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Reasoning on Linked Data: 
!   Goal/Scope of this lecture: 

!   Support structured queries, i.e. conjunctive query answering (SPARQL) … 
!   … combining various linked data sources 
!   … taking into account the implicit answers inferable by RDFS+OWL 

!   Interesting Questions: 
!   What does it buy me (for practical examples)? 
!   Which reasoning techniques are available in principle? 
!   What are (open) challenges? 

… along the way we will try introducing the basics of the standards 
involved (SPARQL, RDFS, OWL, Rules, Query rewriting...) 
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Some Examples… 

“Companies who produce(d) telephones” 

Siemens C25  
(my first mobile phone) IBM Simon (the world’s first smartphone) 

!   The data is there! 
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New York Times thesaurus 
and article search API 

Wikipedia 

!   Again, the data is there! 

“News on NYT about companies with a revenue greater than 
10B” 
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The data is there! … as Linked Data even! 
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… 

Image from http://blog.dbtune.org/public/.081005_lod_constellation_m.jpg ; Giasson, Bergman 
Cf. also  http://lov.okfn.org/dataset/lov/ “Linked Open Vocabularies”, mentioned by Chris 

Data is described using – also linked - vocabularies 

“Links” here typically 
described using the 
RDFS and OWL 
(meta-)vocabularies 
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Semantic Search engine: 
!   Can I just download all that data into a triple store and query it with 

SPARQL?  

Triple	  Store	  

? 
SPARQL 
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How to formulate queries? 
“Companies who produce(d) telephones” 

  dbo:Organisation  
           foaf:made  
           yago:Telephone  

? 
dbr:Siemens rdf:type dbo:Organisation. 
dbr:Siemens foaf:made dbr:Siemens_C25. 
dbr:Siemens_C25 a yago:Telephone. 

dbr:IBM foaf:made dbr:IBM_Simon. 
dbr:IBM rdf:type dbo:Organisation. 
dbr:IBM_Simon rdf:type yago:Telephone . 

dbr:Siemens_C25  

dbr:IBM_Simon 
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How to formulate queries? 
“Companies who produce(d) telephones” 

  dbo:Organisation  
           foaf:made  
           yago:Telephone  

? 
dbr:Siemens a dbo:Organisation. 
dbr:Siemens foaf:made dbr:Siemens_C25. 
dbr:Siemens_C25 a yago:Telephone. 

dbr:IBM foaf:made dbr:IBM_Simon. 
dbr:IBM a dbo:Organisation. 
dbr:IBM_Simon rdf:type yago:Telephone . 

dbr:Siemens_C25  

dbr:IBM_Simon 

rdf:type written as “a” in Turtle 
RDF syntax 
http://www.w3.org/TR/turtle/  
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How to formulate the query? SPARQL! 

!   SPARQL http://www.w3.org/TR/sparql11-query/ : 
!   “SQL Look-and-feel” query language for RDF 
!   Basic Graph pattern matching 
!   Complex patterns on top (UNION, FILTER, BIND, …) 

“Companies who produce(d) telephones” 

dbr:Siemens a dbo:Organisation. 
dbr:Siemens foaf:made dbr:Siemens_C25. 
dbr:Siemens_C25 a yago:Telephone. 

dbr:IBM foaf:made dbr:IBM_Simon. 
dbr:IBM a dbo:Organisation. 
dbr:IBM_Simon rdf:type yago:Telephone . 

SELECT ?C {    ?C a dbo:Organisation.  
             ?C foaf:made ?P .  
             ?P a yago:Telephone .         } 
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SPARQL – bare minimum overview: 
!   Basic Graph pattern matching 

dbr:Siemens a dbo:Organisation. 
dbr:Siemens foaf:made dbr:Siemens_C25. 
dbr:Siemens_C25 a yago:Telephone. 

dbr:IBM foaf:made dbr:IBM_Simon. 
dbr:IBM a dbo:Organisation. 
dbr:IBM_Simon rdf:type yago:Telephone . 

SELECT ?C {     ?C a dbo:Organisation.  
             ?C foaf:made ?P .  
             ?P a yago:Telephone .         } 

“Basic graph 
pattern” (BGP) 

?C 
dbr:Siemens 

dbr:IBM 
…in principle ≈ Conjunctive Query (CQ) answering over RDF  

q(C) Organisation(C),made(C,P ), T elephone(P )
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The companies that produced the 
Siemens_C25 OR the IBM_Simon 

SPARQL – bare minimum overview: 

dbr:Siemens a dbo:Organisation. 
dbr:Siemens foaf:made dbr:Siemens_C25. 
dbr:Siemens_C25 a yago:Telephone. 

dbr:IBM foaf:made dbr:IBM_Simon. 
dbr:IBM a dbo:Organisation. 
dbr:IBM_Simon rdf:type yago:Telephone . 

!   Complex patterns on top (UNION, FILTER, BIND, …) 

?C 
dbr:Siemens 

dbr:IBM 

SELECT ?C {  {  ?C foaf:made dbr:Siemens_C25 }  

   UNION   

           {  ?C foaf:made dbr:IBM_Simon }        } 

?C 
dbr:Siemens 

?C 
dbr:IBM 

U 

= …in principle ≈ unions of CQs (UCQ) 
q(C)  made(C, siemens C25)

q(C)  made(C, ibm Simon)



13 

“Companies with a revenue  
greater than 50B” 

SPARQL – bare minimum overview: 

dbr:Siemens a dbo:Organisation. 
dbr:Siemens dbo:revenueEUR 7.829E10 

dbr:SAP a dbo:Organisation. 
dbr:SAP dbo:revenueEUR 1.622E10 

!   Complex patterns on top (UNION, FILTER, BIND, …) 

?C ?R 
dbr:Siemens 7.829E10 

dbr:SAP 1.622E10 

?C 
dbr:Siemens 

     SELECT ?C  {     ?C a dbo:Organisation.  
                   ?C dbo:revenueEUR ?R . }         

FILTER ( ?R > 5E10)   } 

… standard operators & functions to define FILTER constraints, cf. 
http://www.w3.org/TR/sparql11-query/#expressions  

dbr:IBM a dbo:Organisation. 
dbr:IBM dbo:revenueUSD 1.06916E11 
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“Companies with revenues 
converted to EUR ” 

SPARQL – bare minimum overview: 

dbr:Siemens a dbo:Organisation. 
dbr:Siemens dbo:revenueEUR 7.829E10 

dbr:SAP a dbo:Organisation. 
dbr:SAP dbo:revenueEUR 1.622E10 

!   Complex patterns on top (UNION, FILTER, BIND, …) 

?C ?R 
dbr:IBM 8.1363E10 

SELECT ?C ?R {     ?C a dbo:Organisation.  
                             ?C dbo:revenueUSD ?RU . }         

BIND ( ?RU / 1.3 AS ?R  )   } 

… compute new values  
     (same operators & functions as for FILTERs)   

dbr:IBM a dbo:Organisation. 
dbr:IBM dbo:revenueUSD 1.06916E11 

1.3 USD = 
1 EUR 
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How to formulate the query? 
“Companies who produce(d) telephones” 

SELECT ?C {    ?C a dbo:Organisation.  
             ?C foaf:made ?P .  
             ?P a yago:Telephone .         } 

dbr:Siemens a dbo:Organisation. 
dbr:Siemens foaf:made dbr:Siemens_C25. 
dbr:Siemens_C25 a yago:Telephone. 

dbr:IBM foaf:made dbr:IBM_Simon. 
dbr:IBM a dbo:Organisation. 
dbr:IBM_Simon rdf:type yago:Telephone . 

More SPARQL Tutorials, cf.  RW2011 (Birte Glimm),  
RW2012 (Jorge Perez) or also  
http://www.polleres.net/presentations/  
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How to formulate the query? 
“Companies who produce(d) telephones” 

? 
dbr:Siemens_C25 dbo:manufacturer dbr:Siemens . 
dbr:Siemens_C25 a yago:SiemensMobilePhones  . 

dbr:IBM_Simon dbo:manufacturer dbr:IBM . 
dbr:IBM_Simon rdf:type yago:IBMMobilePhones . 

However, the data rather looks like that: 

SELECT ?C {    ?C a dbo:Organisation.  
             ?C foaf:made ?P .  
             ?P a yago:Telephone .         } 



17 

Make use of ontological inference! 
“Companies who produce(d) telephones” 

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  

dbr:Siemens_C25 dbo:manufacturer dbr:Siemens . 
dbr:Siemens_C25 a yago:SiemensMobilePhones  . 

dbr:IBM_Simon dbo:manufacturer dbr:IBM . 
dbr:IBM_Simon a yago:IBMMobilePhones . 

How? 

SELECT ?C {    ?C a dbo:Organisation.  
             ?C foaf:made ?P .  
             ?P a yago:Telephone .         } 

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  
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Lecture Roadmap 
!   Scope/Motivation 
  (Axel) 

!   Short Introduction to RDFS+OWL 
 (Aidan) 

!   RDFS+OWL usage in Linked Data 
  (Aidan) 

!   High-level Reasoning approaches: Query rewriting vs. Materialization 
 (Axel) 

!   Challenges on Reasoning over Linked Data 
  (Axel) 

!   Practical approaches for Reasoning over Linked Data 
!   Quarantined & Authoritative Materialization (Aidan) 

!   Link-Traversal Based Query Execution with Reasoning (Aidan) 

!   Reasoning with Attribute Equations (Axel) 

!   Wrap-up/Outlook (all) 

? 
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RDFS/OWL SURVIVAL GUIDE 

8/9/13 
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RDFS and OWL! 
RDF Schema  

Web Ontology Language 

!   W3C Recommendations, 2004 
!   OWL 2 since 2009 

!   Standardised schema/ontology languages 
!   Can be serialised in RDF 
!   OWL (partly) extends RDFS 

!   (Saying “OWL” often covers “RDFS”) 
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Features walkthrough… 

…modelling family relationships in RDFS and OWL… 
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ex:Carmela ex:Vito 

ex:Sonny ex:Connie ex:Fredo ex:Michael 

ex:Mary 

A Family-Relations OWL Ontology 

ex:Vincent 
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RDFS 
1.  rdfs:subPropertyOf 
2.  rdfs:subClassOf 
3.  rdfs:domain 
4.  rdfs:range 
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ex:Carmela ex:Vito 

:husbandOf 

:wifeOf 

:spouse 

:spouse 

ex:Vito :husbandOf ex:Carmela . 
:husbandOf rdfs:subPropertyOf :spouse . 
⇒  ex:Vito :spouse ex:Carmela . 

ex:Carmela :wifeOf ex:Vito . 
:wifeOf rdfs:subPropertyOf :spouse . 
⇒  ex:Carmela :spouse ex:Vito . 

rdfs:subPropertyOf 
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ex:Mary 

rdf:type 

rdf:type 

ex:Mary rdf:type :Woman . 
:Woman rdfs:subClassOf :Person . 
⇒  ex:Mary rdf:type :Person . 

:Woman 

:Person 

rdfs:subClassOf 
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ex:Carmela 

:motherOf 

ex:Carmela :motherOf ex:Fredo . 
:motherOf rdfs:domain :Woman . 
⇒  ex:Carmela rdf:type :Woman . 

ex:Fredo 

:Woman 

rdf:type 

rdfs:domain 
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ex:Carmela 

:hasSon 

ex:Carmela :hasSon ex:Fredo . 
:hasSon rdfs:range :Man . 
⇒  ex:Fredo rdf:type :Man . 

ex:Fredo 

:Man 

rdf:type 

rdfs:range 
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Recap RDFS 

!   What would be the rdfs:domain of the property :fatherOf? 

!   What would be the rdfs:range of the property :hasSister? 
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RDFS 
1.   rdfs:subPropertyOf 
2.   rdfs:subClassOf 
3.   rdfs:domain 
4.   rdfs:range 

OWL 
1.  Property Axioms 

a.  owl:equivalentProperty 
b.  owl:inverseOf 
c.  owl:SymmetricProperty 
d.  owl:TransitiveProperty 
e.  owl:propertyChainAxiom 
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ex:Vito :parentOf ex:Michael . 
ex:Michael :hasChild ex:Mary . 
:parentOf owl:equivalentProperty :hasChild . 
⇒  ex:Vito :hasChild ex:Vincent . 
⇒  ex:Michael :parentOf ex:Mary . 

ex:Vito ex:Mary ex:Michael 

:parentOf :hasChild 

:hasChild :parentOf 

owl:equivalentProperty 
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ex:Carmela :parentOf ex:Sonny . 
ex:Vincent :childOf ex:Sonny . 
:parentOf owl:inverseOf :childOf . 
⇒  ex:Sonny :parentOf ex:Vincent . 
⇒  ex:Sonny :childOf ex:Carmela . 

ex:Vincent ex:Sonny 

:parentOf :childOf 

:parentOf 

ex:Carmela 

:childOf 

owl:inverseOf 
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ex:Connie 

:sibling 

ex:Connie :sibling ex:Fredo . 
:sibling rdf:type owl:SymmetricProperty . 
⇒  ex:Fredo :sibling ex:Connie . 

:sibling 

ex:Fredo 

owl:SymmetricProperty 
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ex:Carmela 

ex:Carmela :ancestorOf ex:Michael . 
ex:Michael :ancestorOf ex:Mary . 
:ancestorOf rdf:type owl:TransitiveProperty . 
⇒  ex:Carmela :ancestorOf ex:Mary . 

ex:Mary ex:Michael 

:ancestorOf :ancestorOf 

:ancestorOf 

owl:TransitiveProperty 
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ex:Sonny 

ex:Sonny :brotherOf ex:Michael . 
ex:Michael :fatherOf ex:Mary . 
:uncleOf owl:propertyChainAxiom (:brotherOf :fatherOf) . 
⇒  ex:Sonny :uncleOf ex:Mary . 

ex:Mary ex:Michael 

:brotherOf :fatherOf 

uncleOf 

2 owl:propertyChainAxiom 
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Recap OWL property axioms 

!   What would be the owl:inverseOf of the property :childOf? 

!   Name an owl:SymmetricProperty to do with family relations? 

!   Name an owl:TransitiveProperty to do with family relations? 

!   Give a owl:propertyChainAxiom for :hasNiece? 
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RDFS 
1.   rdfs:subPropertyOf 
2.   rdfs:subClassOf 
3.   rdfs:domain 
4.   rdfs:range 

OWL 
1.  Property Axioms 

2.  Equality 
a.  owl:sameAs 
b.  owl:FunctionalProperty 
c.  owl:InverseFunctionalProperty 
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ex:Vito_young ex:Vito_old 

owl:sameAs 

ex:Vito_old owl:sameAs ex:Vito_young . 

owl:sameAs 

Vito 

ex:Mary ex:Vincent 

:hasGrandson :granddaugtherOf 
:hasGrandson :granddaugtherOf 

owl:sameAs 
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ex:Vito_young ex:Vito 

ex:Vito_old 

ex:Fredo :hasFather ex:Vito_old . 
ex:Fredo :hasFather ex:Vito_young . 
:hasFather rdf:type owl:FunctionalProperty . 
⇒ ex:Vito_old owl:sameAs ex:Vito_young . 

ex:Fredo 

:hasFather 

owl:FunctionalProperty 
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ex:Vito ex:Vito_young ex:Connie 

ex:Vito_old 

ex:Vito_old :fatherOf ex:Connie . 
ex:Vito_young :fatherOf ex:Connie . 
:fatherOf rdf:type    

owl:InverseFunctionalProperty . 
⇒ ex:Vito_old owl:sameAs ex:Vito_young . 

:fatherOf 

owl:InverseFunctionalProperty 
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… Open World Assumption (OWA) 

8/9/13 

ex:Vito 

ex:Fredo ex:Michael 

ex:Vito :hasChild ex:Connie, ex:Sonny, ex:Michael . 
ex:Vito :hasChild ex:Fredo . 
... ? 

•  Vito has 3 children? 
•  Vito has at least 3 children? 

ex:Sonny ex:Connie 

:hasChild 



41 

… No Unique Name Assumption (UNA) 

8/9/13 

ex:Vito 

ex:Sonny ex:Fredo ex:Michael ex:Connie 

:hasChild 

ex:Vito :hasChild ex:Connie, ex:Sonny, ex:Michael . 
ex:Vito :hasChild ex:Fredo . 
... ? 

•  Vito has 3 children? 
•  Vito has at least 3 children? 
•  Vito has at least 1 child! 

owl:sameAs? 
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Recap OWL equality axioms 

!   Name an owl:FunctionalProperty to do with family relations? 

!   Name a similar owl:InverseFunctionalProperty? 
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RDFS 
1.   rdfs:subPropertyOf 
2.   rdfs:subClassOf 
3.   rdfs:domain 
4.   rdfs:range 

OWL 
1.  Property Axioms 
2.  Equality 

3.  Class Axioms 
a.  owl:unionOf 
b.  owl:intersectionOf 
c.  owl:oneOf 
d.  owl:allValuesFrom 
e.  owl:someValuesFrom 
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:Woman :Person :Man 
⊔ 

ex:Vincent rdf:type :Man . 
:Person owl:equivalentClass [ owl:unionOf (:Woman :Man) ] 
⇒  ex:Vincent rdf:type :Person . 

ex:Vincent 

type type 

≡  
owl:unionOf 
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:Parent 
⊓ 

:Mother :Woman 

ex:Carmela 

rdf:type rdf:type 

ex:Carmela rdf:type :Mother . 
:Mother rdfs:subClassOf [ owl:intersectionOf (:Woman :Parent) ] 

⇒ ex:Carmela rdf:type :Woman , :Parent . 

rdf:type 

⊑ 
owl:intersectionOf (I) 
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ex:Parent ex:Woman 

ex:Carmela 

rdf:type rdf:type rdf:type 

ex:Carmela rdf:type :Woman , :Parent . 
:Mother owl:equivalentClass [ owl:intersectionOf (:Woman :Parent) ] 

⇒ ex:Carmela rdf:type :Mother . 

ex:Mother 
≡  ⊓ 

owl:intersectionOf (II) 
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,  { 

:DonCorleone owl:equivalentClass  
 [ owl:oneOf (ex:Vito ex:Michael ex:Vincent) ] 
⇒ ex:Vito rdf:type :DonCorleone .  
⇒ ex:Michael rdf:type :DonCorleone . 
⇒ ex:Vincent rdf:type :DonCorleone . 

:DonCorleone 

} 
ex:Vito ex:Michael ex:Vincent ,  

rdf:type rdf:type rdf:type 

≡  
owl:oneOf 
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ex:Michael rdf:type ex:DonCorleone . 
ex:DonCorleone owl:disjointWith ex:LawAbiding . 
ex:Michael rdf:type ex:LawAbiding . 

ex:DonCorleone 

ex:Vincent 

rdf:type 

≡ ⊓ 
ex:LawAbiding 

┴ 
owl:Nothing 

rdf:type 

owl:disjointWith (I) 
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ex:Michael rdf:type :Man . ex:Mary rdf:type :Woman . 
:Man owl:disjointWith :Woman . 
⇒ ex:Mary owl:differentFrom ex:Michael . 

ex:Vincent 

≡ ⊓ ┴ 
owl:Nothing :Woman :Man 

ex:Mary 

rdf:type rdf:type 

owl:differentFrom 

owl:disjointWith (II) 
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… No Unique Name Assumption (UNA) 

8/9/13 

ex:Vito 

ex:Sonny ex:Fredo ex:Michael ex:Connie 

:hasChild 

•  Vito has 3 children? 
•  Vito has at least 3 children? 
•  Vito has at least 1 child! 
•  Vito has at least 2 children! 

owl:differentFrom 

:Man owl:disjointWith :Woman . 



51 

:Person 
∀

ex:Mary rdf:type :Person ; hasParent ex:Michael . 
:Person rdfs:subClassOf  
  [ owl:allValuesFrom :Person ; owl:onProperty :hasParent ] 
⇒  ex:Michael rdf:type :Person . 

rdf:type 

:Person 

:hasParent . 

ex:Michael ex:Mary 

:hasParent 

rdf:type 

⊑ 
owl:allValuesFrom 
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∃

ex:Carmela :hasChild ex:Michael . ex:Michael rdf:type :Person . 
:Parent owl:equivalentClass  
  [ owl:someValuesFrom :Person ; owl:onProperty :hasChild ] 
⇒  ex:Carmela rdf:type :Parent . 

rdf:type 

:Person 

:hasChild . 

ex:Michael 

:hasChild 

rdf:type 

ex:Carmela 

:Parent 
≡  

owl:someValuesFrom (I) 
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? 

∃

ex:Carmela rdf:type :Parent . 
:Parent rdfs:subClassOf  
  [ owl:someValuesFrom :Person ; owl:onProperty :hasChild ] 
⇒  ex:Carmela :hasChild _:someone . _:someone rdf:type :Person . 

:Person 

:hasChild . 

? 

:hasChild 

rdf:type 

:Parent 

⊑ 
rdf:type 

owl:someValuesFrom (II) 

ex:Carmela 
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Recap OWL class axioms 

!   A class :Parent might be the owl:unionOf what classes? 

!   A class :OnlySon might be the owl:intersectionOf what 
classes? 

!   What OWL feature allows to define enumerations? 

!   An example of owl:allValuesFrom for family relations? 

!   An example of owl:someValuesFrom for the class :Uncle? 
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RDFS 
1.   rdfs:subPropertyOf 
2.   rdfs:subClassOf 
3.   rdfs:domain 
4.   rdfs:range 

OWL 
1.  Property Axioms 
2.  Equality 
3.  Class Axioms 
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1.  owl:hasKey 
2.  owl:hasValue 
3.  owl:cardinality(s) 
4.  owl:qualifiedCardinality(s) 
5.  owl:AssymetricProperty 
6.  owl:IrreflexiveProperty 
7.  owl:propertyDisjointWith 
… 
… 
… 
Direct/RDF-Based Semantics … 
OWL Profiles … 
Datatypes … 
Reasoning Tasks … 

Lots not covered! 
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Lecture Roadmap 
!   Scope/Motivation 
  (Axel) 

!   Short Introduction to RDFS+OWL 
 (Aidan) 

!   RDFS+OWL usage in Linked Data 
  (Aidan) 

!   High-level Reasoning approaches: Query rewriting vs. Materialization 
 (Axel) 

!   Challenges on Reasoning over Linked Data 
  (Axel) 

!   Practical approaches for Reasoning over Linked Data 
!   Quarantined & Authoritative Materialization (Aidan) 

!   Link-Traversal Based Query Execution with Reasoning (Aidan) 

!   Reasoning with Attribute Equations (Axel) 

!   Wrap-up/Outlook (all) 

? 
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HOW ARE RDFS AND OWL 
USED IN LINKED DATA? 

(I) Equality Links 

8/9/13 
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… = owl:sameAs  

owl:sameAs: Equality Links (I) 

dbpedia:Siemens 

opencalais:573c7 
usgov:35644 

freebase:en.siemens_ag 

nytimes:85922 

dbpedia:Siemens 
freebase:en.siemens_ag 

usgov:35655 
opencalais:573c7 

nytimes:85922 
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Interactive http://inkdroid.org/empirical-cloud/ ; E. Summers 

owl:sameAs: Equality Links (II) 
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Interactive http://gromgull.net/2010/01/swball/swball.svg ; G.A. Grimnes 

owl:sameAs: Equality Links (III) 
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More Details … 

8/9/13 

Harry Halpin, Patrick J. Hayes, James P. McCusker, Deborah L. McGuinness, Henry S. Thompson. 
“WHEN OWL:SAMEAS ISN'T THE SAME: AN ANALYSIS OF IDENTITY IN LINKED DATA”. In the Proceedings of 
the 9th International Semantic Web Conference (1) 2010: 305-320 
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More Details … 

8/9/13 

Aidan Hogan, Antoine Zimmermann, Jürgen Umbrich, Axel Polleres and Stefan Decker. "SCALABLE 
AND DISTRIBUTED METHODS FOR ENTITY MATCHING, CONSOLIDATION AND DISAMBIGUATION OVER LINKED 
DATA CORPORA ". In the Journal of Web Semantics 10: pp. 76–110, 2012 
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HOW ARE RDFS AND OWL 
USED IN LINKED DATA? 

(II) Linked Vocabularies 

8/9/13 
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… 

Image from http://blog.dbtune.org/public/.081005_lod_constellation_m.jpg:; Giasson, Bergman 

Linked Vocabularies (in RDFS/OWL) 
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Vocabulary Re-use / Extension 
“The Web of Data takes a two-fold approach to dealing with 

heterogeneous data representation. 
“On the one hand side, it tries to avoid heterogeneity by advocating the 

reuse of terms from widely deployed vocabularies. […] a set of 
vocabularies for describing common things like people, places or 
projects has emerged in the Linked Data community. 

“On the other hand, […] a Linked Data application which discovers 
some data […] using a previously unknown vocabulary should be able 
to find all meta-information that it requires to translate the data into a 
representation that it understands and can process. [Vocabularies 
provide] RDFS and OWL definition of terms, [each] vocabulary 
term links to its own definition, […] mappings [are provided] 
between terms from different vocabularies.” 

Heath & Bizer. Linked Data: Evolving the Web into a Global Data Space. 
Morgan & Claypool. 2011. 
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Table from http://dublincore.org/documents/dcmi-terms/ 

Prominent Vocabularies (I) 
!   Dublin Core (DC) 

!   Meta-data for documents 
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Image from http://www.deri.ie/fileadmin/images/blog/ :; Breslin 

Prominent Vocabularies (II) 
!   Friend Of A Friend (FOAF) 

!   Personal Information 
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Image from http://rdfs.org/sioc/spec/ :;Bojārs, Breslin et al. 

Prominent Vocabularies (III) 
!   Semantically Interlinked Online Communities (SIOC) 

!   Online communities and presence 
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Image from http://www.w3.org/TR/swbp-skos-core-guide  :; Miles, Brickley 

Prominent Vocabularies (IV) 
!   Simple Knowledge Organization System 

!   Meta-vocabulary for generic taxonomies 
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Image from http://sioc-project.org/node/158;; Breslin 

Prominent Vocabularies: Work Together 
!   Ontologies combine to cover multiple areas 
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Image from http://code.google.com/p/baetle/wiki/DoapOntology ;; Breslin 

Prominent Vocabularies (V) 
!   Description Of A Project (DOAP) 

!   Describing contributors to (software) projects 
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Image from http://musicontology.com/;; Raimond, Giasson 

Prominent Vocabularies (VI) 
!   Music Ontology (MO) 

!   Artists, bands, songs, records, albums, performances 
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Image from http://www.heppnetz.de/projects/goodrelations/primer/;; Hepp 

!   GoodRelations (GR) 
!   Products, services, stores, prices, etc. 

Prominent Vocabularies (VII) 
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Prominent Vocabularies (VII) 
!   GoodRelations (GR) 

!   Products, services, stores, prices, etc. 
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See http://wiki.dbpedia.org/ 

Prominent Vocabularies (VIII) 
!   DBpedia Ontology 

!   Hundreds of classes and properties 
!   Captures “info-box” information 
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Interactive http://labs.mondeca.com/dataset/lov/;; Vatant, Vandenbussche 

Linked Open Vocabularies (LOV) 
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Info from http://www4.wiwiss.fu-berlin.de/lodcloud/state/ :; Bizer, Jentzsch, Cyganiak 

Vocabulary Re-use 
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OWL LANGUAGE FEATURES 
USED IN LINKED DATA 

A Survey 

8/9/13 
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So what OWL is used out there? 
!   Looked at Billion Triple Challenge 2011 (BTC 2011) Dataset 

!   2.1 billion quadruples, crawled from… 
!   7.4 million RDF/XML documents, covering… 
!   791 (pay-level) domains 

!   Counted OWL features used in the dataset: 
!   Per use 
!   Per document 
!   Per domain 
!   Can be skewed by data 

!   Ranked OWL features using PageRank: 
!   Rank documents based on dereferenceable links 
!   For each OWL feature, sum the rank of documents using it 
!   Approximates probability of encountering an OWL feature during a 

random walk of the data 

8/9/13 
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RDFS/OWL Features Ranked by Use 
1  rdf:Property     5.74E-1 
2  rdfs:range     4.67E-1 
3  rdfs:domain     4.62E-1 
4  rdfs:subClassOf    4.60E-1 
5  rdfs:Class     4.45E-1 
6  rdfs:subPropertyOf    2.35E-1 
7  owl:Class     1.74E-1 
8  owl:ObjectProperty    1.68E-1 
9  rdfs:Datatype    1.68E-1 
10  owl:DatatypeProperty   1.65E-1 
11  owl:AnnotationProperty   1.60E-1 
12  owl:FunctionalProperty   9.18E-2 
13  owl:equivalentProperty   8.54E-2 
14  owl:inverseOf    7.91E-2 
15  owl:disjointWith    7.65E-2 

8/9/13 
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RDFS/OWL Features Ranked by Use 

8/9/13 

… 
16  owl:sameAs     7.29E-2 
17  owl:equivalentClass    5.24E-2 
18  owl:InverseFunctionalProperty  4.79E-2 
19  owl:unionOf     3.15E-2 
20  owl:SymmetricProperty   3.13E-2 
21  owl:TransitiveProperty   2.98E-2 
22  owl:someValuesFrom    2.13E-2 
23  rdf:_*     1.42E-2 
24  owl:allValuesFrom    2.98E-3 
25  owl:minCardinality    2.43E-3 
26  owl:maxCardinality    2.14E-3 
27  owl:cardinality    1.75E-3 
28  owl:oneOf     4.13E-4 
29  owl:hasValue     3.91E-4 
30  owl:intersectionOf    3.37E-4 
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Observations? 
!   RDFS features amongst the most prominently used 
!   OWL 2 features not yet used prominently 

RDF | RDFS | OWL | OWL 2 
x-axis is log-scale! 

8/9/13 
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Observations? 
!   (OWL) Features expressible with a single RDF triple are most prominent 

!   Roughly speaking, features not requiring blank nodes  
!   e.g., sub-class/-property, inverse-of, equivalent property/class, sameas, domain/range, disjoint with, etc. 

!   Not those requiring lists or n-ary predicate in RDF mapping 
!   e.g., union, intersection, cardinalities, all-disjoint, some/all/has-value restrictions, hasKey, pCAs, etc. 

Single Triple (No BNodes) | Multi-Triple (Needs BNodes)  
x-axis is log-scale! 

8/9/13 
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More Details … 

8/9/13 

Birte Glimm, Aidan Hogan, Markus Krötzsch and Axel Polleres. “OWL: YET: TO ARRIVE ON THE WEB 
OF DATA". In the Proceedings of the 4th Linked Data on the Web WWW2012 Workshop (LDOW 
2012), Lyon, France, 16 April, 2012. 
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Lecture Roadmap 
!   Scope/Motivation 
  (Axel) 

!   Short Introduction to RDFS+OWL 
 (Aidan) 

!   RDFS+OWL usage in Linked Data 
  (Aidan) 

!   High-level Reasoning approaches: Query rewriting vs. Materialization 
 (Axel) 

!   Challenges on Reasoning over Linked Data 
  (Axel) 

!   Practical approaches for Reasoning over Linked Data 
!   Quarantined & Authoritative Materialization (Aidan) 

!   Link-Traversal Based Query Execution with Reasoning (Aidan) 

!   Reasoning with Attribute Equations  (Axel) 

!   Wrap-up/Outlook (all) 

? 
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2 overall approaches for Reasoning with RDF(S) & 
OWL for query answering as per W3C specs: 

!  OWL2 QL: 

!  RDFS inference rules 

!  OWL 2 RL: 

http://www.w3.org/TR/rdf-mt/#rules 

http://www.w3.org/TR/owl2-profiles/#OWL_2_RL 
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http://www.w3.org/TR/owl2-profiles/#OWL_2_QL 
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Back to our example: 
“Companies who produce(d) telephones” 

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  

dbr:Siemens_C25 dbo:manufacturer dbr:Siemens . 
dbr:Siemens_C25 a yago:SiemensMobilePhones  . 

dbr:IBM_Simon dbo:manufacturer dbr:IBM . 
dbr:IBM_Simon a yago:IBMMobilePhones . 

SELECT ?C {    ?C a dbo:Organisation.  
             ?C foaf:made ?P .  
             ?P a yago:Telephone .         } 
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Approach 1: Query rewriting  
“Companies who produce(d) telephones” 

dbr:Siemens_C25 dbo:manufacturer dbr:Siemens . 
dbr:Siemens_C25 rdf:type yago:SiemensMobilePhones  . 

SELECT ?C { ?C a dbo:Organisation.  
          ?C foaf:made ?P .  
          ?P a yago:Telephone . } 

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  
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Approach 1: Query rewriting - informally  
“Companies who produce(d) telephones” 

dbr:Siemens_C25 dbo:manufacturer dbr:Siemens . 
dbr:Siemens_C25 rdf:type yago:SiemensMobilePhones  . 

SELECT ?C {  {{ ?C a dbo:Organisation. } UNION  { [] dbo:manufacturer ?C . }} 
          ?C foaf:made ?P .  
          ?P a yago:Telephone . } 

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  
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Approach 1: Query rewriting - informally  
“Companies who produce(d) telephones” 

dbr:Siemens_C25 dbo:manufacturer dbr:Siemens . 
dbr:Siemens_C25 rdf:type yago:SiemensMobilePhones  . 

SELECT ?C {  {{ ?C a dbo:Organisation. } UNION  { [] dbo:manufacturer ?C . }} 
 {{ ?C foaf:made ?P . } UNION { ?P foaf:maker ?C . } UNION { ?P dbo:manufacturer ?C . }} 

          ?P a yago:Telephone . } 

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  



92 

Approach 1: Query rewriting - informally  
“Companies who produce(d) telephones” 

dbr:Siemens_C25 dbo:manufacturer dbr:Siemens . 
dbr:Siemens_C25 rdf:type yago:SiemensMobilePhones  . 

SELECT ?C {  {{ ?C a dbo:Organisation. } UNION  { [] dbo:manufacturer ?C . }} 
 {{ ?C foaf:made ?P . } UNION { ?P foaf:maker ?C . } UNION { ?P dbo:manufacturer ?C . }} 
 {{?P a yago:Telephone . } UNION {?P a yago:SiemensMobilePhones . } UNION {?P a yago:IBMMobilePhones . }} } 

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  



93 

Approach 1: Query rewriting - informally  
“Companies who produce(d) telephones” 

dbr:Siemens_C25 dbo:manufacturer dbr:Siemens . 
dbr:Siemens_C25 a yago:SiemensMobilePhones  . 

SELECT ?C {  {{ ?C a dbo:Organisation. } UNION  { [] dbo:manufacturer ?C . }} 
 {{ ?C foaf:made ?P . } UNION { ?P foaf:maker ?C . } UNION { ?P dbo:manufacturer ?C . }} 
 {{?P a yago:Telephone . } UNION {?P a yago:SiemensMobilePhones . } UNION {?P a yago:IBMMobilePhones . }} } 

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  

?C 
dbr:Siemens 

dbr:IBM 
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Approach 1: Query rewriting - formally  
“Companies who produce(d) telephones” 

SELECT ?C { ?C a dbo:Organisation.  
          ?C foaf:made ?P .  
          ?P a yago:Telephone . } 

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  

manufacturer v maker

maker� ⌘ made

9manufacturer� v Organisation

SiemensMobile v Telephone

IBMMobile v Telephone

Rewrite 
SPARQL BGPs 
to CQs 

Translate 
resulting UCQ 
back to SPARQL 
UNION query. 

… e.g. [Calvanese,2007] 

Apply a query 
rewriting algorithm 
for DL-Lite… 

q(C) Organisation(C),made(C,P ), T elephone(P )

maker(X,Y ) manufacturer(X,Y )

made(X,Y ) maker(Y,X)

Organisation(X) manufacturer( , X)

Telephone(X) SiemensMobile(X)

Telephone(X) IBMMobile(X)

q(C) manufacturer( , C),made(C,P ), T elephone(P )
q(C) Organisation(C),maker(P,C), T elephone(P )

… 
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Approach 1: Query rewriting pros/cons 

Pro: 
!   Efficient for small hierarchies, lots of research from OBDA community (see lecture XYZ)  
!   Can handle Complex queries with non-distinguished variables and complex ontological 

statements for , e.g. 
:Company rdfs:subClassOf [a owl:Restriction;  

          owl:onProperty hasEmployee; 
          owl:someValuesFrom owl:Thing . ]  

(not compatible with SPARQL1.1 Entailment semantics, though) 

Con: 
!   Not compatible with “arbitrary” RDF, e.g. 

            my:subClassOf rdfs:subPropertyof rdfs:subClassOf 
!   Works only for restricted ontologies, i.e. DL-Lite (e.g. no owl:sameAs, no 

owl:TransitiveProperty) 
!   Works only for restricted SPARQL queries, e.g. no variables in predicate positions 

 SELECT { dbr:SAP ?P ?O  UNION ?S ?P dbr:SAP }  
not allowed 
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dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  

Approach 2: (rule-based) materialization - informally  
“Companies who produce(d) telephones” 

SELECT ?C { ?C a dbo:Organisation. ?C foaf:made ?P . ?P a yago:Telephone . } 

dbr:IBM_Simon dbo:manufacturer dbr:IBM . 
dbr:IBM_Simon rdf:type yago:IBMMobilePhones . 

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  

e.g. http://www.w3.org/TR/rdf-mt/#rules  

dbr:IBM_Simon foaf:maker dbr:IBM . 
dbr:IBM a dbo:Organisation. 

dbr:IBM_Simon rdf:type yago:Telephone . 
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prp-rng (O, rdf:type, C)  (P, rdfs:range, C), (S, P,O)

prp-spo1 (S, P2, O)  (P1, rdfs:subPropertyOf, P2), (S, P1, O)

cax-sco (S, a, C2)  (C1, rdfs:subClassOf, C2), (S, a, C1)

prp-rng T (O, rdf:type, C)  T (P, rdfs:range, C), T (S, P,O)

prp-spo1 T (S, P2, O)  T (P1, rdfs:subPropertyOf, P2), T (S, P1, O)

cax-sco T (S, a, C2)  T (C1, rdfs:subClassOf, C2), T (S, a, C1)

Approach 2: (rule-based) materialization - informally  
“Companies who produce(d) telephones” 

SELECT ?C { ?C a dbo:Organisation. ?C foaf:made ?P . ?P a yago:Telephone . } 

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  

e.g. http://www.w3.org/TR/owl2-profiles/#Reasoning_in_OWL_2_RL_and_RDF_Graphs_using_Rules  

dbr:IBM_Simon dbo:manufacturer dbr:IBM . 
dbr:IBM_Simon rdf:type yago:IBMMobilePhones . 

dbr:IBM_Simon foaf:maker dbr:IBM . 
dbr:IBM a dbo:Organisation. 

dbr:IBM_Simon rdf:type yago:Telephone . 
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Approach 2: (rule-based) materialization - informally  
“Companies who produce(d) telephones” 

SELECT ?C { ?C a dbo:Organisation. ?C foaf:made ?P . ?P a yago:Telephone . } 

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  

e.g. http://www.w3.org/TR/owl2-profiles/#Reasoning_in_OWL_2_RL_and_RDF_Graphs_using_Rules 

dbr:IBM_Simon dbo:manufacturer dbr:IBM . 
dbr:IBM_Simon rdf:type yago:IBMMobilePhones . 

dbr:IBM_Simon foaf:maker dbr:IBM . 
dbr:IBM a dbo:Organisation. 

dbr:IBM_Simon rdf:type yago:Telephone . 

prp-rng (O, rdf:type, C)  (P, rdfs:range, C), (S, P,O)

prp-spo1 (S, P2, O)  (P1, rdfs:subPropertyOf, P2), (S, P1, O)

cax-sco (S, a, C2)  (C1, rdfs : subClassOf,C2), (S, a, C1)

prp-inv1 (O,P2, S)  (P1, owl:inverseOf, P2), (S, P1, O)

dbr:IBM  foaf:made dbr:IBM_Simon . 

prp-rng (O, rdf:type, C)  (P, rdfs:range, C), (S, P,O)

prp-spo1 (S, P2, O)  (P1, rdfs:subPropertyOf, P2), (S, P1, O)

cax-sco (S, a, C2)  (C1, rdfs:subClassOf, C2), (S, a, C1)
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Approach 2: (rule-based) materialization - informally  
“Companies who produce(d) telephones” 

SELECT ?C { ?C a dbo:Organisation. ?C foaf:made ?P . ?P a yago:Telephone . } 

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  

e.g. http://www.w3.org/TR/owl2-profiles/#Reasoning_in_OWL_2_RL_and_RDF_Graphs_using_Rules  

dbr:IBM_Simon dbo:manufacturer dbr:IBM . 
dbr:IBM_Simon rdf:type yago:IBMMobilePhones . 

dbr:IBM_Simon foaf:maker dbr:IBM . 
dbr:IBM a dbo:Organisation. 

dbr:IBM_Simon rdf:type yago:Telephone . 

prp-rng (O, rdf:type, C)  (P, rdfs:range, C), (S, P,O)

prp-spo1 (S, P2, O)  (P1, rdfs:subPropertyOf, P2), (S, P1, O)

cax-sco (S, a, C2)  (C1, rdfs : subClassOf,C2), (S, a, C1)

prp-inv1 (O,P2, S)  (P1, owl:inverseOf, P2), (S, P1, O)

dbr:IBM  foaf:made dbr:IBM_Simon . 

?C 
dbr:Siemens 

dbr:IBM 

prp-rng (O, rdf:type, C)  (P, rdfs:range, C), (S, P,O)

prp-spo1 (S, P2, O)  (P1, rdfs:subPropertyOf, P2), (S, P1, O)

cax-sco (S, a, C2)  (C1, rdfs:subClassOf, C2), (S, a, C1)
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(O, rdf:type, dbo:Organisation)  (S, dbo:manufactuer, O)

(S, foaf:maker, O)  (S, dbo:manufactuer, O)

(S, rdf:type, yago:Telephone)  (S, rdf:type, yago:SiemensMobilePhones)

(S, rdf:type, yago:Telephone)  (S, rdf:type, yago:IBMMobilePhones)

(O, foaf:maker, S)  (S, foaf:made, O)

(O, foaf:made, S)  (S, foaf:maker, O)

prp-rng (O, rdf:type, C)  (P, rdfs:range, C), (S, P,O)

prp-spo1 (S, P2, O)  (P1, rdfs:subPropertyOf, P2), (S, P1, O)

cax-sco (S, a, C2)  (C1, rdfs:subClassOf, C2), (S, a, C1)

Approach 2: (rule-based) materialization - informally  
Alternative for more efficient execution: compile RDFS/OWL axioms into a specific ruleset  
(more efficient materialization for small ontologies (“Tbox”) and big amounts of data “Abox”) 

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  

prp-rng (O, rdf:type, C)  (P, rdfs:range, C), (S, P,O)

prp-spo1 (S, P2, O)  (P1, rdfs:subPropertyOf, P2), (S, P1, O)

cax-sco (S, a, C2)  (C1, rdfs : subClassOf,C2), (S, a, C1)

prp-inv1 (O,P2, S)  (P1, owl:inverseOf, P2), (S, P1, O)

Works very effectively for rules with only on Tbox-pattern and one Abox pattern, 
since these rules can be run “per statement” over the whole Abox. 

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  

e.g. in “OWL 2 RL in RIF“ 
http://www.w3.org/TR/rif-owl-rl/#templateRules_algorithm  
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(O, rdf:type, dbo:Organisation)  (S, dbo:manufactuer, O)

(S, foaf:maker, O)  (S, dbo:manufactuer, O)

(S, rdf:type, yago:Telephone)  (S, rdf:type, yago:SiemensMobilePhones)

(S, rdf:type, yago:Telephone)  (S, rdf:type, yago:IBMMobilePhones)

(O, foaf:maker, S)  (S, foaf:made, O)

(O, foaf:made, S)  (S, foaf:maker, O)

prp-rng (O, rdf:type, C)  (P, rdfs:range, C), (S, P,O)

prp-spo1 (S, P2, O)  (P1, rdfs:subPropertyOf, P2), (S, P1, O)

cax-sco (S, a, C2)  (C1, rdfs:subClassOf, C2), (S, a, C1)

Approach 2: (rule-based) materialization - informally  
Alternative for more efficient execution: compile RDFS/OWL axioms into a specific ruleset  
(more efficient materialization for small ontologies (“Tbox”) and big amounts of data “Abox”) 

dbo:manufacturer rdfs:subPropertyOf foaf:maker. 
foaf:maker owl:inverseOf foaf:made.  
dbo:manufacturer rdfs:range dbo:Organisation. 
yago:SiemensMobilePhones rdfs:subClassOf   yago:Telephone . 
yago:IBMMobilePhones rdfs:subClassOf   yago:Telephone .  

prp-rng (O, rdf:type, C)  (P, rdfs:range, C), (S, P,O)

prp-spo1 (S, P2, O)  (P1, rdfs:subPropertyOf, P2), (S, P1, O)

cax-sco (S, a, C2)  (C1, rdfs : subClassOf,C2), (S, a, C1)

prp-inv1 (O,P2, S)  (P1, owl:inverseOf, P2), (S, P1, O)

Works very effectively for rules with only on Tbox-pattern and one Abox pattern, 
since these rules can be run “per statement” over the whole Abox. 
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Approach 2: rule-based materialization pros/cons 

Pro: 
!   Compatible with arbitrary RDF: OWL2 RL rules extend RDFS Entailment rules 

straightforwardly. 
!   Materialization computable with off-the-shelf Datalog engines (simple fixpoint computation) 
!   Covers features prominently used in LD, such as e.g. or owl:transitiveProperty … 

 … owl:sameAs 

 … plus rules for transitivity and reflexivity of owl:sameas…    
 … but these rule fall outside the efficient compilation technique mentioned in the prev. slide. 

!   Covers most features of QL as well 

Con: 
!   Materialization might still be prohibitively expensive in practical settings… see following 

slides 

eq-rep-s (S0, P,O)  (S, owl:sameAs, S0), (S, P,O)

eq-rep-p (S, P 0, O)  (P, owl:sameAs, P 0), (S, P,O)

eq-rep-o (S, P,O0)  (O, owl:sameAs, O0), (S, P,O)

prp-trp (X,P,Z)  (P, type, owl:TransitiveProperty), (X,P, Y ), (Y, P, Z)
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What’s needed for Linked Data 
!  OWL 2 QL      /      … not/partially supported in QL 
!  OWL 2 RL 
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What’s needed for Linked Data 
!  OWL 2 QL   
!  OWL 2 RL      /      … not/partially supported in RL 
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Lecture Roadmap 
!   Scope/Motivation 
  (Axel) 

!   Short Introduction to RDFS+OWL 
 (Aidan) 

!   RDFS+OWL usage in Linked Data 
  (Aidan) 

!   High-level Reasoning approaches: Query rewriting vs. Materialization 
 (Axel) 

!   Challenges on Reasoning over Linked Data 
  (Axel) 

!   Practical approaches for Reasoning over Linked Data 
!   Quarantined & Authoritative Materialization (Aidan) 

!   Link-Traversal Based Query Execution with Reasoning (Aidan) 

!   Reasoning with Attribute Equations (Axel) 

!   Wrap-up/Outlook (all) 

? 
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Examples: 
“Companies who produce(d) telephones” 

!   Now that was relatively easy… 
!   … all data available on one source (DBpedia) which is 

(relatively) well curated. 
!   Straightforward approach: 

!   Load DBPedia into SPARQL engine 
!   Use Approach1 (query rewriting) or Approach2 (materialization) 

SELECT ?C { ?C a dbo:Organisation. ?C 
foaf:made ?P . ?P a yago:Telephone . }!
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What about the other Examples? 

!   What if…  

 … there are several datasets from the Linked Data Cloud involved? 
!   Which datasets do I need? 
!   Which ontologies shouId I use? 

 … datasets change?  
 … if implicit data is not expressible in OWL (e.g. 1 USD = 0,75 EUR) ? 

           “News on NYT about companies with a revenue 
greater than 10B” 
“Latest News on NYT about companies with a revenue 
greater than 10B” 
“Latest News on NYT about companies with a revenue 
greater than 10B EUR” 
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Several datasets and involved… 
“News about companies with a revenue greater than 10B” 
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For a more readable version, see book chapter, page 97. 

Several datasets & ontologies and involved… 
“News on NYT about companies with a revenue greater than 10B” 

...

nyt:75293219995342479362

10

owl:sameAs

nytimes:assoc_article_cnt

nytimes:first_use

nytimes:latest_use

skos:prefLabel

rdf:type

skos:inScheme

nytimes:nytd_org

2007-03-23

2010-05-13SAP AGskos:Concept

nyt:N82918236209763785922

4

owl:sameAs

nytimes:assoc_article_cnt

nytimes:first_use

nytimes:latest_use

skos:prefLabel

rdf:type skos:inScheme

2008-12-21

2009-11-06Siemens A.G

...

nyt:49586210195898795812

196

owl:sameAs

nytimes:assoc_article_cnt

nytimes:first_use

nytimes:latest_use

skos:prefLabel

rdf:type
skos:inScheme

2004-09-01

2010-04-27International Business 
Machines Corporation

dbr:Siemens

dbr:IBM

rdfs:label

Siemens AG

rdfs:label

IBM

foaf:name

International Business 
Machines Corporation

dbo:Company

dbo:Organisation

dbo:Agent

rdfs:subClassOf

rdfs:subClassOf

rdf:type

rdf:type

foaf:name

Siemens AG

dbr:SAP_AG

rdfs:label

SAP AG

foaf:name

SAP AG

rdf:type

dbr:Claus_Wellenreuther

dbr:Hasso_Plattner

dbr:Dietmar_Hopp

dbr:Klaus_Tschira

dbr:Hans-Werner_Hector

dbr:Rajkumar_Asokan

dbo:foundedBy

dbo:foundedBy

dbr:Werner_von_Siemens

dbo:foundedBy  dbr:Thomas_J._Watson

dbo:revenueEUR

1.622E10

dbo:revenueEUR

7.829E10

dbo:revenueUSD

1.06916E11

...

...
...

...
...

...

...

Legend: … dereferencable data context. … dereferencable Schema/Ontology … dataset in one PLD

http://data.nytimes.com/ http://dbpedia.org/

nyt:Siemens

owl:sameAs

nyt:SAP

owl:sameAs

nyt:IBM

owl:sameAs

… redirect

foaf:Organization

foaf:Agent

rdfs:subClassOf

dbo:Person
rdfs:subClassOf

rdf:type

rdf:type

foaf:Person

rdfs:subClassOf

owl:equivalentClass

foaf:name

rdfs:label

rdfs:subPropertyOf

dbo:foundedBy
rdfs:range

owl:disjointWith

foaf:made
rdfs:domain

SELECT ?C ?D!
WHERE { ?C nytimes:latest_use ?D . !
        ?C owl:sameAs ?X . ?X dbo:revenueUSD ?R . !
        FILTER (?R > 10E9 )}!

SELECT ?C ?D!
WHERE { ?C nytimes:latest_use ?D . !
        ?C owl:sameAs ?X . ?C dbo:revenueUSD ?R . !
        FILTER (?R > 10E9 )}!

SELECT ?C ?D!
WHERE { ?C nytimes:latest_use ?D . !
        ?C dbo:revenueUSD ?R . !
        FILTER (?R > 10E9 )}!
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Naïve extension: 
!   Could I use the same approach for arbitrary queries over linked data?  
!   Some challenges ahead… 

? 
SPARQL 
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Challenges: 

More specifically for RDFS+OWL Reasoning over Linked Data: 
!   C1 Linked Data is huge 

!   LOD Cloud: +30b triples/+300 Datasets cf. http://datahub.io/group/lodcloud) 
!   WebDataCommons Crawl: +7,3b triples from +2m domains) 

!   C2 Linked Data is not “pure” OWL (DL) 
!   C3 Linked Data is NOT consistent 
!   C4 Linked Data is evolving 
!   C5 Linked Data Reasoning needs more than RDFS+OWL 

 Reasoning for Linked Data should be designed in a way to overcome 
these challenges (rather than stumbling over them) 

“Some of the challenges for the Semantic Web include vastness, vagueness, 
uncertainty, inconsistency, and deceit. Automated reasoning systems will have to 
deal with all of these issues in order to deliver on the promise of the Semantic 
Web.” (from: https://en.wikipedia.org/wiki/Semantic_Web ) 
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C1 Linked Data is huge  1/2 
!   Not only crawling time, but also indexing time 

needs to be considered… 
!   i.e., loading +30b triples into a normal triple can 

take some days  
!   Good news: the share of Ontologies is relatively 

small. 
!   (less than ~0.1%  [IJSWIS’2009, Hogan 2010]) 

!   Still: Naïve materialization can be prohibitively 
expensive! 
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!   Examples of “expensive” OWL features  
e.g. ow:sameAs, owl:TransitiveProperty 

C1 Linked Data is huge  2/2 

foaf:knows rdfs:subProperty my:foafClosure . 
my:foafClosure a owl:SymmetricProperty . 
my:foafClosure a owl:TransitiveProperty . 

Example 1: my: ontology “hijacking”  
        ... Computes the symmetric 

              transitive closure of  foaf:knows 

… imagine this applied to a FOAF export of facebook (+1b users) 
  O(n2) 

Example 2: my: ontology redefining the rdfs: & owl: vocabularies: 
        ... Also called “non-standard use” of 

          RDFS/OWL 

… essentially equates any resources, similar example: 
http://polleres.net/nasty.rdf     O(n3) 

rdf:type rdfs:subPropertyOf owl:sameAs . 
rdf:type rdfs:range rdfs:Resource. 
rdf:type rdfs:domain rdfs:Resource. 
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C2 Linked Data is not “pure” OWL 
!   http://www.w3.org/TR/owl2-mapping-to-rdf/  defines which OWL DL 

ontologies are mappable to RDF…  
!   …but vice versa not all RDF Graphs using owl: and rdfs: vocabularies 

are mappable to OWL DL ontologies… 

!   Good News: OWL2 RL is tolerant/robust against this! 

Example 1:                   itself is not OWL DL 
       … there is only   
          inverseFunctional  

           ObjectProperties in OWL DL 

foaf:mbox_sha1sum a  
 owl:DatatypeProperty , 
 owl:InverseFunctionalProperty . 

Example 2: as before: “non-standard use” is not compatible with OWL DL 
rdf:type rdfs:subPropertyOf owl:sameAs . 
rdf:type rdfs:range rdfs:Resource. 
rdf:type rdfs:domain rdfs:Resource. 
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C3 Linked Data is NOT consistent 1/2 
!   Logical inconsistencies may happen “accidentially” 

dbr:Siemens a dbo:Organisation. 

foaf:Person owl:disjointWith foaf:Organisation. 

:dbr:Siemens a foaf:Person . 

My homepage: 
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C3 Linked Data is NOT consistent 1/2 
!   Logical inconsistencies may happen “accidentially” 

dbr:Siemens a dbo:Organisation. 

foaf:Person owl:disjointWith foaf:Organisation. 

:me foaf:knows dbr:Siemens. 

My homepage … a more innocuous looking example “I know Siemens”… 

foaf:knows rdfs:range foaf:Person. 

… such inconcistent misuses happen in practice! 
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cax-dw false T (C1, owl:disjointWith, C2),

T (S, rdf:type, C1), T (S, rdf:type, C2)

C3 Linked Data is NOT consistent 2/2 
!   OWL 2 RL is again a good choice to start with: 

!   OWL2 RL has a set of optional inconsistency detection rules, e.g. … 

dbr:Siemens a dbo:Organisation. 

foaf:Person owl:disjointWith foaf:Organisation. 

:dbr:Siemens a foaf:Person . 

My homepage: 

cax-dw’ Q(Src1, :conflicts, Src2, Ont) Q(C1, owl:disjointWith, C2, Ont),

Q(S, rdf:type, C1, Src1), Q(S, rdf : type, C2, Src2)

Idea: these rules could be either dropped, or extended to pinpoint to local 
inconsistencies … more on that later. 
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BONUS MATERIAL:  
O-bombs … 

8/9/13 
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Web data is noisy. 

Proof:  
08445a31a78661b5c746feff39a9db6e4e2cc5cf 

!   sha1-sum of ‘mailto:’ 
!   common value for foaf:mbox_sha1sum 

!   An inverse-functional (uniquely identifying) property!!! 
!   Any person who shares the same value will be considered the same 

Q.E.D. 

Noisy Data: Omnipotent Being 
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More proof (courtesy of http://www.eiao.net/rdf/1.0) 

rdf:type rdf:type owl:Property . 
rdf:type rdfs:label “type”@en . 
rdf:type rdfs:comment “Type of resource” . 
rdf:type rdfs:domain eiao:testRun . 
rdf:type rdfs:domain eiao:pageSurvey . 
rdf:type rdfs:domain eiao:siteSurvey . 
rdf:type rdfs:domain eiao:scenario . 
rdf:type rdfs:domain eiao:rangeLocation . 
rdf:type rdfs:domain eiao:startPointer . 
rdf:type rdfs:domain eiao:endPointer . 
rdf:type rdfs:domain eiao:header . 
rdf:type rdfs:domain eiao:runs . 

Noisy Data: Redefining everything 
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!   Crawling + Reasoning not really suitable for evolving linked data: 

C4 Linked Data is evolving 

SELECT * WHERE !
{ ?C rdf:type NYT:Org .!
  ?C dbpedia:revenue ?R .!
  ?C NYT:latestArticle ?A . !
  FILTER( ?R > 1E10 )  }!

Can’t	  be	  
sure	  that	  
crawling	  
keeps	  up	  
with	  
changes!	  

           “News on NYT about companies with a revenue 
greater than 10B” 
“Latest News on NYT about companies with a revenue 
greater than 10B” 
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!   Basic idea (originally proposed by Hartig & Bizer): 
 “Link-based-query-processing (LBQE)” 
!   Start with URIs in a SPARQL query  
!   Interleave  crawl + query processing SELECT * WHERE !

{ ?C rdf:type NYT:Org .!
  ?C dbpedia:revenue ?R .!
  ?C NYT:latestArticle ?A.!
  FILTER (?R > 1E10)  }!

HTTP GET NYT:Org	  

	  NYT:SAP	  

	  NYT:Org	  

rdf:type	  

 HTTP GET NYT:SAP	  

NYT:Org	  ?C rdf:type	  

?C	  

owl:sameAs	  

	  dbpedia:SAP_AG	  

NYT:latestAr=cle	   NYT:ar=cle20130110	   ?A	  

?C NYT:latestArticle ?A.	  

 HTTP GET NYT:ar=cle20130128_1	  

Stop.	  No	  new	  
query	  
relevant	  
results	  found	  	  

C4 Linked Data is evolving 
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!   Basic idea (originally proposed by Hartig & Bizer): 
 “Link-based-query-processing (LBQE)” 
!   Start with URIs in a SPARQL query  
!   Interleave  crawl + query processing 
      + OWL Reasoning 

C4 Linked Data is evolving 

SELECT * WHERE !
{ ?C rdf:type NYT:Org .!
  ?C dbpedia:revenue ?R .!
  ?C NYT:latestArticle ?A.!
  FILTER (?R > 1E10)  }!

HTTP GET NYT:Org	  

	  NYT:SAP	  

	  NYT:Org	  

rdf:type	  

 HTTP GET NYT:SAP	  

NYT:Org	  ?C rdf:type	  

?C	   ?A	  

?C NYT:latestArticle ?A.	  

 HTTP GET dbpedia:SAP	  

owl:sameAs	  

	  dbpedia:SAP_AG	  

NYT:latestAr=cle	   NYT:ar=cle20130110	  

owl:sameAs	  

?C	   dbpedia:revenue	   €14233000000	   ?R	  

SELECT * WHERE !
{ ?C rdf:type NYT:Org .!
  ?C dbpedia:revenue ?R .!
  ?C NYT:latestArticle ?A.!
  FILTER (?R > 1E10)  }!

How?… more on that later 
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SELECT * WHERE !
{ ?C rdf:type NYT:Org .!
  ?C dbpedia:revenue ?R .!
  ?C NYT:latestArticle ?A . !
  FILTER( ?R > 1E10 )  }!

C5: Linked data needs more than RDFS+OWL 

!   There is implicit knowledge not expressible in OWL, e.g. in the form of so called 
“attribute equations” 

“Latest News on NYT about companies with a revenue 
greater than 10B” 
“Latest News on NYT about companies with a revenue 
greater than 10B EUR” 
SELECT * WHERE !
{ ?C rdf:type NYT:Org .!
  ?C dbpedia:revenueEUR ?R .!
  ?C NYT:latestArticle ?A . !
  FILTER( ?R > 1E10 )  }!

dbr:Siemens a dbo:Organisation. 
dbr:Siemens dbo:revenueEUR 7.829E10 

dbr:SAP a dbo:Organisation. 
dbr:SAP dbo:revenueEUR 1.622E10 

dbr:IBM a dbo:Organisation. 
dbr:IBM dbo:revenueUSD 1.06916E11 

1.3 USD = 
1EUR 

dbo:revenueUSD = dbo:revenueEUR / 1.3 . 
dbo:profitEUR      =  “dbo:revenueEUR – dbo:totalExpensesEUR”. 
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Lecture Roadmap 
!   Scope/Motivation 
  (Axel) 

!   Short Introduction to RDFS+OWL 
 (Aidan) 

!   RDFS+OWL usage in Linked Data 
  (Aidan) 

!   High-level Reasoning approaches: Query rewriting vs. Materialization 
 (Axel) 

!   Challenges on Reasoning over Linked Data 
  (Axel) 

!   Practical approaches for Reasoning over Linked Data 
!   Quarantined & Authoritative Materialization (Aidan) 

!   Link-Traversal Based Query Execution with Reasoning (Aidan) 

!   Reasoning with Attribute Equations  (Axel) 

!   Wrap-up/Outlook (all) 

? 
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MATERIALISATION (I) 
Context-Dependant Reasoning 

8/9/13 
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Sindice.com 
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Reasoning over Web Data 
!   Challenges 

!   C1: Linked Data is huge 
!   C2: Linked Data is not “pure” OWL (DL) 
!   C3: Linked Data is not consistent 

!   Linked Data is Web data 
!   C4: Linked Data is Evolving 
!   C5: Linked Data needs more than RDFS+OWL 
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!  C1 (Scale): Divide and conquer! 
!   Break reasoning up into many small contexts 

Context-Dependant Reasoning in Sindice 
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!  C1 (Scale): Divide and conquer! 
!   Break reasoning up into many small contexts 

Context-Dependant Reasoning in Sindice 
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!  C3 (Web Data): Keep contexts closed! 
!   “Quarantine” reasoning within connected contexts 

Context-Dependant Reasoning in Sindice 
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Context-Dependant Reasoning Example 

foaf:Person dbo:Person 

foaf:Agent dbr:Thomas_Watson 

dbo:Person foaf:Person 

rdf:type rdfs:subClassOf 

owl:equivalentClass 

DBpedia: Thomas Watson  

DBpedia Ontology: Person 

FOAF Spec 

foaf:Person spam:BuyViagra rdfs:subClassOf 

Spam Site 

rdf:type 

rdf:type 

rdf:type 
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Core Intuition … 

By using a URI to name a thing or property or 
class (e.g., dbo:Person), you are providing  a 
link that implicitly validates the contents of 
the document that URI links to (the DBpedia 
page describing dbo:Person) and the 
recursive links from that document (e.g., the 
FOAF spec for foaf:Person). 
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Building Context through Links 

dbo:Person 

dbr:Thomas_Watson 

dbo:Person foaf:Person 

rdf:type 

owl:equivalentClass 

DBpedia: Thomas Watson  

DBpedia Ontology: Person 

rdf:type 

dbo:founded dbr:IBM dbr:IBM 

DBpedia: IBM  

dbo:Company 

rdf:type 

!   From data: dereference properties and values of rdf:type 
!   From vocabularies: follow all OWL/RDFS links 
!   From all: follow owl:imports links 

!   (Erm: not in example. Imagining it is left as exercise for the audience.) 

Customisable! 
(e.g., add owl:sameAs) 
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DBpedia: Thomas Watson  

Context for Provenance 

foaf:Person dbo:Person 

foaf:Agent dbr:Thomas_Watson 

dbo:Person foaf:Person 

rdf:type rdfs:subClassOf 

owl:equivalentClass 

DBpedia Ontology: Person 

FOAF Spec 

rdf:type 

!   Contexts created as conjunction of sources 
!   Inferences assigned provenence based on context 

s2 

s1 s3 s1 ∧ 
s2 

rdf:type 
s1 ∧ s2 ∧ s3 
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DBpedia: Thomas Watson  ??? (Any Document) 

Context Re-use 

foaf:Person dbo:Person 

foaf:Agent dbr:Thomas_Watson 

dbo:Person foaf:Person 

rdf:type rdfs:subClassOf 

owl:equivalentClass 

DBpedia Ontology: Person 

FOAF Spec 

rdf:type 

rdf:type ??? 

!   Context links for vocabularies not dependant on “data” documents 
!   Re-use/cache common contextual links in an “Ontology Base” 

!   e.g., the link from DBpedia Ontology Person → FOAF Specification 

!   Pre-materialise inferences from s2, s3 and s2 ∧ s3 

s2 

s3 rdf:subClassO
f s2 ∧ 

s3 
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foaf:Person 

foaf:Agent 

dbo:Person foaf:Person 

rdfs:subClassOf 

owl:equivalentClass 

DBpedia Ontology: Person 

FOAF Spec 

s2 

s3 rdf:subClassO
f s2 ∧ 

s3 

foaf:Person 

foaf:Agent 

dbo:Person foaf:Person 

rdfs:subClassOf 

owl:equivalentClass 

DBpedia Ontology: Person 

FOAF Spec 

s2 

s3 rdf:subClassO
f s2 ∧ 

s3 

Parallelisation 
!   Ontology Base replicated on machine 
!   Other docs reasoned over in parallel 

foaf:Person 

foaf:Agent 

dbo:Person foaf:Person 

rdfs:subClassOf 

owl:equivalentClass 

DBpedia Ontology: Person 

FOAF Spec 

s2 

s3 rdf:subClassO
f s2 ∧ 

s3 

DBpedia: Thomas Watson  

dbo:Person 

dbr:Thomas_Watson 

rdf:type s1 

DBpedia: IBM 

dbo:Company 

dbr:IBM 

rdf:type s4 

DBpedia: SAP 

dbo:Company 

dbr:SAP 

rdf:type s5 
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Sindice Reasoning Profile 
!   pD* (aka. OWL Horst) 
!   Rule-based (Datalog-style) inferencing 
!   Support for (incomplete) OWL 1 Full 

pD* Supports (partially) | pD* Does Not Support (at all) |  No inference required 
x-axis is log-scale! 

8/9/13 
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Context-Dependent Ontology Base 
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Caching Ontology Closure 

!   Reuse of ontology closures 
across entities follows a 
power-law(-like) distribution 

!   Cache most recently used 
ontology closures 
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Optimisation with Ontology Base 

!   Computation of the T-Box 
closure: most time consuming 
operation 

!   It becomes negligible when the 
ontology base is activated 
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Optimisation with Ontology Base 

!   At the beginning, the reasoning 
time is very high 

!   After 10,000 entities, reach 
steady state of performance 
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Distributed Performance 

!   One node is in charge of 
computing the deductive closure 
of one context 

!   Distributed model scales linearly 
with the number of nodes 

!   Context is generally small 
enough to be kept in memory 
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Linked Data Reasoning In Action: Sindice 
!   Context reasoning mechanism 

!   Avoid deduction of undesirable assertions 
!   Efficient distributed computing model 

!   Methodology deployed in production since 2008 
!   More than 370 million documents 
!   More than 40 billion triples (20 billion triples inferred) 
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Renaud Delbru, Giovanni Tummerello and Axel Polleres. “CONTEXT-DEPENDENT OWL REASONING IN 
SINDICE –  EXPERIENCES AND LESSONS LEARNT ". In the Proceedings of the 5th International 
Conference on Web Reasoning and Rule Systems (RR). 2011. 

More Details … 
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Misses inferences across documents … 

skos:broader skos:broaderTransitive rdfs:subPropertyOf 

SKOS Ontology owl:TransitiveProperty 
rdf:type 

dbr:Siemens dcterms:subject 

dbc:Electronics_Companie
s skos:broade

r 

dbc:Phone_Manufacturer
s 

dbc:Electronics_Companie
s skos:broade

r 
dbc:Tech_Companies 

dbc:Phone_Manufacturer
s 

DBpedia: Elect. Companies Category 

DBpedia: Phone Manufacturers Category 

DBpedia: Siemens 

SELECT ?techCompany 
WHERE { 
  ?techCompany dcterms:subject ?s . 
  ?s skos:broaderTransitive dbc:Tech_Companies . 
} 
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MATERIALISATION (II) 
Authoritative Reasoning 

8/9/13 
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Reasoning over Web Data 
!   Challenges 

!   C1: Linked Data is huge 
!   C2: Linked Data is not “pure” OWL (DL) 
!   C3: Linked Data is not consistent 

!   Linked Data is Web data 
!   C4: Linked Data is Evolving 
!   C5: Linked Data needs more than RDFS+OWL 
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!  Instead of breaking up reasoning into small 
contexts … 

Authoritative Reasoning: Global Axioms 



150 

!  Return to reasoning over one big graph … 
!   But only for “trusted” data! 

Authoritative Reasoning: Global Axioms 
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Inferences across documents … 

skos:broader skos:broaderTransitive rdfs:subPropertyOf 

SKOS Ontology owl:TransitiveProperty 
rdf:type 

dbr:Siemens dcterms:subject 

dbc:Electronics_Companie
s skos:broade

r 

dbc:Phone_Manufacturer
s 

dbc:Electronics_Companie
s skos:broade

r 
dbc:Tech_Companies 

dbc:Phone_Manufacturer
s 

DBpedia: Elect. Companies Category 

DBpedia: Phone Manufacturers Category 

DBpedia: Siemens 
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Inferences across documents … 

skos:broader skos:broaderTransitive rdfs:subPropertyOf 

owl:TransitiveProperty 
rdf:type 

dbr:Siemens 
dcterms:subject 

dbc:Electronics_Companie
s 

skos:broade
r 

dbc:Phone_Manufacturer
s 

skos:broade
r 

dbc:Tech_Companies 

skos:broaderTransitive 

skos:broaderTransitive 

skos:broaderTransitive 
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But what about … 

foaf:Person dbo:Person 

foaf:Agent dbr:Thomas_Watson 

dbo:Person foaf:Person 

rdf:type rdfs:subClassOf 

owl:equivalentClass 

DBpedia: James Watson  

DBpedia Ontology: Person 

FOAF Spec 

foaf:Person spam:BuyViagra rdfs:subClassOf 

Spam Site 

rdf:type 

rdf:type 
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But what about … 

foaf:Agent dbr:Thomas_Watson 

dbo:Person foaf:Person 

rdf:type rdfs:subClassOf 

owl:equivalentClass 

foaf:Person spam:BuyViagra rdfs:subClassOf 

rdf:type 

rdf:type 

rdf:type 
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But what about … 

foaf:Person dbo:Person 

foaf:Agent dbr:Thomas_Watson 

dbo:Person foaf:Person 

rdf:type rdfs:subClassOf 

owl:equivalentClass 

DBpedia: James Watson  

DBpedia Ontology: Person 

FOAF Spec 

foaf:Person spam:BuyViagra rdfs:subClassOf 

Spam Site 
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But what about … 

foaf:Person dbo:Person 

foaf:Agent dbr:Thomas_Watson 

dbo:Person foaf:Person 

rdf:type rdfs:subClassOf 

owl:equivalentClass 

DBpedia: Thomas Watson  

DBpedia Ontology: Person 

FOAF Spec 

foaf:Person spam:BuyViagra rdfs:subClassOf 

Spam Site 
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Which axioms to trust … 
!   The FOAF Spec states: 

“All instances of foaf:Person are 
 instances of foaf:Agent” 

foaf:Person 

foaf:Agent 

rdfs:subClassOf 

FOAF Spec 
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Which axioms to trust … 

!   The Spam Site states: 
“All instances of foaf:Person are 
 instances of foaf:Agent” 

foaf:Person 

foaf:Agent 

rdfs:subClassOf 

foaf:Person spam:BuyViagra rdfs:subClassOf 

Spam Site 
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Which axioms to trust … 

!   The DBpedia page says 
“All instances of dbo:Person are instances of    
foaf:Person”  

and  
“All instances of foaf:Person are instances of 
dbo:Person” 

dbo:Person foaf:Person owl:equivalentClass 

DBpedia Ontology: Person 

foaf:Person 

foaf:Agent 

rdfs:subClassOf 

rdfs:subClassOf 
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Which axioms to trust … 

!   The DBpedia page says 
“dbr:Thomas_Watson is an instance of 
dbo:Person” 

dbo:Person foaf:Person 

foaf:Person 

foaf:Agent 

rdfs:subClassOf 

rdfs:subClassOf 

dbo:Person 

dbr:Thomas_Watson 

rdf:type 

DBpedia: Thomas Watson  
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Authoritative reasoning … 
!   The FOAF Spec states: 

“All instances of foaf:Person are 
 instances of foaf:Agent” 

foaf:Person(?x) → foaf:Agent(?x) 
foaf:Person 

foaf:Agent 

rdfs:subClassOf 

FOAF Spec 
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Authoritative reasoning … 

!   The Spam Site states: 
“All instances of foaf:Person are 
 instances of foaf:Agent” 

foaf:Person spam:BuyViagra rdfs:subClassOf 

Spam Site 

foaf:Person(?x) → spam:BuyViagra(?x)  
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Authoritative reasoning … 

!   The DBpedia page says 
“All instances of dbo:Person are instances of    
foaf:Person”  

and  
“All instances of foaf:Person are instances of 
dbo:Person” 

dbo:Person foaf:Person owl:equivalentClass 

DBpedia Ontology: Person 

owl:equivalentClas
s 

foaf:Person(?x) → dbo:Person(?x)  

dbo:Person(?x) → foaf:Person(?x)  
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Authoritative reasoning … 

foaf:Person dbo:Person 

foaf:Agent dbr:Thomas_Watson 

dbo:Person foaf:Person 

rdf:type rdfs:subClassOf 

owl:equivalentClass 

DBpedia: Thomas Watson  

DBpedia Ontology: Person 

FOAF Spec 

foaf:Person spam:BuyViagra rdfs:subClassOf 

Spam Site 
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Apply Rules … 

dbo:Person 

dbr:Thomas_Watson 

rdf:type 

DBpedia: Thomas Watson  

dbo:Person(?x) → foaf:Person(?x) 
foaf:Person(?x) → foaf:Agent(?x) 
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Apply Rules to Data … 

dbo:Person 

dbr:Thomas_Watson 

rdf:type 

DBpedia: Thomas Watson  

dbo:Person(?x) → foaf:Person(?x) 
foaf:Person(?x) → foaf:Agent(?x) 

foaf:Person 

foaf:Agent 

rdf:type 

rdf:type 
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Inferences across documents … 

skos:broader skos:broaderTransitive rdfs:subPropertyOf 

SKOS Ontology owl:TransitiveProperty 
rdf:type 

skos:broader(?x,?y) → skos:broaderTransitive(?x,y) 
skos:broaderTransitive(?x,?y), skos:broaderTransitive(?y,?z) → 
skos:broaderTransitive(?x,?z)  
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Inferences across documents … 

dbr:Siemens dcterms:subject 

dbc:Electronics_Companie
s skos:broade

r 

dbc:Phone_Manufacturer
s 

dbc:Electronics_Companie
s skos:broade

r 
dbc:Tech_Companies 

dbc:Phone_Manufacturer
s 

DBpedia: Elect. Companies Category 

DBpedia: Phone Manufacturers Category 

DBpedia: Siemens 

skos:broader(?x,?y) → skos:broaderTransitive(?x,?y) 
skos:broaderTransitive(?x,?y), skos:broaderTransitive(?y,?z) → 
skos:broaderTransitive(?x,?z)  
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Inferences across documents … 

dbr:Siemens dcterms:subject 

dbc:Electronics_Companie
s skos:broade

r 

dbc:Phone_Manufacturer
s 

dbc:Electronics_Companie
s skos:broade

r 
dbc:Tech_Companies 

dbc:Phone_Manufacturer
s 

skos:broader(?x,?y) → skos:broaderTransitive(?x,?y) 
skos:broaderTransitive(?x,?y), skos:broaderTransitive(?y,?z) → 
skos:broaderTransitive(?x,?z)  
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Inferences across documents … 

dbr:Siemens 
dcterms:subject 

dbc:Electronics_Companie
s 

skos:broade
r 

dbc:Phone_Manufacturer
s 

skos:broade
r 

dbc:Tech_Companies 

skos:broaderTransitive 

skos:broader(?x,?y) → skos:broaderTransitive(?x,?y) 
skos:broaderTransitive(?x,?y), skos:broaderTransitive(?y,?z) → 
skos:broaderTransitive(?x,?z)  

skos:broaderTransitive 

skos:broaderTransitive 
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Reasoning over Web Data 
!   Challenges 

!   C1: Linked Data is huge 
!   C2: Linked Data is not “pure” OWL (DL) 
!   C3: Linked Data is not consistent 

!   Linked Data is Web data 
!   C4: Linked Data is Evolving 
!   C5: Linked Data needs more than RDFS+OWL 
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How can we do transitive reasoning like 
this on a Web scale graph? 

dbr:Siemens 
dcterms:subject 

dbc:Electronics_Companie
s 

skos:broade
r 

dbc:Phone_Manufacturer
s 

skos:broade
r 

dbc:Tech_Companies 

skos:broaderTransitive 

skos:broader(?x,?y) → skos:broaderTransitive(?x,?y) 
skos:broaderTransitive(?x,?y), skos:broaderTransitive(?y,?z) → 
skos:broaderTransitive(?x,?z)  

skos:broaderTransitive 

skos:broaderTransitive 
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How can we do transitive reasoning like this 
on a Web scale graph? (You can’t reliably) 
!   Transitivity is quadratic in output: O(n2) 

!   Though that’s tractable, it’s definitely not tractable 
!   Transitivity cannot be effectively parallelised 

!   Throwing more machines at the problem won’t help 
!   You can do some transitivity, maybe all transitivity, but in practice, 

you cannot guarantee these features over a Web-scale database 

… and the problem is not just transitivity 
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Take the Easy Way Out … 

!   Only use rules with one condition (1 body atom): 
!   skos:broader(?x,?y) → skos:broaderTransitive(?x) 
!   dbo:Person(?x) → foaf:Person(?x) 
!   foaf:Person(?x) → foaf:Agent(?x) 
!   “Linear rules” 

!   Leave out the rules with more than one condition (>1 body atom) 
!   skos:broaderTransitive(?x,?y), skos:broaderTransitive(?y,?z) → 

skos:broaderTransitive(?x,?z)  

!   Remaining rules relatively easy to run … parallelisable … scalable … 

!   But is this a gross simplification?  
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A Gross Simplification? 
!   RDFS/OWL features that can be “covered” by linear rules 
!   RDFS covered in its entirety 

Covered | Partial | Not Covered |  No inference required 
x-axis is log-scale! 

8/9/13 
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skos:broader(?x,?y) → skos:broaderTransitive(?x,?
y) 

dbo:Person(?x) → foaf:Person(?x) 
foaf:Person(?x) → foaf:Agent(?x) 

skos:broader(?x,?y) → skos:broaderTransitive(?x,?
y) 

dbo:Person(?x) → foaf:Person(?x) 
foaf:Person(?x) → foaf:Agent(?x) 

skos:broader(?x,?y) → skos:broaderTransitive(?x,?
y) 

dbo:Person(?x) → foaf:Person(?x) 
foaf:Person(?x) → foaf:Agent(?x) 

Parallelisation 
!   Rule Base replicated 
!   Data reasoned over in parallel (no joins; embarrassingly parallel) 

DBpedia: James Watson  

dbo:Person 

dbr:Thomas_Watson 

rdf:type s1 

DBpedia: IBM 

dbo:Company 

dbr:IBM 

rdf:type s4 

DBpedia: SAP 

dbo:Company 

dbr:SAP 

rdf:type s5 
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Application for SWSE 
!   Apply reasoning over 1.1 billion RDF triples from 4.4 million Web 

documents (an open-domain unguided Web crawl) 
!   Guaranteed to be a lot of crap in there! 
!   May 2010: Dataset still up on http://swse.deri.org/ (I hope :P) 
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Five authoritative rules for (164 million) members of foaf:Person 
!   foaf:Person(?x) → foaf:Agent(?x) 
!   foaf:Person(?x) → wgs84:SpatialThing(?x) 
!   foaf:Person(?x) → contact:Person(?x) 
!   foaf:Person(?x) → dcterms:Agent(?x) 
!   foaf:Person(?x) → contact:SocialEntity(?x) 

Twenty-five non-authoritative rules dropped: 
!   foaf:Person(?x) → po:Person(?x)  
!   foaf:Person(?x) → aifb:Kategorie-3AAIFB(?x) 
!   foaf:Person(?x) → b2r2008:Controlled-vocabularies(?x) 

!   … 
Final Rule Base contains 

301 thousand rules 

Example Noise … 
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Materialisation … 

!   Use the 301 thousand rules to apply materialisation 
!   Over 1.1 billion triples 

!   But how to handle so many rules? 
!   They’re simple (one condition) but there’s a lot of them … 

8/9/13 
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Naïve: Run all rules against all triples 

!   Scan all of the data 
!   Try each rule against each input triple 

!   If there’s an inference, apply recursion 

!   301k rules applied to 2.1 billion triples (input+inferred) 
!   = 750 trillion rule applications 

8/9/13 

Projected to take 19 years 
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Optimisation: In-memory Rule index … 

foaf:primaryTopic(?x,?y) .  
→ foaf:isPrimaryTopicOf(?y,?x) . 

foaf:topic(?x,?y) . 
→ foaf:page(?y,?x) . 

foaf:homepage(?x,?y)  
→ foaf:isPrimaryTopicOf(?x,?y) 

foaf:isPrimaryTopicOf(?x,?y) 
→ foaf:page(?x,?y) 

foaf:primaryTopic(?x,?y) 
→ foaf:topic(?x,?y) 

ex:hp foaf:primaryTopic ex:me .  

ON-DISK A-BOX 

foaf:primaryTopic(?x,?y) 
→ foaf:isPrimaryTopicOf(?y,?x)  

foaf:primaryTopic(?x,?y) 
→ foaf:topic(?x,?y) 

OWL 2 RL/RDF: prp-inv1, prp-spo1 
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foaf:primaryTopic(?x,?y) 
→ foaf:isPrimaryTopicOf(?y,?x) 

foaf:isPrimaryTopicOf(?x,?y) 
→ foaf:page(?x,?y) 

foaf:page(?x,?y) 
→ foaf:topic(?y,?x) 

Optimisation: Linked Rule index … 



183 

22.1 hours  
19 years 

Optimisation: Linked Rule index … 
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foaf:primaryTopic(?x,?y) 
→ foaf:isPrimaryTopicOf(?y,?x) 

foaf:primaryTopic(?x,?y) 
→ foaf:topic(?x,?y) + 

foaf:primaryTopic(?x,?y) 
→ foaf:isPrimaryTopicOf(?y,?x) 

foaf:topic(?x,?y) 

Optimisation: Merge Rules … 
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17.7 hours 
22.1 hours 
19 years  

Optimisation: Merge Rules … 
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foaf:primaryTopic(?x,?y) 
→ foaf:isPrimaryTopicOf(?y,?x) 

foaf:isPrimaryTopicOf(?x,?y) 
→ foaf:page(?x,?y) 

foaf:topic(?y,?x) 
foaf:page(?x,?y) 
→ foaf:topic(?y,?x) 

Failed Optimisation: Close Rules … 

foaf:primaryTopic(?x,?y) 
→ foaf:isPrimaryTopicOf(?y,?x) 

foaf:page(?y,?x) 
foaf:topic(?x,?y) 
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19.5 hours  
17.7 hours 
22.1 hours 
19 years 

Failed Optimisation: Close Rules … 
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Reasoning Performance: One Machine … 
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!   Eight machines, 4GB main memory, 2.2 GHz 

!   Fastest: 

8 machines: Total 3.35 hours 

minutes 

Distributed Computation … 
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Reasoning over Web Data 
!   Challenges 

!   C1: Linked Data is huge 
!   C2: Linked Data is not “pure” OWL (DL) 
!   C3: Linked Data is not consistent 

!   Linked Data is Web data 
!   C4: Linked Data is Evolving 
!   C5: Linked Data needs more than RDFS+OWL 
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Dealing with Inconsistency 

W3C W3C foaf:knows Tim-Berners-Lee 

foaf:Organization 

type 

foaf:knows 

Ivan-Herman 
foaf:knows 

domain 
foaf:Perso

n foaf:Organization disjoint 

!   foaf:Organization(W3C)       [W3C is an Organization] 
!   foaf:knows(W3C,…)        [W3C knows various people] 
!   ⊤ ⊑ ∀ foaf:knows−.foaf:Person       [People know People] 
!   ∴ foaf:Person(W3C)        [W3C is a Person] 
!   foaf:Person ⊓ foaf:Organization ≡ ⊥ [Person and Organisation are disjoint] 

!   (Something can’t be both a Person and an Organisation at the same time) 

∴ W3C is inconsistent! 

foaf:Person 

type 
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What Would Google Do? 
PageRank: Compute prominence of documents 

Compute probability of being at each document after a “long walk” 

{fa,1 … fa,n} f a 

e b 

d c 

0.265 0.225 

0.138 0.127 

0.074 0.172 
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!   foaf:Organization(W3C) [0.662] 

!   foaf:knows(W3C,Tim-Berners-Lee) [0.127] 
!   foaf:knows(W3C,Ivan-Herman) [0.107] 
!   ⊤ ⊑ ∀ foaf:knows−.foaf:Person [0.8] 

!   foaf:knows(?x,?y) → foaf:Person(?x) [0.8] 

!   ∴ foaf:Person(W3C) [max(min(0.127,0.8),min(0.107,0.8))] 
!   ∴ foaf:Person(W3C) [0.127] 

Annotated Logic Program Framework 
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Dealing with Inconsistency 
!   foaf:Organization(W3C)       [0.662] 
!   foaf:Person(W3C)        [0.127] 
!   foaf:Person ⊓ foaf:Organization ≡ ⊥ [0.8] 

∴ W3C is inconsistent! 
(Minimal repair based on annotated ranks) 

What if a fact is involved in multiple inconsistencies?  
!   One “strong” fact vs. multiple weak facts 
!   Minimal Hitting Set problem 
!   We implement a greedy strategy: “cheapest first” repair 
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Inconsistencies Found 
~294k ill-typed datatypes 
~7k members of disjoint classes 
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Aidan Hogan, Jeff Z. Pan, Axel Polleres and Stefan Decker. "SAOR: TEMPLATE RULE OPTIMISATIONS 
FOR DISTRIBUTED REASONING OVER 1 BILLION LINKED DATA TRIPLES ". In the Proceedings of the 9th 
International Semantic Web Conference (ISWC2010), Shanghai, China, November 2010. 

More Details … 
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Jacopo Urbani, Spyros Kotoulas, Jason Maassen, Frank van Harmelen, Henri E. Bal. "OWL 
REASONING WITH WEBPIE: CALCULATING THE CLOSURE OF 100 BILLION TRIPLES". In the Proceedings 
of the 7th Extended Semantic Web Conference (ESWC2010), Heraklion, Greece, June 2010. 

More Details … 
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More Details … 

Piero A. Bonatti, Aidan Hogan, Axel Polleres and Luigi Sauro. "ROBUST AND SCALABLE LINKED DATA 
REASONING INCORPORATING PROVENANCE AND TRUST ANNOTATIONS". In the Journal of Web 
Semantics 9(2): pp. 165–201, 2011. 



199 

More Details … 

8/9/13 

Aidan Hogan, Antoine Zimmermann, Jürgen Umbrich, Axel Polleres and Stefan Decker. "SCALABLE 
AND DISTRIBUTED METHODS FOR ENTITY MATCHING, CONSOLIDATION AND DISAMBIGUATION OVER LINKED 
DATA CORPORA ". In the Journal of Web Semantics 10: pp. 76–110, 2012 
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LIVE REASONING 
Look mommy, no warehouse 

8/9/13 
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fast query 
times 

outdated 
results 

limited 
coverage 

26/11/2
012 

Problems with Warehousing 
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fast query 
times 

outdated 
results 

limited 
coverage 

26/11/2
012 

Problems with Warehousing (what if …) 

SELECT ?f ?img  
WHERE {  
   oh:olaf foaf:knows ?f . 
   ?f foaf:depiction ?img . 
}  
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?f ?img ?f ?img 
cb:chris 

?f ?img 
cb:chris http://.. 

SELECT ?f ?img  
WHERE {  
   oh:olaf foaf:knows ?f . 
   ?f foaf:depiction ?img . 
}  

http://... cb:chris 

foaf:knows 

cbDoc: 

rdfs:seeAlso 

dblpA:Olaf_Hartig 

owl:sameAs 
foaf:img 

foaf:name Olaf Hartig  dereferencing URIs 
  following links 

Use Linked Data principles: 
ohDoc: 

oh:olaf 

cbDoc: 

http://... 
dblpA:Christian

_Bizer 

owl:sameAs 
foaf:depiction 

cb:chris 

Chris  Bizer 

foaf:name 

cb:chris 

foaf:knows 

oh:olaf 

cbDoc: 

rdfs:seeAlso 

http://... 

foaf:depiction 
cb:chris 

26/11/2
012 

LTBQE: Link Traversal Based Query Execution 
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ohDoc: 

oh:olaf 

http://... cb:chris 

foaf:knows 

cbDoc: 

rdfs:seeAlso 

dblpA:Olaf_Hartig 

owl:sameAs 
foaf:img 

foaf:name “Olaf Hartig” 

dblpADoc:Olaf_Hartig 

dblpA:Olaf_Hartig 

dblpP:Hartig09 
foaf:maker foaf:name 

“Olaf Hartig” 

SELECT  ?p2 
WHERE {  
   ?person foaf:name ?name . 
} 

No URI to Deref. 

26/11/2
012 

PhD Viva, Jürgen Umbrich 

Limitations of LTBQE … 
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ohDoc: 

oh:olaf 

http://... cb:chris 

foaf:knows 

cbDoc: 

rdfs:seeAlso 

dblpA:Olaf_Hartig 

owl:sameAs 
foaf:img 

foaf:name “Olaf Hartig” 

dblpADoc:Olaf_Hartig 

dblpA:Olaf_Hartig 

dblpP:Hartig09 
foaf:maker foaf:name 

“Olaf Hartig” 

SELECT  ?p2 
WHERE {  
   oh:olaf foaf:name ?name . 
   ?p2 foaf:name ?name   . 
} 

Join over Literal 

26/11/2
012 

PhD Viva, Jürgen Umbrich 

Limitations of LTBQE … 
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LTBQE Practical Issues … 

!   Query time is influenced by 
!   Source selection 
!   Number of sequential HTTP lookups 

!   Result Recall is influenced by 
!   Dereferenceability 
!   Execution Order 
!   Query features 
!   Connectivity 

!   Reasoning can find new connections: 
!   owl:sameAs reasoning 
!   Lightweight RDFS reasoning 

26/11/2
012 
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ohDoc: 

oh:olaf 

http://... cb:chris 

foaf:knows 

cbDoc: 

rdfs:seeAlso 

dblpA:Olaf_Hartig 

owl:sameAs 
foaf:img 

cbDoc: 

http://... 
dblpA:Christian_

Bizer 

owl:sameAs 
foaf:depiction 

cb:chris 

Chris  Bizer 

foaf:name 

foaf:name Olaf Hartig 

foaf:name rdfs:label rdfs:subPropertyOf 

owl:sameAs 

foaf:name 

SELECT ?label WHERE {  
   oh:olaf foaf:knows ?f . 
   ?f rdfs:label ?label . 
}  

26/11/2
012 

PhD Viva, Jürgen Umbrich 
dblpADoc:Christian_Bizer 

dblpP:Hartig09 

dblpA:Christian
_Bizer 

foaf:maker 

Christian Bizer 
rdfs:label 

LTBQE: Add “Live” Reasoning 

?label 

Christian Bizer 

Chris Bizer 
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BTC 2011 

18.65m URIs  

position %URIs data increase 

<u> rdfs:seeAlso ?o  2% 1.006x 

<u> owl:sameAs ?o 16% 2.5x 

RDFS reasoning* 81% 1.78 x 

*rdfs:subClassOf, rdfs:subPropertyOf, rdfs:domain, rdfs:range 
Using static schema data 

26/11/2
012 

LTBQE Analysis: Benefits of Reasoning 
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BTC 2011 
entity queries star queries

path queriesQWalk:  
Random walk based 
query generation. 

1100 queries  
  100 each for  
    11 shapes 

How does reasoning perform in practice? 

Existing benchmarks target either a single domain or 
provide only  a few queries. 

26/11/2
012 

Query Benchmark 

Run them live. 
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LTBQE Base seeAls
o 

sameA
s 

RDFS Comb 

entity-s 1.00 1.68 1.67 2.15 1.29 1.53 
entity-o 3.97 6.48 6.16 5.70 5.37 4.33 
entity-so 2.02 2.82 2.66 3.71 3.73 4.80 
star-3-0 0.11 0.16 0.15 0.15 0.24 0.20 
star-2-1 0.58 1.12 1.00 1.04 2.14 1.75 
star-1-2 0.17 1.60 1.35 1.60 70.97 58.85 
star-0-3 0.18 0.35 0.33 0.94 0.24 0.68 
s-path-2 0.44 0.72 0.68 0.70 0.83 0.78 
s-path-3 1.76 2.45 2.56 2.46 2.43 2.10 
o-path-2 1.38 8.39 7.76 10.55 6.36 6.89 
o-path-3 0.95 5.70 5.84 6.08 5.04 4.68 

worst best 

Overall average query time of ~12 seconds. 
26/11/2
012 

Slide 
210 of 
39 

Query Throughput: Avg. Results/Second 
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Olaf Hartig. “SPARQL FOR A WEB OF LINKED DATA: SEMANTICS AND COMPUTABILITY". In the 
Proceedings of the 9th Extended Semantic Web Conference (ESWC). 2012. 

More Details … 
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Andreas Harth, Sebastian Speiser. "ON COMPLETENESS CLASSES FOR QUERY EVALUATION ON 
LINKED DATA.". In the Proceedings of the 26th AAAI Conference on Artificial Intelligence (AAAI 
2012), Toronto, Ontario, Canada, 22–26 July, 2012. 

More Details … 



213 

Jürgen Umbrich, Aidan Hogan, Axel Polleres and Stefan Decker. "IMPROVING THE RECALL OF 
LIVE LINKED DATA QUERYING THROUGH REASONING.". In the Proceedings of the 6th 
International Conference on Web Reasoning and Rule Systems (RR 2012), Vienna, Austria, 
10–12 September, 2012. 

More Details … 
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NUMERIC REASONING … 
Without using fingers 

8/9/13 
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SELECT * WHERE !
{ ?C rdf:type NYT:Org .!
  ?C dbpedia:revenue ?R .!
  ?C NYT:latestArticle ?A . !
  FILTER( ?R > 1E10 )  }!

C5: Linked data needs more than RDFS+OWL 

!   There is implicit knowledge not expressible in OWL, e.g. in the form of attribute 
equations 

“Latest News on NYT about companies with a revenue 
greater than 10B” 
“Latest News on NYT about companies with a revenue 
greater than 10B EUR” 
SELECT * WHERE !
{ ?C rdf:type NYT:Org .!
  ?C dbpedia:revenueEUR ?R .!
  ?C NYT:latestArticle ?A . !
  FILTER( ?R > 1E10 )  }!

dbr:IBM a dbo:Organisation. 
dbr:IBM dbo:revenueUSD 1.06916E11 

1.3 USD = 
1 EUR 

dbo:revenueUSD = dbo:revenueEUR * 1.3 . 
dbo:profitEUR      =  “dbo:revenueEUR – dbo:totalExpensesEUR”. 

Questions: 
!   Can such equational knowledge co-exist with OWL? 
!   Can rule-based materialization and/or query rewriting be used  

 to exploit it? 
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Extending RDFS by attribute equations: 

Stefan Bischof, Axel Polleres. ESWC2013 
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!   Lot’s of numeric data out there in linked data that’s “convertible” by such 
equations… e.g.  http://live.dbpedia.org/Mannheim 

has dbo:areaTotal dbo:populationTotal, but misses dbo:populationDensity  
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Can equational knowledge co-exist with OWL? 
!   Can equational knowledge co-exist with OWL? 

!   We need a syntax & define a formal semantics 

!   Syntax: 

!   Semantics: 
!   Requirements: 

!   “Fit” with common model-theoretic semantics for OWL and RDFS 
!   Treat equivalent equations equivalently: 

dbo:revenueUSD               = dbo:revenueEUR  * 1.3. 
dbo:profitEUR                   =  “dbo:revenueEUR – dbo:totalExpensesEUR”. 

dbo:revenueUSD  :defineByEquation “dbo:revenueEUR * 1.3” . 
dbo:revenueEUR  :defineByEquation “dbo:revenueEUR - dbo:totalExpensesEUR” . 
dbo:populationDensity :defineByEquation “dbo:areaTotal / dbo:populationTotal” .  

dbo:revenueUSD = dbo:revenueEUR * 1.3.  

dbo:revenueEUR = dbo:revenuUSD / 1.3 .  

dbo:populationDensity     =  “dbo:populationTotal / dbo:areaTotal”. 
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dbo:population rdfs:subPropertyOf dbo:populationTotal . 

Can equational knowledge co-exist with OWL? 

!   Interpretations of inclusion axioms are as usual, e.g. 
!   A sub-property axiom sp 
 U1 rdfs:subPropertyOf U2 

  is satisfied in  

!   NEW: A  property equation axiom e 
  U0  :defineByEquation “f(U1,…Un)” .  
is satisfied in 

!    An interpretation     is a model it satisfies  
!   all inclusion axioms 
!   all variants of all equation axioms 

0 

) 

!   An Interpretation    interpret datatype properties U as binary relations between 
domain elements and Data-Values (for simple equations rational numbers are sufficient):  

For those with a DL background (others stay tuned until tomorrow’s lecture) 

dbr:Mannheim dbo:populationTotal 311142. 

dbo:populationDensity :definedByEquation “dbo:populationTotal / dbo:areaTotal” . 

dbr:Mannheim dbo:populationDensity 2146.39 . 

dbr:Mannheim dbo:population 311142 . 

dbr:Mannheim dbo:populationTotal 311142 . 
dbr:Mannheim dbo:areaTotal 144.96 . 
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Can equational knowledge co-exist with OWL? 

!   Interpretations of inclusion axioms are as usual, e.g. 
!   A sub-property axiom sp 
 U1 rdfs:subPropertyOf U2 

  is satisfied in  

!   NEW: A  property equation axiom e 
  U0  :defineByEquation “f(U1,…Un)” .  
is satisfied in 

!    An interpretation     is a model it satisfies  
!   all inclusion axioms 
!   all variants of all equation axioms 

0 

) 

!   An Interpretation    interpret datatype properties U as binary relations between 
domain elements and Data-Values (for our simple equations rational numbers are 
sufficient):  

dbo:populationDensity :definedByEquation “dbo:populationTotal / dbo:areaTotal” . 

dbr:Mannheim dbo:populationTotal 311142 . 
dbr:Mannheim dbo:areaTotal 0. 

dbo:populationTotal :definedByEquation “dbo:populationDensity * dbo:areaTotal”.  
dbo:areaTotal :definedByEquation “dbo:populationTotal / dbo:populationDensity” . 
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dbr:Mannheim dbo:population 311142 . 
dbr:Mannheim dbo:area 144.96 . 

dbr:Mannheim dbo:area 3.00000000003. 

dbr:Mannheim dbo:popDensity 0.66666666. 

!   Rule-based Materialization: 

Can materialization and/or query rewriting be used? 

(S, popDensity, PD) (S, population, P ), (S, area, A), PD := P/A, A 6= 0.
(S, area, PD)  (S, population, P ), (S, popDensity, PD), A := P/PD,PD 6= 0.
(S, population, P )  (S, area, A), (S, popDensity, PD), P := A ⇤ PD.

dbr:Mannheim dbo:population 2. 
dbr:Mannheim dbo:area 3. 

… potentially infinite values by rounding errors. 

Similarly, for ambiguous values (assume 2 population values for Mannheim) 

dbr:Mannheim dbo:population  1.99999998002. 
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q(PD) (S, popDensity, PD0), (S, area, A0), (S, area, A), PD := P/A, P := PD0 ⇤A0

(S, popDensity, PD) (S, population, P ), (S, area, A), PD := P/A, A 6= 0.
(S, area, PD)  (S, population, P ), (S, popDensity, PD), A := P/PD,PD 6= 0.
(S, population, P )  (S, area, A), (S, popDensity, PD), P := A ⇤ PD.

!   Rewriting? Again consider clausal form of all variants of equations: 

Can materialization and/or query rewriting be used? 

dbr:Mannheim dbo:population 311142 . 
dbr:Mannheim dbo:area 144.96 . 

SELECT ?PD WHERE { :Mannheim dbo:popDensity ?PD}!

q(PD) (S, popDensity, PD)
q(PD) (S, population, P ), (S, area, A), PD := P/A

… infinite expansion even if only 1 equation is considered. 
Solution: “blocking” recursive expansion of the same equation for the same value. 
SELECT ?PD WHERE { {:Mannheim dbo:popDensity ?PD }!
                   UNION!
                   { :Mannheim dbo:population ?P ; dbo:area ?A .!
                     BIND (?P/?A AS ?PD )}!
                 }!

Finally, the resulting UCQs with 
assignments can be rewritten 
back to SPARQL using BIND 



223 

Algorithm: 
!   “Down-stripped-to-RDFS” version of PerfectRef [Calvanese, 2007] 

which handles equations by keeping “adornments” of attributes during 
rewriting: 
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Another example: 
!   “Companies and their revenues in EUR” (from above) 

!   Original query: 

!   Equations: 

!   Rewritten query: 

SELECT * WHERE !
{ ?C rdf:type NYT:Org .!
  ?C dbpedia:revenueEUR ?R . }!

dbo:revenueUSD = dbo:revenueEUR *1.3. 
dbo:profitEUR      =  “dbo:revenueEUR – dbo:totalExpensesEUR”. 

SELECT * WHERE !
{ ?C rdf:type NYT:Org .!
  { {?C dbpedia:revenueEUR ?R .} !
    UNION {?C dbo:revenueUSD ?RU . BIND (?RU / 1.3 AS ?R ) } !
    UNION {?C dbo:totalExpensesEUR ?E ; dbo:profitEUR ?P. BIND (?E + ?P AS ?R ) }} }!
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!   Back to rule-based Materialization: 

Can materialization and/or query rewriting be used? 

(S, popDensity, PD) (S, population, P ), (S, area, A), PD := P/A, A 6= 0.
(S, area, PD)  (S, population, P ), (S, popDensity, PD), A := P/PD,PD 6= 0.
(S, population, P )  (S, area, A), (S, popDensity, PD), P := A ⇤ PD.

dbr:Mannheim dbo:population 2. 
dbr:Mannheim dbo:area 3. 

 Similar blocking possible in some rule systems, e.g. Jena Rules: 
[ (?C :area ?A) (?C :population ?P)  !
  notEqual(?A, 0) quotient(?P, ?A, ?PD)  !
  noValue(?C, :populationDensity)  -> (?C :populationDensity ?D)]!

[ (?C :populationDensity ?PD) (?city :population ?P)  !
  notEqual(?PD, 0) quotient(?P, ?PD, ?A)   !
  noValue(?C, :area)  -> (?city :area ?A)]!

[ (?C :area ?A) (?C :populationDensity ?P)  product(?A, ?PD, ?P)     !
  noValue(?city, :population)  -> (?city :population ?P)] 

Side remark: Experiments in our ESWC2013 paper favor rewriting approach. 
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Extending RDFS by attribute equations: 
!   Only a first step… 
!   … but seems useful for LOD use cases, particularly as more and more 

numerical open data gets published (statistical reports, EU, national Open 
Government initiatives) 

!   in general infinite results (both for rule-based as well as for rewriting)… 
!   … but “blocking” helps 
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Lecture Roadmap 
!   Scope/Motivation 
  (Axel) 

!   Short Introduction to RDFS+OWL 
 (Aidan) 

!   RDFS+OWL usage in Linked Data 
  (Aidan) 

!   High-level Reasoning approaches: Query rewriting vs. Materialization 
 (Axel) 

!   Challenges on Reasoning over Linked Data 
  (Axel) 

!   Practical approaches for Reasoning over Linked Data 
!   Quarantined & Authoritative Materialization (Aidan) 

!   Link-Traversal Based Query Execution with Reasoning (Aidan) 

!   Reasoning with Property Equations by Rewriting (Axel) 

!   Wrap-up/Outlook (all) 
+ 
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Wrap-up/Take-home messages: 
!   RDFS/OWL Reasoning over (open-domain) Linked Data is difficult 

!   It’s the Web: lots of data 
!   It’s the Web: lots of mess 

!   … but not impossible! 
!   Requires some compromises: 

!   You don’t want complete reasoning over (unbounded) Linked Data 
!   What should you (automatically) trust? 

!   Consider source of data: examine dereferencing 
!   Use (Webby) heuristics: examine the link structure 

!   RDFS/OWL is useful for Linked Data! But perhaps not ideal/enough: 
!   Complexity of OWL standard scares off publishers 
!   Numeric/datatype/unit reasoning required 
!   Generic rules (RIF/SPIN/N3/Jena) needed 
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!   Combinations of the challenges we outlined raise new issues when addressed at once?  
!   E.g. Dynamicity of terminological knowledge + attribute equations e.g. currency conversion 

!   More usage of inductive methods/statistical reasoning? How can they be combined with 
deductive methods? 

!   More beyond OWL? i.e. extensions of attribute equations, other means to describe 
“mappings” to link vocabularies (SPARQL CONSTRUCT, R2R, SPIN rules, etc.) … and 
how to use that together with OWL 

!   Sweet-spot between query rewriting and  
 materialization… 

!   Efficient/parallelizable techniques from 
 the DB & Datalog communities, e.g. 

!   Techniques for dealing with messy data 

Outlook - Some entry points for further research: 

Mélanie Konig, Michel Leclère, Marie-Laure Mugnier, 
Michaël Thomazo. On the Exploration of the Query 
Rewriting Space with Existential Rules. RR2013 

Foto N. Afrati, Jeffrey D. Ullman: Transitive 
closure and recursive Datalog implemented 
on clusters. EDBT 2012: 132-143 


