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OverviewOverview

•• Overview of the Semantic WebOverview of the Semantic Web
•• Semantic Web technologiesSemantic Web technologies
•• Semantic Web applications in biomedicineSemantic Web applications in biomedicine
•• W3C Semantic Web W3C Semantic Web Health Care and Life Health Care and Life 

Sciences Interest GroupSciences Interest Group
•• Current trends and future directionsCurrent trends and future directions
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Overview of the Semantic WebOverview of the Semantic Web

Part 1Part 1
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A web of informationA web of information

Courtesy of
R. Stevens
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A web of informationA web of information

•• Many biomedical resources available on Many biomedical resources available on 
the Webthe Web

•• Information retrieval paradigmInformation retrieval paradigm
•• For humans to readFor humans to read

–– Human Human ““in the middlein the middle””
–– No automated integrationNo automated integration
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Web Web technolgiestechnolgies

•• Uniform naming scheme for locating resourcesUniform naming scheme for locating resources
–– Unified Resource Identifier (URI)Unified Resource Identifier (URI)

•• Protocols to access named resourcesProtocols to access named resources
–– HyperTextHyperText Transfer Protocol (HTTP)Transfer Protocol (HTTP)

•• Hypertext navigation among resources Hypertext navigation among resources 
–– HyperTextHyperText Markup Language (HTML)Markup Language (HTML)

•• To link documents to other documentsTo link documents to other documents
•• Document structure (and presentation)Document structure (and presentation)
•• Hypertext/hypermedia linksHypertext/hypermedia links
•• No semanticsNo semantics

http://www.w3.org/MarkUp/

http://www.w3.org/Addressing/

http://www.w3.org/Protocols/
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HTML todayHTML today

•• HTML 4 (1997)HTML 4 (1997)
–– InternationalizationInternationalization
–– ScriptingScripting
–– Stylesheet (decouple structure and Stylesheet (decouple structure and 

presentation)presentation)
•• XHTML (2000)XHTML (2000)

–– Extensible Extensible HyperTextHyperText Markup LanguageMarkup Language
–– HTML in XMLHTML in XML
–– Can be processed by XML toolsCan be processed by XML tools
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Limitations of the current WebLimitations of the current Web

•• HeterogeneityHeterogeneity
–– Syntax (e.g., document format)Syntax (e.g., document format)
–– Semantics (e.g., values for schemas)Semantics (e.g., values for schemas)

•• Based on natural language, not Based on natural language, not 
represented in a controlled wayrepresented in a controlled way
–– Not interoperableNot interoperable

•• Web for humansWeb for humans
–– Not easily processable by agentsNot easily processable by agents
–– Information retrieval paradigmInformation retrieval paradigm
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Semantic Web approachSemantic Web approach

•• From information designed for human From information designed for human 
consumptionconsumption
–– Web of documentsWeb of documents
–– Discovered and read by humansDiscovered and read by humans

•• To information expressed in a machine To information expressed in a machine 
processable formprocessable form
–– Web of data and informationWeb of data and information
–– Accessed and processed by agentsAccessed and processed by agents
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Semantic Web  Semantic Web  The visionThe vision
The entertainment system was belting out the Beatles' "We Can WoThe entertainment system was belting out the Beatles' "We Can Work It rk It 

Out" when the phone rang. When Pete answered, his phone turned tOut" when the phone rang. When Pete answered, his phone turned the sound he sound 
down by sending a message to all the other down by sending a message to all the other locallocal devices that had a devices that had a volume volume 
controlcontrol. His sister, Lucy, was on the line from the doctor's office: "M. His sister, Lucy, was on the line from the doctor's office: "Mom needs to om needs to 
see a specialist and then has to have a series of physical therasee a specialist and then has to have a series of physical therapy sessions. py sessions. 
Biweekly or something. I'm going to have my agent set up the appBiweekly or something. I'm going to have my agent set up the appointments." ointments." 
Pete immediately agreed to share the chauffeuring. At the doctorPete immediately agreed to share the chauffeuring. At the doctor's office, Lucy 's office, Lucy 
instructed her Semantic Web agent through her handheld Web browsinstructed her Semantic Web agent through her handheld Web browser. The er. The 
agent promptly retrieved information about Mom's agent promptly retrieved information about Mom's prescribed treatmentprescribed treatment from from 
the doctor's agent, looked up several lists of the doctor's agent, looked up several lists of providersproviders, and checked for the , and checked for the 
ones ones inin--planplan for Mom's insurance within a for Mom's insurance within a 2020--mile radiusmile radius of her of her homehome and with and with 
a a ratingrating of of excellentexcellent or or very goodvery good on trusted rating services. It then began trying on trusted rating services. It then began trying 
to find a match between available to find a match between available appointment timesappointment times (supplied by the agents of (supplied by the agents of 
individual providers through their Web sites) and Pete's and Lucindividual providers through their Web sites) and Pete's and Lucy's busy y's busy 
schedules. (The emphasized keywords indicate terms whose semantischedules. (The emphasized keywords indicate terms whose semantics, or cs, or 
meaning, were defined for the agent through the Semantic Web.) meaning, were defined for the agent through the Semantic Web.) 

[[……]]
[Berners-Lee et al., Scientific American, 2001]
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Semantic Web  Semantic Web  In practiceIn practice

•• Extension of the current WebExtension of the current Web
•• For both humans and agentsFor both humans and agents
•• Seamless integration of resourcesSeamless integration of resources

–– Common formatCommon format
–– Common, harmonized data modelCommon, harmonized data model
–– Shared meaningShared meaning

•• Semantic busSemantic bus
•• Support for reasoning and decision Support for reasoning and decision 

makingmaking
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Semantic Web  Semantic Web  In practiceIn practice

•• Representing facts (assertions) on the Representing facts (assertions) on the 
WebWeb

•• Querying factsQuerying facts
•• Reasoning about themReasoning about them

•• Examples of factsExamples of facts
•• PARK1PARK1 has associated diseasehas associated disease Parkinson diseaseParkinson disease
•• Parkinson diseaseParkinson disease isaisa Neurodegenerative diseaseNeurodegenerative disease
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Facts as triplesFacts as triples

PARK1PARK1 Parkinson diseaseParkinson disease

has_associated_diseasehas_associated_disease

subject predicate object
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From triples to a graphFrom triples to a graph

PARK1 Parkinson disease

has_associated_disease

MAPT Parkinson disease

MAPT Pick disease

TBP Parkinson disease

TBP Spinocerebellar ataxia

PARK1 Parkinson disease

Parkinson disease
MAPT

Pick disease

Parkinson disease
TBP

Spinocerebellar ataxia

PARK1 Parkinson disease

MAPT Pick disease

TBP Spinocerebellar ataxia
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Connecting graphsConnecting graphs

•• Integrate graphs from multiple resourcesIntegrate graphs from multiple resources
•• Query across resourcesQuery across resources

APP Alzheimer disease

PARK1 Parkinson disease

has_associated_disease

Alzheimer disease

Parkinson disease

Neurodegenerative diseases

isa
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Needed to realize the SW visionNeeded to realize the SW vision

•• A standard way of identifying  thingsA standard way of identifying  things
•• A standard way of describing thingsA standard way of describing things
•• A standard way of linking thingsA standard way of linking things
•• Standard vocabularies for talking about Standard vocabularies for talking about 

thingsthings
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Semantic Web  Semantic Web  TechnologiesTechnologies

•• Richer structure for resourcesRicher structure for resources
–– eXtensible Markup Language (XML)eXtensible Markup Language (XML)

•• Exposed semanticsExposed semantics
–– Resource Description Framework (RDF)Resource Description Framework (RDF)

•• Explicit semanticsExplicit semantics
–– OntologiesOntologies
–– Web Ontology Language (OWL)Web Ontology Language (OWL)
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The The ““layer cakelayer cake”” slideslide

[Tim Berners Lee, XML-2000 Conference] 
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Semantic Web technologiesSemantic Web technologies

Part 2Part 2
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OverviewOverview

•• Resource identification schemesResource identification schemes
•• Extensible Markup Language (XML)Extensible Markup Language (XML)
•• Resource Description Framework (RDF)Resource Description Framework (RDF)
•• OntologiesOntologies

–– Web Ontology Language (OWL)Web Ontology Language (OWL)

•• LogicLogic
–– OWLOWL--based automated reasoningbased automated reasoning
–– Rule languages (RuleML, SWRL)Rule languages (RuleML, SWRL)

•• Web servicesWeb services
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Resource identification schemesResource identification schemes
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A Family of IdentifiersA Family of Identifiers

URI = Uniform Resource Identifier

URL = Uniform Resource Locator

URN = Uniform Resource Name

LSID = Life Science Identifier

URI

URL URN

LSID
URI = Uniform Resource Identifier

URL = Uniform Resource Locator

URN = Uniform Resource Name

LSID = Life Science Identifier
http://www.w3.org/Addressing/
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Uniform Resource LocatorUniform Resource Locator
•• A type or resource A type or resource 

identifieridentifier
•• Identifies the Identifies the locationlocation of a of a 

resource (or part thereof)resource (or part thereof)
•• Specifies a protocol to Specifies a protocol to 

access the resourceaccess the resource
–– http, ftp, mailtohttp, ftp, mailto

•• E.g.,E.g.,
–– http://http://www.nlm.nih.govwww.nlm.nih.gov//

URI

URL URN

LSID
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Uniform Resource NameUniform Resource Name
•• A type or resource A type or resource 

identifieridentifier
•• Identifies the Identifies the namename of a of a 

resourceresource
•• Location independentLocation independent
•• Defines a namespaceDefines a namespace
•• E.g.,E.g.,

–– urn:isbn:0urn:isbn:0--262262--0259102591--44
–– urn:umls:C0001403urn:umls:C0001403

URI

URL URN

LSID
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Life Science IdentifierLife Science Identifier
•• A type or resource A type or resource 

identifieridentifier
•• A type of URNA type of URN
•• For biological entitiesFor biological entities
•• Specific propertiesSpecific properties

–– VersionedVersioned
–– ResolvableResolvable
–– ImmutableImmutable

•• E.g.,E.g.,

URI

URL URN

LSID

http://lsid.sourceforge.net/

urn:lsid:ncbi.nlm.nih.gov:pubmed:12571434 

DNS name namespace unique ID
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Extensible Markup LanguageExtensible Markup Language
(XML)(XML)
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XML  XML  IntroductionIntroduction

•• Derived from the Standard Generalized Derived from the Standard Generalized 
Markup Language (SGML)Markup Language (SGML)
–– designed to enable the sharing of machinedesigned to enable the sharing of machine--

readable documentsreadable documents
•• A kind of markup languageA kind of markup language
•• Designed to describe dataDesigned to describe data
•• No predefined tagsNo predefined tags

http://www.w3.org/XML/
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XML  XML  Example (MeSH 2007)Example (MeSH 2007)
<DescriptorRecordSet>
<DescriptorRecord DescriptorClass = "1">
<DescriptorUI>D000224</DescriptorUI>
<DescriptorName>
<String>Addison Disease</String>
</DescriptorName>
<TreeNumberList>
<TreeNumber>C19.053.500.263</TreeNumber>
<TreeNumber>C20.111.163</TreeNumber>
</TreeNumberList>
<ConceptList>
<Concept PreferredConceptYN="Y">
<ConceptUI>M0000346</ConceptUI>
<ConceptName>
<String>Addison Disease</String>
</ConceptName>
<ConceptUMLSUI>C0001403</ConceptUMLSUI>

[…]
</Concept>
[…]
</ConceptList>
</DescriptorRecord>
</DescriptorRecordSet>

<DescriptorRecordSet>
<DescriptorRecord DescriptorClass = "1">
<DescriptorUI>D000224</DescriptorUI>
<DescriptorName>
<String>Addison Disease</String>
</DescriptorName>
<TreeNumberList>
<TreeNumber>C19.053.500.263</TreeNumber>
<TreeNumber>C20.111.163</TreeNumber>
</TreeNumberList>
<ConceptList>
<Concept PreferredConceptYN="Y">
<ConceptUI>M0000346</ConceptUI>
<ConceptName>
<String>Addison Disease</String>
</ConceptName>
<ConceptUMLSUI>C0001403</ConceptUMLSUI>

[…]
</Concept>
[…]
</ConceptList>
</DescriptorRecord>
</DescriptorRecordSet>

To download MeSH in XML, see
http://www.nlm.nih.gov/mesh/filelist.html



2929

The MeSH browserThe MeSH browser

http://www.nlm.nih.gov/mesh/MBrowser.html
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XML vs. HTMLXML vs. HTML

•• HTMLHTML
–– Main focus:Main focus:

DisplayDisplay informationinformation
–– How data looksHow data looks

•• XMLXML
–– Main focus:Main focus:

DescribeDescribe informationinformation
–– What data isWhat data is

[…]
<TABLE border>
<TITLE>Addison Disease</TITLE>
<TR><TH align=left>MeSH Heading</TH>
<TD>Addison Disease</TD></TR>
<TR><TH align=left>Tree Number</TH>
<TD><A HREF="#TreeC19.053.500.263">
C19.053.500.263</A></TD></TR>
<TR><TH align=left>Tree Number</TH>
<TD><A HREF="#TreeC20.111.163">
C20.111.163</A></TD></TR>
[…]
<TR><TH align=left>Unique ID</TH>
<TD>D000224</TD></TR>
[…]

[…]
<TABLE border>
<TITLE>Addison Disease</TITLE>
<TR><TH align=left>MeSH Heading</TH>
<TD>Addison Disease</TD></TR>
<TR><TH align=left>Tree Number</TH>
<TD><A HREF="#TreeC19.053.500.263">
C19.053.500.263</A></TD></TR>
<TR><TH align=left>Tree Number</TH>
<TD><A HREF="#TreeC20.111.163">
C20.111.163</A></TD></TR>
[…]
<TR><TH align=left>Unique ID</TH>
<TD>D000224</TD></TR>
[…]

<DescriptorRecordSet>
<DescriptorRecord DescriptorClass = "1">
<DescriptorUI>D000224</DescriptorUI>
<DescriptorName>
<String>Addison Disease</String>
</DescriptorName>
<TreeNumberList>
<TreeNumber>C19.053.500.263</TreeNumber>
<TreeNumber>C20.111.163</TreeNumber>
</TreeNumberList>
[…]
</DescriptorRecord>
[…]
</DescriptorRecordSet>

<DescriptorRecordSet>
<DescriptorRecord DescriptorClass = "1">
<DescriptorUI>D000224</DescriptorUI>
<DescriptorName>
<String>Addison Disease</String>
</DescriptorName>
<TreeNumberList>
<TreeNumber>C19.053.500.263</TreeNumber>
<TreeNumber>C20.111.163</TreeNumber>
</TreeNumberList>
[…]
</DescriptorRecord>
[…]
</DescriptorRecordSet>
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XML syntaxXML syntax

•• Mandatory document Mandatory document 
rootroot

•• XML tagsXML tags
–– Not predefinedNot predefined
–– Mandatory closing tagMandatory closing tag
–– CaseCase--sensitivesensitive
–– Can be nestedCan be nested
–– Order mattersOrder matters

•• XML attributesXML attributes
–– Values must be Values must be 

quotedquoted
–– Order does not matterOrder does not matter

<DescriptorRecordSet>
<DescriptorRecord DescriptorClass = "1">
<DescriptorUI>D000224</DescriptorUI>
<DescriptorName>
<String>Addison Disease</String>
</DescriptorName>
<TreeNumberList>
<TreeNumber>C19.053.500.263</TreeNumber>
<TreeNumber>C20.111.163</TreeNumber>
</TreeNumberList>
[…]
</DescriptorRecord>
[…]
</DescriptorRecordSet>

<DescriptorRecordSet>
<DescriptorRecord DescriptorClass = "1">
<DescriptorUI>D000224</DescriptorUI>
<DescriptorName>
<String>Addison Disease</String>
</DescriptorName>
<TreeNumberList>
<TreeNumber>C19.053.500.263</TreeNumber>
<TreeNumber>C20.111.163</TreeNumber>
</TreeNumberList>
[…]
</DescriptorRecord>
[…]
</DescriptorRecordSet>
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XML seen as a tree (partial)XML seen as a tree (partial)
<DescriptorRecordSet>
<DescriptorRecord DescriptorClass = "1">
<DescriptorUI>D000224</DescriptorUI>
<DescriptorName>
<String>Addison Disease</String>
</DescriptorName>
<TreeNumberList>
<TreeNumber>C19.053.500.263</TreeNumber>
<TreeNumber>C20.111.163</TreeNumber>
</TreeNumberList>
[…]
</DescriptorRecord>
[…]
</DescriptorRecordSet>

<DescriptorRecordSet>
<DescriptorRecord DescriptorClass = "1">
<DescriptorUI>D000224</DescriptorUI>
<DescriptorName>
<String>Addison Disease</String>
</DescriptorName>
<TreeNumberList>
<TreeNumber>C19.053.500.263</TreeNumber>
<TreeNumber>C20.111.163</TreeNumber>
</TreeNumberList>
[…]
</DescriptorRecord>
[…]
</DescriptorRecordSet>

DescriptorRecordSet

DescriptorRecord

DescriptorName

1

Addison
Disease

TreeNumberList

TreeNumber

C19.053.500.263 C20.111.163

TreeNumber
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Document definitionDocument definition

•• Two mechanismsTwo mechanisms
–– DTD (Document Type Definition)DTD (Document Type Definition)
–– XSD (XML schema)XSD (XML schema)

•• DTDsDTDs can be converted to can be converted to XSDsXSDs
•• Serve for validating the structure of XML Serve for validating the structure of XML 

documentsdocuments
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Processing XML documentsProcessing XML documents

•• ParsingParsing
–– XercesXerces, , ExpatExpat, , ……
–– SAX (API to XML parsers)SAX (API to XML parsers)
–– DOM (parser and representation)DOM (parser and representation)

•• TransformationTransformation
–– StylesheetsStylesheets
–– XSLT XSLT –– Extensible Stylesheet Language Extensible Stylesheet Language 

TransformationTransformation
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Resources available in XMLResources available in XML

•• LiteratureLiterature
–– MEDLINE (citations)MEDLINE (citations)
–– PubMedCentralPubMedCentral (full(full--text)text)

•• TerminologyTerminology
–– Medical Subject Headings (MeSH)Medical Subject Headings (MeSH)

•• Knowledge basesKnowledge bases
–– Entrez databases (e.g., Gene, Entrez databases (e.g., Gene, GenBankGenBank,,……))

•• ……
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Resource Description FrameworkResource Description Framework
(RDF)(RDF)
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RDF  RDF  IntroductionIntroduction

•• Based on XML and URIBased on XML and URI
•• Major differences with XMLMajor differences with XML

–– Explicit semanticsExplicit semantics
–– ManyMany--toto--many relationshipsmany relationships
–– Limited support for inferenceLimited support for inference
–– OpenOpen--world assumptionworld assumption

http://www.w3.org/RDF/
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RDF  RDF  ExampleExample

<go:go xmlns:go="http://www.geneontology.org/dtds/go.dtd#“
xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#">

<rdf:RDF>
[…]
<go:term rdf:about="http://www.geneontology.org/go#GO:0009887" n_associations="0">
<go:accession>GO:0009887</go:accession>
<go:name>organ morphogenesis</go:name>
<go:synonym>histogenesis and organogenesis</go:synonym>
<go:definition>Morphogenesis of an organ. An organ is defined as a tissue or set 

of tissues that work together to perform a specific function or functions. 
Morphogenesis is the process by which anatomical structures are generated and 
organized. Organs are commonly observed as visibly distinct structures, but may also 
exist as loosely associated clusters of cells that work together to perform a 
specific function or functions.</go:definition>

<go:is_a rdf:resource="http://www.geneontology.org/go#GO:0009653" />
<go:part_of rdf:resource="http://www.geneontology.org/go#GO:0048513" />
</go:term>
[…]
<rdf:RDF>
</go:go>

<go:go xmlns:go="http://www.geneontology.org/dtds/go.dtd#“
xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#">

<rdf:RDF>
[…]
<go:term rdf:about="http://www.geneontology.org/go#GO:0009887" n_associations="0">
<go:accession>GO:0009887</go:accession>
<go:name>organ morphogenesis</go:name>
<go:synonym>histogenesis and organogenesis</go:synonym>
<go:definition>Morphogenesis of an organ. An organ is defined as a tissue or set 

of tissues that work together to perform a specific function or functions. 
Morphogenesis is the process by which anatomical structures are generated and 
organized. Organs are commonly observed as visibly distinct structures, but may also 
exist as loosely associated clusters of cells that work together to perform a 
specific function or functions.</go:definition>

<go:is_a rdf:resource="http://www.geneontology.org/go#GO:0009653" />
<go:part_of rdf:resource="http://www.geneontology.org/go#GO:0048513" />
</go:term>
[…]
<rdf:RDF>
</go:go>



3939

RDF  RDF  ExampleExample
<go:go xmlns:go="http://www.geneontology.org/dtds/go.dtd#“

xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#">
<rdf:RDF>
<go:term rdf:about="http://www.geneontology.org/go#GO:0009887">
<go:accession>GO:0009887</go:accession>
<go:name>organ morphogenesis</go:name>
<go:synonym>histogenesis and organogenesis</go:synonym>
[…]
<go:is_a rdf:resource="http://www.geneontology.org/go#GO:0009653" />
<go:part_of rdf:resource="http://www.geneontology.org/go#GO:0048513" />
</go:term>
<rdf:RDF>
</go:go>

<go:go xmlns:go="http://www.geneontology.org/dtds/go.dtd#“
xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#">

<rdf:RDF>
<go:term rdf:about="http://www.geneontology.org/go#GO:0009887">
<go:accession>GO:0009887</go:accession>
<go:name>organ morphogenesis</go:name>
<go:synonym>histogenesis and organogenesis</go:synonym>
[…]
<go:is_a rdf:resource="http://www.geneontology.org/go#GO:0009653" />
<go:part_of rdf:resource="http://www.geneontology.org/go#GO:0048513" />
</go:term>
<rdf:RDF>
</go:go>
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RDF  RDF  TriplesTriples
<go:go xmlns:go="http://www.geneontology.org/dtds/go.dtd#“

xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#">
<rdf:RDF>
<go:term rdf:about="http://www.geneontology.org/go#GO:0009887">
<go:accession>GO:0009887</go:accession>
<go:name>organ morphogenesis</go:name>
<go:synonym>histogenesis and organogenesis</go:synonym>
[…]
<go:is_a rdf:resource="http://www.geneontology.org/go#GO:0009653" />
<go:part_of rdf:resource="http://www.geneontology.org/go#GO:0048513" />
</go:term>
<rdf:RDF>
</go:go>

<go:go xmlns:go="http://www.geneontology.org/dtds/go.dtd#“
xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#">

<rdf:RDF>
<go:term rdf:about="http://www.geneontology.org/go#GO:0009887">
<go:accession>GO:0009887</go:accession>
<go:name>organ morphogenesis</go:name>
<go:synonym>histogenesis and organogenesis</go:synonym>
[…]
<go:is_a rdf:resource="http://www.geneontology.org/go#GO:0009653" />
<go:part_of rdf:resource="http://www.geneontology.org/go#GO:0048513" />
</go:term>
<rdf:RDF>
</go:go>

organ morphogenesis morphogenesis

organ morphogenesis GO:0009887

go:isa

http://www.geneontology.org/go#GO:0009887

http://www.geneontology.org/go#GO:0009887

http://www.geneontology.org/go#GO:0009653

go:accession

subject predicate object
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RDF  RDF  GraphGraph

http://www.geneontology.org/go#GO:0009653

GO:0009653

morphogenesis

go:accession
go:name

http://www.geneontology.org/go#GO:0048513

GO:0048513

organ development

go:accession
go:name

http://www.geneontology.org/go#GO:0009887

GO:0009887

organ morphogenesis

go:accession
go:name

go:isago:part_of
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RDF syntaxRDF syntax

•• DTDDTD
•• PropertiesProperties

–– e.g.,e.g., go:namego:name

•• AttributesAttributes
–– e.g.,e.g., rdf:resourcerdf:resource

•• ValuesValues
–– Literals:Literals:

organ morphogenesis
– Resources: 

http://www.geneontology.org/
go#GO:0009653

<go:go xmlns:go="http://www.geneontology.org/dtds/go.dtd#“
xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#">

<rdf:RDF>
<go:term rdf:about="http://www.geneontology.org/go#GO:0009887">
<go:accession>GO:0009887</go:accession>
<go:name>organ morphogenesis</go:name>
<go:synonym>histogenesis and organogenesis</go:synonym>
[…]
<go:is_a rdf:resource="http://www.geneontology.org/go#GO:0009653" />
<go:part_of rdf:resource="http://www.geneontology.org/go#GO:0048513" />
</go:term>
<rdf:RDF>
</go:go>

<go:go xmlns:go="http://www.geneontology.org/dtds/go.dtd#“
xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#">

<rdf:RDF>
<go:term rdf:about="http://www.geneontology.org/go#GO:0009887">
<go:accession>GO:0009887</go:accession>
<go:name>organ morphogenesis</go:name>
<go:synonym>histogenesis and organogenesis</go:synonym>
[…]
<go:is_a rdf:resource="http://www.geneontology.org/go#GO:0009653" />
<go:part_of rdf:resource="http://www.geneontology.org/go#GO:0048513" />
</go:term>
<rdf:RDF>
</go:go>
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RDF  RDF  Container elementsContainer elements

•• rdf:Bagrdf:Bag
–– Unordered containerUnordered container

•• rdf:Seqrdf:Seq
–– Ordered containerOrdered container

•• rdf:Altrdf:Alt
–– Set of alternativesSet of alternatives



4444

RDF  RDF  Blank nodesBlank nodes

•• No URI associatedNo URI associated
•• Local scopeLocal scope
•• nn--aryary relationsrelations […]

<go:association rdf:parseType="Resource">
<go:evidence evidence_code="IDA">
<go:dbxref rdf:parseType="Resource">
<go:database_symbol>PMID</go:database_symbol>
<go:reference>14580336</go:reference>

</go:dbxref>
</go:evidence>
<go:gene_product rdf:parseType="Resource">
<go:name>Nf2</go:name>
<go:dbxref rdf:parseType="Resource">
<go:database_symbol>MGI</go:database_symbol>
<go:reference>MGI:97307</go:reference>

</go:dbxref>
</go:gene_product>
</go:association>
[…]

[…]
<go:association rdf:parseType="Resource">
<go:evidence evidence_code="IDA">
<go:dbxref rdf:parseType="Resource">
<go:database_symbol>PMID</go:database_symbol>
<go:reference>14580336</go:reference>

</go:dbxref>
</go:evidence>
<go:gene_product rdf:parseType="Resource">
<go:name>Nf2</go:name>
<go:dbxref rdf:parseType="Resource">
<go:database_symbol>MGI</go:database_symbol>
<go:reference>MGI:97307</go:reference>

</go:dbxref>
</go:gene_product>
</go:association>
[…]
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RDF  RDF  Blank nodesBlank nodes
http://www.geneontology.org/go#GO:0006469

GO:0006469

negative regulation of
protein kinase activity

go:accession
go:name

MGI

97307

go:database_symbol
go:reference

go:dbxref

Nf2
go:name

PMID

14580336

go:database_symbol
go:reference

go:dbxref

IDA
go:evidence_code

go:association

go:evidence go:gene_
product



4646

RDF schema (RDFS)RDF schema (RDFS)

•• Classes and SubclassesClasses and Subclasses
–– #Glycoprotein#Glycoprotein subclass of subclass of #Protein#Protein

•• Properties and SubpropertiesProperties and Subproperties
–– has_update_datehas_update_date subpropertysubproperty of of has_datehas_date

•• Domain and range (for properties)Domain and range (for properties)
–– encodesencodes

•• Domain:Domain: gene
• Range: protein
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Querying RDFQuerying RDF

•• Multiple query languagesMultiple query languages
–– RQL, RDQL, SPARQL, RQL, RDQL, SPARQL, ……

•• Example of SPARQL queryExample of SPARQL query

e.g., http://www.w3.org/TR/rdf-sparql-query/

http://www.w3.org/TR/rdf-sparql-XMLres/
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RDF  RDF  Inference rulesInference rules

•• Transitivity of isaTransitivity of isa
–– Infer Infer xx isa isa zz from from xx isa isa yy and and yy isa isa zz

•• Transitivity of part_ofTransitivity of part_of
–– Infer Infer xx part_of part_of zz from from xx part_of part_of yy and and yy part_of part_of zz

•• isa and part_of combinationsisa and part_of combinations
–– Infer Infer xx part_of part_of zz from from xx part_of part_of yy and and yy isa isa zz
–– Infer Infer xx part_of part_of zz from from xx isa isa yy and and yy part_of part_of zz
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Storing RDFStoring RDF

•• RDF data management systemRDF data management system
–– RDF storeRDF store
–– Triple storeTriple store

•• Several implementations availableSeveral implementations available
–– Publicly availablePublicly available

•• e.g., Sesamee.g., Sesame

–– ProprietaryProprietary
•• e.g., Oracle (from 10g)e.g., Oracle (from 10g) http://www.oracle.com/

http://www.openrdf.org/
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Resources available in RDFResources available in RDF

•• Few resources currently available in RDFFew resources currently available in RDF
•• Many databases being converted to RDFMany databases being converted to RDF

–– UniProtUniProt
–– NCBI NCBI Entrez GeneEntrez Gene

•• Examples of projects using RDFExamples of projects using RDF
–– SWANSWAN (Semantic Web Application in (Semantic Web Application in 

NeuromedicineNeuromedicine))
–– SenseLabSenseLab (integrating neuroscience (integrating neuroscience 

databases)databases)

[Gao et al, JWS 2006]

http://senselab.med.yale.edu/

http://expasy3.isb-sib.ch/~ejain//rdf/

http://mor.nlm.nih.gov/pubs/alum/2006-sahoo.pdf
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An RDF worldAn RDF world
•• Distributed heterogeneous resources present Distributed heterogeneous resources present 

their data as RDFtheir data as RDF
•• A common data model for a sea of dataA common data model for a sea of data
•• A A ““busbus”” into which resources can pluginto which resources can plug
•• Common, syntax, common data modelCommon, syntax, common data model
•• But no common vocabulary for values on the But no common vocabulary for values on the 

busbus
•• Also need vocabularies from ontologiesAlso need vocabularies from ontologies
•• Build ontology is the Web Ontology Language Build ontology is the Web Ontology Language 

(OWL) and use via RDF Schema(OWL) and use via RDF Schema
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Ontologies andOntologies and
Web Ontology Language (OWL)Web Ontology Language (OWL)
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OWL  OWL  IntroductionIntroduction
•• History: DAML + OIL = OWLHistory: DAML + OIL = OWL (2001)(2001)

–– DAML DAML –– DARPA Agent Markup LanguageDARPA Agent Markup Language (1999)(1999)
–– OIL OIL –– Ontology Inference LayerOntology Inference Layer (1997)(1997)

•• Based on RDF(S)Based on RDF(S)
•• Added features, mostly related to identityAdded features, mostly related to identity

–– RestrictionsRestrictions
•• Three flavors of increasing expressiveness, but Three flavors of increasing expressiveness, but 

decreasing tractabilitydecreasing tractability
–– OWL LiteOWL Lite
–– OWL DL (used for most applications)OWL DL (used for most applications)
–– OWL FullOWL Full
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Ontology Dimensions based on McGuinness and FininOntology Dimensions based on McGuinness and Finin

Simple
Terminologies

Expressive
Ontologies

Catalog

General
Logical

constraints

Terms/
glossary

Thesauri:
BT/NT,

Parent/Child,
Informal Is-A

Formal is-a
Frames 

(Properties)

Formal
instances

Value 
Restriction

Disjointness, 
Inverse

MeSH,
Gene Ontology,
UMLS Meta

CYCRDF(S)DB Schema

IEEE SUOOWL

KEGG TAMBIS

EcoCyc

BioPAX

Ontylog

Snomed

Medication Lists
DDI Lists

The Knowledge Semantics ContinuumThe Knowledge Semantics Continuum
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OWL DL  OWL DL  ExampleExample
•• Class: Class: Benign intracranial Benign intracranial meningiomameningioma

in the NCI Thesaurusin the NCI Thesaurus

<owl:Class rdf:ID="Benign_Intracranial_Meningioma">
<rdfs:label>Benign Intracranial Meningioma</rdfs:label>
<code>C5133</code>
<owl:equivalentClass>
<owl:Class>
<owl:intersectionOf rdf:parseType="Collection">
<owl:Class rdf:about="#Benign_Intracranial_Neoplasm"/>
<owl:Class rdf:about="#Benign_Meningioma"/>
<owl:Class rdf:about="#Intracranial_Meningioma"/>

</owl:intersectionOf>
</owl:Class>
</owl:equivalentClass>
<Preferred_Name>Benign Intracranial Meningioma</Preferred_Name>
<Semantic_Type>Neoplastic Process</Semantic_Type>
<dSynonym>Benign Intracranial Meningioma</dSynonym>
[…]
<NCI_META_CUI>CL006955</NCI_META_CUI>

</owl:Class>

<owl:Class rdf:ID="Benign_Intracranial_Meningioma">
<rdfs:label>Benign Intracranial Meningioma</rdfs:label>
<code>C5133</code>
<owl:equivalentClass>
<owl:Class>
<owl:intersectionOf rdf:parseType="Collection">
<owl:Class rdf:about="#Benign_Intracranial_Neoplasm"/>
<owl:Class rdf:about="#Benign_Meningioma"/>
<owl:Class rdf:about="#Intracranial_Meningioma"/>

</owl:intersectionOf>
</owl:Class>
</owl:equivalentClass>
<Preferred_Name>Benign Intracranial Meningioma</Preferred_Name>
<Semantic_Type>Neoplastic Process</Semantic_Type>
<dSynonym>Benign Intracranial Meningioma</dSynonym>
[…]
<NCI_META_CUI>CL006955</NCI_META_CUI>

</owl:Class>

http://cancer.gov/cancerinfo/terminologyresources/
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OWL Class ConstructorsOWL Class Constructors

Borrowed from Tutorial on OWL by Bechhofer, Horrocks and Patel-Schneider
http://www.cs.man.ac.uk/~horrocks/ISWC2003/Tutorial/
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OWL AxiomsOWL Axioms

Borrowed from Tutorial on OWL by Bechhofer, Horrocks and Patel-Schneider
http://www.cs.man.ac.uk/~horrocks/ISWC2003/Tutorial/
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Existential vs. universal quantificationExistential vs. universal quantification

•• Existential quantificationExistential quantification
–– owl:someValuesFromowl:someValuesFrom
–– Necessary conditionNecessary condition
–– E.g., migraine = headache & has_symptom throbbing E.g., migraine = headache & has_symptom throbbing 

pain [only if onepain [only if one--sided]sided]

•• Universal quantificationUniversal quantification
–– owl:allValuesFromowl:allValuesFrom
–– Necessary and sufficient conditionNecessary and sufficient condition
–– E.g., heart disease = disease & located_to heartE.g., heart disease = disease & located_to heart
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OWL reasonersOWL reasoners

•• For OWL DL, not OWL FullFor OWL DL, not OWL Full
•• ReasonersReasoners

–– Fact++Fact++
–– PelletPellet
–– RacerProRacerPro

•• FunctionsFunctions
–– Consistency checkingConsistency checking
–– Automatic classificationAutomatic classification

http://www.mindswap.org/2003/pellet/

http://www.racer-systems.com/

http://owl.man.ac.uk/factplusplus/
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OWL Reasoners  OWL Reasoners  DetailsDetails
•• CELCEL

–– Polynomial time classifier for the description logic EL+Polynomial time classifier for the description logic EL+
–– EL+ is specially geared towards biomedical ontologiesEL+ is specially geared towards biomedical ontologies

•• CerebraCerebra
–– CommericalCommerical C++ C++ reasonerreasoner, Support for OWL, Support for OWL--APIAPI
–– Tableaux based reasoning for Tableaux based reasoning for TBoxesTBoxes and and ABoxesABoxes

•• Fact++Fact++
–– Free open source Free open source reasonerreasoner for DL reasoningfor DL reasoning
–– Support for Lisp API and OWL APISupport for Lisp API and OWL API

•• KAON2KAON2
–– Free Java based DL Free Java based DL reasonerreasoner with support for SWRL fragmentwith support for SWRL fragment
–– Support for DIG APISupport for DIG API

•• MSPASSMSPASS
–– A generalized theorem A generalized theorem proverprover for numerous logics, also works for DLsfor numerous logics, also works for DLs

•• PelletPellet
–– Free open source Java based Free open source Java based reasonerreasoner for DLsfor DLs
–– Support for OWL, DIG APIs and Jena InterfaceSupport for OWL, DIG APIs and Jena Interface

•• RacerProRacerPro
–– Commercial lisp based Commercial lisp based reasonerreasoner for DLsfor DLs
–– Support for OWL APIs and DIG APIsSupport for OWL APIs and DIG APIs
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Editing OWL ontologiesEditing OWL ontologies
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Resources available in OWLResources available in OWL

•• Many resources currently available in Many resources currently available in 
OWLOWL
–– Gene OntologyGene Ontology
–– NCI ThesaurusNCI Thesaurus

•• Many projects using OWLMany projects using OWL
–– e.g., e.g., BioPaxBioPax

http://www.geneontology.org/

http://cancer.gov/cancerinfo/terminologyresources/

http://www.biopax.org/



6464

OBO formatOBO format

•• Used to represent many ontologies in the Used to represent many ontologies in the 
OBO family (Open Biological Ontologies)OBO family (Open Biological Ontologies)

•• Essentially a subset of OWL DLEssentially a subset of OWL DL

http://obo.sourceforge.net/

[Term]
id: GO:0019563
name: glycerol catabolism
namespace: biological_process
def: "The chemical reactions and pathways resulting in the breakdown of glycerol …
subset: gosubset_prok
exact_synonym: "glycerol breakdown" []
exact_synonym: "glycerol degradation" []
xref_analog: MetaCyc:PWY0-381
is_a: GO:0006071 ! glycerol metabolism
is_a: GO:0046174 ! polyol catabolism

[Term]
id: GO:0019563
name: glycerol catabolism
namespace: biological_process
def: "The chemical reactions and pathways resulting in the breakdown of glycerol …
subset: gosubset_prok
exact_synonym: "glycerol breakdown" []
exact_synonym: "glycerol degradation" []
xref_analog: MetaCyc:PWY0-381
is_a: GO:0006071 ! glycerol metabolism
is_a: GO:0046174 ! polyol catabolism

http://www.godatabase.org/dev/doc/obo_format_spec.html
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Logic andLogic and
Rule languagesRule languages
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IntroductionIntroduction

•• Ontologies represent knowledgeOntologies represent knowledge
•• Automated reasoners infer conclusions Automated reasoners infer conclusions 

from the given knowledgefrom the given knowledge
–– Make implicit knowledge explicitMake implicit knowledge explicit
–– Help validate the ontology (e.g., consistency Help validate the ontology (e.g., consistency 

checking and automatic classification in DL)checking and automatic classification in DL)
•• Need for more expressive logicNeed for more expressive logic

–– Inference rulesInference rules
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Simple inferenceSimple inference

Intracranial neoplasm

Intracranial meningioma

Benign intracranial meningioma

Spinal chord

isa

Disease_Excludes_Primary_Anatomic_Site

isa

Spinal chord

Spinal chord
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Complex inferenceComplex inference

•• Clinical decision supportClinical decision support
–– If patient is treated by If patient is treated by aminoglycosidesaminoglycosides

and patient has impaired renal functionand patient has impaired renal function
then reduce dose (or frequency of then reduce dose (or frequency of 
administration) of administration) of aminoglycosidesaminoglycosides

•• Not directly supported by DL reasonersNot directly supported by DL reasoners
•• Require rule languagesRequire rule languages

–– RuleMLRuleML
–– SWRL (SWRL (Semantic Web Rule Language)

http://www.w3.org/Submission/SWRL/

http://www.ruleml.org/
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Web servicesWeb services
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IntroductionIntroduction

•• Software system designed to support Software system designed to support 
interoperable machineinteroperable machine--toto--machine machine 
interaction over a networkinteraction over a network
–– Services can be discoveredServices can be discovered
–– Service description (WSDL)Service description (WSDL)
–– Standard communicationStandard communication

mechanismmechanism
•• Protocol (http, SOAP, UDDI)Protocol (http, SOAP, UDDI)
•• Data format (XML)Data format (XML)

http://en.wikipedia.org/wiki/Web_service
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Web Services  Web Services  BenefitsBenefits

• Standardized protocols for I/O
• Cross-platform, language independent
• Automated architecture for high 

throughput analyses, querying
• Automated service discovery
• Integration with Semantic Web 

technologies
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Web Services  Web Services  TechnologyTechnology
•• WSDL WSDL –– Web Service Description LanguageWeb Service Description Language

–– XML format for describing service interfacesXML format for describing service interfaces

•• SOAP SOAP –– Simple Object Access ProtocolSimple Object Access Protocol
–– Protocol for exchanging XMLProtocol for exchanging XML--based messages over based messages over 

the Internet (http)the Internet (http)
–– Client/Server protocol: Remote Procedure Call (RPC)Client/Server protocol: Remote Procedure Call (RPC)

•• UDDI UDDI –– Universal Description, Discovery, and Universal Description, Discovery, and 
IntegrationIntegration
–– Service registryService registry

http://www.w3.org/TR/wsdl

http://www.w3.org/TR/soap/

http://www.uddi.org/
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Web Services and ontologyWeb Services and ontology

•• WSDLWSDL--S S –– Web Service SemanticsWeb Service Semantics

•• OWLOWL--S (OWLS (OWL--based Web service based Web service 
ontology)ontology)

•• WSMO WSMO –– Web Service Modeling OntologyWeb Service Modeling Ontology

http://www.w3.org/Submission/WSDL-S/

http://www.daml.org/services/owl-s/1.0/

http://www.wsmo.org/



7474

Examples of  Web ServicesExamples of  Web Services
in biomedicinein biomedicine

•• BioMOBYBioMOBY
–– Biomedical Web Services registryBiomedical Web Services registry
–– OntologyOntology--based messaging standardbased messaging standard
–– Discover and interact with taskDiscover and interact with task--appropriate appropriate 

biological data and analytical service biological data and analytical service 
providersproviders

•• Entrez Utilities Web ServiceEntrez Utilities Web Service
–– Access Access NCBINCBI’’ss Entrez Utilities via SOAPEntrez Utilities via SOAP

http://www.ncbi.nlm.nih.gov/entrez/query/static/esoap_help.html

http://biomoby.open-bio.org/
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Semantic Web applicationsSemantic Web applications
in biomedicinein biomedicine

Part 3Part 3
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OverviewOverview

•• Use Case FlowUse Case Flow
–– Need for Shared Semantics in the context of Need for Shared Semantics in the context of 

Personalized MedicinePersonalized Medicine

•• Functional RequirementsFunctional Requirements
–– MetadataMetadata--based Annotationbased Annotation
–– Semantic Data IntegrationSemantic Data Integration
–– Ontology Driven Clinical Decision SupportOntology Driven Clinical Decision Support
–– Knowledge Change and ProvenanceKnowledge Change and Provenance
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Use Case Flow based on Shared SemanticsUse Case Flow based on Shared Semantics

Test ordering
and documentation

guidance

Therapeutic ordering
and documentation

guidance

Personalized Medicine
Decision Support Services

and
Knowledge Repository

Tissue-bank

Clinical
Trials Referral

Structured Research
Annotations

Bench  R&D

Clinical Trials 1- 4

Pharmacovigilance

Structured Test
Result Interpretations

Integrated Genotypic and 
Phenotypic Research 

Clinical Data Repository

Knowledge
Acquisition,
Discovery

And Management
Services for

Clinical Care

Patient 
Encounter

R&D
Discovery
Services



7878

Need for Metadata AnnotationsNeed for Metadata Annotations

Connecting Connecting DxDx, Rx, Outcomes and Prognosis Data to Genotypic , Rx, Outcomes and Prognosis Data to Genotypic 
Data for Data for CardiomyopathyCardiomyopathy
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Need for Data IntegrationNeed for Data Integration

•• Need for integrating Clinical and Molecular Need for integrating Clinical and Molecular 
Diagnostics DataDiagnostics Data

•• Integrated GenotypicIntegrated Genotypic--Phenotypic Research Phenotypic Research 
Clinical Data RepositoryClinical Data Repository
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Need for Clinical Decision SupportNeed for Clinical Decision Support

Echo triggers guidance to screen for possible mutations:
- MYH7,  MYBPC3, TNN2, TNNI3, TPM1, ACTC, MYL2, MYL3 
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Need for Knowledge MaintenanceNeed for Knowledge Maintenance

•• Need for a Knowledge Repository to support Clinical Need for a Knowledge Repository to support Clinical 
and Genomic Decision Supportand Genomic Decision Support

•• However:However:
–– Clinical Knowledge changes over time, e.g., value ranges for Clinical Knowledge changes over time, e.g., value ranges for 

Clinical NormalityClinical Normality
–– New knowledge is created, e.g., new molecular diagnostic New knowledge is created, e.g., new molecular diagnostic 

test hits the market.test hits the market.

•• Need for rapid knowledge change and maintenanceNeed for rapid knowledge change and maintenance



The first step of any biomedical activity The first step of any biomedical activity 
(research, practice, knowledge gathering) (research, practice, knowledge gathering) 

should be on the computer!should be on the computer!
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OverviewOverview

•• Use Case FlowUse Case Flow
–– Need for Shared Semantics in the context of Need for Shared Semantics in the context of 

Personalized MedicinePersonalized Medicine

•• Functional RequirementsFunctional Requirements
–– MetadataMetadata--based Annotationbased Annotation
–– Data IntegrationData Integration
–– Clinical Decision SupportClinical Decision Support
–– Knowledge Change and ProvenanceKnowledge Change and Provenance
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MetadataMetadata--based Semantic Annotations:based Semantic Annotations:
ConnoteaConnotea
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MetadataMetadata--based Semantic Annotations:based Semantic Annotations:
Clinical EClinical E--Science FrameworkScience Framework

ROYAL MARSDEN NHS TRUST - PATIENT CASE NOTE
######:MRS ##### #######

15 Dec    General Surgical
1993

I reviewed this patient in clinic today. She has
been followed up for a left breast carcinoma for
which she was treated with a mastectomy. She had
a prosthesis removed last year and has had some
improvement in the symptoms of …
discomfort since then …

…

Person
id: 645763

Problem
pathology: “carcinoma”
present/absent: present

Locus
name: “breast”
laterality: “left”

Consult
purpose: “follow-up”

Intervention
name: “mastectomy”

problem_locus

patient_locus

consult_about

indication

patient

site

Information
Extraction
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MetadataMetadata--based Semantic Annotationsbased Semantic Annotations
HubMedHubMed
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MetadataMetadata--based Semantic Annotations:based Semantic Annotations:
HubMedHubMed



8888

MetadataMetadata--based Semantic Annotations:based Semantic Annotations:
Active Semantic EMRActive Semantic EMR

Referred doctor from
Practice Ontology

Lexical 
annotation

ICD9 codes from 
Diagnosis Procedure 

Ontology
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Drug 
Allergy

Formulation Recommendation
Using Insurance ontology

Drug Interaction using 
Drug Ontology

MetadataMetadata--based Semantic Annotations:based Semantic Annotations:
Active Semantic EMRActive Semantic EMR
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Explore: Drug Tasmar

MetadataMetadata--based Semantic Annotations:based Semantic Annotations:
Active Semantic EMRActive Semantic EMR
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belongs to group

belongs to group

brand / generic

classification

classification

classification

interaction

Semantic browsing and querying-- perform 
decision support (how many patients are 
using this class of drug, …)

MetadataMetadata--based Semantic Annotations:based Semantic Annotations:
Active Semantic EMRActive Semantic EMR
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OverviewOverview

•• Use Case FlowUse Case Flow
–– Need for Shared Semantics in the context of Need for Shared Semantics in the context of 

Personalized MedicinePersonalized Medicine

•• Functional RequirementsFunctional Requirements
–– MetadataMetadata--based Annotationbased Annotation
–– Data IntegrationData Integration
–– Clinical Decision SupportClinical Decision Support
–– Knowledge Change and ProvenanceKnowledge Change and Provenance
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Semantic Data IntegrationSemantic Data Integration

•• Create a focused ontology based on a Create a focused ontology based on a 
collection of well defined use casescollection of well defined use cases

•• Develop and deploy Develop and deploy ““wrapperswrappers”” that give that give 
an RDFan RDF--view of the underlying data and view of the underlying data and 
map it to ontological concepts.map it to ontological concepts.

•• Specify mapping rules that associate data Specify mapping rules that associate data 
items across multiple RDF graphsitems across multiple RDF graphs
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Clinical Knowledge

Genomic Knowledge
Figure reprinted with
permission from 
Cerebra, Inc.

Semantic Data Integration: Semantic Data Integration: OntologyOntology
OWL ontologies that blend knowledge
from the Clinical and Genomic Domains
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Semantic Data Integration: Semantic Data Integration: ArchitectureArchitecture

Domain Ontologies
for Translational Medicine Research

RPDR GIGPAD Study

RDF Wrapper RDF Wrapper

RDF Graph 1 RDF Graph 2

Merged RDF Graph

Instantiation
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Semantic Data Integration: Semantic Data Integration: 
Incremental RoadmapIncremental Roadmap

•• Data assets remain as they are!Data assets remain as they are!
They do not need to be modifiedThey do not need to be modified

•• The wrapper abstracts out details related to The wrapper abstracts out details related to 
location, access and data structurelocation, access and data structure

•• Integration happens at the information levelIntegration happens at the information level
•• Highly configurable and incremental processHighly configurable and incremental process
•• Ability to specify declarative rules and mappings Ability to specify declarative rules and mappings 

for further hypothesis generationfor further hypothesis generation
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Semantic Data IntegrationSemantic Data Integration
Bridging Clinical and Genomic InformationBridging Clinical and Genomic Information
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Rule/Semantics-based Integration:
- Match Nodes with same Ids
- Create new links: IF a patient’s structured test result indicates a disease

THEN add a “suffers from link” to that disease 

90%

evidence1

95%

evidence2



9898

Semantic Data Integration:Semantic Data Integration:
Bridging Clinical and Genomic InformationBridging Clinical and Genomic Information

RDF Graphs provide a semantics-rich substrate for 
decision support. Can be exploited by SWRL Rules

Patient
(id = URI1)
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name
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Drug Discovery Dashboard
http://www.w3.org/2005/04/swls/BioDash

Topic: GSK3beta Topic

Target: GSK3beta

Disease: DiabetesT2

Alt Dis: Alzheimers

Cmpd: SB44121

CE: DBP

Team: GSK3 Team

Person: John

Related Set

Path: WNT

Semantic Data Integration:Semantic Data Integration:
Drug DiscoveryDrug Discovery
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Semantic Data Integration:Semantic Data Integration:
Bridging Chemistry and Molecular BiologyBridging Chemistry and Molecular Biology

urn:lsid:uniprot.org:uniprot:P49841

Semantic Lenses: Different Views of the same 
data

Apply Correspondence Rule:
if ?target.xref.lsid == ?bpx:prot.xref.lsid
then ?target.correspondsTo.?bpx:prot

BioPax
Components

Target Model
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•Lenses can aggregate, accentuate, 
or even analyze new result sets 

• Behind the lens, the data can be 
persistently stored as RDF-OWL

• Correspondence does not need 
to mean “same descriptive 
object”, but may mean objects 
with identical references

Semantic Data IntegrationSemantic Data Integration
Bridging Chemistry and Molecular BiologyBridging Chemistry and Molecular Biology
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Semantic Data Integration: Semantic Data Integration: AdvantagesAdvantages

•• RDF: Graph based data modelRDF: Graph based data model
–– More expressive than the tree based XML Schema ModelMore expressive than the tree based XML Schema Model

•• RDF: ReificationRDF: Reification
–– Same piece of information can be given different values of belieSame piece of information can be given different values of belief by different f by different 

clinical genomic researchersclinical genomic researchers

•• Potential for Potential for ““SchemaSchema--lessless”” Data IntegrationData Integration
–– Hypothesis driven approach to defining mapping rulesHypothesis driven approach to defining mapping rules
–– Can define mapping rules on the flyCan define mapping rules on the fly

•• Incremental approach for Data IntegrationIncremental approach for Data Integration
–– Ability to introduce new data sources into the mix incrementallyAbility to introduce new data sources into the mix incrementally at low costat low cost

•• Use of Ontology to disallow meaningless mapping rules?Use of Ontology to disallow meaningless mapping rules?
–– For e.g., mapping a gene to a proteinFor e.g., mapping a gene to a protein……
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Semantic Data IntegrationSemantic Data Integration
““SchemaSchema--freefree”” data integrationdata integration

•• Low cost approach for data integrationLow cost approach for data integration
•• No need for maintenance of costly schema No need for maintenance of costly schema 

mappingsmappings
•• Ability to Ability to ““mergemerge”” RDF graphs based on RDF graphs based on 

simple declarative rules that specify:simple declarative rules that specify:
–– Equality of URIsEquality of URIs
–– Connecting nodes of same typeConnecting nodes of same type
–– Connecting two nodes associated by a Connecting two nodes associated by a ““pathpath””

•• Disadvantage: Potential for specifying Disadvantage: Potential for specifying 
spurious nonspurious non--sensicalsensical rulesrules



104104

Semantic Data IntegrationSemantic Data Integration
Use of ReificationUse of Reification

•• Level of accuracy of test result.Level of accuracy of test result.
–– Sensitivity and Specificity of lab resultSensitivity and Specificity of lab result
–– Level of confidence in genotyping or gene sequencingLevel of confidence in genotyping or gene sequencing

•• Probabilistic relationshipsProbabilistic relationships
–– Likelihood that a particular test result or condition is indicatLikelihood that a particular test result or condition is indicative of ive of 

a disease or other medical conditiona disease or other medical condition
•• Level of trust in a resourceLevel of trust in a resource

–– Results from a lab may be trusted more than result from anotherResults from a lab may be trusted more than result from another
–– Results from well known health sites (NLM) may be trusted more Results from well known health sites (NLM) may be trusted more 

than othersthan others
•• Belief attributionBelief attribution

–– Scientific hypotheses may be attributed to appropriate Scientific hypotheses may be attributed to appropriate 
researchersresearchers
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OverviewOverview

•• Use Case FlowUse Case Flow
–– Need for Shared Semantics in the context of Need for Shared Semantics in the context of 

Personalized MedicinePersonalized Medicine

•• Functional RequirementsFunctional Requirements
–– MetadataMetadata--based Annotationbased Annotation
–– Data IntegrationData Integration
–– Clinical Decision SupportClinical Decision Support
–– Knowledge Change and ProvenanceKnowledge Change and Provenance
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Clinical Decision SupportClinical Decision Support

•• Create the Business Object ModelCreate the Business Object Model

•• Specify Rules to encode Decision Support Specify Rules to encode Decision Support 
LogicLogic

•• Delineate definitions of Patient StatesDelineate definitions of Patient States
–– Represent them in an ontologyRepresent them in an ontology
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Clinical Decision SupportClinical Decision Support
IF the patientIF the patient’’s LDL test result is greater than 120s LDL test result is greater than 120
AND the patient has a contraindication to AND the patient has a contraindication to FibricFibric AcidAcid
THENTHEN

Prescribe Prescribe ZetiaZetia Lipid Management ProtocolLipid Management Protocol

Contraindication to Contraindication to FibricFibric Acid: Clinical Definition (Old)Acid: Clinical Definition (Old)
The patient is contraindicated for The patient is contraindicated for FibricFibric Acid if he has an allergy to Acid if he has an allergy to 

FibricFibric Acid or has elevated Liver PanelAcid or has elevated Liver Panel

Contraindication to Contraindication to FibricFibric Acid: Clinical+Genomic Definition (New)Acid: Clinical+Genomic Definition (New)
The patient is contraindicated for The patient is contraindicated for FibricFibric Acid if he has an allergy to Acid if he has an allergy to 

FibricFibric Acid or has elevated Liver Panel or  Acid or has elevated Liver Panel or  has a genetic mutation has a genetic mutation 
MissenseMissense: XYZ3:Ser@$#Pro: XYZ3:Ser@$#Pro

Please note: Hypothetical Please note: Hypothetical –– assume a genetic variant is a biomarker for assume a genetic variant is a biomarker for 
patients contraindicated to patients contraindicated to FibricFibric Acid.Acid.



108108

Clinical and Genomic Decision Support: Clinical and Genomic Decision Support: 
Business Object ModelBusiness Object Model

Class Patient: PersonClass Patient: Person
method get_name(): string;method get_name(): string;
method has_genetic_test_result(): method has_genetic_test_result(): StructuredTestResultStructuredTestResult;;
method has_liver_panel_result(): method has_liver_panel_result(): LiverPanelResultLiverPanelResult;;
method method has_ldl_resulthas_ldl_result(): real;(): real;
method has_contraindication(): set of string;method has_contraindication(): set of string;
method has_mutation(): string;method has_mutation(): string;
method has_therapy(): set of string;method has_therapy(): set of string;
method set_therapy(string): void;method set_therapy(string): void;
method has_allergy(): set of string;method has_allergy(): set of string;
Method get_category(): set of string;Method get_category(): set of string;

Class Class StructuredTestResultStructuredTestResult
method get_patient(): Patient;method get_patient(): Patient;
method indicates_disease(): Disease;method indicates_disease(): Disease;
method identifies_mutation(): set of string;method identifies_mutation(): set of string;
method evidence_of_mutation(string): real;method evidence_of_mutation(string): real;

Class Class LiverPanelResultLiverPanelResult
method get_patient(): Patient;method get_patient(): Patient;
method get_ALP(): real;method get_ALP(): real;
method get_ALT(): real;method get_ALT(): real;
method get_AST(): real;method get_AST(): real;
method method get_Total_Bilirubinget_Total_Bilirubin(): real;(): real;
method method get_Creatinineget_Creatinine(): real;(): real;
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Clinical and Genomic Decision Support: Clinical and Genomic Decision Support: 
A RulesA Rules--based Implementationbased Implementation

IF IF the_patient.has_ldl_resultthe_patient.has_ldl_result() > 120() > 120

AND ((the_patient.has_liver_panel_result().get_ALP() AND ((the_patient.has_liver_panel_result().get_ALP() ≥≥ <<NormalRangeNormalRange>>

AND the_patient.has_liver_panel_result().get_ALT() AND the_patient.has_liver_panel_result().get_ALT() ≥≥ <<NormalRangeNormalRange>>

AND the_patient.has_liver_panel_result().get_AST() AND the_patient.has_liver_panel_result().get_AST() ≥≥ <<NormalRangeNormalRange>>

AND AND the_patient.has_liver_panel_result().get_Total_Bilirubinthe_patient.has_liver_panel_result().get_Total_Bilirubin() () ≥≥ <<NormalRangeNormalRange>>

AND AND the_patient.has_liver_panel_result().get_Creatininethe_patient.has_liver_panel_result().get_Creatinine() () ≥≥ <<NormalRangeNormalRange>)>)

OR OR ““FibricFibric Acid AllergyAcid Allergy”” ∈∈ the_patient.has_allergy()the_patient.has_allergy()

OR OR ““MissenseMissense: XYZ3:Ser@$#Pro: XYZ3:Ser@$#Pro”” ∈∈ the_patient.has_mutation())the_patient.has_mutation())

THENTHEN

the_patient.set_therapy(the_patient.set_therapy(““ZetiaZetia Lipid Management ProtocolLipid Management Protocol””))

Definition of “Fibric Acid Contraindication”
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Clinical Decision Support:Clinical Decision Support:
Definitions vs. DecisionsDefinitions vs. Decisions

Commonly occurring design pattern:Commonly occurring design pattern:
•• The The definitiondefinition of a of a ““FibricFibric Acid ContraindicationAcid Contraindication””

is represented using rules.is represented using rules.
•• The The decisiondecision related to therapeutic intervention related to therapeutic intervention 

is also represented using rules.is also represented using rules.

Currently, both these inferences are performed by Currently, both these inferences are performed by 
the rules engine.the rules engine.
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Clinical Decision SupportClinical Decision Support
Delineating patient statesDelineating patient states

IF IF the_patient.has_ldl_resultthe_patient.has_ldl_result() > 120() > 120

AND the_patient.get_category() AND the_patient.get_category() == PatientWithFibricAcidContraindicationPatientWithFibricAcidContraindication

THENTHEN

set set the_patient.has_therapy(the_patient.has_therapy(““ZetiaZetia Lipid Management ProtocolLipid Management Protocol””))

implemented in an OWL-based 
ontology engine
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Patient_with_Biomarker

has_mutation: “Missense: XYZ3:Ser@$#Pro”

OWL representation of OWL representation of FibricFibric Acid Acid 
ContraindicationContraindication
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APPLICATION

In-process Rule
Engine component

Ontology 
Engine

Clinical Data
Repository

Standalone
Rules Engine
Service

Ontology Driven Clinical Decision Support:Ontology Driven Clinical Decision Support:
ArchitectureArchitecture



114114

Clinical Decision Support:Clinical Decision Support:
Decoupling definitions vs. decisionsDecoupling definitions vs. decisions

•• Classification inferences (does patient have a Classification inferences (does patient have a fibricfibric acid acid 
contraindication?) can be evaluated by an ontology contraindication?) can be evaluated by an ontology 
engine.engine.

•• Reduces overhead on Rule EngineReduces overhead on Rule Engine

•• Opens up the possibility of pluggingOpens up the possibility of plugging--in other specialized in other specialized 
inference engines (e.g., inference engines (e.g., spatiospatio--temporal conditions)temporal conditions)

•• Makes knowledge maintenance easierMakes knowledge maintenance easier
–– Each definition may be referred to in 100s of rules..Each definition may be referred to in 100s of rules..
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Decision Support: Statistical vs. Decision Support: Statistical vs. 
Symbolic ApproachesSymbolic Approaches

•• Symbolic: Symbolic: 
–– Knowledge Driven: Needs input of Subject Matter ExpertsKnowledge Driven: Needs input of Subject Matter Experts
–– Not scaleable: Knowledge Bases can get huge in case of interactiNot scaleable: Knowledge Bases can get huge in case of interactingng
–– conditionsconditions
–– Example:Example:

•• Set of Rules for Set of Rules for ““CADCAD””
•• Set of Rules for Set of Rules for ““DiabetesDiabetes””
•• What about rules for What about rules for ““DiabetesDiabetes”” and and ““CADCAD””

–– In general for N conditions, the Knowledge base size can be of tIn general for N conditions, the Knowledge base size can be of the order of 2N.he order of 2N.

•• Statistical: Statistical: 
–– Data Driven: Models can be Data Driven: Models can be ““learnedlearned”” from the datafrom the data
–– More scaleableMore scaleable
–– Probabilistic conclusions, Probabilistic conclusions, ThresholdingThresholding requiredrequired
–– BlackboxBlackbox: No explanations possible!: No explanations possible!

•• Hybrid: Need some combination of the twoHybrid: Need some combination of the two……
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OverviewOverview

•• Use Case FlowUse Case Flow
–– Need for Shared Semantics in the context of Need for Shared Semantics in the context of 

Personalized MedicinePersonalized Medicine

•• Functional RequirementsFunctional Requirements
–– MetadataMetadata--based Annotationbased Annotation
–– Data IntegrationData Integration
–– Clinical Decision SupportClinical Decision Support
–– Knowledge Change and ProvenanceKnowledge Change and Provenance
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Knowledge Change and ProvenanceKnowledge Change and Provenance

•• There is rapid knowledge discovery and evolution in the There is rapid knowledge discovery and evolution in the 
Healthcare and Life SciencesHealthcare and Life Sciences

•• Provenance is an important aspect of maintaining Provenance is an important aspect of maintaining 
knowledge consistenceknowledge consistence

•• There is a close interrelationship between knowledge There is a close interrelationship between knowledge 
change and provenancechange and provenance
–– What has changed? What has changed? –– ChangeChange
–– Why did it change? Why did it change? –– ProvenanceProvenance

•• Did someone change it? Did someone change it? –– ProvenanceProvenance
•• Did its components change? Did its components change? –– ChangeChange

–– Who changed it? Who changed it? –– ProvenanceProvenance
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Knowledge Change and PropagationKnowledge Change and Propagation

Patient_with_Biomarker

has_mutation: “Missense: XYZ3:Ser@$#Pro”



119119

Knowledge Change and PropagationKnowledge Change and Propagation

Rule base
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Knowledge Change and ProvenanceKnowledge Change and Provenance

•• At each stage, Knowledge Engineer gets notified of:At each stage, Knowledge Engineer gets notified of:
–– What has changed?What has changed?

•• The definition of The definition of FibricFibric Acid ContraindicationAcid Contraindication

–– Why did it change? Why did it change? 
•• FibricFibric Acid Contraindication Acid Contraindication Patient with Abnormal Liver Panel Patient with Abnormal Liver Panel 

Abnormal Liver Panel Abnormal Liver Panel Abnormal AST Abnormal AST Change in AST ValuesChange in AST Values
•• FibricFibric Acid Contraindication Acid Contraindication Patient with BiomarkerPatient with Biomarker

–– Who was responsible for the change?Who was responsible for the change?
•• Knowledge Engineer who entered the changed AST values?Knowledge Engineer who entered the changed AST values?
•• Change in a Clinical Guideline?Change in a Clinical Guideline?
•• New Molecular Diagnostic Test appears in the market?New Molecular Diagnostic Test appears in the market?
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Knowledge Update and MaintenanceKnowledge Update and Maintenance

•• Knowledge Dependency PropagationKnowledge Dependency Propagation
–– If the definition of a concept changes,If the definition of a concept changes,

•• What other concepts does it impact?What other concepts does it impact?
•• What other clinical decision support rules does it impact?What other clinical decision support rules does it impact?

•• Assertion Dependency PropagationAssertion Dependency Propagation
–– If a clinical decision support rule is changed, how If a clinical decision support rule is changed, how 

does this impact potential decisions made for a does this impact potential decisions made for a 
patient?patient?

–– How and when should such decisions be updated?How and when should such decisions be updated?
•• What if the decision involved a drug which has already been What if the decision involved a drug which has already been 

administered?administered?
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W3C Semantic WebW3C Semantic Web
Health Care and Life SciencesHealth Care and Life Sciences

Interest GroupInterest Group

Part 4Part 4
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W3C Semantic WebW3C Semantic Web
Health Care and Life SciencesHealth Care and Life Sciences

Interest GroupInterest Group

Part 4Part 4
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Enabling BenchEnabling Bench--toto--Bedside:Bedside:
W3C Semantic Web for HealthCare and W3C Semantic Web for HealthCare and 

Life Sciences Interest GroupLife Sciences Interest Group
•• Launched Nov 2005: Launched Nov 2005: http://www.w3.org/2001/sw/hclshttp://www.w3.org/2001/sw/hcls

–– CoCo--chairs: Dr. Tonya chairs: Dr. Tonya HongsermeierHongsermeier (Partners HealthCare); Eric Neumann (Partners HealthCare); Eric Neumann 

(Teranode)(Teranode)

•• Membership: 37, 3 Pharmaceuticals, 4 Healthcare groupsMembership: 37, 3 Pharmaceuticals, 4 Healthcare groups

•• Chartered to develop and support the use of SW technologies and Chartered to develop and support the use of SW technologies and practices practices 

to improve collaboration, research and development, and innovatito improve collaboration, research and development, and innovation on 

adoption in the of Health Care and Life Science domainsadoption in the of Health Care and Life Science domains

•• Based on a foundation of semantically rich specifications that sBased on a foundation of semantically rich specifications that support upport 

process and information interoperabilityprocess and information interoperability

•• HCLS Objectives:HCLS Objectives:
–– Core vocabularies and ontologies to support crossCore vocabularies and ontologies to support cross--community data integration and community data integration and 

collaborative effortscollaborative efforts

–– Guidelines and Best Practices for Resource Identification to supGuidelines and Best Practices for Resource Identification to support integrity and version port integrity and version 

controlcontrol

–– Better integration of Scientific Publication with people, data, Better integration of Scientific Publication with people, data, software, publications, and software, publications, and 

clinical trialsclinical trials
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Other W3C standards/techsOther W3C standards/techs

•• SPARQL SPARQL -- querying the SWquerying the SW
•• GRDDL GRDDL -- transforming data for SWtransforming data for SW
•• Rules Rules -- Applying policies and Applying policies and inferencinginferencing

on the SWon the SW
•• RDFA RDFA -- Embedding RDF into XHTMLEmbedding RDF into XHTML
•• FRESNEL FRESNEL -- Visualizing the SWVisualizing the SW
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Ecosystem: Goal StateEcosystem: Goal State
/* Need to expand this with Biomedical Research + Clinical Practice */

Biomedical Research Clinial Practice
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OverviewOverview

•• A Forum for Scientists and Clinicians to A Forum for Scientists and Clinicians to 
–– Share useShare use--cases and experiences on cases and experiences on ““howhow--toto””

–– Drive vendor adoption in HC and LS applicationsDrive vendor adoption in HC and LS applications

–– Create vision demonstrationsCreate vision demonstrations
•• Translation Research InformaticsTranslation Research Informatics

•• Expose collections of public resources as RDFExpose collections of public resources as RDF
–– NCBI, Uniprot, EBINCBI, Uniprot, EBI

•• Develop new core vocabularies for data integration, and Develop new core vocabularies for data integration, and 
migrate existing ontologies to RDFS/OWL/SKOSmigrate existing ontologies to RDFS/OWL/SKOS
–– SNOMED, BioPAX, OBO, MESH, FMASNOMED, BioPAX, OBO, MESH, FMA
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HCLS Tasks OverviewHCLS Tasks Overview
•• BioRDF BioRDF 

–– exposing data as RDFexposing data as RDF
•• BioONTBioONT

–– ontology guidelines and coordination ontology guidelines and coordination 
•• Adaptive Clinical Protocols and PathwaysAdaptive Clinical Protocols and Pathways

–– flexible healthcare management  flexible healthcare management  
•• Drug Safety and EfficacyDrug Safety and Efficacy

–– pharmaceuticalspharmaceuticals
•• Scientific PublishingScientific Publishing

–– Supporting Knowledge through Text and Data Supporting Knowledge through Text and Data 
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HCLS ActivitiesHCLS Activities

•• BioRDF+BioONTBioRDF+BioONT: Parkinson Disease use: Parkinson Disease use--casescases
–– Exposed Exposed MolBioMolBio DataData

–– Parkinson's OntologyParkinson's Ontology

•• Adaptive ProtocolsAdaptive Protocols
–– Ontology Development (with consideration of RIM v3)Ontology Development (with consideration of RIM v3)

–– Temporal Reasoning Temporal Reasoning 

•• Drug Safety and EfficacyDrug Safety and Efficacy
–– Semantically enable CDISC SDTM Model Semantically enable CDISC SDTM Model 

–– Adding SW Adding SW annotaitonsannotaitons and hypotheses to a JANUSand hypotheses to a JANUS--style DBstyle DB

–– Provenance and trust (nonProvenance and trust (non--reputability) and securityreputability) and security
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Linking Clinical Ontologies with Linking Clinical Ontologies with 
the Semantic Webthe Semantic Web

Clinical Trials
ontology

RCRIM
(HL7)

Genomics

CDISC

IRB

Applications

Molecules

Clinical Obs

ICD10

Pathways
(BioPAX)

Disease
Models

Extant ontologies

Mechanisms

Under development

Bridge concept

SNOMED

Disease
Descriptions

Tox
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Translational Medicine in Drug Translational Medicine in Drug 
R&DR&D

In Vitro Studies Animal Studies Clinical Studies

Toxicities

Target/System Efficacy

Early Middle Late

Cellular Systems Human

Disease Models (Therapeutic Relevance)

$ $$ $$$



132132

Application Space :Application Space :
Semantic Web Drug DDSemantic Web Drug DD

Genomics

Therapeutics

Biology

HTS

NDA

Compound 
Opt

safety

eADME

DMPK

informatics

manufacturing

genes

Clinical
Studies

Patent

Chem Lib

Production

Critical Path
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Domain Semantics in Clinical TrialsDomain Semantics in Clinical Trials

Clinical SemanticsClinical Semantics
•• Patient/Subject Patient/Subject Disease/Health stateDisease/Health state
•• Diagnostics Diagnostics FindingsFindings
•• Findings Findings Inferred (proposed) Disease stateInferred (proposed) Disease state
•• Disease stateDisease state Patient Classification / Patient Classification / 

SegmentationSegmentation
•• Design Design Trial arms / treatments Trial arms / treatments 
•• Observation Observation POC, safety, mechanismsPOC, safety, mechanisms
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During 2006During 2006--20072007

HL7 
“Health Level 

Seven”

CDISC
Clinical Data 

Interchange Standards 
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RCRIM
Regulated Clinical Research 

and 
Information Management,

technical committee

SDTM variables as
Common Data

Elements
&

Controlled
Terminologies

UMLS

NCI Thesaurus In OWL format

BRIDG
Biomedical Research 

Integrated Domain 
Group Model 



135135

Ongoing work at FDAOngoing work at FDA

HL7 
“Health Level 

Seven”

CDISC
Clinical Data 

Interchange Standards 
Consortium

R
el

at
io

ns
hi

p 
H

L7
/C

D
IS

C

RCRIM
Regulated Clinical Research 

and 
Information Management,

technical committee

Announcement of CDISC/SDTM
as a standard format

Janus Model and 
Data Warehouse"The FDA has the largest pool of 

randomized clinical trial data in 
the world, but it cannot be 
analyzed now because it is 

inaccessible" 

Dr. Janet Woodcock, Deputy Commissioner for 
Operations and Chief Operating Officer, FDA

27 January 2006

“… populate a cross-study 
database and do more 

comprehensive analyses for 
the benefit of patients.”
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FDAFDA’’s JANUS Full Models JANUS Full Model
one visual representation one visual representation 
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Current trends and future directionsCurrent trends and future directions

Part 5Part 5
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Key Semantic Web PrinciplesKey Semantic Web Principles

•• Plan for change  Plan for change  
•• Free data from the application that created it  Free data from the application that created it  
•• Lower reliance on overly complex MiddlewareLower reliance on overly complex Middleware
•• The value in "as needed" data integration  The value in "as needed" data integration  
•• Big wins come from many little ones  Big wins come from many little ones  
•• The power of links The power of links -- network effect  network effect  
•• OpenOpen--world, open solutions are cost effective  world, open solutions are cost effective  
•• Importance of "Partial Understanding"Importance of "Partial Understanding"
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