e-Science and the Semantic Web: a Symbiotic
Relationship

Carole Gobl& Oscar Corchi Pinar Alpet and David De Roufe

1School of Computer Science, University of Manchester
Manchester M13 9PL, UK
{carole,ocorcho,penpecip}@cs.man.ac.uk
2School of Electronics and Computer Science, Unitierdi Southampton,
Southampton SO17 1BJ UK
dder@ecs.soton.ac.uk

Abstract. e-Science is scientific investigation performedotiyh distributed
global collaborations between scientists and tresiources, and the computing
infrastructure that enables this. Scientific pregréncreasingly depends on
pooling know-how and results; making connectionsvben ideas, people, and
data; and finding and reusing knowledge and ressugenerated by others in
perhaps unintended ways. It is about harvestingheamdessing the “collective
intelligence” of the scientific community. The Semtia Web is an extension of
the current Web in which information is given weéfined meaning to
facilitate sharing and reuse, better enabling cderguand people to work in
cooperation. Applying the Semantic Web paradigmetScience has the
potential to bring significant benefits to scieigtifliscovery. We identify the
benefits of lightweight and heavyweight approachesed on our experiences
in the Life Sciences.

1 Introduction

The term e-Science is normally used to describepotationally intensive science
that is carried out collaboratively in highly dibuited network environments [1].
Typically, a feature of such collaborative scidntiénterprises is that they require
access to very large data collections, very lamgescomputing resources and high
performance visualisation back to the individuatruscientists. Brain neuroscientists
remotely control and collect data from the world&rgest and most powerful
transmission electron microscope in Japan (telaseiecsd.edu). Astronomers steer
telescopes from their offices, collect the dataagisiemote archive repositories, and
process it by exploiting the availability of mach# of other institutions. The
International Virtual Observatory Alliance (www.i@met) makes available vast
digital sky archives to all astronomers not justlugky few. ™Grid-Taverna
(www.mygrid.org.uk) allows biologists to assembbrgonalised exploratoiip silico
experiments that interoperate between remotely laadlly available applications,
code-bases and databases to identify new genest@]Human Genome effort is an
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example of e-Science — over 500 datasets and trelsavailable on the web for
bioinformaticians to piece together our understagdif life [3, 4].

The e-Science infrastructure supports and enhatteesscientific process by
enabling scientists to generate, analyse, sharaliandss their insights, experiments
and results in a more effective manner, particylarlthe context of the deluge of
data resulting from new experimental practice$]5,

Scientific progress increasingly depends on pooliegources, know-how and
results; making connections between ideas, pecghe, data; and finding and
interpreting knowledge generated by others, in w#yast may not have been
anticipated when it was created. It is about haiwgsand harnessing the “collective
intelligence” of the scientific community. It has anuch to do with intelligent
information management as with sharing scarce ressuike large scale computing
power or expensive instrumentation. It is aboutkim@ connections between
decoupled resources and people in the broadestxdoott diverse scientific activity,
outside the bounds of localised experiments andedoprojects, and enabling
scientific endeavour “in the wild”.

The Semantic Web is defined as an extension ofctreent Web in which
information is given well-defined meaning, bett@abling computers and people to
work in cooperation [7]. Applying Semantic Web toiéhce [8] has attracted great
interest particularly in the Life Sciences [9-13hieh has been proposed as a
“nursery” for incubating the required technologia®velopments [14]. We take a
perspective in which the Semantic Web is seen fos¢mas an infrastructure for
gathering and exploiting collective intelligence;e.i the capacity of human
communities to evolve towards higher order compyexaind integration through
collaboration and innovation.

Section 2 introduces the Semantic Web and distifgs between lightweight and
heavyweight approaches. In Sections 3 to 5 we ptdbece aspects of the Semantic
Web - annotation, integration and inference — ahkdtch how the methods,
techniques and tools used for each of them coubdige benefits to scientists. In
Section 6 we reflect on the symbiosis between effde and the Semantic Web.

2 The Semantic Web

Annotation is the process of associating metadétaam object. Metadata, defined as
structured data about an object that supports ifumetassociated with it, can be
generated for any entity for which contextual desm be recorded [15]. We can
annotate any object, be it a document, dataseticatibn, codes, notebooks, and so
on, within the scientific process — even a persosc@éntific instrument. Metadata can
be expressed in a wide range of languages (fronradato formal ones) and with a

wide range of vocabularies (from simple ones, based set of agreed keywords, to
complex ones, with agreed taxonomies and formabrag). It can be available in

different formats: electronically or even physigairitten down in the margins of a

textbook). It can be created and maintained usiffgrdnt types of tools (from text

editors to metadata generation tools), either manaaautomatically.
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The foundational pillars of the Semantic Web are thgging of entities with
machine-processable metadata which asserts fagtg tesms, and the associated
languages which define these terms and their oglsliips [16]. These languages
extend existing markup languages like HTML or XMh brder to represent
knowledge — they enabl8emantic AnnotationThe publishing and sharing of the
annotations and languages is crucial to realigiegoenefits of this approach.
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Fig. 1. Markup languages and the Semantic Web of Annotation, Integration and
Inference

Figure 1 shows the mark-up languages that have deeeloped in recent years.
Each language is based on the ones that are un@iex.i OWL is based on RDF
Schema, RDF and XML). The right-hand part of tlgufe shows that this stack of
languages can be used for different purposesndigshing three functions that the
Semantic Web can provide:

- Annotation. The Semantic Web can be used to provide machimeepsable
descriptions of resources in any of the languagethé stack, asserted using
RDF statements. Anything can be annotated, andtations can be shared.

- Data Integration. The Semantic Web can be used as a means of atitegr
information from diverse sources, connecting thiogpared terms (in RDF(S)
or OWL) and shared instances (in RDF) and presgrvamtext and provenance.

- Inference. The Semantic Web can be used as a powerful todghfer new
knowledge or detect inconsistencies in the knowdedljeady described in it,
provided in RDF Schema and OWL. Each of these laggs has different
expressiveness, and different reasoning mechartisatscan be applied to its
descriptions, so the inferences that can be adthiere different in each case.

These three different but complementary views ef $emantic Web are discussed in

the following sections in the context of e-Science.
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3 The Semantic Web asthe Annotation Web
3.1 Annotation in e-Science

The annotations associated with Web resources forer own overlaid and
intertwingled Web — the Annotation Web. This igqrtially a powerful tool which
enables e-Science to be carried out collaboratirelhighly distributed network
environments. Not only does it provide a meansdescribing the resources being
dealt with by e-Scientists (new findings, experitnersults and provenance, etc.), but
it also allows content and people to be connediedce allowing the harvesting and
harnessing of the collective intelligence of theestific community. Let us see some
examples:

- The ™Grid-Taverna workflow environment [17% a significant example of a
new platform for scientific discovery [2]. Servicase described according to a
service ontology that specifies the model to bedute describe the service
inputs and outputs. Following this approach, artedteservices can easily be
reused for the design and execution of scientifickflows. The annotation of
services is done collectively using annotation fodike Pedro [18] and
maintained by a curator in order to ensure theditu

- The CombeChem project [19] (www.combechem.orgu$es on the notion of
“publication at source”, capturing comprehensivenaations in order to
facilitate interpretation and reuse of results.ndsRDF to interlink information
in multiple datastores, both internally and extdynaCombeChem has
established &emantic DataGridtontaining tens of millions of RDF triples [20].
The annotation commences in the laboratory [21]e Phoject also captured
scientific discourse as part of the provenancertedbrough provision of tools
to annotate meetings [22].

- The Friend-Of-A-Friend (FOAF) initiative (www.foafrg) is being adopted for
science and scientific publications. Scientific FOAvww.urbigene.com/foaf/)
is an example of how so-called “Web 2.0 technolgigid5] can be used to
relate content and people in order to improve ei®&. For each article in the
NCBI Pubmed bibliographic database (www.ncbi.nlim.gov/entrez/), users are
asked if a specific person is unambiguously onthefauthors and whether they
know any of the co-authors (which may not be nearéigsthe case when there
are a large number of collaborators). Authors'radts are defined using the
MeSH (Medical Subject Headings) terms of their papall this information is
used to generate the FOAF profile of scientists.

- Recording the provenance of scientific results ngpartant in facilitating
interpretation and reuse of data, as well as fgulegory purposes. Semantic
Web technologies are used to provide a flexible exignsible record of the
experimental process in thim silico experimentation of™Grid [23] and
commencing in the laboratory in CombeChem [24].

3.2 Lightweight and heavyweight annotation

We can make a distinction between what we dghtweight and heavyweight
annotation, by considering the vocabularies usedréate metadata. Both forms of
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annotation are relevant to scientific tasks suchttasse above but they have
significantly different characteristics. Our cldisation is analogous to that of
lightweight and heavyweight ontologies, introdubgdStuder [25].

Lightweight annotation

We define lightweight annotation as the processasdociating metadata with a
resource, where the metadata does not necessefielyto an existing ontology but
consists of tags defined by the person(s) in chafghe annotation, which express
the meaning of the information source by using semstead of logical expressions.
Furthermore, if the annotation is based on existintplogies, it normally identifies

instances of the ontology concepts, but not treticeiships between those instances.

For example, should we have a Web document thatrides a gene and the
processes in which the gene is involved, a lighfweannotation would consist of
tags assigned to different parts of the documeihiesé tags may be: “Gene”,
“BRCA2", “Breast Cancer”, “disease”, etc. The Coraltrem and SciFOAF examples
above also illustrate lightweight annotation.

The advantage of this type of annotation is thaties the collection of the most
important terms and relations of a community, aad be a good starting point to
achieve agreement in a specific area. Lightweigiriotation has appeared in the
context of the Web 2.0 initiative, which refers aosecond generation of tools and
services on the Web that lets people collaborate <mare information online [26].
While lightweight annotation does not focus on tiaa annotations to existing
common vocabularies, vocabularies can be creatédobthem in what we call
folksonomie$27].

Heavyweight annotation

We define heavyweight annotation as the procesasebciating metadata with a

resource, where the metadata refers to an existibgogy that is implemented in a

formal language (e.g., RDF Schema, OWL, etc.); tmedannotation does not only

identify instances of ontology concepts but aldatienships between those instances,
which are compliant with the underlying ontology.

For example, should we have a Web document thatrides a gene and the
processes in which the gene is involved, a heaghteinnotation of this document
would comprise metadata based on an ontology abeuoes, such as the Gene
Ontology (www.geneontology.org). The metadata csinsof instances of concepts
that are defined in the Gene Ontology, plus instancf relations between those
concepts, including genes, the processes wheredteeynvolved, etc. Th&Grid-
Taverna service discovery framework uses heavyweighotation [5].

Heavyweight annotations normally give precise infation about the contents of a
document. This information is not necessarily exstize and is normally costly, since
it is usually authored by domain experts. The agis in which those annotations
are based are normally shared in a community.
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3.3 Toolsfor annotation

Tools for creating more lightweight annotations based on the Web 2.0 philosophy
and emerging tools. SemanticMediaWiki allows addsemantic information to a
Web document while creating it; the semantic infation added consists of typed
links and typed attributes (wiki.ontoworld.org/indghp/Semantic_MediaWiki).
del.icio.us (http://del.icio.us/) is a social taggitool that allows annotating Web
resources by adding tags that are not specificahnected to an existing ontology,
but that can be used to derive folksonomies. Fligkww.flickr.com) is a social
tagging tool that allows annotating images in ailsinway to del.icio.us.

Tools for creating heavyweight annotations (ontglbgsed annotators) are
primarily designed to allow inserting and maintagniontology-based mark-ups in
Web documents [28] [29]. First conceived as talbég could be used to alleviate the
burden of including ontology-based annotations ralipinto Web resources, many
annotators have evolved into more complete enviemm that use Information
Extraction, Machine Learning and Natural Languagehhiques to propose semi-
automatic annotations for any type of Web resourcegeneral, the more automated
the annotation process is, the lower the qualitthefannotations obtained.

Other tools are aimed at annotating data availabldata sets by establishing
mappings between the data set model and a seta tsoming from ontologies [30].
This annotation improves data discovery and intégmaamong others.

4 The Semantic Web asthe Integration Web

Scientific discovery involves bringing together anhation from diverse sources,
many of which may be available in the form of datsés rather than Web pages. The
set of these Web resources, also known as the “D&¥ep” or “"Data Web”,
represents more than 80% of the total amount & aedilable on the Web [31].

Many of these databases contain overlapping or mntary information about
the same individuals. For instance, the same pratgéght appear in UniProt and
PDB, or two proteins might share the same Gene I@gyocode as part of their
annotation. One of the main challenges for Ititegration Wehis how to align the
data that is available in heterogeneous distribd@ébases so that the appropriate
connections are made among the pieces of informatiescribed in different
disconnected databases.

Semantic technologies can be applied to this w@tsk of integrating information
from multiple sources [13] [32]. They can describe content of a set of databases
according to a shared model, or according to eoEsemantic models that can be
aligned using ontology alignment or merging techei
(www.ontologymatching.org). Using these approachee can leverage the
information available in the Deep Web to informatiozhose meaning is clearly
described according to a common understood andfeed model of the domain.

In e-Science the information available in documd(etg., journal publications)
represents only a small percentage of the totalrindtion available. According to
[33], “traditional biological journals will becomigist one part of various biological
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data resources as the scientific knowledge in phbld papers is stored and used more
like a database”. One of the examples that suphdstvision is that of reading a
description of an active site of biological molexzut a paper and being able to access
immediately the atomic coordinates specifically float active site, and then using a
tool to explore the intricate set of hydrogen-bagdinteractions described in the
paper. A similar illustration is provided by the ryGtal EPrints” interface in
CombeChem [20].

There are many examples in the literature that show heterogeneous data
sources can be integrated, supporting users bydingva common view of them and
shortening the time needed to find and relate médion. Here are two approaches: a
data web and a wikipedia.
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Fig. 2. Resources cross-linked through using the Gene Ontology

A Data Web approach encourages databases to export theiseldtdescribed in
RDF, breaking down the barriers of different schemé# the same instance — a
protein, say — appears in many databases we cagrate the various RDF
descriptions. The data entries are commonly anedtatithin the databases using
controlled terms such as GO ids from the Gene ©gtolFig 2). These “within
record” annotations are exposed on the Data Weath wancan use shared terms to
link between different database entries, and betvike database records and other
resources, such as documents, that are annotated th® Gene Ontology [34].
YeastHub is an RDF data warehouse that integratieseaiht types of yeast genome
data provided by different resources in differentnfats [35]. BioDASH takes
advantage of UniProt's RDF export facility and tB®PAX ontology to associate
disease, compounds, drug progression stages, nmlebiology, and pathway
knowledge for a team of users. CombeChexad RDF to annotate entities but also to
hold chemical data in RDF format [36], recognisthg flexibility of this approach.
The Collaboratory for Multi-scale Chemical Scief@MCS) [37] has developed an
open source toolkit addressing provenance trackmblightweight federation of data
and application resources into cross-scale infaonalows, and provides another
case study in the chemical data arena.



8 CaroleGable, Oscar Corcho, Pinar Alper and David De Roure

A Wikipedia is an example of how Web 2.0 technologies candee wo support
information collection in e-Science. The Gene Wéd@a is proposed as a
comprehensive knowledge collection about geneshegaig information from
multiple data sources: GenBank, UniProt, Bind, Kegg etc
(www.bioinformatics.org/genewiki/wiki/). It is badeon a common set of ontologies:
NCBI taxonomy, Gene Symbol, Disease/Phenotype ogyol Protein Interaction
databases, GenBank, Pathway and Gene Ontology iafjowearches on the
information based on these resources. The first palges, and the curation of the
available data, is based on the use of text mitimds, ensuring data quality and
assurance.

The whole notion of “self-describing experiments”taking hold as part of the
W3C'’s Health Care and Life Sciences Interest Greugxploration of RDF, and
initiatives such as King’s EXPO ontology of scidiatiexperiments [38] and
collection standards expressed in RDF [39]. Callstite scientific publishers to
annotate papers at publication with ontologies @@ responses by publishers such
as Nature to embrace collaborative tagging systeiiise Connotea
(www.connotea.org) hold out the promise that weldadouild Integration Webs
between data and publications.

5 The Semantic Web astheInference Web

BioPax (the Biological Pathways Exchange) makesererfces over biological
pathway data; an automated OWL reasoner is usdihdooverlapping and non-
overlapping molecular interactions between two wath datasets [41]. Th®Grid-
Taverna project provides the ability to search ma@entist-centric descriptions in a
subject specific way, using taxonomy informationtlire associated ontology [42].
These are both examples of inference: metadataiiestterms from OWL ontologies
can be reasoned over using logic-based decisiotegures, which means that new
relationships can be inferred between statemeimtshthd not been explicitly made
before.

There are several languages in the Semantic Web,different expressivity and
complexity. Depending on the formal language selbctlifferent types of reasoning
functions will be available. If we use RDF Schetoalescribe our ontologies (which
means that we will use RDF to describe our anrama)i we will be able to execute
gueries over the models created, using RDF queryuiages like SPARQL. We can
do this to retrieve annotations, as well as dutirggdata integration process once the
data source to be queried has been identified eletted. The query engines that
process these languages are able to perform bagiendmic reasoning and
consistency checking regarding the domain and raofyeproperties. A more
expressive language like OWL, based on the desmnipdgic formalism, enables us
to perform more complex reasoning processes. Bbarige, we will be able to detect
inconsistencies in the vocabulary that we are trgaturing the modelling process,
such as finding missing terms in the Gene Ontolptg], and we will be able to
derive concept taxonomies automatically from thecdptions that we have provided.
Furthermore, we will be able to infer the concejgswhich an individual belongs
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given the information that we have from it, or wél Wwe able to detect whether an
individual description is inconsistent due to tlomstraints expressed in the ontology,
for example finding new properties of proteins iegdto possible drug discovery
targets [39]. The complexity of modelling in OWL,oMever, should not be

underestimated [44, 45].

Other logical formalisms, such as rules, allow irfey conditional relationships
between individuals that were not possible with grevious formalisms — for
example correspondences between data are not asbessbvious to detect,
requiring specific rules [46].

6 Symbiosis

The practice of science and e-Science can be eetidng the technologies of the
Semantic Web, enabling a dramatic reduction irtithe needed to create new results
and consequently the so-called “time to insightt] @iscovery [47]. Semantic Web-
based applications promise help in: the developnoéntontrolled vocabularies,
flexible metadata modelling, intelligent searcharmgd document discovery, social and
knowledge networking, advanced content syndicatiand publishing, data
integration, aggregation and cross linking, appilicainteroperability and knowledge
mining [48]. A heavyweight approach, (“pain todayan be combined with a
lightweight approach (“pain tomorrow”) to faciliat community participation.
Sometimes a little semantics goes a long way [49].

Significantly we have taken a holistic view of tbaentific process. Rather than
looking at specific, self-contained projects, wesetve that scientific discovery
occurs “in the wild” using diverse resources. Them@ntic Web permits this
decoupling between the people, the content of inéion sources, the metadata
about the content, and the time when this contedtraetadata is created. The person
who creates the data is not necessarily the onedidests it. Furthermore, data and
metadata can be used for objectives that were xpeoted when they were created,
and at any point in time since its creation.

The natural match between Semantic Web and Lifer8eis has been recognised
by W3C in their focus on Life Sciences [50]. Thentaa@tic Web benefits from
e-Science, since its emerging technologies areggliested on a large-scale thanks to
their use in e-Science applications [14] and thetipg of Semantic Webs for Life
Science such as Sealife (www.biotec.tu-dresderedtfts’) and SWAN [51].
Realising the benefits of bringing Semantic Web &uiknce together depends on
establishing awareness and understanding across doonmunities [52].

In fact the Semantic Web technologies also havela inside the e-Science
infrastructure. The Semantic Grid [53] is chardetst as an open system in which
people, services and computational resources\ialed by different stakeholders) are
brought together flexibly and dynamically. Whilengantic Web technologies can be
used on the Grid, the Semantic Grid emphasises applying Semantic Web
technologies within the e-Science infrastructure — the machine protéss
descriptions then enable the services and resoutcede brought together
automatically [54].
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We suggest that there is in fact a deeper mutuaéfiiefor e-Science and the
Semantic Web. The Semantic Web will thrive in arviemment where the
annotations — heavyweight and lightweight — aradpoed and consumed through the
routine use of the infrastructure. To reach thahfpthere needs to be a mechanism
for bootstrapping the semantic infrastructure, dnid will occur where there is
incentive and a low cost to entry. We have desdribe incentives which lead to new
scientific discovery. The low entry cost emphasitte need for tools for e-Scientists
and also highlights the value of the lightweighggimg approach to move the
endeavour forward. The Web flourished through edisese and incentive to publish
as well as to consume content, and e-Science apfmeprovide similar circumstances
for the Semantic Web.
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