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The Semantic Web

History of the Semantic Web

» Web was “invented” by Tim Berners-Lee, a physicist working at CERN

» Tim Berners-Lee original vision of the Web was much more ambitious
than the reality of the existing (Syntactic) Web:

/ a goal of the Web was that, if the interaction between persoh
and hypertext could be so intuitive that the machine-readable
information space gave an accurate representation of the state
of people's thoughts, interactions, and work patterns, then
machine analysis could become a very powerful management
tool, seeing patterns in our work and facilitating our working
together through the typical problems which beset the

Qanagement of large organizations.” J

» Tim Berners-Lee (and others) have since been working towards
realising this vision, which has become known as the Semantic Web




Semantic Web

“... a plan for achieving a set of
connected applications for data
on the Web in such a way as to
form a consistent logical web of
data ...”

“... an extension of the current
web in which information is given
well-defined meaning, better
enabling computers and people
to work in cooperation ...”

Berners-Lee, Tim; Hendler, James and Lassila, Ora
"The Semantic Web", Scientific American, May 2001, p. 29-37.

SEMANTIC

A new form of Web content
that is meaningful to computers
will unleash a revolution of new abilities

» Realising the complete “vision” is too hard for now

» But we can make a start by adding semantic
annotation to web resources
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the Syntactic Web
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[Hendler & Miller 02]

The Syntactic Web is...

» A hypermedia, a digital library

+ A library of documents called (web pages)
interconnected by a hypermedia of links

> A database, an application platform

+ A common portal to applications accessible
through web pages, and presenting their results
as web pages

> A platform for multimedia

+ BBC Radio 4 anywhere in the world! Terminator 3
trailers!

» A naming scheme

+ Unique identity for those documents
[Goble 03]




l.e. the Syntactic Web
IS...

» A place where
¢ computers do the presentation (easy) and
¢ people do the linking and interpreting (hard).

»Why not get computers to do more of the
hard work?

[Goble 03]

What is the Problem?

» Consider a typical web page:
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+ rendering information
(e.g., font size and
colour)

+ Hyper-links to related
content

arovn

- == » Semantic content is
" accessible to humans
but not (easily) to
computers...
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Web to humans

# The Man Who Mistook Hiz Wife for a Hat : And Other Clinical Tales - Hetscape

—————— | The Man Who Mistook His Wife for a Hat :
OLIVERSACKS | And Other Clinical Tales by Oliver W. Sacks

Mwé N In his most extraordinary book, “one of the great clinical writers of the 20th century™ (The New
MISTOOK York Times) recounts the case histories of patients lost in the bizarre, apparently inescapable
world of neurological disorders. Oliver Sacks's The Man Who Mistook His Wife for a Hat tells the
H l S WI F E stories of individuals afflicted with fantastic perceptual and intellectual aberrations: patients who
fors === | have lost their memories and with them the greater part of their pasts; who are no longer able to
e o‘l;!é&'!; S recognize people and common ol Mt = i UH(— for  Hat : And Dther Clinical Tales - Natscape
——————— | shout involuntary obscenities; wh
retarded yet are gifted with uncang
If inconceivably strange, these brilliant tales remain, in C
are studies of life struggling against incredible adversity,
impaired, to imagine with our hearts what it must be to I|I THE SEARCH COMPANY
medicine's ultimate responsibility: "the suffering, afflicte

Our rating : Try your search in: Images « Video » MP3/Audio » Hews

Find other books in: [ Neurology [T Psycholog {*book +sacks | [any angage -

Search books by terms : |

Tools: Shopping = E-mail= Translate = Maps « Vellow Pages = People Finder = Seatc

Rraalrine wowrcs Maada W ainea Tata Tndanaesia MFaial T

Search for: Help | Custormi =
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Web to computers...

: The Man Who Mistook Hiz Wife for a Hat : And Other Clinical Tales - Netscape
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Web > "What are the books from Hemingway?"

PN altavista

THE SEARCH COMPANY

Try your search in: Images = Video = MP3/Audio » Hews

Search for: Help | Customd

I+b00k +hemingway " IAny Ianguage -

Tools: Shopping = E-mail » Translate = Maps = Vellow Pages « People Finder = Sear

Claade B ocrisng Tt o Tand in OWWficiela B Tlog: Tonl Tio

Noise # Preusnonl l

Nice pubs’in Nice

The-Old: Book
12, R.Victor Hugo "The Old Man And The Sea"

by Ernest Hemingway
The White Swan

This new edition starts with a large
The Horseshoe historical introduction of the work
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Impossible (?) using the Syntactic
Web...

» Complex queries involving background knowledge

+ Find information about “animals that use sonar but are not
either bats or dolphins”

» Locating information in data repositories

+ Travel enquiries

+ Prices of goods and services

+ Results of human genome experiments
» Finding and using “web services”

+ Visualise surface interactions between two proteins
» Delegating complex tasks to web “agents”

+ Book me a holiday next weekend somewhere warm, not too
far away, and where they speak French or English

14




Need to Add “Semantics”

» External agreement on meaning of annotations

+ E.g., Dublin Core for annotation of library/bibliographic
information
A Agree on the meaning of a set of annotation tags

+ Problems with this approach
A Inflexible
A Limited number of things can be expressed
» Use Ontologies to specify meaning of annotations
+ Ontologies provide a vocabulary of terms
+ New terms can be formed by combining existing ones
A “Conceptual Lego”
+ Meaning (Semantics) of such terms is formally specified

+ Can also specify relationships between terms in multiple
ontologies
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Adding “Semantic Markup”

Make web resources more accessible to automated processes by:

Extend existing rendering markup with semantic markup
+ Metadata annotations that describe content/function of web accessible resources

Useing Ontologies to provide vocabulary for annotations
+ “Formal specification” is accessible to machines

“Semantics” given by ontologies
+ Ontologies provide a vocabulary of terms used in annotations
+ New terms can be formed by combining existing ones

+ Meaning (Semantics) of such terms is formally specified
+ Need to agree on a standard web ontology language
A prerequisite is a standard web ontology language
+ Need to agree common Syntax before we can share semantics

16




Semantic Web

,» 1 he Semantic Web is an extension of the current
web in which information is given well-defined
meaning, better enabling computers and people
to work in co-operation.

[Berners-Lee et al., 2001]
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Ontologies

19

Ontology: Origins and History

» a philosophical discipline
» a branch of philosophy that deals with the
nature and the organisation of reality
» Science of Being (Aristotle, Metaphysics, IV, 1)
» Tries to answer the questions:
AWhat characterizes being?
A Eventually, what is being?

20




Ontology in Linguistics

activate%( \Qelates to

Form

Tank

[Ogden, Richards, 1923]

Referent
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Looking at an example of intelligence: humans

» "What is a pipe ?"

3

01110100
011001

A short narrow tube A long tube made of
with a small container metal or plastic that is
at one end, used for wused to carry water or
smoking e.g. tobacco. oil or gas.

» One term - three concepts
» "What is the last document you read ?"

A temporary section of
computer memory that
can link two different
computer processes.

+ Terms to concepts (recognition, disambiguation)

[ + Conceptual structures (e.g., taxonomy)

+ Inferences (e.g., generalisation/specialisation)

22




Taxonomic knowledge

» Some knowledge is missing - identification
» Types of documents - acquisition
» Model et formalise - representation

"A novel and a short story are books."
"A book is a document."

: Informal

Document

| ISubsumption

Book Transitive Formal

/\ binary relation

Novel Short story

Novel(x) = Book(x)
Book(x) = Document(x) ...

23

Relational knowledge

» Some knowledge is missing - identification
> Types of documents - acquisition
» Model et formalise - representation

"A document has a title which is a
short natural language string"

: Informal

Document i Formal

24




Assertional knowledge
Living being Document

I I

Human Book

Man Woman Novel Short story

2

Document

String

Document l “— Human
Human [——C Name>—— String

Hemingway is the author of "*The old man and the sea"
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~ Assertional knowledge
Living being Document

I I

Human Book

Man Woman Novel Short story

2

Document String

Document —Author >—— Human

Human String

STRING
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» Search : Request
» Projection > Inference

emingway
STRING

Document

!

Book

N

Novel Short story

STRING

.
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0

......................... P

Theokimanéﬁdthesea
STRING
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Ontological vs. assertional knowledge
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Ontological vs. assertional knowledge
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Definitions

» conceptualisation: an intensional semantic structure which
encodes the implicit rules constraining the structure of a
piece of reality [Guarino and Giaretta, 1995] || the action of
building such a structure.

» Ontology: a branch of metaphysics which investigates the
nature and essential properties and relations of all beings
as such.

» ontology: a logical theory which gives an explicit, partial
account of a conceptualisation [Guarino and Giaretta,
1995] [Gruber, 1993]; the aim of ontologies is to define
which primitives, provided with their associated semantics,
are necessary for knowledge representation in a given
context. [Bachimont, 2000]

» formal ontology: the systematic, formal, axiomatic
development of the logic of all forms and modes of being
[Guarino and Giaretta, 1995].

30




Ontology in Computer Science

» An ontology is an engineering artifact:

* |t is constituted by a specific vocabulary used to
describe a certain reality (domain), plus
+ a set of explicit assumptions regarding the
intended meaning of the vocabulary.
» Thus, an ontology describes a formal
specification of a certain domain:
+ Shared understanding of a domain of interest

+ Formal and machine manipulable model of a
domain of interest (telecoms systems, gene
structures, public services, ...)

31

Ontology vs. taxonomy

> taxonomy: a classification Thing

based on similarities. A

Entity Event

T

Living being Inert entity

Document

Short story

32




Partonomy example

taxonomy: a classification based on similarities.
b partonomy: a classification based on part-of relation.

ethane methanol ethanol

\
® R g

carbon dioxide dioxygen phenol water dihydrogen

o
NN

carbon oxygen hydrogen
I
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1]
H % N\ Hand

I
@ ‘Hierarchical model of the shape of the human body. D. Marr and H.K.

Nishihara, Representation and recognition of the spatial organization of

three-dimensional shapes, Proc. R. Soc. London B 200, 1978, 269-294).

— Mineral objects = Stones
) — Hand
— ArmM

— Organic objects Limb | Forearm
“— Upper arm

Individual == Human

34




A logical theory accounting for a conceptualisation

axonomy: a classification based on similarities.
partonomy: a classification based on part-of relation.
logical theory in general e.g.

tformal definitions (knowledge factorisation)
director (X)

person(X) A (Fy organisation(y) A manage (x,y))

ausal relations
living_being(y) A salty(x) A eat (y,x) = thirsty(y)

35

» taxonomy: a C|aSSifiC%(f-l)Onaneaggld%lr]ISSIarJ]:II%ﬂtieS.
» partonomy: a classification based on part-of relation.

» A logical theory in general e.g.

formal definitions (knowledge factorisation)
director (X) &

person(x) A (Fy organisation(y) A manage (X,yJj

causal relations
living_being(y) A salty(x) A eat (y,x) = thirsty(y)

» An ontology is not a taxonomy.
A taxonomy may be an ontology.
Taxonomic knowledge is at the heart of our conceptualisation a
‘reflex inferences' that is why it appears so often in ontologies

36




What (for our purposes) are
Ontologies?
Ontologies provide a shared and common
understanding of a domain
+ a shared specification of a conceptualisation
+ ‘concept map’
+ for WWW resources
+ defined using RDF(S) or OWL

37

Ontology as Taxonomy

Taxonomy is a classification system where each node has only
one parent — simple ontology

Living Beings

Animals

Vertebrates Invertebrates

38




Ontology of People and their Roles

Typically, we want a richer ontology with more relationships
between concepts:

Employee Contractor

Manager Expert Analyst

/\ </adViSes

Programme Mgr Project Mgr

\' funds/
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Structure of an Ontology

Ontologies typically have two distinct components:
» Names for important concepts and relationships in
the domain

¢ Elephant is a concept whose members are a kind of
animal

+ Herbivore is a concept whose members are exactly
those animals who eat only plants or parts of plants

» Background knowledge/constraints on the domain
+ Adult_Elephants weigh at least 2,000 kg
+ No individual can be both a Herbivore and a Carnivore

40




Why develop an ontology?
» To define web resources more precisely and

make them more amenable to machine
processing

» To make domain assumptions explicit
+ Easier to change domain assumptions
+ Easier to understand and update legacy data

» To separate domain knowledge from operational
knowledge
+ Re-use domain and operational knowledge separately

» A community reference for applications

» To share a consistent understanding of what
information means

41

Types of Ontologies s

Describe very general concepts like space, time, event,

which are independent of a particular problem or domain.

It seems reasonable to have unified top-level ontologies
for large communities of users.

Describe the top-level ontology
vocabulary _
related to a Describe the

generic domain vocabulary
by specializing related to a
the concepts domain ontology task ontology generic task

introduced in the or activity by

top-level specializing
ontology. the top-level

ontologies.

application ontology

These are the most specific ontologies. Concepts in
application ontologies often correspond to roles played
by domain entities while performing a certain activity.

42




Ontology Layers: What's it for?

Cooperation on
Top Domain Ontologies
to enable...

Cooperation on the
Domain Content
Ontologies to enable...

Cooperation on
Information systems &

FESOUICES)

43

Where do DLs fit in?

DL s? Top Domain

(“clas.ses” Ontologies

Domain Content
Ontologies

Databases, RDF Information
tanea otnrac systems &
nstance stores, ...

melinag resourceg
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Ontologies - Some Examples
» General purpose ontologies:

+ WordNet / EuroWordNet, http://www.cogsci.princeton.edu/~wn
+ The Upper Cyc Ontology, http://www.cyc.com/cyc-2-1/index.html
+ |EEE Standard Upper Ontology, http://suo.ieee.org/

» Domain and application-specific ontologies:
+ RDF Site Summary RSS, http://groups.yahoo.com/group/rss-dev/files/schema.rdf

+ RETSINA Calendering Agent, http://ilrt.org/discovery/2001/06/schemas/ical-
full/hybrid.rdf

AIFB Web Page Ontology, http://ontobroker.semanticweb.org/ontos/aifb.html
Dublin Core,

UMLS,

Open Biological Ontologies: http://obo.sourceforge.net/

» Ontologies in a wider sense

+ Agrovoc, http://www.fao.org/agrovoc/
+ Art and Architecture, http://www.getty.edu/research/tools/vocabulary/aat/
+ UNSPSC, http://eccma.org/unspsc/

» DAML.org library with all kinds of different
ontologies!

45

Ontology Languages

46




» Wide variety of languages for “Explicit Specification”

+ Graphical notations

A Semantic networks

47

» Wide variety of languages for “Explicit Specification”

+ Graphical notations
A Topic Maps

Topic Mag

Associstions

Topics

Resources

Associalioni

AddedThemes

Folet
Rolaz

BaseMamel

Dephddanel
DEphdame?
Sortlarmet

Association2

Rolzt
Rolaz

Bagakamal
DispleyMarmed
DisplayNarmes
SoNaimaz

Froperiyl

Maluad
Malua2

N

EaseMames
DEpkdianes
Dispaanes
Sorttlame3

—
]
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> Wide variety of languages for “Explicit
Specification”
¢ Graphical notations
AUML

Farm
FieldSet Grogp l%>FormNelme-;
& DisplayOrd F_Q%Iand &Description |
o et H =
g -

CE— g
1.1 T o

Label GroupSet '
BpText &Entry |
1552, ;

&LinkType FreeForm @R?SUHS
Field / R Wiappatie [0 p ey Orly|
/1. 1

&Datatype
SoDefault & Minwidth

Linked Fialds SpEditmask ‘“——\\\_%
1.4 &Format

&width

MonLabel i

ge:zmyomy Checkhox

&Mullable &lsTristate

Dataisland RadioGrou
I
-M__II Dropdown !/l | @ Dicplay Syl

» Wide variety of languages for “Explicit
Specification”

¢ Graphical notations
ARDF

rosubheadings ratSeq
rafinstance Of

ol rafa rofinstance0f

/Qﬁ rof 2 @nc zubheadings
feiname
me:subheadings moname
|nt’°dUd'°“ e subheadlngs
to JavaSeript nc name
Crata Types
And Walues

Lexlcal
rafinstance Of Struc‘ture meiname

rfinstance Of ot 1
e ol w T [
EhZ T noiname
feiname : e 12 noname
mc:zubheadings ™ _ Sensitivity

- JavaSeript
JavaSeript .

hiyths Wersions

rfinstanceOf

raf 1
. neiname avasenpl &




» Wide variety of languages for “Explicit
Specification”
¢ Logic based
A Description Logics (e.g., OIL, DAML+OIL, OWL)
ARules (e.g., RuleML, LP/Prolog)
A First Order Logic (e.g., KIF)

Every gard ener likes the sun.

by gardenen(x) == likes{x, Sur)
Youcan fool some of the people all of the time.

(Ex ) &1 (personx) ™ tirme(t)) == can-fool{x,1)
Youcan fool all of the people some of the time.

(A E) (person(x) ™ tirnelt) == can-fool(z,f
Allpurple mushrooms are poisonous.

(&) (ranshroor(x) © parpledx)) == polsononsx)
Mo purp le mushroom i pokonous.

~ By prrpled) * ranshroomx) ™ poisonos]x)

[ har) (ranshroorm () © parpledx)) == ~poisonous(x)
There are exactly two purple mushrooms.

(Ex ) Ew) mushroom(x) ™ el x) © rshroomy) * parple (v © ~(x=y) * (A=)

(rnshroom(z) ™ parple(=)) == ((x=z) v (7==))

Clinton is not tall

~tall{Clinton)
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» Wide variety of languages for “Explicit
Specification”
¢+ Logic based
A Conceptual graphs

Context

[sTTRIBUTE [~ (A TTR)—[ENTITY] [EvenT) [MEASURE| STATE
@uR)

TIME_PERIOD,

ANIMATE| |STATIONARY-ENTITY|

ANIMAL]

PERSON

52




Ontology Languages

» Wide variety of languages for “Explicit
Specification”
¢ Logic based
A Conceptual graphs

A (Syntactically) higher order logics (e.g., LBase)
A Non-classical logics (e.g., Flogic, Non-Mon, modalities)

+ Bayesian/probabilistic/fuzzy
» Degree of formality varies widely

+ Increased formality makes languages more
amenable to machine processing (e.g., automated
reasoning)

53

Many languages use “object oriented” model

based on:
» Objects/Instances/Individuals
+ Elements of the domain of discourse
+ Equivalent to constants in FOL
» Types/Classes/Concepts
+ Sets of objects sharing certain characteristics
+ Equivalent to unary predicates in FOL
» Relations/Properties/Roles
+ Sets of pairs (tuples) of objects
+ Equivalent to binary predicates in FOL

» Such languages are/can be:
+ Well understood
+ Formally specified
+ (Relatively) easy to use
+ Amenable to machine processing

54




Web “Schema” Languages

> Existing Web languages extended to facilitate content description
¢ XML — XML Schema (XMLS)
+ RDF — RDF Schema (RDFS)
XMLS not an ontology language
+ Changes format of DTDs (document schemas) to be XML
+ Adds an extensible type hierarchy
A Integers, Strings, etc.
A Can define sub-types, e.g., positive integers
RDFS is recognisable as an ontology language
¢ Classes and properties
¢ Sub/super-classes (and properties)
+ Range and domain (of properties)

55

XML: limitations for semantic markup

XML per se makes no commitment on:
* Domain specific ontological vocabulary

*  Which words shall we use to describe a given set of concepts?
+ Ontological modelling primitives

How can we combine these concepts, e.g. “car is a-kind-of (subclass-of)
vehicle”

= requires pre-arranged agreement on vocab and primitives

Only feasible for closed collaboration
+ agents in a small & stable community

¢ pages on a small & stable intranet
.. hot for sharable Web-resources

56




XML is a first step

» Semantic markup
¢ HTML = layout
+ XML = meaning

» Metadata
+ within documents, not across documents
¢ prescriptive, not descriptive
+ No commitment on vocabulary and modelling
primitives

» RDF is the next step

57

RDF and RDFS

» RDF stands for Resource Description Framework
» Standard of W3C
+ |tis a W3C candidate recommendation (http://www.w3.org/RDF)
» RDF is graphical formalism ( + XML syntax + semantics)
+ for representing metadata
+ for describing the semantics of information in a machine- accessible
way
» RDFS extends RDF with “schema vocabulary”, e.g.:
¢ Class, Property
+ type, subClassOf, subPropertyOf
¢ range, domain
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The RDF Data Model

Statements are <subject, predicate, object> triples:

hasColleague
lan uli

Can be represented using XML serialisation, e.g.:
<lan,hasColleague,Uli>

Statements describe properties of resources

A resource is a URI representing a (class of) object(s):
a document, a picture, a paragraph on the Web;
http://www.cs.man.ac.uk/index.html
a book in the library, a real person (?)
isbn://5031-4444-3333

Properties themselves are also resources (URIs)

59

URIs

URI = Uniform Resource Identifier

"The generic set of all names/addresses that are short strings that
refer to resources”

URIs may or may not be dereferencable

+ URLs (Uniform Resource Locators) are a particular type of URI, used
for resources that can be accessed on the WWW (e.g., web pages)

In RDF, URIs typically look like “normal” URLSs, often with
fragment identifiers to point at specific parts of a document:
+ http://www.somedomain.com/some/path/to/file#fragmentID
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Linking Statements

» The subject of one statement can be the object of another
» Such collections of statements form a directed, labeled graph

hasColleague
lan uli

hasHomePage
hasColleague

Carole http://www.cs.mam.ac.uk/~sattler

> Note that the object of a triple can also be a “literal” (a string)

61

Problems with RDFS

> RDFS too weak to describe resources in sufficient detail

+ No localised range and domain constraints

A Can'’t say that the range of hasChild is person when applied to persons
and elephant when applied to elephants

+ No existence/cardinality constraints

A Can’t say that all instances of person have a mother that is also a
person, or that persons have exactly 2 parents

+ No transitive, inverse or symmetrical properties

A Can't say that isPartOf is a transitive property, that hasPart is the inverse
of isPartOf or that touches is symmetrical

‘ -

» Difficult to provide reasoning support
+ No “native” reasoners for non-standard semantics
+ May be possible to reason via FO axiomatisation
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RDF Syntax

RDF has an XML syntax that has a specific meaning:

Every Description element describes a resource

Every attribute or nested element inside a Description isa property of
that Resource with an associated object resource

Resources are referred to using URIs

<Description about="some.uri/person/ian_horrocks'>
<hasColleague resource="some.uri/person/uli_sattler'/>

</Description>

<Description about="some.uri/person/uli_sattler'>
<hasHomePage>http://www.cs.mam.ac.uk/~sattler</hasHomePage>

</Description>

<Description about="some.uri/person/carole_goble">
<hasColleague resource="'some.uri/person/uli_sattler"/>

</Description>
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RDF Schema (RDFS)

> RDF gives a formalism for meta data annotation, and a way to
write it down in XML, but it does not give any special meaning to
vocabulary such as subClassOf or type
+ Interpretation is an arbitrary binary relation
+ |.e., <Person,subClassOf,Animal> has no special meaning

» RDF Schema defines “schema vocabulary” that supports
definition of ontologies
+ gives “extra meaning” to particular RDF predicates and resources
(such as subClasOf)
+ this “extra meaning”, or semantics, specifies how a term should be
interpreted
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RDFS Examples

» RDF Schema terms (just a few examples):
Class
Property
type
subClassOf
range
domain
» These terms are the RDF Schema building blocks
(constructors) used to create vocabularies:
<Person, type,Class>
<hasCol league, type,Property>
<Professor,subClassOf,Person>
<Carole, type,Professor>
<hasCol league, range,Person>
<hasCol league,domain,Person>
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RDF/RDFS “Liberality”

» No distinction between classes and instances
(individuals)
<Species, type,Class>
<Lion, type,Species>
<Leo,type,Lion>

» Properties can themselves have properties
<hasDaughter,subPropertyOf,hasChild>
<hasDaughter, type, fami lyProperty>

» No distinction between language constructors and
ontology vocabulary, so constructors can be applied to
themselves/each other

<type,range,Class>
<Property,type,Class>
<type,subPropertyOf,subClassOf>
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RDF/RDFS Semantics

» RDF has “Non-standard” semantics in order to
deal with this

» Semantics given by RDF Model Theory (MT)
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RDF Semantics

» In RDF MT, an interpretation | of a vocabulary
V consists of:
+ IR, a non-empty set of resources (corresponds to A)
IS, a mapping from V into IR (corresponds to ¢')

IP, a distinguished subset of IR (the properties)
A A vocabulary element v 2 V is a property iff IS(v) 2 IP
IEXT, a mapping from IP into the powerset of IREIR

A l.e., property elements mapped to subsets of IREIR

IL, a mapping from typed literals into IR
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Example RDF Simple

a b c

IS assigns one thing to
each name in the
vocabulary

1 is the only property
in the set IP

IEXT maps 1toa -~
property extension P

The property extension |IEXT(1) maps
Tto2and2to 1

Resource Description Framework
(RDF)

» A standard of W3C

> Relationships between documents

» Consisting of triples or sentences:
+ <subject, property, verb>
¢ <Tolkien, wrote, The Lord of the Rings>
» RDFS extends RDF with standard “ontology
vocabulary”:
¢ Class, Property
+ Type, subClassOf
¢ domain, range




RDF Syntax: Triples and
Graphs

exiname exiname

ex:member-of

Jean-Francgois Baget

71

RDFS

» RDFS vocabulary adds constraints on
models, e.g.:

type!x,z) rdfs:subClassOf -

rdf:type -

72




RDFS Semantics

» RDFS simply adds semantic conditions and axiomatic
triples that give meaning to schema vocabulary

» Class interpretation ICEXT simply induced by rdf:type, i.e.
¢ xisin ICEXT(y) if and only if <x,y> is in IEXT(IS(rdf:type))
» Other semantic conditions include:
¢ If <x,y>is in IEXT(IS(rdfs:domain)) and <u,v> is in IEXT(x) then u
is in ICEXT(y)

* If <x,y>is in IEXT(IS(rdfs:subClassOf)) then x and y are in IC and
ICEXT(x) is a subset of ICEXT(y)

+ |[EXT(IS(rdfs:subClassOf)) is transitive and reflexive on IC
» Axiomatic triples include:

+ rdf:type rdfs:domain rdfs:Resource
¢ rdfs:domain rdfs:domain rdf:Property

RDFS Interpretation Example
> If RDFS graph includes triples
<Species, type,Class>
<Lion, type,Species>
<Leo, type,Lion>
<Lion,subClassOf,Mamal>
<Mamal,subClassOf,Animal>

» Interpretation conditions imply existence of
triples

<Li1on,subClassOf,Animal>
<Leo, type,Mamal>
<Leo, type,Animal>




Problems with RDFS

» RDFS too weak to describe resources in sufficient detail

+ No localised range and domain constraints

A Can't say that the range of hasChild is person when applied to
persons and elephant when applied to elephants

+ No existence/cardinality constraints

A Can't say that all instances of person have a mother that is also a
person, or that persons have exactly 2 parents

+ No transitive, inverse or symmetrical properties

A Can’t say that isPartOf is a transitive property, that hasPart is the
inverse of isPartOf or that touches is symmetrical

’ -

> Difficult to provide reasoning support
+ No “native” reasoners for non-standard semantics
+ May be possible to reason via FO axiomatisation
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An example
“Tolkein wrote ISBN0O0001047582”

hasWritten
(‘http://www.famouswriters.org/tolkein/’,

http://www.books.org/ISBNO0001047582")
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RDF and RDFS

» RDFS defines the ontology
+ classes and their properties and relationships

+ what concepts do we want to reason about and how are
they related

+ there are authors, and authors write books
» RDF defines the instances of these classes and their
properties
+ Mark Twain is an author
+ Mark Twain wrote “Adventures of Tom Sawyer”
+ “Adventures of Tom Sawyer” is a book

> Notation: RDF(S) = RDF + RDFS
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RDF

hasName
(‘http://www.famouswriters.org/twain/mark’,
“Mark Twain”)

hasWritten
(‘http://www.famouswriters.org/twain/mark’,
‘http://www.books.org/ISBN00001047582’)

title
(‘http://www.books.org/ISBN00001047582’,
“The Adventures of Tom Sawyer”)

XML version:

<rdf:Description rdf:about=http://www.famouswriters.org/twain/mark>
<s:hasName>Mark Twain</s:hasName>
<s:hasWritten rdf:resource=http://www.books.org/ISBN0001047/

</rdf:Description>
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An example RDF data graph

hasWritten

twain/mark

A

y

hasName

“Mark
Twain”

/ISBNO00010475

title

A 4

“The Adventures
of Tom Sawyer”
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RDF(S) definitions

subclassof(FamousWriter, Writer)

type(‘http://www.books.org/ISBN00001047582’,
‘http://www.description.org/schema#Book’)
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An example RDF Schema

Annotation of WWW resources and semantic links

subClassOf

FamousWriter

Writer domain hasWritten range Book

hasWritten

Data(RDF)

/twain/mark

» ../ISBNO0010475
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Conclusions about RDF(S)

» Next step up from plain XML:

¢+ (small) ontological commitment to
modeling primitives

¢+ possible to define vocabulary

> However:

* no precisely described meaning
* no inference model
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Web Ontology Language

Requirements
Desirable features identified for Web Ontology
Language:
» Extends existing Web standards
¢ Such as XML, RDF, RDFS

» Easy to understand and use
+ Should be based on familiar KR idioms

» Formally specified
» Of “adequate” expressive power
» Possible to provide automated reasoning support
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From RDF to OWL

» Two languages developed to satisfy above requirements

+ OIL: developed by group of (largely) European researchers
(several from EU OntoKnowledge project)

+ DAML-ONT: developed by group of (largely) US researchers (in
DARPA DAML programme)

» Efforts merged to produce DAML+OIL

+ Development was carried out by “Joint EU/US Committee on
Agent Markup Languages”

+ Extends (“DL subset” of) RDF

» DAML+OIL submitted to W3C as basis for standardisation
+ Web-Ontology (WebOnt) Working Group formed
+ WebOnt group developed OWL language based on DAML+OIL

¢+ OWL language now a W3C Recommendation (i.e., a standard like
HTML and XML)
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OWL Language
» OWL is based on Description Logics knowledge
representation formalism
» OWL (DL) benefits from many years of DL research:
+ Well defined semantics

+ Formal properties well understood (complexity,
decidability)

+ Known reasoning algorithms
+ Implemented systems (highly optimised)
» Three species of OWL
+ OWL full is union of OWL syntax and RDF
¢+ OWL DL restricted to FOL fragment (/4 DAML+OIL)
+ OWL Lite is “easier to implement” subset of OWL DL
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Why OWL?

»OWL = Web Ontology Language
» Owl’s superior intelligence is known throughout
the Hundred Acre Wood, as are his talents for
Writing, Spelling, other Educated and Special

tasks.

> "My spelling is Wobbly. It's good spelling, but it
Wobbles, and the letters get in the wrong
places."
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OWL as (Description) Logic

Constructor

Example

intersectionOf
unionOf
complementOf
oneOf
allValuesFrom
someValuesFrom
maxCardinality
minCardinality

Human rn Male

| WENGE B

-Male
{john} LU {mary}

<1 hasChild
>2hasChild

DOCLOor u deycr

YhasChild.Doctor
JhasChild.Lawyer

» XMLS datatypes as well as classes in 8P.C and 9P.C
+ E.g., 9hasAge.nonNegativelnteger
» Arbitrarily complex nesting of constructors
+ E.g., Person u 8hasChild.(Doctor t 9hasChild.Doctor)
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OWL Class Constructors

T ot o~

CONSLIrucCtor

I:)(dlllplt'

intersectionOf
unionOf
complementOf

Human M Male
Doctor U Lawyer
-Male

{iohn} U {mary}
YhasChild.Doctor
JhasChild.l awyer
<1hacChild

R Lo

>2hasChild

\/ Cn (x)

VT =y
vy.P(z,y) — Cly)
:|fll D(/r /“\ A C(y)

» Lots of redundancy, e.g., use negations
to transform and to or and exists to forall
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OWL Axioms

Axiom DL Syntax | Example

subClassOf C1 CCh Human C Animal 1 Biped
equivalentClass Ci=0y Man = Human 1 Male
disjointWith C1E-Cy Male E ﬁFemaIe

~vmm AT A 1A~

samelndividualAs {bbl} = {.L2}
differentFrom {1} C ﬂ{xg}
subPropertyOf PCH
equivalentProperty Pi=P cost = price

inverseOf Pi=P, hasChild = hasParent™

FrancitivaDranary p+r p " nractkAr
LICIIIDILIVCFIU}JCIL_y Fi \: Fi I L\J — GIII\.CDLUI

functlonaIProperty TLCLIP

—I—f_/1D—
-

[ +1 1D
IIIVUIJCI ulnicLiviigir rvpxl L_y Xx4d

» Axioms (mostly) reducible to inclusion (v)
¢« ("D iff bothCvDandDvC
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OWL

» DLs are family of object oriented KR formalisms
related to frames and Semantic networks
+ Distinguished by formal semantics and inference services

» Semantic Web aims to make web resources
accessible to automated processes
+ Ontologies will play key role by providing vocabulary for
semantic markup
» OWL is a DL based ontology language designed for
the Web
+ Exploits existing standards: XML, RDF(S)
Adds KR idioms from object oriented and frame systems

W3C recommendation and already widely adopted in e-
Science

DL provides formal foundations and reasoning support

90




Principles
» An Implemented Ontology in OWL/DLs

+ Must be implemented and support a large ontology

» Must allow definition of top level domain ontology

+ The goal is to help domain experts reate their starting points and
patterns

» Just enough

+ No distinction without a difference!
A Properties are as important as Classes/Entities/Concepts

- If an upper level category does not act as a domain or range constraint or
have some other engineering effect, why represent it?

¢ Exclude things that will be dealt with by other means or given
A “Concrete domains”
A Time and place
- Designed to record what an observer has recorded at a given place and ti
A Non_physical — e.g. agency
A Causation — except in sense of “aetiology”
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Principles 2

» Minimal commitment
+ Don’t make a choice if you don’t have to
» Understandable
+ Experts an make distinctions repeatably/reliably
» Able to infer classification top domain
concepts
+ ‘Twenty questions’ — to neighbourhood
» Upper ontology primarily composed of ‘open
dichotomies’

+ Open to defer arguments such as whether
Collectives of Physical things are physical
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Specific requirements

» Anatomy, Physiology, Disease, Pathology
(Procedures)

» Part-whole relations and the relation of
diseases to anatomy

» Differences in granularity

» Differences in view between specialties

+ the Digital Anatomist’s Foundational Model of
Anatomy (FMA)

+ Mouse embryo and adult Anatomy
¢+ GALEN anatomy
+ ‘Usual clinical usage’
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Upper Ontologies are different

» Domain ontologies are built from trees

» Upper ontologies are built from dichotomies
+ “Dichotomy” — a distinction between two categories
» The goal

+ Be able to ask a few questions and position
anything approximately in the right place in the
ontology.
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Sufficient to support multiple “views”

Clinician’s view:

Pericardium is

part of heart &

Pericardiitis is

a kind of Heart
i Drabha Clinicsl Part_of_heart 4 Disease

Formally: ural_part_of_heart <= Anatomist’s view:

The Brain is contained in the  chamber Pericardium is
CaV|ty defined by the Cranium f_':ﬂl'diﬂﬂ_cl'lﬂl'l'lhel' adistinct elig ] that
which is a structural part of develops separately

the skull. " from Heart
@ Probe_located_in_sku Both views:
() Brain The Brain is
¥ () Probe_Clincal_part_of_Skul located in the skul
) . but not
@ Cranial_cavity

5) Cranium part of the skull
'\_ [=
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OntoClean & Dolce
One Upper Ontology

> Owl version Provided in the lab — see also URL
A

+ Vocabulary:

A “Predicate” — “Class”
- i.e. a Class is equivalent to a one-place predicate
the Class ‘C’ is equivalent to the predicate C(x)

A Sortal — “Self-standing entity”

- To agood first approximation
A “Amount of matter” - “Mass_entity”
+ OntoClean is a meta ontology & methodology for ontology building
A An ontology about the properties of concepts
A used to constrain
A DOLCE is an upper ontology that conforms to Ontoclean
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Reasoning with OWL
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Why do we want/need to reason with OWL?

1. Philosophical Reasons

» Semantic Web aims at “machine understanding”

» Understanding closely related to reasoning

+ Recognising semantic similarity in spite of syntactic
differences

+ Drawing conclusions that are not explicitly stated
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2. Practical Reasons

» Given key role of ontologies in e-Science and
Semantic Web, it is essential to provide tools and
services to help users:

+ Design and maintain high quality ontologies, e.qg.:
A Meaningful — all named classes can have instances
A Correct — captured intuitions of domain experts
A Minimally redundant — no unintended synonyms
A Richly axiomatised — (sufficiently) detailed descriptions
+ Store (large numbers) of instances of ontology classes, e.g.:
A Annotations from web pages (or gene product data)
+ Answer queries over ontology classes and instances, e.g.:
A Find more general/specific classes
A Retrieve annotations/pages matching a given description
+ Integrate and align multiple ontologies
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Why Decidable Reasoning?

» OWL constructors/axioms restricted so reasoning is
decidable

» Consistent with Semantic Web's layered architecture
+ XML provides syntax transport layer

+ RDF(S) provides basic relational language and simple
ontological primitives

+ OWL provides powerful but still decidable ontology language
+ Further layers (e.g. SWRL) will extend OWL
A Will almost certainly be undecidable
» Facilitates provision of reasoning services
+ “Practical” algorithms for sound and complete reasoning
¢ Several implemented systems
+ Evidence of empirical tractability
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Semantic Web Vision

Trust

Proof

Logic

Ontology vocabulary

Digital Signhature

RDF + rdfschema

Unicode
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(In)famous “Layer Cake”

Ontology vacabulary

RDF + rdfschema

Relationship between layers is not clear
OWL DL extends “DL subset” of RDF

Trust
. Proof
Logic
SEIf

Digital Signature

102




Why Sound & Complete Reasoning?

» Important for ontology design
+ Ontologists need to have complete confidence in reasoner
+ Otherwise they will cease to trust results
+ Doubting unexpected results makes reasoner useless
» Important for ontology deployment
+ Many realistic web applications will be agent < agent
+ No human intervention to spot glitches in reasoning
» Incomplete reasoning might be OK in 3-valued system
+ But “don’t know” typically treated as “no”
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Basic Inference Tasks

Knowledge is correct (captures intuitions)

+ Does C subsume D w.r.t. ontology O? (in every model | of O, C' u D')
Knowledge is minimally redundant (no unintended synonyms)

¢ Is C equivallent to D w.r.t. O? (in every model | of O, C'=D')
Knowledge is meaningful (classes can have instances)

+ |s Cis satisfiable w.r.t. O? (there exists some model | of O s.t. C'= ;)

Querying knowledge
¢ Is xan instance of C w.r.t. O? (in every model | of O, x' 2 C')
+ Ishx,yi an instance of R w.r.t. O? (in every model | of O, (x,y') 2 R")

All reducible to KB satisfiability or concept satisfiability w.r.t. a KB
Can be decided using highly optimised tableaux reasoners
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OWL

» Reasoning is important because
+ Understanding is closely related to reasoning
+ Essential for design, maintenance and deployment
of ontologies
» Reasoning support based on DL systems
¢ Sound and complete reasoning
+ Highly optimised implementations
» Challenges remain
+ Reasoning with full OWL language
+ (Convincing) demonstration(s) of scalability
+ New reasoning tasks

+ Development of (more) high quality tools and
infrastructure
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So why is it hard?

» Ontology languages are tricky
+ “All tractable languages are useless;
all useful languages are intractable”
» Ontologies are tricky

+ People do it too easily;
People are not logicians
A Intuitions hard to formalise

> The evidence

* The problem has been about for 3000 years

A But now it matters!

- The semantic web means knowledge representation
matters
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Semantic Web & Ontologies
Applications
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Where else are ontologies

N ~used?
» Bioinformatics

* The Gene Ontology
* The Protein Ontology (MGED)

» Medicine
¢ “The terminology wars”

» Linguistics

» Database integration
» User interface design
» Fractal Indexing
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Tools and Services
» We need to provide tools and services to help
users to:
+ Design and maintain high quality ontologies, e.g.:
A Meaningful — all named classes can have instances
A Correct — captured intuitions of domain experts
A Minimally redundant — no unintended synonyms
A Richly axiomatised — (sufficiently) detailed descriptions
+ Store (large numbers) of instances of ontology
classes, e.g.:
A Annotations from web pages
+ Answer queries over ontology classes and
instances, e.g.:
A Find more general/specific classes
A Retrieve annotations/pages matching a given description

+ Integrate and align multiple ontologies
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UMLS (Unified Medical Language
System) (I)
» provided by the US National Library of

Medicine (NLM), a database of medical
terminology

» terms from several medical databases

(MEDLINE, SNOMED International, Read
Codes, etc.) are unified so that different terms
are identified as the same medical concept

» access at http://umlsks.nlm.nih.gov/
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UMLS (Unified Medical Language
System) (1)
»UMLS Knowledge Sources:

+ Metathesaurus provides the concordance of
medical concepts:
A 730,000 concepts

4 1.5 million concept names in different
source vocabularies
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Open Biological Ontologies

» Various ontologies in the biological domain
>

> e.g. Gene Ontology (

“Biologists currently waste a lot of time and effort in searching for all of the available information
about each small area of research. This is hampered further by the wide variations in
terminology that may be common usage at any given time, and that inhibit effective searchin
by computers as well as people. For example, if you were searching for new targets for
antibiotics, you might want to find all the gene products that are involved in bacterial protein
synthesis, and that have significantly different sequences or structures from those in humans
But if one database describes these molecules as being involved in 'translation’, whereas
another uses the phrase 'protein synthesis', it will be difficult for you — and even harder for a
computer — to find functionally equivalent terms. The Gene Ontology (GO) project is a
collaborative effort to address the need for consistent descriptions of gene products in
different databases.”

» Hundreds of classes
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Semantic Web areas of

application
> Semantic Web & Knowledge Management
+ SEKT (sekt.semanticweb.org)
» Semantic Web-enabled Web Services
* SWWS (swws.semanticweb.org)
+ DIP (dip.semanticweb.org)
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Semantic Web & KM

» Making WWW information machine
processable

+ annotation via ontologies & metadata

+ offers prospect of enhanced knowledge
management
A“Rank all the documents containing the word Tolkien’

A“Show me the non-fiction books written by Tolkien
about philology before 1940”

A Data integration

+ significant research & technology challenges are
outstanding
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Semantic Web-enabled Web Services

Web Services SWWS - intelligent
computational objects service discovery,
A interoperation,
composition

WWW Semantic Web
static, unstructured info structured info
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Current Web Services

»UDDI, WDSL, SOAP

+ Web Service discovery and description
+ No semantic (formal) description
+ Don’t support automatic

A web service discovery

A mediation

A composition into complex services
A negotiation
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Semantic Web Services

» Automatic discovery
Find a book selling service

» Automatic invocation
Purchase the latest Delia Smith book

» Automatic composition and interoperation
Purchase the cheapest latest Delia Smith book

» Automatic execution monitoring
What is the status of my book order?
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Future & Challenges
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Future Web Services -
exploiting the Semantic Web

» OWL-S
+ an OWL-based language for WS description
+ US-based consortium
» WSMF - Web Services Modelling Framework
+ EU initiative (DIP project)
+ Extends and enhances OWL-S capability
+ P2P approach with emphasis on mediation
* WWW.WSMO.0rg
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Semantic Web Services -

benefits

» More flexible use of internal IT systems
» Cost savings via software re-use

» Repurposing legacy systems

» Software as a commaodity

+ Web-based services
+ Usage-based charging
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Major research challenges

» Improve automation of ontology and
metadata generation

» Research and develop techniques for
ontology management and evolution

» Develop highly-scalable solutions

» Research sound inferencing despite
inconsistent models

» Develop semantic knowledge access
tools

» Develop methodology for deployment
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Summary

» The emergence of the Semantic Web
+ machine-processable information
+ Language stack: XML/RDF(S)/OWL
+ Ontologies
» Semantic Web for KM
+ next generation WWW-based KM tools (inside)
» Semantic Web for Web Services
+ automating Web Services processes (buy/sellside)
“... great implications for a huge range of industrial and social
applications” Gartner Group, Dec 2003
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Thank you for your attention!

Questions?

123

References

Tim Berners-Lee, James Hendler and Ora Lassila. The Semantic Web. Scientific
American, May, 2001.

Deborah McGuinness. Ontologies Come of Age. The Semantic Web: Why, What
and How, MIT Press, 2001.

Matthew Horridge. A Practical Guide To Building OWL Ontologies With The
Protégé-OWL Plugin.

Mike Uschold and Robert Jasper. A Framework for Understanding and Classifying
Ontology Applications. KRR5-99, Stockholm, Sweden, 1999.

Franz Baader, lan Horrocks and Ulrike Sattler. Description logics as ontology
languages for the semantic web. Lecture Notes in Artificial Intelligence. Springer,
2003.

lan Horrocks, Peter F. Patel-Schneider and Frank van Harmelen. From SHIQ and
RDF to OWL: The making of a web ontology language.

Alan Rector, Nick Drummond, Matthew Horridge, Jeremy Roger, Holger
Knublauch, Robert Stevens, Hai Wang and Chris Wroe. OWL Pizzas: Practical
Experience of Teaching OWL-DL: Common Errors & Common Patterns.

Alan L. Rector, Chris Wroe, Jeremy Rogers and Angus Roberts. Untangling
Taxonomies and Relationships: Personal and Practical Problems in Loosely
Coupled Development of Large Ontologies.

124




