire, formally model, explicitly represent,
store, maintain and update them; and (2) to use them to
support seamless resource sharing and interoperability, so
as to achieve a high degree of automation.

Confronting these issues, we face a number of chal-
lenges: Firstly, metadata and knowledge of Grid resources
are tacit, unstructured and largely in the province of human
domain experts expressed in the medium of natural lan-
guages. They need to be captured and modelled in a way
that facilitates knowledge preservation and reuse. Sec-

1 WSDL, along with RDF, RDFS, OWL, SOAP, XML and HTTP men-
tioned later are all W3C standards. Detailed information can be found at
the W3C web site - www.w3.org.
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ondly, Grid resources are supposed to be used by others
but their metadata and knowledge are usually only under-
standable by resource providers. This requires that meta-
data and knowledge be modelled and represented to sup-
port interoperability and mutual understanding between
resource providers and consumers. Thirdly, to enable dy-
namic VO formation and resource provisioning with a high
degree of automation rather than manual plumbing, ma-
chines and/or software agents should be able to under-
stand and process resources’ metadata and knowledge.
This in turn requires resources’” metadata and knowledge
be given well-defined meaning, i.e. semantics. Fourthly,
resource metadata and knowledge should be Web/Grid
friendly, i.e. easy to publish collectively, store centrally or
in a decentralised manner and retrieve on the Grid. Finally,
knowledge modelling and representation should incorpo-
rate reasoning and inference capabilities so as to provide
knowledge-based decision-making support for coordinated
problem solving. For example, most Grid applications in-
volve composing services into a workflow as a solution to a
specific problem. By reasoning about resources’ semantic
metadata and knowledge, we can provide advice on which
service should be selected and how it should be configured
can be given.

Current knowledge engineering and management tech-
nologies [9] do recognize the importance of describing the
competencies of knowledge models and of making them
explicit. However, they do not consider the essentially dis-
tributed notion of KM implied by the Grid. For instance,
traditional knowledge acquisition and modelling were usu-
ally done with little consideration as to how knowledge
might be shared by third-party consumers (or applications)
across organisations. Knowledge was usually captured and
modelled for and used by a specific application. Knowledge
publishing and representation paid little attention to how
knowledge was interpreted by machine and/or humans
because the interpretation was mostly hard-coded into the
application system. Similarly, knowledge bases did not of-
ten concern themselves with how knowledge was accessed
because it usually was used for local, standalone systems
operating in a closed world. Traditional standalone, knowl-
edge systems were often hand-crafted, involving lots of
hardwiring and human intervention. To meet the chal-
lenges of the Grid knowledge lifecycle - namely, those of
acquiring, modelling, retrieving, reusing, publishing and
maintaining knowledge for Grid applications, we need to
provide a Grid-oriented knowledge infrastructure based on
innovative knowledge management architectures, method-
ologies, approaches, technologies, tools and APIs that are
suitable for engineering and managing Grid resources’
knowledge in the life cycle of Grid applications.

Metadata, semantics and knowledge can play many dif-
ferent roles for Grid applications. While our general objec-
tive is to develop an innovative KM architecture and meth-
odology for Grid knowledge infrastructure, we particularly
concentrate on the components and functions of the infra-
structure that can provide semantic and knowledge sup-
port for resource discovery, orchestration and effective use
for problem solving, which prove to be the key distinctives
of a knowledge intensive Grid application. We distinguish

Grid infrastructure-related resources, mainly Grid middle-
ware such as clusters, storage and registry services, from
application-level resources such as domain specific algo-
rithms, tools and devices. As application-level resources
contain rich domain knowledge critical for problem solv-
ing, our research is primarily concerned with engineering
and managing knowledge for application-level Grid re-
sources.

Recently the Grid has evolved from OGSA [1] to the
Web Service Resource Framework (www.globus.org/wsrf)
(WSRF) in which Grid resources have been wrapped and
exposed as WSRF Grid services. WSRF services contain
more metadata and information about service creation and
lifetime management, state handling, retrospection and
grouping. This leads to a demand for effective knowledge
management. To facilitate this process we focus on two
types of knowledge in a Grid resource: The first is high-
level descriptive metadata describing a resource’s signa-
ture, functionality, service quality, etc. The second is appli-
cation-specific heuristics for using the resource such as pa-
rameter configuration rules and performance fine-tuning
skills. The former is mainly used for service publishing and
discovery, whereas the latter for service configuration and
execution.

2.3 A Semantic Web based approach to knowledge
management

We propose a Semantic Web based approach to engineering

and managing Grid resources’” knowledge for Grid applica-

tions, as shown in Fig. 1.
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Fig 1. The Semantic Web based approach to knowledge management

The essence of the approach is to add a semantics-based
knowledge layer between primitive Grid resources and
Grid applications. In this layer, the Semantic Web technolo-
gies are used to carry out knowledge acquisition, model-
ling, representation, publishing, storage and reuse. Ontolo-
gies, an explicit, shared specification of the various concep-
tualisations in a problem domain, play a fundamental role
in this approach. They are used to conduct knowledge ac-
quisition through ontology modelling and semantic annota-
tion. Ontology modelling provides conceptual structures
for preserving knowledge. Semantic annotation captures
metadata, generates semantic instances as knowledge enti-
ties and populates them into knowledge bases. Both on-
tologies and semantic instances are represented using the
Web Ontology Language (OWL). OWL is built on top of
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previous ontology languages RDFS and description logic
(DL), therefore, OWL-represented knowledge is Web-
friendly and supports DL-based reasoning. Knowledge
reuse is achieved by consuming semantic instances through
a reasoner such as FaCT [10] and RACER [11]. Typically,
knowledge-based decisions can be made via common onto-
logical operations, such as subsumption, consistency check-
ing, concept classification, navigation and retrieval.

The approach will adopt a service-oriented computing
paradigm for knowledge management, i.e., knowledge
components are implemented as Web/Grid services,
known as knowledge services, which will be referred to as
K-services hereafter. Each type of knowledge service pro-
vides users with a set of APIs that can be used to perform a
variety of operations. For example, when using ontology
services we can manipulate concepts and properties within
an ontology in many different ways - e.g., asking for more
general or specialised examples of a concept. This service-
oriented approach enables the reuse and sharing of knowl-
edge over the Internet.

3 THE METHODOLOGY

In order to support the application of the proposed ap-
proach, a methodology is needed to provide guidance for
employing Semantic Web technologies for Grid knowledge
management. Based on the general, widely used Common-
KADS methodology [9], we develop a light weight, Web-
oriented knowledge engineering and management meth-
odology. Following this methodology, knowledge can be
structured, represented and accessed on the Web/Grid in
an appropriate way so that it becomes recognizable, shar-
able and reusable by both humans and machines.

The methodology is depicted in Fig. 2. Central to the

methodology is a number of activities required for Grid
knowledge management, which are organised in seven
phases, i.e. Application Analysis, KM Analysis, Ontology
Development, Semantic Annotation, Service Development,
Testing and Evaluation and System Integration. The col-
umn to the right of the Phase column lists corresponding
tasks performed in each phase, and the right column de-
scribes outcomes of each activity. The left column indicates
corresponding roles involved in each phase. In the follow-
ing, we shall describe in detail the methodology, including
its applicability, roles and tasks at each phase.

3.1 Applicability
We scope the methodology by defining the use cases it ap-
plies to. Broadly, the methodology can be applied to two
use cases: The first is the development of knowledge en-
abled Grid applications, i.e., Grid applications that intend
to make use of knowledge and knowledge management
infrastructure to support decision making or problem solv-
ing in their specific application scenarios. This use case in-
volves not only the knowledge management lifecycle but
also the development of application systems and the inte-
gration of K-services into the application systems. In this
use case, the methodology will consist of all seven phases.
However, it is not always possible in Grid computing to
determine how, who and in what context, resources will be
used, therefore, the second use case of the methodology is
for knowledge enabled Grid resource management. In this
case, knowledge management focuses on the provision of
knowledge models, knowledge bases and K-services. It will
be the applications that determine how knowledge and
knowledge services will be used in their scenarios. In this
use case, the methodology will start from phase two and
end at phase six.

Roles

*Application developer
*Domain experts
*Knowledge engineers
<End users

*K-service developer

«Knowledge engineers
*End users

*K-service developer
*Application developer

*Domain experts
*Ontologist or
Knowledge engineer

*Resource provider
*Domain experts
*Knowledge engineers

*K-service developer
*Knowledge engineer
Application developers

*K-service developer
*Knowledge engineer
*End user

«K-service developer
*Application developer
*End users

Phases

P1:
Application Analysis

\/

P2:
KM Analysis

P3:
Ontology Development

P4:
Semantic Annotation

Ps:
K-Service Development

P6:
Testing and Evaluation

—

P7:

System Integration

Tasks

«Identify user requirements

+Specify application scenarios
«Identify knowledge intensive points
«Identify system requirements

*Decide knowledge support areas
Specify knowledge application scenarios
«Identify K-service requirements
«Perform feasibility analysis

*Conduct knowledge elicitation

*Build ontologies — the knowledge models

Carry out knowledge acquisition
*Represent and store knowledge in
knowledge bases

«Test the functionality, and evaluate the
performance of K-services

«Integrate K-services into application
systems

*Test and evaluate the overall performance

Outcomes

*User requirement documents
*Application specifications
*Knowledge intensive points document
«System requirement documents

*K-service requirement documents
*K-service specification
*Feasibility analysis report

*Ontologies
*Ontology documentation

*Knowledge repositories with populated
knowledge

*K-services such as reasoning engine,
match maker, etc.

*Testing documentation
*Evaluation reports

*Knowledge integrated application
system

Fig. 2. The methodology for the Semantic Web based approach to knowledge management
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It may be worth pointing out that at the time of writing
the first use case is the dominant application scenario for
the methodology. However, the second use case is gaining
currency and may become the driving force to evolve the
Grid towards the Semantic Grid and Knowledge Grid [12]
where semantics and knowledge pervade and are easy to
discover and use.

3.2 Roles

Managing knowledge for grid resources involves a variety
of stakeholders; each of them has specific expertise and
plays different roles in different phases. We can classify
these stakeholders involved in the methodology according
to their role in the knowledge management lifecycle.
Briefly, the roles and their responsibilities are as follows.

A domain expert is an individual who has specific
knowledge about a problem domain. Domain experts are
responsible for providing raw knowledge in knowledge
elicitation and validating knowledge after knowledge is
captured and modeled.

A resource provider is responsible for the provision of
Grid resources; it could be an individual or an organization.
Resource provision has to expose relevant resource infor-
mation in terms of the commonly endorsed standards.

A knowledge engineer is an individual who has specific
expertise and skills, and is responsible, for knowledge elici-
tation, modeling and knowledge system design.

An ontologist is responsible for building ontologies for
knowledge modeling. A knowledge engineer may assume
the role of an ontologist.

A K-service developer is responsible for the design and
implementation of knowledge services.

An application developer is responsible for the design
and implementation of application systems, including the
integration of K-services.

An end user is the user of the application systems as well
as K-services, who is responsible for putting up user re-
quirements and evaluating system performance.

In reality, an individual may assume more than one role.
For example, a knowledge engineer could also take the role
of a K-service developer; a domain expert may also be the
resource provider. By defining roles and specifying the
roles involved in each phase, as can be seen in Fig. 2, the
methodology gives unambiguous advice on what kind of
expertise is needed and who should be involved in each
phase.

3.3 Activities and tasks

The methodology consists of seven activities, and each ac-
tivity performs a number of tasks. Each task produces some
outcomes that are used in the following activities. The
methodology starts with the Application Analysis activity,
which aims to collect user requirements and application
system requirements, to specify application scenarios and
to identify knowledge intensive points. In this phase, most
of the roles are involved in order to get extensive inputs
from multiple perspectives. The outcomes include user re-
quirement documents, system requirement documents,
application specifications and an analysis report about the
knowledge intensive points of the application. The KM

Analysis activity concentrates on the analysis of knowledge
application and feasibility. It determines where knowledge
support can be best provided and exploited. Based on the
application specification, it specifies knowledge application
scenarios and further identifies K-service requirements. In
this phase, various risk factors and technical bottlenecks are
analysed to evaluate the feasibility of knowledge applica-
tion. The main players of this activity are knowledge engi-
neers and K-service developers but end users and applica-
tion developers will be consulted to give their comments on
the proposed knowledge scenarios and services. The out-
puts of this phase include K-service requirement docu-
ments, K-service specifications and a risk evaluation report.

Following the formal analyses in the first two phases,
knowledge elicitation and modelling will be carried out in
the Ontology Development phase. Knowledge engineers or
more specifically ontologists will work on knowledge
sources, usually domain experts or resource providers, to
elicit and capture actionable knowledge of the selected
knowledge application areas. Ontologies can then be built
to model a domain and application conceptualization. The
results in this phase are mainly ontologies and the accom-
panying documentation. Once ontologies are available,
knowledge population can be conducted in a Semantic An-
notation phase. This is done by binding concrete resource
information with conceptual knowledge structures, i.e. the
ontology, to create instances of ontological concepts. All
instances will form a knowledge base that can be used later
by K-services. Semantic annotation can be performed either
by knowledge engineers or resource providers with domain
experts providing valuable information pertaining to re-
source discovery and reuse. The outcome of this phase is a
number of knowledge repositories.

In the phase of Service Development, K-service develop-
ers design and implement knowledge services in terms of
application specifications, knowledge application scenarios
and K-service specifications. K-service developers need to
interact closely with knowledge engineers and application
developers so that K-services make best use of available
knowledge and provide maximum intelligent support for
problem solving. The outputs of this phase are a number of
K-services that can serve as building blocks for Grid appli-
cations or more generally as the middleware for the Seman-
tic Grid infrastructure.

In Phase 6, K-service developers will test the functional-
ities of K-services and evaluate their performance. Testing
and evaluation results may be fed back to previous phases
for further refinement. For example, new knowledge may
need to be captured or modelled. The deliverables of this
phase include K-service testing documentations, evaluation
reports and software distribution documents. The method-
ology may end in this phase if the work focuses on the pro-
vision of a knowledge management infrastructure for Grid
resources. If there is a concrete application, then the meth-
odology will end in the System Integration phase, where K-
services as well as knowledge repositories are integrated
into application systems to facilitate Grid resource discov-
ery and reuse. The integration involves end users, applica-
tion developers and K-service developers. Testing and
evaluation of the application system may also take place in
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this phase but they are not the focus of this methodology.

While tasks are performed in each phase by different
roles, they are a coordinated and collaborative endeavour.
The outcomes of one phase will be used by tasks in later
phases. Results from previous activities are evaluated and
validated by later tasks. Sometimes, it is necessary to iterate
the refinement-evaluation cycle several times between
phases before all requirements are met.

3.4 Discussion

The novelty of the proposed methodology is that it engi-
neers and manages knowledge using a Semantic Web based
approach within an integrated framework. This methodol-
ogy integrates the various activities of knowledge man-
agement together. Knowledge management can be under-
taken in a much more co-ordinated way so that results from
one piece of work can be used for another in an appropriate
form. For example, the ontologies from knowledge elicita-
tion and modelling can be used to create knowledge bases
via semantic annotation. In turn, these knowledge reposito-
ries can be exploited by K-services, which provide mecha-
nisms for querying, searching or reasoning over semantic
content so as to facilitate knowledge use.

As a general guidance, the methodology specifies activi-
ties and tasks that should be undertaken in order to man-
age Grid knowledge at conceptual level. It does not say
how a task should be undertaken and what tools should be
used. This gives the users of the methodology flexibility for
implementation. Although different knowledge manage-
ment tasks are coupled together in the methodology, their
interactions are not hardwired. Each phase deals with dif-
ferent tasks and can make use of different techniques and
tools. Each of them can be updated whilst others are kept
intact. This type of componentisation makes the methodol-
ogy robust.

4 CASE STUDY: KNOWLEDGE MANAGEMENT IN
GEODISE

Scientific problem solving usually involves constructing a
workflow either manually or automatically to realize a par-
ticular experiment or series of computations. Consider the
design optimization of a typical aero-engine or wing in En-
gineering Design Search and Optimization (EDSO) [13]
whereby engineering modeling and analysis are exploited
to yield improved designs, it is necessary to (1) specify the
wing geometry in a parametric form which specifies the
permitted operations and constraints for the optimization
process, (2) generate a mesh for the problem, (3) decide
which analysis code to use and carry out the analysis, (4)
decide the optimisation schedule, and finally (5) execute the
optimisation run coupled to the analysis code. In this proc-
ess, each of these tasks can be accomplished by one of a set
of computation resources of a similar functionality. The set
of resources may be geographically located and run on het-
erogeneous environments, and most probably, with differ-
ent performance. Each resource requires specific domain
knowledge for configuration and effective use. Design
problems of different characteristics may be solved by dif-
ferent sets of tasks and most likely different resources, i.e. a

different process should be constructed.

The Grid has been viewed as the underlying enabling in-
frastructure for scientific computing. In the service-oriented
Grid computing paradigm the process of problem solving
amounts to discovering services on the Grid and compos-
ing those services into a workflow. Some domains such as a
supermarket demand-supply chain have a fixed flow of
process and stationery bindings between services. How-
ever, for most scientific disciplines a workflow is both do-
main-specific and problem-dependent. The appropriate
selection of services at each point in the workflow often
depends on the results of the execution of preceding steps.
Moreover, the selection of a service from a set of competing
services is usually determined by the exact nature of the
problem as well as the performances of the services avail-
able. As a result, it is not practical to specify, a priori, the
precise sequence of steps for a problem. The successful or-
chestration of component services into a valid workflow
specification is heavily dependent on bodies of domain
knowledge as well as semantically enriched service descrip-
tions. For this reason, we have applied our proposed
knowledge management approach and its methodology to
GEODISE to facilitate dynamic, intelligent workflow con-
struction.

GEODISE, one of the UK e-Science pilot projects
(www.rcuk.ac.uk/escience), is intended to enable engineers
to carry out EDSO on the Grid by seamless access to Grid
resources such as optimisation and search tools, geometry
modeling and meshing packages, analysis codes and dis-
tributed computing and data resources. The nature of
EDSO, i.e. the multiple choices of resources, the need for
knowledge when discovering EDSO resources, the re-
quirements of intensive data and computation, and the
need for expertise in workflow construction and configura-
tion, has determined that EDSO is a typical and “killer”
application for both the Grid and knowledge management
on the Grid.

In the following we briefly describe our efforts in engi-
neering and managing EDSO resources” knowledge, which
is guided by our methodology. We also present mecha-
nisms for supporting problem solving in the application
system.

4.1 Engineering EDSO resources’ knowledge
Application analysis is carried out at the very beginning of
the GEODISE project in which the involved roles perform
the specified tasks as defined in the methodology. From the
analysis, it has been decided that GEODISE will use Matlab
(www.mathworks.com/products/matlab) as its execution
environment, and a Problem Solving Environment (PSE)
[14] will be constructed as its application system. The PSE
will contain a Workflow Construction Environment (WCE)
in which end users can drag and drop Grid EDSO resources
to build EDSO workflows and then submit them to the un-
derlying Matlab execution environment for execution.

In addition to Grid resources provided by Grid utility
tools such as Globus and Java Cog [15], EDSO resources are
mainly legacy EDSO algorithms such as those provided by
the OPTIONS design exploration package [16]. These algo-
rithms will be wrapped as Matlab functions so they can be
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used in PSE and executed in Matlab. Therefore, EDSO Grid
resources in GEODISE are Matlab functions.

Application analysis also identifies that domain experts
and software manuals will be the main knowledge sources.
Initial knowledge elicitation with domain experts has con-
cluded that EDSO engineers usually follow rules and de-
sign patterns in order to carry out EDSO. Patterns are cap-
tured and abstracted as an EDSO workflow flowchart. Fur-
ther analysis has identified a number of knowledge inten-
sive points where knowledge plays a key role for engineers
to make design decisions.

KM analysis focuses on what knowledge support can
and should be provided, and how, in terms of the results of
application analysis. Knowledge engineers and K-service
developers will choose a couple of areas from knowledge
intensive points. For each area, they analyse the characteris-
tics of raw knowledge, the viability of knowledge acquisi-
tion, modelling and representation, the impact of knowl-
edge support, and also the benefit and cost ratio. The analy-
sis will take into consideration end users’ and application
developers” opinions. Finally knowledge support scenarios
are outlined.

KM analysis in GEODISE has revealed two critical areas
where knowledge support can make differences: The first is
the use of knowledge for resource discovery, which aims to
enhance EDSO resource interoperability and machine proc-
essability. The second area is concerned with decision sup-
port for resource configuration and effective reuse. It in-
tends to enable novice engineers to conduct EDSO using
previous design expertise. Further analysis has produced a
knowledge application scenario, which include the follow-
ing steps: (1) to capture rich metadata and in-depth usage
heuristics about EDSO resources, (2) to create knowledge
models, i.e., ontologies, for preserving such knowledge, (3)
to populate knowledge repositories via semantic enrich-
ment, (4) to develop K-services to run reasoning and que-
ries over them, and (5) to integrate K-services in PSEs to
enable semantic-based resource discovery, and provide
advice on workflow construction and configuration.

Ontology development is, in essence, to create EDSO
knowledge models through knowledge elicitation. We have
concentrated on two types of EDSO knowledge: domain
knowledge that includes fundamental EDSO concepts and
principles, and resource knowledge that includes resource
description information, configuration and execution heu-
ristics. In GEODISE, knowledge acquisition is conducted by
means of an integrated knowledge engineering toolkit
PCPACK (www.epistemics.co.uk/products/pcpack/) in
which a number of knowledge elicitation techniques,
namely, interviews, protocol analysis, concept sorting, and
other traditional methods are utilised. The acquired knowl-
edge is modelled as ontologies and represented using
OWL.

We have developed a suite of EDSO ontologies using the
Protégé OWL Plugin (protege.stanford.edu/plugins/owl),
which include a domain ontology, a task ontology and a
function ontology. Fig. 3 shows the function ontology in
which Fig. 3a displays all concepts and their hierarchical
relationships; Fig. 3b lists the properties of a concept that
are used to define the subject-predicate-object relationship

among concepts. A fragment of the OWL representation is
shown in Fig. 3c. A detailed description of the ontology
engineering in GEODISE can be found in [17].

Hierarchy
B @ top
@ [E] Edsoslgorithms
EdsoTools
& [€] Function
AnalysisFunction
ConstraintFunction

e e o B i

L=y GeometryGeneralionF unclion )
MeshGenerationFunction [F] hasDesignvariableHis
ObjectiveFunction [F] hasonjHis

@ [£] optimisationFunction Flio

—_

Properties

[F] functionLocator

[F] functionMame

E functionType

[F] tunctionversion

[P] hasConstraintvariableHis
@ hasControlParameter

(a) Concept hierarchy (b) Concept properties

<7xml version="10" encoding="150-8859-1" 7>
= <rdfiROF xmins:rdf="http:/ /www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmins:rdfs="http:/ /www.w3.0rg/2000/01 /rdf-
schema#" xmins:onl="http:/ fwww.w3.0rgf2002/07 foul"
xmins="http:/ fwww.ecs.soton.ac.uk/~ft/ontology /function2.owl#" >
= <owl:Ontology rdf:about="">
<rdfs:comment=Ontology designed for semantically describing grid-related resources such as functions,
workflows, ete.</rdfs:comments
</owl:Ontology >
- <owl:Class rdf:ID="Function">
<rdfsicomment>This is the function concept in the context of GEODISE, in particular, it refers to the MAtLab
functions.</rdfs:comment>
</onl:Class»
- <owl:Class rdf:ID="YariableType">
<rdfs:comment=This class can only have two direct sub-classes representing complex type and primary type.
(this assumtion is used in the semantic advisor java code.)</rdfs: comment>
</owl:Class>
= <nml:Class rf IN="NntinneMatlahFunrtinn"s

(c) OWL representation

Fig. 3. Function ontology: concepts, properties and representation

Semantic annotation is the process to generate knowl-
edge entities and populate knowledge repositories. Ontolo-
gies are knowledge models in which a concept is a struc-
ture for preserving knowledge. An instantiated concept,
referred to as an instance, is a concrete piece of knowledge.
Thus knowledge population is equivalent to instance gen-
eration, which is achieved by annotating the raw data
source using pre-defined ontologies.

The Protégé OWL Plugin can be used to directly create
instances. However, it is designed for knowledge engineers
who usually perform several activities in one go, such as
knowledge acquisition, ontology editing, knowledge popu-
lation as well as knowledge base creation. This is a very
complicated task and requires professional knowledge en-
gineering expertise. In order to empower resource provid-
ers and/or domain experts to capture and model resources’
knowledge, we have developed a lightweight knowledge
acquisition tool, called Function Annotator, for domain sci-
entists to carry out semantic annotation and create knowl-
edge repositories.

Function Annotator provides intelligent support for
knowledge acquisition and modelling, including automatic
information extraction, classification and completion, to
help create instances. Fig. 4 shows the front-end GUI of
Function Annotator. To generate a function instance, a
function script is first loaded into the right-hand panel,
which can be viewed by clicking the Source tab. The source
script is parsed and potential actionable information will be
extracted and listed in the same panel by clicking the Inter-
face tab. In terms of the content to be annotated, the Anno-
tator can create an annotation panel (middle panel) auto-
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matically from a particular ontological concept (left-hand
panel). Annotation is carried out by dragging relevant in-
formation from the function browser, dropping it into the
annotation panel and filling out relevant fields. Generated
instances are listed under the concept with a different sym-
bol as can be seen in the left-hand panel in Fig. 4.

Function Annotator supports OWL representation and
manipulation for both ontologies and instances. Generated
instances are archived in backend knowledge repositories.
Details about the Function Annotator can be found in [18].

& Matlab Function Annotator

File Edit Tools Help
Y N
Matlab Function Category Function Description Palette
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seedlso

Source

‘ Interface | Help

Fig. 4. Function Annotator

The two approaches to semantic annotation will produce
the same knowledge content, which is interchangeable and
interoperable, i.e., Function Annotator can load and edit
function instances generated by Protégé OWL Plugin, and
vice versus. The difference is that Function Annotator is
specifically targeted at non-IT professionals, i.e., to enable
domain experts and/or resource providers themselves to
model and create knowledge for sharing and reuse. This is
particularly important in Grid computing because it is not
always possible to have knowledge engineers available to
manage knowledge for a domain. To make the Grid full of
knowledge, resource providers must be given tools to pub-
lish and populate knowledge by themselves.

Knowledge repositories are distributed knowledge
bases that store EDSO services’ semantic descriptions. In
GEODISE we have adopted the Instance Store (IS) [19]
technology to create EDSO functions” knowledge reposi-
tory. The IS repository uses a relational database as its per-
manent storage media and the DL-based reasoner RACER
[11] to support reasoning. A function’s semantic descrip-
tions, i.e. an ontological concept instance, is stored in the
database together with information inferred using the
RACER reasoner over the position in the ontological taxon-
omy of their corresponding descriptions. The DL-based
reasoner deals purely with terminological reasoning func-
tionality. As terminologies are fairly restrictive there will be
no size limitation problem. Furthermore, pure terminologi-
cal reasoning will significantly reduce reasoning cost while
maintaining soundness and completeness. Retrieving func-
tions” semantic descriptions is then a combination of query
against the database and subsumption and classification
requests to the reasoner.

4.2 Knowledge service development

Once knowledge is captured, modelled, represented and
stored into knowledge repositories, it can be used to pro-
vide knowledge-based support via reasoning and inference.
We have developed three knowledge services in GEODISE
to facilitate knowledge reuse.

4.2.1 Query services

EDSO functions contain rich metadata, including such in-
formation as version, applicability information, perform-
ance matrix, developer and organisation, input and output
types. The function ontology defines classes of related func-
tions and their properties. By semantic annotation, links are
established among metadata, ontological concepts and
functions, which facilitates service discovery in terms of the
built-in links.

A query service is developed to perform semantic-based
function discovery, which is carried out through semantic
matching performed by a DL-based reasoner. Fig. 5 shows
the query GUI, which is powered by the underlying ontol-
ogy, i.e. the query criteria, query expression-building forms
and the fillers” values of query criteria are all generated
automatically from the ontology. The GUI consists of a
dropdown list and three panels. The dropdown list con-
tains all query criteria, which are actually the metadata
types of resources. The left-hand panel is used for building
up an overall query expression. Users can choose one or
more criteria from the dropdown list to frame a query ex-
pression. The right-hand panel is used to show query re-
sults or display all available ontological concepts and/or
instances for a selected metadata type. Users can assign a
concept or instance to a query criterion. This panel can also
be used as a textual editor for users to directly input values
for a primitive data type. The middle panel contains a
number of control buttons to facilitate query expression
construction, including logical conjunction, disjunction,
delete, add and ontology loading operations.

[ Function Brawser | Query |

Select Query Criteria Query Control Query Editor

-| 3 Algorithm
@ [ DesignSearchandOptimisation

| implementsAlgorithm

Query Form o (] FesponseSurfaceiodelling
inputs Edit ©- ] RadialBasisFunction

@ [ PolynomialRegressionhioc
Optionshatiablnput Add{AND) D StochasticProcessmodel

D ShepardResponseSurface
invokesSoftwarePackage Add{OR) @ [ DesignOfExperiments
JavaCoG [ candidateFaints
Remove Value [ FullFactarial
P (el L) @ [ Optirmisation
Remaove Property @ [ StochasticOptimisation

author [ GeneticAlorithm

@ [ DirectSearchOptimisation

GraemePound

B

‘ Run Query

Fig. 5. Function Query GUI

When the "Run Query" button is clicked all query criteria
will be collected and framed into a query expression. The
expression will be initially represented as XML on the client
side, passed onto the server side via HTTP and then trans-
formed into OWL formats. The underlying DL reasoning
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engines will reason against the knowledge repository to
obtain a set of entities matching the specified criteria. The
results are displayed in the right-hand panel.

4.2.2 Advice services

During workflow construction, functions can only be as-
sembled together if their interfaces semantically match each
other to some extent, i.e., a function’s input semantically
consumes the output of another function. Engineers trying
to build a workflow for EDSO often face such questions as
what should be done next, which resource should be used,
how to configure or tune the control parameter of a re-
source. Such knowledge has actually already been incorpo-
rated in the function semantic instances. By semantic rea-
soning and inference, suggestions about what to do, and
how, can be deduced through the knowledge repository.
This is especially useful when the function repository is
dynamically updated or the number of functions is large,
which is the case for Grid applications.

Function configuration advice provides automatically
generated advice on function configuration, which suggests
default values, ranges and types for functions’ control pa-
rameters. Most importantly, pre-encoded knowledge such
as rules and axioms can give dynamic advice during func-
tion configuration in terms of previous computation results
and execution context. Recursive semantic decomposition
might be used when a function parameter is a complex
type, e.g., a structure that contains a list of fields which are
either primary types or still complex types. In this case, the
semantic interface can be expanded by decomposing this
parameter and its subfields until there are no more complex
types. This often yields richer semantic interfaces that con-
tain more concepts and relationships for semantic match-
ing.

Function assembly advice suggests which functions can
be composed together according to semantic compatibility
of their interfaces, which is provided during the process of
assembling configured function instances into workflows.
Fig. 6 shows the semantic interfaces of the FunctionInput
and  FunctionOutput of three functions, gen-
eral_sample_points, parameter_search and check_jobs. The
match of number_of_points between gen-
eral_sample_points’s output and parameter_search’s input,
as indicated by the link, means these two functions could
be assembled to form part of a workflow.

generate_sample_points
Functioninput

L number_of_grids_y
L number _of_grids_x
I upper_bound_xI
I lower_bound_y
L lower_bound_xI
L upper_bound_yi

parameter_search
Functioninput

Linumber _of_paoint
Server
sample_points
I [directory

I number_of_servers

check_jobs
Functioninput

I numher_of_points
heam3d _handle

FunctionOutput FunctionOutput
. I wl
A o |
1 I job
I grids Ty
I sample_points
I bounds

Fig. 6. Semantic matching for function assembly

The advice services involve ontology interpretation, se-
mantic matching and reasoning/inference, which are im-
plemented  using Jena ~OWL  ontology  API
(www.hpl.hp.com/semweb/jena.htm) and DL-based rea-
soner RACER.

4.2.3 Knowledge management infrastructure

Following the proposed Semantic Web based approach and
architecture, we have developed technologies, tools, ser-
vices and APIs in GEODISE as described in previous sec-
tions, which form the core components of a knowledge
management infrastructure. Fig. 7 lists the key primitive
functionalities that GEODISE knowledge infrastructure
provides. Functionalities 1-4 and 9-0 are generic APIs for
ontology interpretation and semantic consumption. Func-
tionalities 5-8 are specially tailored to provide advice capa-
bilities for EDSO. By combining different primitive func-
tionalities complex knowledge support can be provided in
terms of application context and requirements.

1 | Listall classes - (all classes defined in the ontology)

List subclass of a given class (as defined in the ontology)

3 | List all individuals of a class (instances under a particular
class, either direct or indirect)

4 | List properties of a given individual (declared properties of a
particular instance)

5 | Expose semantic interface of a given individual function (an
example of case 4 on a function)

6 | Suggest contextual functions in a workflow

7 | Expose in/output parameter individual of a given individual
function

8 | Decompose a particular parameter individual

9 | Documentation (provide human readable comment on any
semantic resources)

0 | Individual exists? (Check instance existence)

Fig. 7. Key functionalities of knowledge management infrastructure

4.3 Knowledge support for application systems

We have integrated our knowledge management infrastruc-
ture into GEODISE PSE to facilitate service access, discov-
ery and composition. Fig. 8 shows the deployment of
GEODISE knowledge management system. As can be seen,
the Server Side hosts the function ontologies, GEODISE KB
repository and a DL-based reasoning engine. The Client
Side includes the script-based Matlab execution environ-
ment and the GEODISE Workflow Construction Environ-
ment (WCE). Client-side applications access and manipu-
late function’s semantic descriptions through GEODISE
knowledge management middleware that comprises client-
side tools, APIs and a number of KB Management Web
Services.

KB Management Web Services are responsible for inter-
acting with underlying knowledge or reasoning compo-
nents and performing actions. For instance, Advice Service
provides recommendation for service selection and con-
figuration, and Query Service performs service discovery.
Applications can use either client-side tools such as Func-
tion Browser or Query GUI to explore Grid resources di-
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rectly or APIs to build such functionality in their systems
for more complex functions. In GEODISE, we provide a
particular type of high-level client-side tool called the KB
management toolbox. The toolbox contains a number of
Matlab functions that enable Matlab users to access a
knowledge repository, retrieve functions and query seman-
tic descriptions. In GEODISE, knowledge services are im-
plemented using Apache Axis framework
(ws.apache.org/axis). Client-side tools and APIs interact
with knowledge services through KB Service Java Proxies
that in turn communicate with knowledge services via
SOAP messages.

Client Side Middleware Server Side
‘\ MATLABR % 3 SMD Management
§ ‘Web Services
a8 f—
> = - Ontology ~
2% ,::} 2 Y Services Function
= 5] o Ontologies
s 9 =~ 0N
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Fig. 8. The deployment architecture of knowledge management system

Semantic service discovery: one typical use of the
GEODISE knowledge infrastructure and services is to per-
form semantic based service discovery. Engineers can use
Query Services and its GUI to query the semantic descrip-
tions in GEODISE KB repository and discover required ser-
vices. Returned services will be listed in the left-hand bot-
tom panel of WCE, see Fig. 9.

Recommender system for workflow composition: using
Advice Services described in 4.2.2, the knowledge man-
agement infrastructure provides decision-making advice on
selecting suitable EDSO functions and configuring the func-
tion’s parameters during workflow composition, so that
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previous domain knowledge and valuable expertise is re-
used to solve complex problems quickly and by less experi-
enced engineers.

In WCE as shown in Fig. 9a, all function instances are
listed in the left-hand upper panel. When a function is
dragged and dropped into the composition area in the
right-hand upper panel, the advice service will be invoked
to deduce its contextual functions. The advice service will
then return a list of functions in the left-hand bottom panel
that can be deployed before/after the previously selected
function. When clicking on a function in the composition
area, a form will appear to allow for the configuration of
control parameters, here configuration advice will be pro-
vided. The WCE will generate a Matlab script, see Fig. 9b,
for a workflow and submits it to a Matlab server for execu-
tion. PSE also takes care of the workflow management,
monitoring and execution, which is beyond the scope of
this paper, the interested reader can refer to [20] for further
information.

GEODISE PSE together with the integrated knowledge
services has been tested and evaluated by GEODISE do-
main experts and resource providers. Initial results demon-
strate that knowledge support has greatly reduced the time
for users who have never used the Grid to carry out Grid-
enabled EDSO. It also lowers the requirements for users’
expertise on EDSO, i.e., novice engineers can solve complex
problems that could only be done before by domain ex-
perts. As the knowledge management infrastructure has
hidden as much as possible the knowledge provision
mechanisms and operations, engineers are happy that
knowledge support is provided without them knowing the
details of the support process.

5 Discussion

The case study has disclosed that initial collaborative
analysis in phase one and two of the methodology is the
key to the remaining KM activities and also to the final sys-
tem delivery. Domain experts and/or resource providers

% Compile and transfer the beam3d executable to the client
compile_executables( 'blue02.iridis.soton.ac.uk', server,
number_of servers, ldirectory )

% Generate the input file, and transfer it to the Globus servers
generate_input_file( server, number_of servers, ldirectory )

% Clean-up. Remove all subdirectories starting with "job"
remove_subdirectories( server, number_of servers )

% Generate sample points between lower and upper limits
[ sample_point, number_of points, bounds, grids ] =
generate_sample_points( 2.5, 3.5, 1.5,2.5,3,3)

(b)

Fig. 9. (a) The graphical user interface of the workflow construction environment and (b) the generated workflow script
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have domain and resource usage knowledge. They also
know what kind of knowledge support is desirable. But
they do not have expertise in knowledge engineering. For
example, they do not know how such unstructured knowl-
edge can be abstracted, organized and modeled, nor do
they know the tools and mechanisms by which such
knowledge can be reused. The close interaction between
knowledge engineers and domain experts can help domain
experts identify what they exactly want and further recog-
nize application and system requirements. Domain experts
can help knowledge engineers decide and evaluate the
knowledge application scenarios. Many of these points will
be familiar to those who experienced the development of
first and second generation knowledge-based systems two
decade ago. They are no less relevant in the era of Grid
computing.

While our methodology provides a generic guideline for
carrying out KM activities, it is up to knowledge engineers
to decide which technologies are used for individual activi-
ties. These choices are application-dependent and require-
ment-oriented. The right choice is critical, and to some ex-
tent, determines the performance of the final systems. For
example, in GEODISE we require description based reason-
ing for function discovery, therefore, we select OWL as our
ontology and instance representation language due to its
expressive power and its support of DL-based reasoning.
However, this comes with a sacrifice of performance. DL-
based reasoning over large instances is slow compared to
both RDF-based instance reasoning and traditional data-
base systems. Detailed discussions about RDF and OWL
based semantic storage and reasoning, performance matrix
and future improvement is beyond the scope of this paper
but can be found in [21], [18]. This observation suggests
that if an application does not require DL-based reasoning,
other ontology languages such as RDF could be adopted.
This could also indicate the use of a different set of tools,
including ontology editors, APIs and query languages. The
lesson learnt is that technologies must be selected based on
application charateristics and requirements.

We have developed knowledge services in GEODISE to
support KM. The decision to adopt a service-oriented im-
plementation was made based on several considerations.
Firstly complex Grid applications for which KM have much
more added value have increasingly adopted a service-
oriented view for modeling and software engineering. Sec-
ondly a service-oriented implementation of a KM infra-
structure makes it easy to integrate into an OGSA-based
Grid framework, thus facilitating the adoption of the infra-
structure in Grid applications. Finally a service-oriented
KM infrastructure is easy for deployment in heterogeneous
distributed environments, thus facilitating the access, shar-
ing and reuse of knowledge.

The application of the proposed approach and method-
ology in GEODISE has reinforced our view that knowledge
management is a co-ordinated endeavor among diverse
roles rather than individual, isolated activities. While tech-
nologies in each separate area of knowledge management
are important, their integration and the potential for syn-
ergy in successful problem solving depends on the nature
of application, the characteristics of knowledge, the re-

quirement of systems and the choices and tuning of indi-
vidual technologies. A systematic approach supported with
a methodology is not only necessary but indispensable for
managing knowledge on the Grid. It also proves that a sys-
tematic methodology is very important for such complex
activities that involve a multiple phase process and require
coordination, collaboration and cooperation among differ-
ent roles.

One finding from our work is that KM is no longer the
job of knowledge engineers or knowledge system develop-
ers. Domain experts and resource providers should become
key players and actively participate in the KM lifecycle. The
Web and Grid are evolving towards globally intercon-
nected knowledge bases. Users will not only obtain knowl-
edge as consumers but will also contribute resources and
knowledge as providers. This will see a shift of knowledge
acquisition and population from a limited number of spe-
cialized knowledge engineers to a larger base of resource
providers. This shift implies a need to provide easy-to-use
tools for domain specialists. An analogous trend occurred
in knowledge acquistion in the 1980s for stand alone
knowledge-based systems.

Another finding is that end-users do not care how
knowledge management activities are carried out, and
what technologies are used. Their concern is with what
they need to do in order to get knowledge support, and
whether or not knowledge services are easy-to-use. This
requires that knowledge services should hide as much of
the technical details from end users as possible, so that the
end users are able to exploit KM technologies for problem
solving but without knowing about ontologies, reasoning,
and a whole raft of KM terms and jargon.

6 RELATED WORK

Our work is inspired and underpinned by research results
from the Semantic Web [6], [22], [23], but research issues in
our work go beyond those addressed by the Semantic Web
community. The Semantic Web focuses on adding meaning
to documents, databases and web pages, and the emphasis
is placed on information integration, search and retrieval
[24]. Our work targets Grid resources, which, in addition to
semi-structured documents and well-marked web pages,
consist of computational systems, software codes, capabili-
ties and storage. The objectives of our work are to capture
knowledge of Grid resources, and make it explicitly repre-
sented and delivered. The ultimate goal is the seamless
sharing and effective reuse of resources’” knowledge for
problem solving. This is even more challenging then the
Semantic Web’s ambition of global information sharing.
Nevertheless, Semantic Web services share some com-
mon goals with our work, e.g. using semantic metadata for
service discovery, seamless access and automation. They
have been investigated in two main initiatives. The first one
is OWL-S [25], an upper level ontology for describing Web
services, specified using OWL. The second one is the Web
Service Modelling Ontology (www.wsmo.org), a concep-
tual framework for the semantic description of Web ser-
vices, underpinned by the Web Service Modelling Frame-
work (WSMF) [26] and specified using the Web Service
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Modelling Language (www.wsmo.org/wsml). While some
work on using semantic metadata, e.g. semantic service
description [27], discovery [28] and composition [29], [30],
has been conducted, it is often based on simple, sometimes
artificial, application scenarios. Its purpose is to provide a
proof of concept prototype rather than to solve real world
problems. At present, Semantic Web services focus on the
provision of superficial descriptive information for resource
discovery. There is no mechanism in place to model de-
tailed domain knowledge of services; nor is there much
effort towards a systematic and integrated approach to
streamlining the process of knowledge capture, modelling,
archiving, manipulation, retrieval and reuse through on-
tologies and annotation.

The use of Semantic Web technologies for Web-oriented
knowledge management has been investigated in the On-
To-Knowledge (www.ontoknowledge.org) project, the
HALO project (www.projecthalo.com) and the Advanced
Knowledge Technologies (AKT) project (www.aktors.org
/akt) and others [31]. On-To-Knowledge focuses on the use
of ontologies to perform various tasks for information inte-
gration and mediation. AKT is more ambitious, aiming to
develop and extend a range of methods and technologies
using a Semantic Web infrastructure to provide integrated
methods and services for the full lifecycle of knowledge
management. All three projects have concentrated on the
development of underlying knowledge infrastructure such
as methods, tools and services. For example, On-To-
Knowledge has produced OIL - the ontology inference
layer, which evolved later into OWL. AKT has produced,
amongst a list of methods, tools and techniques, the 3Store
technology [21] that supports large-scale online semantic
repositories of RDF. While the application focus of On-To-
Knowledge is on knowledge management for large num-
bers of distributed semi-structured documents, AKT has
looked to provide knowledge support for distributed large-
scale information systems and was one of the inspirations
for the GEODISE project. A number of other AKT spin-off
projects have also looked at combining Grid and Semantic
Web capabilities - for example the MIAKT project in the
domain of e-Health [32].

Our work is contrasts to that in On-To-Knowledge in
several aspects: Firstly, we focus on Grid applications such
as e-Science, e-business and e-Health where resources are
heterogeneous, diverse, domain-dependent, and most im-
portantly knowledge intensive. Secondly, our research em-
phasis goes beyond information sharing to resource shar-
ing, and in particular the use of knowledge for problem
solving. This requires deep knowledge be captured and
made available and reusable. Thirdly, our work concen-
trates on a co-ordinated and integrated approach to knowl-
edge management rather than on individual components.
We are especially keen on a methodology that helps not
only IT professionals but, most importantly, scientists to
use such an approach for Grid applications.

The myGrid project (www.myGrid.org.uk/) and ME-
TEOR-S project (Isdis.cs.uga.edu/projects/meteor-s) have
explored the Semantic Web approach for managing knowl-
edge of Web/Grid services. While we share common goals,
we adopt different approaches in modelling, representing

and using metadata and semantics. Both myGrid and ME-
TEOR-S projects deal with extra metadata and semantics by
extending existing Web Service standards WSDL and UDDI
(www.uddi.org). For instance, METEOR-S adds semantics
to WSDL via annotation, and both of them extend a ser-
vice’s UDDI tModel to accommodate extra metadata. My-
Grid also developed a semantic-enabled registry called
GRIMOIRES [33] for semantic-based service discovery. Our
approach is to have an extra knowledge layer on top of
UDDI and WSDL, and it is based on OWL-S and has uni-
form OWL representation. The extra knowledge layer is
flexible to handle rich domain knowledge, thus able to pro-
vide advice on service configuration and selection.

Our work is also distingushed from myGrid and
METEROR-S with regard to semantic metadata representa-
tion and related query mechanisms. In METEROR-S meta-
data are embedded in WSDL files and UDDI data struc-
tures, and represented in XML syntax. The semantics of a
service description is extracted by mapping data constructs
in WSDL/UDDI to corresponding concepts of the ontolo-
gies. In myGrid all information of a service is represented
in RDF and stored in a triple store. Interfaces have been
provided to allow users to query the service directory using
the RDQL query language. In GEODISE we use the OWL
ontology language to represent semantic information. As
OWL is built upon the constructs of RDF schema and de-
scription logic, it has more expressive power for modelling
and representing knowledge. This feature is particularly
useful for managing complex domain knowledge and pro-
viding knowledge-based decision-making support in terms
of the built-in reasoning capabilities. GEODISE is also dif-
ferent from myGrid and METEROR-S by its focus on using
domain knowledge to provide intelligent advice for prob-
lem solving such as workflow composition.

The closest research to our work is the ongoing EU On-
toGrid project (www.ontogrid.net). OntoGrid addresses
one of the grand challenges in Grid computing, i.e., the
ability to explicitly share and deploy knowledge to be used
for the development of innovative Grid infrastructure, and
for Grid applications. It intends to leverage Semantic Web
technologies to develop a technological infrastructure, and
a sound methodology to facilitate the use of the approach
and infrastructure. Our work has studied some of the issues
that will be dealt with in OntoGrid. To some extent, our
research results have informed and inspired the OntoGrid
project.

7 CONCLUSIONS

In this paper, we have analysed the nature of Grid comput-
ing and its requirements for knowledge support. Following
this, we have discussed the characteristics of knowledge
management in distributed environments such as the
Web/Grid, and in particular its distinction from traditional
knowledge management practices. We then propose the
Semantic Web based approach to knowledge management,
which leverages the state of the art in ontologies, ontology
languages and DL reasoning technologies. To support the
adoption and implementation of the proposed approach, a
methodology has been developed to provide guidance for
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Grid practitioners to carry out knowledge management for
Grid applications.

We have applied the proposed approach in GEODISE in
which we have developed domain and function ontologies
for modelling knowledge of EDSO resources. We have cre-
ated knowledge repositories for semantic function in-
stances; and key knowledge services have been developed
to provide knowledge support. We have integrated the
knowledge management infrastructure into GEODISE PSE.
All these activities have been conducted by following the
specification and principles of the conceived methodology
step by step. The application systems have been used and
evaluated. Initial results have demonstrated that the use of
knowledge management in GEODISE makes Grid enabled
EDSO easier, quicker and more efficient. This demonstrates
that both the approach and the methodology are feasible
and promising.
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