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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
®m ... 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...

GOt)gle “Companies who produce(d) telephones”

® The data is there!

© 0 06 Siemens C25 - Wikipedia, the free encyclopedia > © 0606 IBM Simon - Wikipedia, the free encyclopedia "

C) a https //en WIklpedIa org/W|k|/S : C' ] (' Google Q) @ @ 4) ﬂ'//en wikipedia. orQ/mkl/IBM S '> - C]““C'_Goo?le“Q)wE]_@“

RSSO s G

L RO FE

W Slnmens QS Wlklpedia. thc fr -

Create account § Login
Article Talk Read Edit Editsource « |Search Q ‘ Aricle  Talk Reed | Edi | Editeouse v | |Search a
. IBM Simon
Siemens C25 WIKIPEDIA — -
WIKIPEDIA : The Free Encyclopedia | 1o Wikipedia, the ree encyciop
‘The Free Encyclopedia rom Wikipedia, the free encyclopedia
The IBM Simon Personal IBM Simon Personal Communicator
The Siemens C25 is a mobile phone Siemens C25 Main page Communicator was a handheld,
Main page introduced by Siemens in 1999."" It Contents touchscreen cellular phone and
Contents weighs 135 g and its dimensions are Featured content PDA designed and engineered by
Featured content 117 x 47 x 27 mm (length (without Current events International Business Machines
Current events the antenna) x width x depth). Its Random article Corp. (IBM) and assembled under
Random article display is a 3 x 12-character Donate to Wikipedia contract by Mitsubishi Electric Corp.
Donate to Wikipedia monochrome LCD. ® Interaction BellSouth Cellular Corp. distributed
. The ) Help the Simon Personal Communicator
phone's battery powers the - in the United States between
Help phone for 300 minutes talk time, or gb::nwnlklped: 1 August, 1994 and February, 1995,
About Wikipedia up to 160 hours if left in stand-by Ro Y :y porta selling 50,000 units. The Simon
Community portal mode. It is a dual-band mobile c:zte:;cw:;ig:ia Personal Communicator was the
Recent changes phone, supporting both GSM 800 g first cellular phone to include
Contact Wikipedia and GSM 1800 network frequencies. » Toolbox telephone and PDA features in one a )
» Toolbox It supports up to 21 monophonic » Printlexport device. Although the term
ringtones. It also supports SMS "smartphone” had not been coined
» Print/export sending and receiving. v Languages ' atthe time of the Simon's release,
Manufacturer  Siemens Francais because of its features and
#30i capabilities, the Simon can be




Cot»gle “News on NYT about companies with a revenue greater than
10B”

[sNs N3] IBM - Wikipedia, the free encyclopedia "

: . <4 ﬁﬂnps1//en.w‘ikipedia.u'g/wikillB & B~ coogle y
® Again, the data is there! e —

IBM

From Wikipedia, the free encyclopedia

Create account & Login

H P H > Inter M Corp International Busi Machi
WI kl p e d I a WIKIPEDIA (NYSE: IBM &), or IBM, is an American multinational Corporation

The Free Encyclopedia technology and consulting corporation, with headquarters in — ——  E— S—
Armonk, New York, United States. IBM manufactures and T - = __ __

Main page markets computer hardware and software, and offers — - —— N ——
A infrastructure, hosting and consulting services in areas — — -_
" e 06 6 Siemens - Wikipedia, the free encyclopedia "

N eW YO rk TI m es th esa u ru S 6) @ https://en.wikipedia.org/wiki/Siemens c ] ' Google Q‘

V' Siemens - Wikipedia, the free e...

e,
and article search API i | 44
. fting
Siemens B
From Wikipedia, the free encyclopedia on (2011)")
[sNsNG) New York Times - Linked Open Data ¥
"G " ” e PR
6) @ data.nytimes.com & | (B~ wahliokal langenzersdorf Q) [ W A For other uses of "Siemens", see Siemens (disambiguation).
{7} New York Times - Linked Open ... The grggigp{m Slen_'len‘s AG (Gefman p'ronuncial.ion: ['zi:m'ens]) is a German Siemens AG
multinational engineering and electronics conglomerate
company headquartered in Munich, Germany. It is the s I E M E N s
Ehe New ork Times Linked O Data == Search data.nytimescom Main page largest Europe-based electronics and electrical
Inke pen ata | Contents engineering company. 2 Type Aktiengesellschaft
Featured content si * principal activit in the fields of indust Traded as FWB: SIE &7, NYSE: SI 7
data.nytimes.com Current events iemens: principa ‘a Vi |:sharir|1n N Ile' s o |nA usdr-y, Industry Conglomerate
X . . . ) e energy, transportation and healthcare. It is organized into
For the Iail 150 years,b ‘ll'h; ’\:w Yor::llmes h;s nxl:zmame: one of the most '€ NewS Vi ever ped. In five main divisions: Industry, Energy, Healthcare, Founded October 1, 1847 (Berlin)
2009, we began to publish this vocabulary as li open data. Wiki i " i 4 ’
ponais tolkpede Infrastructure & Cities, and Siemens Financial Services | Revenue A €73.52 billion (2011)\")
The Data 000 SAP AG - Wikipedia, the free encyclopedia
As of 13 January 2010, The New York Times has published approximately ,10,000 subject headings as linked open data under a 6) & https://en.wikipedia.org/wiki/SAP_AG c ] v Google q) @
CC BY license. We provide both RDF documents and a human-friendly HTML versions. The table below gives a breakdown of S &
the various tag types and mapping strategies on data.nytimes.com. | \W SAP AG - Wikipedia, the free en...
Type Manually Mapped Tags Automatically Mapped Tags Total P P, Create account & Login
7 94
People 4,978 0 4,978 o
- R "FQ ¥ SAP AG
O a n izati ons ’ 3 08 1 Y " SAP AG (ISIN: DE0007164600 g7, FWB: SAP, SAP AG
rg i ' N NYSE: SAP ) is a German multinational software
Descriptors 498

W ) A corporation that makes enterprise software to manage
s IKIPEDI business operations and customer relations.

The Free Encyclopedia . " "
Browse individual data records: Headquartered in Walldorf, Baden-Wirttemberg, with
regional offices around the world, SAP is the market leader
Aflsjlc]loflE[lFlle][H][I [ld]|K]L][m|[N|[ofiP]la|[R|[s|[T[|u][V]|[W|[X]]Y]|z Main page in enterprise application software. The company's ®
Contents best-known software products are its enterprise resource Type Aktiengesellschaft |
Featured content i icati i i
planning application (SAP ERP), its enterpris -
Current events warehouse solution - SAP Business Wareho |ndustfy Emefpl’lse SOftwafe
Random article SAP BusinessObjects software, and most re. S . . |
Donate to Wikipedia mobile products and in-memory compu == == - O AD e B -
- i HANA. SAP is one of the largest softw HTH
Revenue 4 €14.233 billion (2011)
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The data is there! ... as Linked Data even!

European Commission | .,,. CAVE™N -t \ f" Freebase

/ ) - S q E f ' \ /
Urostat frge [ R . LN ey ' Lm

Euroetat Lml\ed Data.
‘\/
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Data is described using — also linked - vocabularies

GeoNames

SiO(

DOAP

4 The Web Ontology for E-Commer.

[\ﬁGoodRelatlonsJ

* SKOS
yaGD
siece knewledae “Links” here typically
—— As of October 2008 described using the
0 RDFS and OWL
ontology (meta-)vocabularies

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

B (0 OO0 SsiIEMENS GE]




Semantic Search engine:

® Can |l just download all that data into a triple store and query it with
SPARQL?

Triple Store

SIEMENS G




How to formulate queries?

“Companies who produce(d) telephones”

P
DBpedia  dbo:Organisation

| foaf:made 0‘°0p foaf
#%¢ yago:Telephone
PA=ITI.
[
K3
=

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

dbr:Siemens_C25

dbr:IBM foaf:made dbr:IBM_Simon.

dbr'IBM Si ﬂ dbr:IBM rdf:type dbo:Organisation.
—=imon dbr:IBM_Simon rdf:type yago:Telephone .

@090
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How to formulate queries?

“Companies who produce(d) telephones”

P
DBpedia  dbo:Organisation
foaf:made 0‘003 foaf
#%¢ yago:Telephone

eeeeeeeeeeeeeee

" RDF syntax

: (rdf:type written as “a” in Turtle
Oﬁp http://www.w3.0rg/TR/turtle/
s Y

=

dbr:Siemens aﬁ&ganisation.
dbr:Siemens foaf:made dbr:Siemens_C25.
dbr:Siemens_C25 a yago:Telephone.

dbr:Siemens_C25

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

° (0 OO0 SIEMENS

dbr:IBM foaf:made dbr:IBM_Simon.
dbr:IBM_Simon ﬂ




How to formulate the query? SPARQL!

“Companies who produce(d) telephones”

SELECT ?C { 7C a dbo:Organisation.
?C foaf:made 7P .
?P a yago:Telephone . }

® SPARAQL http://www.w3.org/TR/spargl11-query/ :
® “SQL Look-and-feel” query language for RDF
® Basic Graph pattern matching
® Complex patterns on top (UNION, FILTER, BIND, ...)

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

dbr:IBM a dbo:Organisation.

dbr:IBM foaf:made dbr:IBM_Simon.
ﬂ dbr:IBM_Simon rdf:type yago:Telephone .

R (DIOICIO) SIEMENS




SPARQL - bare minimum overview:

® Basic Graph pattern matching

SELECT ?2C { [ ?C a dbo:Organisation. "Basic graph
?C foaf:made ?P . il =) 2C
?P a yago:Telephone . }
dbr:Siemens
dbr:IBM

...In principle = Conjunctive Query (CQ) answering over RDF

q(C) < Organisation(C), made(C, P),Telephone(P)

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

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

" (O80 SIEMENS
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SPARQL - bare minimum overview:
® Complex patterns on top (UNION, FILTER, BIND, ...)

?C
SELECT ?C { {{ ?C foaf:made dbr:Siemens_C25 } } .
dbr:Siemens
UNION U
[{ ?C foaf:made dbr:IBM_Simon } } } 2C
dbr:IBM

...Iin principle = unions of CQs (UCQ)

q(C) <+ made(C, siemens_C25) ?C
dbr:Siemens

dbr:IBM

q(C) <+ made(C,ibm_Simon)

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

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

2 (O8O SIEMENS
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SPARQL - bare minimum overview:
® Complex patterns on top (UNION, FILTER, BIND, ...)

?C dbo:revenueEUR ?R
FILTER ( ?R > 5E10) }

SELECT ?C { {?C a dbo:Organisation. } 2C

dbr:Siemens
dbr:SAP

Y

?C

dbr:Siemens

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

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

LN (DIOIE]O) SIEMENS S




SPARQL - bare minimum overview:
® Complex patterns on top (UNION, FILTER, BIND, ...)

?C dbo:revenueUSD ?RU
BIND (?RU/1.3AS?R ) }

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

... compute new values 2C ?R
(same operators & functions as for FILTERS) dbr'IBM  8.1363E10
dbr:Siemens a dbo:Organisation.
dbr:Siemens dbo:revenueEUR 7.829E10 N
1.3 USD =
dbr:SAP a dbo:Organisation. 1 EUR )
dbr:SAP dbo:revenueEUR 1.622E10

{dbr:lBM a dbo:Organisation. / }

dbr:IBM dbo:revenueUSD 1.06916E11

LN (DIOIE]O) SIEMENS S




How to formulate the query?

“Companies who produce(d) telephones”

SELECT ?C{ 7?C a dbo:Organisation.
?C foaf:made ?P.
?P a yago:Telephone . }

More SPARQL Tutorials, cf. RW2011 (Birte Glimm),
RW2012 (Jorge Perez) or also
http://www.polleres.net/presentations/

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

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

R (DIOICIO) SIEMENS
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How to formulate the query?

“Companies who produce(d) telephones”

SELECT ?C{ 7?C a dbo:Organisation.
?C foaf:made ?P.
?P a yago:Telephone . }

However, the data rather looks like that:

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 .

16 (OO0 SIEMENS G




Make use of ontological inference! How’?

“Companies who produce(d) telephones”

SELECT ?C{ 7?C a dbo:Organisation.
?C foaf:made ?P . iyt
?P a yago:Telephone . } // S,

......

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 .

7 (OO0 SIEMENS G




Lecture Roadmap

18

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 2 B P
(Axel)

Practical approaches for Reasoning over Linked Data
® Quarantined & Authoritative Materialization (aidan)
® Link-Traversal Based Query Execution with Reasoning (aidan)
® Reasoning with Attribute Equations (axe))

Wrap-up/Outlook ¢an
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RDFS/OWL SURVIVAL GUIDE
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RDFS and OWL!

(\RDF Schema

V@ntology 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”)

» (@000 SsIEMENS GE]




Features walkthrough...

...modelling family relationships in RDFS and OWL...

(0 OOO SIEMENS B




A Family-Relations OWL Ontology

ex:Connie ex:Fredo

ex:Sonny

ex:McaeI

BI ‘!’Q,,
I ex:Vincent I

2z (OO0

The 'é‘;'
(iodFather

ex:Mary

SIEMENS G




RDFS

. rdfs:subPropertyOf
. rdfs:subClassOf
. rdfs:domain

= W DR

. rdfs:range

s (@000 SsIEMENS GE]




rdfs:subPropertyOf

‘husband Of=—————=> |

"

ex:Carmela

ex:Vito

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

2% (OO SIEMENS IG5




rdfs:subClassOf L4l

rdf:type

ex:Mary rdf:type :Woman
:Woman rdfs:subClassQOf :Person

= ex:Mary rdf:type :Person

25 | OO© SsIEMENS G




rdfs:domain

:motherOf >

ex:Fredo

ex:Carmela :motherOf ex:Fredo
:motherOf rdfs:domain :Woman

= ex:Carmela rdf:type :Woman

SIEMENS G




rdfs:range :'1

‘hasSon >

ex:Carmela ex:Fredo

I
rdf:tzpe

ex:Carmela :hasSon ex:Fredo

:hasSon rdfs:range :Man

= ex:Fredo rdf:type :Man

27 | OOO SsIEMENS G




A
v
m
>0

Recap RDFS <

® What would be the rdfs :domain of the property : fatherO£f?

® What would be the rdfs : range of the property :hasSister?

2 () O0Q SIEMENS IG5




OWL

1. Property Axioms

a.

T QA 0 U

owl

.owl:
.owl
.owl:
. owl

:equivalentProperty

inverseOf

:SymmetricProperty

TransitiveProperty

:propertyChainAxiom

©050)
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owl:equivalentProperty

—:parentOf—»

= =:hasChild = »

—-hasChilg=——

ex:Vito ex:Michael

ex:Vito :parentOf ex:Michael

ex:Michael :hasChild ex:Mary

:parentOf owl:equivalentProperty :hasChild .
= ex:Vito :hasChild ex:Vincent

= ex:Michael :parentOf ex:Mary .

0 OOO SIEMENS G




owl:inverseOf

ex:Carmela

ex:Sonny ex:Vincent

ex:Carmela :parentOf ex:Sonny
ex:Vincent :childOf ex:Sonny
:parentOf owl:inverseOf :childOf

= ex:Sonny :parentOf ex:Vincent
= ex:Sonny :childOf ex:Carmela

N (DIOIE]O) SIEMENS G




owl:SymmetricProperty a

:sibling

< — = = =3ibling===—=—~-

ex:Fredo

ex:Connie

ex:Connie :sibling ex:Fredo

:sibling rdf:type owl:SymmetricProperty .

= ex:Fredo :sibling ex:Connie .

2 (@000 SsIEMENS GE]




owl: TransitiveProperty

 =——-ancestorQf=—e —ancestorOf—e

ex:Michael

ex:Carmela :ancestorOf ex:Michael

ex:Michael :ancestorOf ex:Mary

:ancestorOf rdf:type owl:TransitiveProperty

= ex:Carmela :ancestorOf ex:Mary .

s (@000 SIEMENS I




owl:propertyChainAxiom

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

= ex:Sonny :uncleOf ex:Mary .

¥ (OO0 SIEMENS G




Recap OWL property axioms

® What would be the owl : inverseOf of the property :childO£?

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

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

® Give a owl :propertyChainAxiom for ;hasNiece?

¥ () OOQ SIEMENS IG5




2. Equality

a. owl :sameAs

OWL

b. owl:FunctionalProperty

c. owl:InverseFunctionalProperty

© (OO0
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owl:sameAs @

owl:sameAs >

<% — —owl:sameAg — — — —

ex:Vito_old= |~ = —I Vito |< = ={ ex:Vito_young

| | T
‘hasGrandson :granddaugtherOf
‘hasGraihdson :granddaygtherOf

ex:Vito old owl:sameAs ex:Vito young

7 [©000) SIEMENS I




owl:FunctionalProperty

‘hasFather

ex:Fredo

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 .

® (OO0

ex:Vito_old
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owl:InverseFunctionalProperty

fatherOf

ex:Connie ex:Vito_young

ex:Vito old :fatherOf ex:Connie
ex:Vito young :fatherOf ex:Connie

:fatherOf rdf:type
owl : ITnverseFunctionalProperty . ex:Vito_old

= ex:Vito old owl:sameAs ex:Vito young .

® (@000 SIEMENS I




... Open World Assumption (OWA)

Vito has 3 children?

ex:Vito

ex:Connie

-hasChild

ex:Sonny

ex:Fredo

y.
ex:Michael

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

SIEMENS G




... No Unique Name Assumption (UNA)

 Vito has 3 children?

 Vito has at least 1 child!

ex:Vito

-hasChild

y

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

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

SIEMENS G




Recap OWL equality axioms

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

® Name a similar owl : InverseFunctionalProperty”?

©050)
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OWL

3. Class Axioms

a.

T &0 U

owl

.owl:
.owl:
.owl:
.owl:

:unionOf

intersectionOf
oneOf
allValuesFrom
someValuesFrom

@080
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owl:unionOf

_—1

ex:Vincent

ex:Vincent rdf:type :Man

:Person owl:equivalentClass [ owl:unionOf (:Woman :Man) ]

= ex:Vincent rdf:type :Person

“ () OO SIEMENS BBE




owl:intersectionOf (I)

ex:Carmela

ex:Carmela rdf:type :Mother .

:Mother rdfs:subClassOf [ owl:intersectionOf (:Woman :Parent) ]

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

45 I@ ®®©| SIEMENS nm




owI intersectionOf (I1)

| ex:Wman | ex:Parent

rdf:trpe

ex:Carmela

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

:Mother owl:equivalentClass [ owl:intersectionOf (:Woman :Parent) ]

= ex:Carmela rdf:type :Mother .

% (OO0 SsIEMENS GE]




owl:oneOf @

%

The : E—
I
Godfather e _
3 ;
‘DonCorleone ex::/lto , ex:MiIchaeI , ex:Vllncent
A __ rdf:itype. — — —rdfitype. — — —rdf:type

: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

. ) OO0 SIEMENS I




owl:disjointWith (I) @

-
e U m S
Godiather [ I — A1
ox:DonCorleone | ex:LawAbiding | | owiNothing |
f A
rdf:type

[
[
[
[
_-——— rdf:.type= = = =

ex:Vincent

ex:Michael rdf:type ex:DonCorleone .

ex:DonCorleone owl:disjointWith ex:LawAbiding .

ex:Michael rdf:type ex:LawAbiding .

L (DIOIE]O) SIEMENS G




owl:disjointWith (ll) a

rdf:type

ex:Vincent

ex:Michael rdf:type :Man . ex:Mary rdf:type :Woman

:Man owl:disjointWith :Woman

= ex:Mary owl:differentFrom ex:Michael

R (DIOIE]O) SIEMENS G




. No Unique Name Assumptlon (UNA)

. Vlto has 3 children?
 Vito has at least 2 children!

ex:Vito

-hasChild

ex:Connie ex:Sonny

|
- ==owl:differentFrom =— == L —————

:Man owl:disjointWith :Woman .

SIEMENS G




owl:allValuesFrom

‘hasParent

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

= ex:Michael rdf:type :Person .

1 [©000) SIEMENS I




owl:

‘hasChild

2

ex:Carmela ex:Michael

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

= ex:Carmela rdf:type :Parent .

2 (@000 SsIEMENS GE]




owl:someValuesFrom (Il)

E 3 ‘hasChild .

ex:Carmela

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

= ex:Carmela :hasChild _:someone . _:someone rdf:type :Person .

55 (0 OOO SIEMENS I




Recap OWL class axioms

® Aclass : Parent might be the owl : unionOf what classes?

B Aclass :0OnlySon 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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Lots not covered!

.owl

. owl

.owl

.owl

<SS oy 0 WD R

. owl

.owl:

.owl:

:hasKey
:hasValue

cardinality(s)

:qualifiedCardinality(s)
:AssymetricProperty

IrreflexiveProperty

:propertyDisjointWith

Direct/RDF-Based Semantics ...
OWL Profiles ...

Datatypes ...

Reasoning Tasks ...

s (000

SIEMENS G




Lecture Roadmap

® RDFS+OWL usage in Linked Data

(Aidan)
® High-level Reasoning approaches: Query rewriting vs. Materialization

(Axel)
® Challenges on Reasoning over Linked Data \ W3

(Axel) -
® Practical approaches for Reasoning over Linked Data
® Quarantined & Authoritative Materialization (aidan)
® Link-Traversal Based Query Execution with Reasoning (aidan)
® Reasoning with Attribute Equations (axe))

® Wrap-up/Outlook (i)
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owl:sameAs: Equality Links (I)
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owl:sameAs: Equality Links (lI)
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Interactive http://inkdroid.org/empirical-cloud/ ; E. Summers
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owl:sameAs: Equality Links (lll)
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More Detalls ...

When owl:sameAs isn’t the Same: An Analysis
of Identity in Linked Data

Harry Halpin, Patrick J. Hayes. James P. McCusker, Deborah L. McGuinness,
and Henry S. Thompson
{hhalpin,ht}@inf.ed.ac.uk, phayes@ihmc.us, {mccusj,dlm}@cs.rpi.edu

School of Informatics
University of Edinburgh
10 Crichton St.
EHS 9LW Edinburgh, UK
and
Institute for Human and Machine Cognition
40 South Alcaniz St.
Pensacola, FL 32502 USA
and
Tetherless World Constellation
Department of Computer Science
Rensselaer Polytechnic Institute
110 8th Street, Troy, NY 12180 USA

Abstract. In Linked Data, the use of owl:sameAs is ubiquitous in in-
terlinking data-sets. There is however, ongoing discussion about its use,
and potential misuse, particularly with regards to interactions with in-
ference. In fact, owl:sameAs can be viewed as encoding only one point on
a scale of similarity, one that is often too strong for many of its current
uses. We describe how referentially opaque contexts that do not allow
inference exist, and then outline some varieties of referentially-opaque
alternatives to owl:sameAs. Finally, we report on an empirical experi-
ment over randomly selected owl:sameAs statements from the Web of
data. This theoretical apparatus and experiment shed light upon how

2 & 2.1 2 2 2 ! LT o3

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 9% International Semantic Web-Conference (1) 2010: 305-320
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More Detalls

Scalable and Distributed Methods for Entity Matching,
Consolidation and Disambiguation over Linked Data Corpora

Aidan Hogan®, Antoine Zimmermann b Jiirgen Umbrich ®, Axel Polleres ©, Stefan Decker ®,

“Digital Enterprise Research Institute, National University of Ireland, Galway
bINSA-Lyon, LIRIS, UMRS5205, F-69621, France
“Siemens AG Osterreich, Siemensstrasse 90, 1210 Vienna, Austria

Abstract

With respect to large-scale, static, Linked Data corpora, in this paper we discuss scalable and distributed methods for entity
consolidation (aka. smushing, entity resolution, object consolidation, etc.) to locate and process names that signify the same
entity. We investigate (i) a baseline approach, which uses explicit owl:sameAs relations to perform consolidation; (ii) extended
entity consolidation which additionally uses a subset of OWL 2 RL/RDF rules to derive novel owl : sameAs relations through the
semantics of inverse-functional properties, functional-properties and (max-)cardinality restrictions with value one: (iii) deriving
weighted concurrence measures between entities in the corpus based on shared inlinks/outlinks and attribute values using
statistical analyses: (iv) disambiguating (initially) consolidated entities based on inconsistency detection using OWL 2 RL/RDF
rules. Our methods are based upon distributed sorts and scans of the corpus, where we deliberately avoid the requirement for
indexing all data. Throughout, we offer evaluation over a diverse Linked Data corpus consisting of 1.118 billion quadruples
derived from a domain-agnostic, open crawl of 3.985 million RDF/ XML Web documents, demonstrating the feasibility of our
methods at that scale, and giving insights into the quality of the results for real-world data.

Key words: cntity consolidation, web data, linked data, rdf

1. Introduction The Linked Open Data project has advocated the goal
of providing dereferencable machine readable data in

Aidan Hogan, AntomeiZlmmermann Jurgen Umbrlch Axel Poileres and Stefan Becker "SCALABLE
AND DISTRIBUTED METHODS FOR ENTITY. MATCHING, CONSOLIDATION AND DlSAMBIGUATION OVER LINKED
DATA CORPORA ". In the Journal of Web Semantics 10: pp. 76-110, 2012 :
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Linked Vocabularies (in RDFS/OWL)

GeoNames
SiO(

foaf

()

[\‘ 7 GoodReIations]

DOAP

e o
// ( skos\‘ ) The Web Ontology for E-Commerce
1 \ _/" [ )
% -
_
ﬁ»l\wonm)’
\_/ -
N
sl
a |‘ s ) _\- i
. " Po |y \,_,j_/g = o/rw,h K\j
'Q As of October 2008
.: MUuUsS|C
Image from : Giasson, Bergman
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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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Prominent Vocabularies (l)

® Dublin Core (DC)
® Meta-data for documents

Properties in
the /terms/
namespace

Properties in
the legacy
/elements/1.1/
namespace

Vocabulary
Encoding
Schemes

Syntax
Encoding
Schemes

Classes

abstract, accessRights, accrualMethod, accrualPeriodicity, accrualPolicy, alternative, audience, available,
bibliographicCitation, conformsTo, contributor, coverage, created, creator, date, dateAccepted,
dateCopyrighted, dateSubmitted, description, educationLevel, extent, format, hasFormat, hasPart,
hasVersion, identifier, instructionalMethod, isFormatOf, isPartOf, isReferencedBy, isReplacedBy,

isRequiredBy, issued, isVersionOf, language, license, mediator, medium, modified, provenance,

publisher, references, relation, replaces, requires, rights, rightsHolder, source, spatial, subject,
tableOfContents, temporal, title, type, valid

contributor, coverage, creator, date, description, format, identifier, language, publisher, relation, rights,
source, subject, title, type

DCMIType, DDC, IMT, LCC, LCSH, MESH, NLM, TGN, UDC

Box, ISO3166, ISO639-2, ISO639-3, Period, Point, RFC1766, RFC3066, RFC4646, RFC5646, URI, W3CDTF

Agent, AgentClass, BibliographicResource, FileFormat, Frequency, Jurisdiction, LicenseDocument,
LinguisticSystem, Location, LocationPeriodOrJurisdiction, MediaType, MediaTypeOrExtent,
MethodOfAccrual, MethodOfInstruction, PeriodOfTime, PhysicalMedium, PhysicalResource, Policy,
ProvenanceStatement, RightsStatement, SizeOrDuration, Standard

Table from http://dublincore.org/documents/dcmi-terms/
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Prominent Vocabularies (ll)

® Friend Of A Friend (FOAF)
® Personal Information

Friend of a Friend (FOAF) homepage

isPrimaryTopicOf

primaryTopic

page —_
;_/_,//— topic

based_near owl:Thi ng dep|ct|0n
name i
< > D Npms N @mbnan
d
C geo: SpatlaIThlngv ma\e ek |:>

CPersonalProfileDocument )

geo:lat Document (qctitie
eo:lon dc:description
dc:subject
|mg dc:date
(_ Organization ) / dc:format
mbox_shaisum " i dc:rights
@ mbox — interes cc:requires
ol 0 - workplaceHomepage cc:permits [...]
— ok \ accountServiceHomepage
- nic
G Up givenname holdsAccount

family_name
range ] fle 1.1
smaller another
Class Class

| functional property. max 1 value per Thing | knows

OnlineAccount

‘ accountName

sioc:User

doap:Project )
Pl Feeres Project - doap:old-homepage - .
i i i G e sioc:moderator_of
i doap:maintainer

| inverse functional: max 1 thing per value I

p2 properties: s t :
xply=yp2x doap:developer sggc:a me;;ra orf_o
doap:translator [...] sioc:subscriber_of [...]

y

Image from http://www.deri.ie/fileadmin/images/blog/ : Breslin
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Prominent Vocabularies (lll)

® Semantically Interlinked Online Communities (SIOC) SiO(
® Online communities and presence

subClassOf has_scope
Space Site
has_space has _parent has_host has_function

[Contamer Forum}— —{UserAccounﬂ

subClassOf

has_container I I has_container has_member I

subClassOf

[ ltem J‘ 6Post g [Usergroupj

has_reply toplc

---------------------

Image from http://rdfs.org/sioc/spec/ : Bojars, Breslin et al.
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Prominent Vocabularies (IV) Q
KOS

® Simple Knowledge Organization System
® Meta-vocabulary for generic taxonomies

| ‘Economic policy’

skos:preflLabel

‘Economic cooperation’

skos:prefLabel

skos:broader ‘Economic co-operation’

skos:altLabel

‘Includes cooperative measures

kos:scopeNote—>| in banking, trade, industry etc.,
between and among countries.’

‘Interdependence’

skos:prefLabel

skos:related kos:narrower
ANy —{ j-skos:prefLabel
skos:narrower \

\ [ ‘Economic integration” |
kos:narrower skos: prefLa&l

skos:narrower

c
9
=
]
©
c
]
£
£
O
0
Q
oZ
U
2

[ ‘European economic cooperation’

skos:prefLabel

| ‘European industrial cooperation’ |

skos:prefLabel

prefix skos: <http://www.w3.0rg/2004/02/skos/core# > ]

[‘Industrial cooperation’ |

Image from http://www.w3.org/TR/swbp-skos-core-guide

Miles, Brickley
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Prominent Vocabularies: Work Together

® Ontologies combine to cover multiple areas

SJO( + FOAF + SKOS

Person

| )
UserAccount 1 H\ H\

UserAccount

UserAccount H U

“
(Post ) wenio

UserAccount

’ User
e | account_of Account

Image from http://sioc-project.org/node/158; Breslin
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Prominent Vocabularies (V)

® Description Of A Project (DOAP)
® Describing contributors to (software) projects

DOAP

wordnet:Project

doap:Repository
browse: URI
foaf:Project location: URI
anon-root: URI

doap:Project

repository: Repository repository doap:ArchRepository

bug-database: URI module: URI

category: URI

developer: foaf:Person doap:BKRepository

documenter: foaf:Person module: URI

maintainer: foaf:Person

tester: foaf:Person doap:CVSRepository

helper: foaf:Person module: URI

translator: foaf:Person

wiki: URI doap:SVNRepository

download-mirror: URI

download-page: URI

home-page:UUHHI relations with

mailing-list: URI missin

old-homepage: URI \ domain igfo

os: String release licence

programming-language \ creation date

release: doap:Version doap:Version name

screenshots: URI revision: Str‘mﬁ shortdesc: URI
created
description
—

Image from http://code.google.com/p/baetle/wiki/DoapOntology ; Breslin
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Prominent Vocabularies (V)

® Music Ontology (MO) music
® Artists, bands, songs, records, albums, performances o
mo:compose 7 mo:produced work mo:performance_of mo:produced_sound
mo:MusicArtist ———————p» mo:Composition : p mo:MusicalWork - mo:Performance ———p» mo:Sound |
s
mo:recorded_as // mo:recorded_in

‘ mo:Recording # mo:Signal # mo:Record

mo:produced_signal mo:published_as

BlB|C

Image from http://musicontology.com/; Raimond, Giasson
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Prominent Vocabularies (VIl)

® GoodRelations (GR) Q as’w
® Products, services, stores, prices, etc. grhasUnitOMMeasurement | - grhasCirency

gr:hasBusinessFunction

gr:hasPriceSpecification

grincludesObject 7*
gr:amountOfThisGood

gr:hasUnitOfMeasurement

[\‘ ¥ Good Relations} ’ ariype0iGood

rdfs:seeAlso

The Web Ontology for E-Commerce

°® gr:hasValue
gr:hasUnitOfMeasurement | -V
rdf:type rdf:type
GoodRelations
Ontology

rdfs:subClassOf

gr:ProductOrService

Image from http://www.heppnetz.de/projects/goodrelations/primer/; Hepp
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Prominent Vocabularies (VIl)

® GoodRelations (GR)

The Web Ontology for E-Commerce

® Products, services, stores, prices, etc. [\ =4 GoodReIations]
o

Shopping results for One-Touch Gold BBQ (22.5-in.): Blue by Weber

v
g9\

Weber 75001 Blue One-Touch 22.5" Blue Stainless Steel Charcoal Gold Gr
$159.70 - Build.com

Weber One Touch 751001 22.5" One-Touch Gold Charcoal Grill with ...
$129.00 - AJ Madison

Weber One Touch 758001 22.5" One-Touch Gold Charcoal Grill with ...

BES
(0

overstock.com’ — s 21
0 ears

540,00 AJ Magison G 00 gl e
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Prominent Vocabularies (VIil)

® DBpedia Ontology

® Hundreds of classes and properties

® Captures “info-box” information

{{Infobox Town AT |
name = Innzbruck |
image_coa = InnsbruckWappen.png |
image _map = Karte-tirol-I.png |
state = [[Tyroll]l |
reghzk = [[Statutory cityll |
population = 117,342 |
population_ag_of = 2006 |
pop_dens = 1,119 |
area = 104.91
elevation = 574 |

lat_deg = 47 |
lat_min = 16 |
lat_hem = N |
lon_deg = 11 |
lon_min = 23 |
lon_hem = E

|
postal_code = 6010-6080 |
area_code = 0512 |
licence = I |
mayor = Hilde Zach |
webgite = [http://innsbruck.at] |
I

(000

Innsbruck

Country

State
Administrative region
Population

Area

Population density
Elevation
Coordinates
Postal code

Area code

Licence plate code
Mayor

Website

Austria

Tyrol
Statutory city
117 342 z008)
104.91 km?
1,119 /km?

574 m
7168'N 11°23'E&

6010-6080

0512

|

Hilde Zach

wiww. innsbruck. at &

DBpedia

About: Innsbruck

An Entity of Type : city, from Named Graph : http:/dbpedia.org,
within Data Space : dbpedia.org

DBpedia
Innsbruck is the capital city of the federal state of Tyrol in western Austria. It is located in the Inn Valley

at the junction with the Wipptal, which provides access to the Brenner Pass, some 30 kilometers (19 mi)
south of Innsbruck.

Property Value
dbpedia-owl:PopulatedPlace/populationDensity 1119.0

dbpedia-owl:abstract = Innsbruck ist die Landeshauptstadt des Bundeslandes Tirol
Transit-Strecke Brenner (Auto- und Eisenbahn) nach Suidtit
(Briicke Gber den Inn). Innsbruck ist mit 118.082 (Stand 1.,
und Salzburg die funftgréRte Stadt Osterreichs, im Ballung:
dazu kommen ca. 30.000 Studenten und andere Nebenwol
Nachtigungen von Stédtetouristen.

Innsbruck is the capital city of the federal state of Tyrol inv
the iunction with the Wibbtal. which provides access to the

See http:/Iwiki.dbpedia.org/
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Linked Open Vocabularies (LOV)

Powered by @ MONDECA

Interactive http://labs.mondeca.com/dataset/lov/; Vatant, Vandenbussche
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Vocabulary Re-use

0000000060 O0CO
— dbpedia

- xsd

- umbel

nev

ore

doap
metalex

("[

q

time

SWIC
geospecies

\ other

- ol
ac

Vocabulary prefix| Vocabulary link Number of usages in data sets
de http:fipurl org/dcielements/1. 1/ 66 (31.88 %)
foaf http:fixmins. comifoafi0. 1/ 55 (26.57 %)
dectermns httpiffpurl.orgfdffwrma’. 0ceccccccestbledeWeccccccee
skos http:fiwrarw. w3 e o U.;é A o T f
° y
akt http:/fwrwrw. akte aeona m?n'g |
. - "o
geo http:/fararw. w3 e sioc
° fror
mo http:ifpurl org/oe vcard )}
® bibo-J
bibo http:ifpurl. org/o mo -]
@ geod
veard http fiwrarw. w3 @ ﬁ_,]k. J
p akt
frbr http:ifpurl org/ve
°
sioc http:firdfs. org/s® skos
°
geonames http:ffmwtgeog
bio http:ifpurl org/ve
— dcterms —/
cc http:ffcreatmec%
event http:/fpurl org TPEC /B4 R/ ®: P W/H:® © © & P2q 105, 9P 0000000000
dbpedia http:/fdbpedia orgiresourcef 3(1.45%)
xsd httpffwrwrw. w3, org/200 12 LS chemad# 3(1.45%)
umbel http:ffumbel orglumbel# 3(1.45%)

foaf
0000 00O0CDOCOOOS

Info from http://www4.wiwiss.fu-berlin.de/lodcloud/state/ : Bizer, Jentzsch, Cyganiak
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A Survey

OWL LANGUAGE FEATURES
USED IN LINKED DATA
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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:
® Peruse
® 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
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RDFS/OWL Features Ranked by Use

rdf:
rdfs
rdfs

rdfs

owl:

0O NO O WDN -

owl:
rdfs
owl

= a O
- O

owl

RN
N

owl:

RN
w

owl:

—
AN

owl:

RN
&)

owl:

rdfs:

rdfs:

Property

: range

:domain
subClassOf
:Class
subPropertyOf
Class
ObjectProperty
:Datatype

:DatatypeProperty
:AnnotationProperty

FunctionalProperty
equivalentProperty
inverseOf
disjointWith

5.74E-1
4.67E-1
4.62E-1
4.60E-1
4.45E-1
2.35E-1
1.74E-1
1.68E-1
1.68E-1
1.65E-1
1.60E-1
9.18E-2
8.54E-2
7.91E-2
7.65E-2
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RDFS/OWL Features Ranked by Use

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

owl:

owl

owl:

owl

owl

owl:
owl:
rdf:
owl:

owl
owl

owl:

owl:

owl

owl:

sameAs

:equivalentClass

InverseFunctionalProperty

:unionOf

:SymmetricProperty

TransitiveProperty

someValuesFrom
*

allValuesFrom

:minCardinality

:maxCardinality

cardinality

oneOf

:hasValue

intersectionOf

7.29E-2

4.79E-2
3.15E-2
3.13E-2
2.98E-2
2.13E-2
1.42E-2
2.98E-3
2.43E-3
2.14E-3
1.75E-3
4.13E-4
3.91E-4
3.37E-4

5.24E-2
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RDF | RDFS | OWL | OWL 2
x-axis is log-scale!

® RDFS features amongst the most prominently used

B OWL 2 features not yet used prominently

Observations?

1.0E+00
1.0e-01
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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)

Xx-axis is log-scale!
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More Detalls

OWL: Yet to arrive on the Web of Data?

Birte Glimm

Ulm University, Institute of
Artificial Intelligence,
89069 Ulm, Germany

Aidan Hogan

Digital Enterprise
Research Institute,
National University of
Ireland Galway, Ireland

ABSTRACT

Seven years on from OWL becoming a W3C recommendation, and
two years on from the more recent OWL 2 W3C recommendation,
OWL has still experienced only patchy uptake on the Web. Al-
though certain OWL features (like owl:sameAs) are very popular,
other features of OWL are largely neglected by publishers in the
Linked Data world. This may suggest that despite the promise of
easy implementations and the proposal of tractable profiles sug-
gested in OWL's second version, there is still no “right” standard
fragment for the Linked Data community. In this paper, we (1)
analyse uptake of OWL on the Web of Data, (2) gain insights into
the OWL fragment that is actually used/usable on the Web, where
we arrive at the conclusion that this fragment is likely to be a sim-
plified profile based on OWL RL, (3) propose and discuss such a
new fragment, which we call OWL LD (for Linked Data).

1. INTRODUCTION

Under the initial impetus of the Linking Open Data project —
and gunded by the Linked Data pnnuple> [3] and associated best-

Markus Krétzsch Axel Polleres
University of Oxford, Siemens AG Osterreich,
Department of Computer  Siemensstrasse 90, 1210

Science, OX1 3QD
Oxford, United Kingdom

Vienna, Austria

lines recommend use of RDFS [18, § 4.4.2] for defining and in-
terlinking vocabularies. Regarding OWL, guidelines explicitly rec-
ommend use of owl:equivalentClass, owl:equivalentProperty.
owl:InverseFunctionalProperty & owl:inverseOf [18, § 4.4.2].
However, other OWL features are not concretely mentioned.

In terms of standards, RDFS and OWL | pre-date the Linked
Data movement and are not directly tailored towards Linked Data
requirements. Although the informative entailment rules for sup-
porting RDFS inferences are relatively straightforward, things like
the infinitely many entailed axiomatic triples reduce their practi-
cality [27]. In OWL 1 the situation is more complex: OWL 1 Full
further extends the RDFS semantics to the extent that reasoning
becomes undecidable. In OWL 1 DL and OWL 1 Lite, where
the semantics are based on Description Logics, typical reasoning
tasks remain decidable, but are of exponential or harder worst-case
complexity. OWL 2 addresses the complexity issue by defining
profiles [6]: fragments for which at least some reasoning tasks are
tractable. Reasoning with inconsistent data is, however, still prob-
lematic in any OWL fragment. Further, each profile is a syntactic
subset of OWL DL such that RDF data must adhere 10 cenain non-

2012), Lyon, France, 16 April, 2012

Birte Glimm, Aldan Hogan Markus Krotzsch and Axel PoIIeres “OWL YET TO ARRIVE ON THE WEB
OF DATA". In the Proceedings of the 4" Linked Data on the Web WWW2012 Workshop (LDOW
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Lecture Roadmap

High-level Reasoning approaches: Query rewriting vs. Materialization

(Axel)
Challenges on Reasoning over Linked Data \ W3

(Axel) P

Practical approaches for Reasoning over Linked Data
® Quarantined & Authoritative Materialization (aidan)
® Link-Traversal Based Query Execution with Reasoning (aidan)
® Reasoning with Attribute Equations (axe

Wrap-up/Outlook (an
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2 overall approaches for Reasoning with RDF(S) &
OWL for query answering as per W3C specs:

2 mOWL2 QL:
http://www.w3.org/TR/owl2-profiles/#FOWL_2 QL

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

28 @ OWL 2 RL:

http://www.w3.org/TR/owl2-profiles/#OWL_2 RL

SIEMENS G




Back to our example:

“Companies who produce(d) telephones”

SELECT ?C{ 7?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 .

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 .

8 (OO0 SIEMENS G




Approach 1: Query rewriting

“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 .

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

SN (DIOICIO) SIEMENS IG5




Approach 1: Query rewriting - informally

“Companies who produce(d) telephones”

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

/dbo:manufacturer rdfs:subPropertyOf foaf:maker. I
foaf:maker owl.inverseOf foaf:made.

dbo:manufacturer rdfs:range dbo:Organisation.
yago:SiemensMobilePhones rdfs:subClassOf yago:Telephone .
._yago:IBMMobilePhones rdfs:subClassOf yago:Telephone . J

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

“ (@000 SIEMENS I




Approach 1: Query rewriting - informally

“Companies who produce(d) telephones”

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. I
foaf:maker owl:.inverseOf foaf:made.

dbo:manufacturer rdfs:range dbo:Organisation.
yago:SiemensMobilePhones rdfs:subClassOf yago:Telephone .
._yago:IBMMobilePhones rdfs:subClassOf yago:Telephone . J

dbr:Siemens_C25 dbo:manufacturer dbr:Siemens .
dbr:Siemens_C25 rdf:type yago:SiemensMobilePhones .
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Approach 1: Query rewriting - informally

“Companies who produce(d) telephones”

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. I
foaf:maker owl.inverseOf foaf:made.

dbo:manufacturer rdfs:range dbo:Organisation.
yago:SiemensMobilePhones rdfs:subClassOf yago:Telephone .
\_yago:IBMMobilePhones rdfs:subClassOf yago:Telephone . J

dbr:Siemens_C25 dbo:manufacturer dbr:Siemens .
dbr:Siemens_C25 rdf:type yago:SiemensMobilePhones .
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Approach 1: Query rewriting - informally

“Companies who produce(d) telephones”

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. I
foaf:maker owl:inverseOf foaf:made.

dbo:manufacturer rdfs:range dbo:Organisation.
yago:SiemensMobilePhones rdfs:subClassOf yago:Telephone .
._yago:IBMMobilePhones rdfs:subClassOf yago:Telephone . J

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

?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. 4(C) < Organisation(C), made(C, P), Telephone(P)

2C foaf‘made ?P. (C’) — manufacturer(-,C), made(C, P), Telephone(P)

?P a yago:Telephone .} ¢

(C) < Organisation(C'), maker(P,C), Telephone(P)

/~dbo:manufacturer rdfs:subPropertyOf foaf:maker. maker(X,Y) +  manufacturer(X,Y)
foaf:maker owl:inverseOf foaf:made. [ made( Y) maker(Y, X)|
yago:Slemens.MobllePhones rdfs:subClassOf yago:Telephone . Telephone(X) «  SiemensMobile(X)

Kyago.IBMMobllePhones rdfs:subClassOf yago:Telephone . Telephone(X) & TBMMobile(X)

Algorithm PerfectRefl(Q, Tr)
Input: union of conjunctive queries (Q, set of DL-Lite 4 Pls Tp
Output: union of conjunctive queries PR
PR := Q; Ao/
; repeat a quer
Rewrite PR := PR repvfr%in qa/ grithm [ransiate
SPARQL BGPS for each g € PR’ do g g resultlng UCQ
to CQs for each g in ¢ do for DL-Lite...
for each Pl [ in 7} do back to SPARQL
if I is applicable to g then PR := PR U { ApplyPl(q.q9,1) }, UNION query.
for each g1.g92 in ¢ do
if g1 and g2 unify then PR := PR U {r(Reduce(q, g1,92))}
until PR = PR,

return P ... e.q. [Cal ,2007
o4 ‘©®@©| turn PR e.g. [Calvanese ] SIEMENSEN




Approach 1: Query rewriting pros/cons

Pro:
m 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 ?0 UNION ?S ?P dbr:SAP }
not allowed

s [©000) SIEMENS I




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

N\
e.g. http://www.w3.org/TR/rdf-mt/#rules
s o8 et o I—
rdfs7 333 :;fas ;I;;x’b.l’ropertyof bbb . uuu bbb yyy .
[ s s o e 0.
a dbr:IBM_Simon dbo:manufacturer dbr:IBM . N

dbr:IBM_Simon rdf:type yago:IBMMobilePhones .

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

dbr:IBM_Simon rdf:type yago:Telephone .
o /
* (@000 SIEMENS K




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. N\
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
prp-rng  T(O, rdf:type, C) < T(P,rdfs:range, C'), T(S, P,O)

prp-spol T(S, P, 0) < T(Py,rdfs:subPropertyOf, P,),T(S, P, 0)
Cax-sco T(S,a,Cs) < T(C4,rdfs:subClassOf, Cs), T'(.S, a, Ct)

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

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

dbr:IBM_Simon rdf:type yago:Telephone .
o /
7 (@60 SIEMENS G




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
prp-rng (O, rdf:itype, C) <« (P,rdfsirange, C), (S, P, O)
prp-spol (S, P, 0) — (P, rdfs:subPropertyOf, P,), (S, P1, O)
Cax-Sco (S,a,Cs) + (C1,rdfs:subClassOf, C5), (S, a, Cy)
prp-invl (0, P, S) < (Py,owl:inverseOf, P,), (S, Py, O)
dbr:IBM_Simon dbo:manufacturer dbr:IBM .

dbr:IBM_Simon rdf:type yago:IBMMobilePhones .

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

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

% (OO0 SIEMENS G




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. N\
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
prp-rng (O, rdf:itype, C) <« (P,rdfsirange, C), (S, P, O)
prp-spol (S, P2, 0) — (P, rdfs:subPropertyOf, P,), (S, P1, O)
Cax-sco (S,a,Cs) + (C1,rdfs:subClassOf, C5), (S, a, Cy)
prp-invl (0, P, S) < (Py,owl:inverseOf, P,), (S, Py, O)

a dbr:IBM_Simon dbo:manufacturer dbr:IBM . N
?2C dbr:IBM_Simon rdf:type yago:IBMMobilePhones .
_ dbr:IBM a dbo:Organisation.
dbr:Siemens dbr:IBM_Simon foaf:maker dbr:IBM .
dbr:IBM dbr:IBM_Simon rdf:type yago:Telephone .
\_ dbr:IBM foaf:made dbr:IBM_Simon . -

¥ (OOO SIEMENS G




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”)

e.g. in “OWL 2 RL in RIF*
http://www.w3.org/TR/rif-owl-rl/#templateRules_algorithm

Works very effectively for rules with only on Thox-pattern and one Abox pattern,

since these rules can be run “per statement” over the whole Abox.
100
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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. I
foaf:maker owl.inverseOf foaf:made.
dbo:manufacturer rdfs:range dbo:Organisation.
yago:SiemensMobilePhones rdfs:subClassOf yago:Telephone .
kyago:IBMMobiIePhones rdfs:subClassOf yago:Telephone . )

prp-rng (O, rdf:type, C) <« (P, rdfsirange, C), (S, P, O)
prp-spol (S, Py, 0) (P, rdfs:subPropertyOf, P,), (S, P1, O)

%
Cax-sco (S,a,Cs) +— (C1,rdfs:subClassOf, C5), (S, a, Cy)
prp-invl (O, Py, S) < (Py,owl:inverseOf, P,), (S, P, O)

/(O, rdf:type, dbo:Organisation) < (S, dbo:manufactuer, O)
(S, foaf:maker,O) <+ (S, dbo:manufactuer, O)
(S, rdf:type, yago: Telephone) <« (5, rdf:type, yago:SiemensMobilePhones)
(S, rdf:type, yago: Telephone) <« (S, rdf:type, yago:IBMMobilePhones)
(O, foaf:maker, S) <« (5, foaf:made, O)
\ (O, foaf:made, S) <« (9, foaf:maker, O) J

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.

101 () OOO SIEMENS IG5




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 ...
prp-trp (X, P,Z) <« (P, type,owl:TransitiveProperty), (X, P,Y), (Y, P, Z)
... owl:sameAs
eq-rep-s (S, P,0) <« (S,owl:sameAs,S’), (S, P,0O)
eq-rep-p (S, P',0) < (P,owl:sameAs, P'), (S, P,0O)
eq-rep-o  (S,P,0") <« (O,owl:sameAs,O'), (S, P,O)
... 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

12 | OOO SIEMENS IG5




What’s needed for Linked Data

... hot/partially supported in QL
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What’s needed for Linked Data

®m OWL 2 QL
® OWL2RL

... hot/partially supported in RL
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Lecture Roadmap

Challenges on Reasoning over Linked Dat;?\ w3

(Axel) —
Practical approaches for Reasoning over Linked Data
® Quarantined & Authoritative Materialization (aidan)
® Link-Traversal Based Query Execution with Reasoning (aidan)
® Reasoning with Attribute Equations (axe))

® Wrap-up/Outlook ()
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Examples:

Google

“Companies who produce(d) telephones” “

SELECT ?C { ?C a dbo:Organisation. ?2C

foaf:made ?P . ?P a yago:Telephone . }

® Now that was relatively easy...

® ... all data available on one source (DBpedia) which is
(relatively) well curated.

® Straightforward approach:

gGC) ® Load DBPedia into SPARQL engine
oo fZaf eeeeeeeee ® Use Approach1 (query rewriting) or Approach2 (materialization)

106
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What about the other Examples?

. | “Latest News on NYT about companies with a revenue

oogle

G 3 greater than 10B EUR” ‘ “
® What if...

... there are several datasets from the Linked Data Cloud involved?
® Which datasets do | need? R Caed
® Which ontologies should | use? — — s wdic’

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

107 () OOO SIEMENS IG5




Several datasets and involved...

CO()gle “News about companies with a revenue greater than 10B”
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Several datasets & ontologies and involved...

Google

AN

SKOS

Ehe New o

“News on NYT about companies with a revenue greater than 10B”

nytimes:first_use

2007-03-23

skos:prefLabel

owl:sameAs

2010-05-13

[4]

nytimes:assoc_article_cnt

rdf:type skos:inScheme

nytimes:first_use

2008-12-21

skos:prefLabel

Siemens A.G

nytimes:latest_use owl:sameAs

2009-11-06

196
A

nytimes:assoc_article_cnt skos:inScheme

rdf:type

(nyt:49586210195898795812 ) ouisameAs

/
.
nytimes:latest_use = gkos:inScheme nyt:SAP

/

foaf:name

rdfs:label

T ————

SELECT ?C ?D
" httpd WHERE { ?C nytimes:latest use ?D .
?C dbo:revenueUSD ?R .
FILTER (?R > 10E9 )}
rdf:type i dbr:Dietmar_Hopp

rdf:type

dbr:Klaus_Tschira
dbr:Rajkumar_Asokan

; rdf:type

1
*
:

rdfs:subClassOf

dbo:Agent

=
rdf:type

(dbr:Werner_von_Siemens )
. 4

dbo:revenueEUR foaf:name

dbo:foundedBy

. rdfs:subClassOf
V. dbo:Organisation

rdfs:subClassOf

rdf:type

rdfs:label

[Siemens AG

dbo:revenueUSD foaf:name

rdfs:range

dbo:foundedB:

rdf:type

dbo:foundedBy —(" dbr:Thomas_J._Watson )

rdfs:label

nytimes:first_use e~

fi Jatest owl:sameAs \\

2004-09-01 nytimes:latest_use )

skos:prefLabel nyt:IBM
International Business 2010-04-27
Machines Corporation
\
*
r 11%5 ----- > ... redirect

' 1.06916E11 International Business
Machines Corporation

|
|
1
|
1
1
1
1
|
1
1
|
|
|
|
|
|
|
1
1
1
|
|
|
|
|
|
|
1
1
1
1
1
1
1
1
:
1
! 7.829E10
' Siemens AG
:
1
1
|
|
|
|
|
|
|
1
1
1
|
|
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

... dereferencable data context.

‘

... dereferencable Schema/Ontology 1

E5O50af

owl:equivalentClass

foaf:Person

rdfs:subClassOf

(foaf:Agent )
owl:disjointWith
rdfs:subClassOf
foaf:Organization
rdfs:domain

foaf:made

foaf:name

rdfs:subPropertyOf

(rdfs:label )




Naive extension:

® Could | use the same approach for arbitrary queries over linked data?

® Some challenges ahead...
".\ AN :"I\’/‘ "::' . <y =)
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Challenges:

“Some of the challenges for the Semantic Web include vasitness,

, Inconsistency, and deceit. Automated reasoning systems will have tfo
deal with all of these issues in order to deliver on the promise of the Semantic 4.
Web.” (from: htips://en.wikipedia.org/wiki/Semantic_Web ) B

WIKIPEDIA

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)

L (DIOIC[O SIEMENS G




C1 Linked Data is huge 1/2

® Not only crawling time, but also indexing time
needs to be considered...

® i.e, loading +30Db triples into a normal triple can
‘ take some days
- 1 ®m Good news: the share of Ontologies is relatively
small.
LO00 ® (less than ~0.1% [IJSWIS’2009, Hogan 2010])
““-:.~~|m Still: Naive materialization can be prohibitively
. expensive!

112
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C1 Linked Data is huge 2/2

® Examples of “expensive” OWL features
e.g. ow:sameAs, owl: TransitiveProperty

Example 1: my: ontology “hijacking” foaf

foaf:knows rdfs:subProperty my:foafClosure . | ... Computes the symmetric
my:foafClosure a owl:SymmetricProperty . transitive closure of foaf:knows
my:foafClosure a owl:TransitiveProperty .

... imagine this applied to a FOAF export of facebook (+1b users)

2 O(n?)

Example 2: my: ontology redefining the rdfs: & owl: vocabularies:
rdf:type rdfs:subPropertyOf owl:sameAs . ... Also called “non-standard use” of
rdf:type rdfs:range rdfs:Resource. RDFS/OWL

rdf:type rdfs:domain rdfs:Resource.

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

L (DIOIC]O SIEMENS IG5




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...

Example 1: foaf itself is not OWL DL

foaf:mbox_shalsum a ... there is only
owl:DatatypeProperty , inverseFunctional
owl:InverseFunctionalProperty . ObjectProperties in OWL DL

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.

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

14 (OO0 SIEMENS G




C3 Linked Data is NOT consistent 1/2

® Logical inconsistencies may happen “accidentially”

3
DBpedia

{ dbr:Siemens a dbo:Organisation. }

0‘003 foaf

[foaf:Person owl:disjointWith foaf:Organisation. } ".

My homepage:

[ :dbr:Siemens a foaf:Person . }

15 | OOO SIEMENS G




C3 Linked Data is NOT consistent 1/2

® Logical inconsistencies may happen “accidentially”

3
DBpedia

[ dbr:Siemens a dbo:Organisation. J

foaf
[foaf:Person owl:disjointWith foaf:Organisation. J ".

foaf:knows rdfs:range foaf:Person.

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

[ :me foaf:knows dbr:Siemens. J

... such inconcistent misuses happen in practice!

16 | OOO SIEMENS G




C3 Linked Data is NOT consistent 2/2

o %\é\’/pL 2 RL is again a good choice to start with:
DBpedia

[ dbr:Siemens a dbo:Organisation. J

0“00@ foaf

[foaf:Person owl:disjointWith foaf:Organisation. ]

My homepage:

[ :dbr:Siemens a foaf:Person . J

® OWL2 RL has a set of optional inconsistency detection rules, e.g. ...
cax-dw'  Q(Srcl,:conflicts, Srco, Ont) «+  Q(C1, owl:disjointWith, Cy, Ont),
Q(S, rdf:type, C1, Srer), Q(S, rdf : type, Cy, Sres)

Idea: these rules could be either dropped, or extended to pinpoint to local

117 /maes ... more on that later. SIEMENS ﬂm




O-bombs ...

BONUS MATERIAL:
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Noisy Data: Omnipotent Being

Web data is noisy.

Proof:
08445a31a78661b5c746feff39a9dbb6ede2cchct

® shal-sum of ‘mailto:’

® common value for foaf:mbox shalsum
® An inverse-functional (uniquely identifying) property!!!
® Any person who shares the same value will be considered the same

Q.E.D.

1 ) OOO SIEMENS G




Noisy Data: Redefining everything

More proof (courtesy of http://www.eiao.net/rdf/1.0)

rdf:

rdf

rdf

rdf
rdf
rdf

rdf

type

: type
rdf:

type

: type
rdf:
rdf:

type
type

: type
: type
: type
rdf:
rdf:

type
type

: type

rdf:type owl:Property

rdfs:
rdfs:
rdfs
rdfs
rdfs
rdfs
rdfs
rdfs
rdfs
rdfs
rdfs

120

@080

label “type”(@en

comment “Type of resource”

:domain
:domain
:domain
:domain
:domain
:domain
:domain
:domain

:domain

eiao:

testRun

eiao:pageSurvey

eiao:
eiao:
eiao:
eiao:
eiao:
eiao:

eiao:

siteSurvey
scenario
rangeLocation
startPointer
endPointer
header

runs

SIEMENS G




C4 Linked Data is evolving

® Crawling + Reasoning not really suitable for evolving linked data:

Gou ;Sle “Latest News on NYT about companies with a revenue w

greater than 10B”

SELECT * WHERE

{ ?C rdf:type NYT:0rg .
?C dbpedia:revenue ?R .
?C NYT:latestArticle ?A .
FILTER( ?R > 1E10 ) }

'tan’t be

~ sure that
crawling
keeps up
with

"_J changes!
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C4 Linked Data is evolving

® Basic idea (originally proposed by Hartig & Bizer):
“Link-based-query-processing (LBQE)”
m Start with URIs in a SPARQL query
® |Interleave crawl + query processing SELECT * WHERE
{ ?C rdf:type NYIT:0rg .
?C dbpedia:revenue ?R .

?C NYT:latestArticle ?A.
FILTER (?R > 1E10) }

HTTP GET NYT:Org - HTTP GET NYT:SAP - HTTP GET NYT:article20130128 1
NYT:Org dbpedia:SAP_AG
rdf:type owl:sameAs Stop. No new
query
?C @ NYT:|ateStArt'icle—>@T:arﬁcle2013011D ?A relevant
results found

12 ) VOO SIEMENS IS




C4 Linked Data is evolving

® Basic idea (originally proposed by Hartig & Bizer):

“Link-based-query-processing (LBQE)”
m Start with URIs in a SPARQL query

® |Interleave crawl + query processing SELECT * WHERE
+ OWL Reasoning { ?C rdf:type NYT:0rg .
?C dbpedia:revenue °?R .
?
How?... more on that later ?C NYT:latestArticle ?A.

FILTER (?R > 1E10) }

HTTP GET NYT:Org - HTTP GET NYT:SAP - HTTP GET dbpedia:SAP
NYT:Org ?@oedia:SAP_AD—dbpedia:revenue—@BBOOOOOO ?R
rdf:'iype owl:sameAs
?2C  NYT:SSAP NYT:latestArticle—> NYT:article20130110 ?A J

12 ) OOO SIEMENS IG5




C5: Linked data needs more than RDFS+OWL

“Latest News on NYT about companies with a revenue PR
greater than 10B EUR” -

SELECT * WHERE

{ ?C rdf:type NYT:0rg .
?C dbpedia:revenueEUR ?R .
?C NYT:latestArticle ?A .
FILTER( ?R > 1E10 ) }

Google

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

dbo.:revenueUSD = dbo:revenueEUR / 1.3 .
dbo:profitEUR = “dbo:revenueEUR — dbo:totalExpensesEUR”.

dbr:Siemens a dbo:Organisation.

dbr:Siemens dbo:revenueEUR 7.829E10
1.3 USD =

dbr:SAP a dbo:Organisation. 1EUR
dbr:SAP dbo:revenueEUR 1.622E10

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

12 () OO SsiIEMENS G




Lecture Roadmap

. ?\.“n_\

—
® Practical approaches for Reasoning over Linked Data
® Quarantined & Authoritative Materialization (aidan)
® Link-Traversal Based Query Execution with Reasoning (aidan)
® Reasoning with Attribute Equations (axe

® Wrap-up/Outlook ()

125 | DOO SIEMENS IG5




%imdice

Context-Dependant Reasoning

MATERIALISATION (I)
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Sindice.com

127

iNdice
THE SEMANTIC WEB INDEX

Sindice - Data Web Services

Billion pieces of reusable information can already be found across
hundreds of millions web pages which embed RDF and Microformats. Start
consuming this data today with Sindice Data Web services.

LEARN MORE —>

LATEST DATA

11:03:13 (sigma) 11 triples http://semantic.eurobau.com...00946g505p525.rdf

11:03:13 (sigma) 57 triples http://www.freezebox.net...9_11_01_archive.html
11:03:12 (site_manager) 2 triples http://www.freebase.com...sic/album/genre
11:03:12 (site_manager) 2 triples http://www.freebase.com..._episode/writer

HIGHLIGHTS

Anything to Triples Any2$

Anything to Introduction

Triples

Anything to Triples. New version -

Home About Search Submit Forum

Version: 1.5.46

Submit Inspector Tool

Search: @ term © property © advanced © SIGMA

Type one or more keywords or URI

Examples: tim berners lee (by URI), michele, deri
Searching on about 122.39 million documents.

SINDICE TWEET i Follow us

TueSep0709:49:20 2010 Sindice participates in the new eu LOD2 project,

4 years long, just started. http://lod2.eu Truly great competences in the
consortium

SINDICE BLOG B Feed

Sindice now supports Efficient Data discovery JUL 09,2010
and Sync

So far semantic web search engines and semantic aggregation services
have been inserting datasets by hand or have been based on “ran...

(More —)

Sindice planned downtime this weekend JUN09, 2010
HiDue to an expansion of one of our datacentres (and the electrical work

that this implies), Sindice and related services such as sig.ma w...
(More —)

SIEMENS G




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
m

2 (OO0 SIEMENS G




Context-Dependant Reasoning in Sindice

® C1 (Scale): Divide and conquer!

® Break reasoning up into many small contexts

dbr:Hans-Werner_Hector
dbr:Claus_Wellenreuther
dbr:Hasso_Plattner

e
nytimes:assoc_article_cnt

I
nyt:75203219895342479362 | OWIsameAs

it type N ; e dbrDistmar_Hopp
o 9 "y
nytimes first_use wmeAs ',A . dbr:Klaus_Tschira

dbr:Rajkumar_Asokan k—:
skos:preflLabel -

[ .
T rdf:type
‘ LS
SAPAG 2010-05-13

-

s rdfs:subClassOf  owlequivalentClass
N BN

vori Sy ns )
i i / . : — p—
1df-type nytimes:assoc_article_cnt g oc-ingcheme s subClassOf rdfs SubClassOf
i foaf:A em
nyt:N82918236209763785922 53 7 - — g
e N dbr:Slemens 7 dbo.organlsanon
nytimes first_use

vdfs subClassOf
nytimes latest_use

oat ‘Organization
rdfs:subClassOf rdfs domain
oaf made
skos:prefLabel
‘ foaf:name
20057705

rdfs:subPropertyOf

; rdfs:range
dtype nytimes:assoc_article_cnt F

rdfs:label
(dbo:foundedBy ]

nytimes:first_use

N owl:sameAs
nytimes:latest_use

2004-09-01 dborrevenueush  foaf: name L

|
——
sr \ [1.06916E11 | Inlemm nal Business L
r— 20100427 es Corporanon

Machines Corporation

129 @@@@ SIEMENS nm




Context-Dependant Reasoning in Sindice

® C1 (Scale): Divide and conquer!
® Break reasoning up into many small contexts

dbriHaSSO Plattner

\-ﬂam Dietmar_Hopp

dbf Klaus_Tschira

nyt:7529321 m5342479362

rdftype

nytimes first_use

2007-03-23 [
he
skos:prefLabel
: SAPAG

dbf Wemer von_Siemens
rdfssubclassoi
dbo foundecBy
(dbo:Organisation anlsatnon

rdfs:subClassOf

Toat-Agent
ow:

rdf-type

skos:prefLabel

v
Siemens A.G 2009-11-06

rdftype nytimes:assoc_article_cnt skos:inScheme

nyt:49586210195898795812 owl:sameAs
e

nytimes:first_use -~

rdfs:subPropertyOf

dbo:foundedB

rdf:type

foaf:name

nytimes:latest_use
skos:prefLabel

Intemational Business
Machines Corporation

dbo:revenueUSD

|
|
1
1
i
i
i
1
|
1
|
1
|
1
1
i
1
i
1
i
i
|
rdfsrange | (rdisiabe
1
i
|
1
|
|
|
1
1
|
1
1
1
|
|
|
I
1
1
1
|
1
;

| ... datasetin one PLD

Legend: = ----- e .. redirect .. dereferencable data context.

130 @@@@ SIEMENS Em




Context-Dependant Reasoning in Sindice

B C3 (Web Data): Keep contexts closed!
® “Quarantine” reasoning within connected contexts

nytimes:assoc_al X
nyt:75293219995342479362 |

nytimes first_use

skos:prefLabel

/

rdftype

:

[4]

nytimes:assoc_article_cnt = gy ocinScheme

skos:prefLabel

Siemens A.G

nytimes:assoc_article_cnt

ny1:49586210195898795812 ]: owl:sameAs
N

2009-11-06

skos:inScheme
rdftype

h
i

i

i

i

i

i

i

i

!

i

. nytimes:first_use
i

g owl:sameAs
i

i

i

i

i

i

i

i

i

i

i

i

i

imes:latest_use
E nytimes: &

osprefLabel

v
hal Business 2010-04-27
|Corporation

.. redirect .

131

dbr:Hans-Wemner_Hector J<.¢

dbr:Claus_Wellenreuther

dbr:Hasso_Plattner

dbo:revenueEUR

i (dbr-Dietmar_Hopp |

dbr:Klaus_Tschira
dbr:Rajkumar_Asokan - ,_‘“..

i
_m v —\_dbo:Person 4 -
e rdfs:subClassOf Owl-equivalentClas:
i
dooAgy :
> : 1
2 | .
> ﬂa‘ ksot | 1dfs:subClassOf
dbo:foundedBy [‘ - ¢ i foaf:Agent
» -~ ! owl disjointWith
rdf-type - - |
EL X P '% | rdfs:subClassOf
f r =
dbo:revenueEUR foaf:name i foaf-Organization
rdfslabel rdfs:subClassOf | disdomain
N ! (foat:made
Siemens AG i 1
: —
;
! rdfs:subPropertyOf
I
'
i disaange | |
dbo:foundedB !
I
I
'
1
1
|
I
1
1
'
'
I
I
I
I
I
I
1
;

dereferencable data context.

. dataset in one PLD
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Context-Dependant Reasoning Example

“‘IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII “llllllllllllllllllllr‘—'
* *
0 0

. DBpedia: Thomas Watson o, i EOAF Spec ‘@]

@r Thomas WatsD—:— rdf:type foaf:Agent

‘fﬁt@i
rdf: type \ rdfs:subClassOf

rdf:type &

lllllllllllllllll
*

rdfs:subClassOf spam:BuyViagra

2 (OO0 SIEMENS e




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).

R (DIOICIO) sIEMENS 5




Building Context through Links

lllllllllllllll
llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
» 0
0

“

" DBpedia: Thomas Watson @ | DBpedia: I
@r Thomas _Watson__>— dborfounded —3(_dbr:IBM_m m lll Ty -@
E rdf: type : rdf:ty

3 .
---------------
--------------------------------------------------------------------------------------------------

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
&

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

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

® From all: follow owl:imports links (e.g.. add owl:sameAs)
® (Erm: not in example. Imagining it is left as exercise for the audience.)

LA (DIOIS]O SIEMENS IG5




;" DBpedia: Thomas Watson g S :"SFOAF Spec @ %
A A :
: @r:Thomas_WatsD 1: raf:tyfe g foaf:Agent :
; | ; P
S, rditype rdfs:subClassOf
1 =S1 N : S3E

rdf:type * % : :

....................... Beeereereerenennnnest® e
........................ - SR

owl:equivalentClass

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

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

135 | OOO SIEMENS IG5




Context Re-use

;222 (Any Document) ©: ;” FOAF Spec ‘v
L MmO+ iy g foaf:Agent
rdf:type : : '
yp : {,%; rdfs:subClassOf S3
- rdf:subClassO : ¢ 3
dbo:Person PR
SZ /\ -_“ F
....................... P L
......................... IS3I.
@— owl:equivalentClass
DBpedia Ontology: Person «

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

® 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 S, Szand S; A Sg

136 | DOO siEMENS BE




Parallelisation

"-----.----‘-.------l* -----
* Yy
0‘ ®

m Ontology Base replicated on machine FOAF Spec ‘»
® Other docs reasoned over in parallel
7 DBpedia: Thomas Watsor DBpedla IBM DBpedIa SAP :
Qr:Thomas_WatsE dbr:IBM @
S1 rdf:type rdf: type rdf; type
T — & 2 ...................................................
. DBpedia Ontology: Person «
2 lllllllllM‘llllllllllllllu}.“‘l=j ............. -;........Km .......... W“\
C I Ne—— 1 N— A
=2 2 =2

-
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Sindice Reasoning Profile

® pD* (aka. OWL Horst)

® Rule-based (Datalog-style) inferencing
® Support for (incomplete) OWL 1 Full

Xx-axis is log-scale!
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Context-Dependent Ontology Base

T-Box Size A-Box Size
Dataset Ontology Explicit Implicit Explicit Implicit
Geonames 15 1820 4005 6 14
DBPedia 8 657 1556 7 16
Sindice 14 2085 4601 69 170

Table: Statistics over 100.000 random entity descriptions
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Caching Ontology Closure

® Reuse of ontology closures
across entities follows a

102 power-law(-like) distribution

® Cache most recently used

104 \ ontology closures

10° 10Y 102 103 10* 10° 10% 107 108

number of documents (log)

probability (log)
S

—
3
ot

—_
3
o
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Optimisation with Ontology Base

.108

A-Box ® Computation of the T-Box
0.8 B T-Box closure: most time consuming
O operation
£ 00 m It becomes negligible when the
£ o4 ontology base is activated
Q
3
X 0.2
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Optimisation with Ontology Base

— Cumulative Average || @ At the beginning, the reasoning
time is very high

® After 10,000 entities, reach
steady state of performance

w

N

Reasoning Time (s)

oo
NO1T =

10! 102 103 10* 10°
Entity
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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

DBPedia Geonames Sindice

83.3 50 13.9

Table: Average number of entities
per second processed by one
computing node
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Linked Data Reasoning In Action: Sindice

® Context reasoning mechanism
® Avoid deduction of undesirable assertions
®m Efficient distributed computing model

® Methodology deployed in production since 2008
® More than 370 million documents
® More than 40 billion triples (20 billion triples inferred)

>>indice
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More Detalls ...

Context-Dependent OWL Reasoning in Sindice -
Experiences and Lessons Learnt *

Renaud Delbru®, Giovanni Tummarello!, and Axel Polleres'?

! Digital Enterprise Research Institute
National University of Ireland, Galway
{renaud.delbru,giovanni.tummarello,axel.polleres}fderi.org
? Siemens AG Osterreich
Siemensstrasse 90, 1210, Vienna, Austria

Abstract. The Sindice Semantic Web index provides search capabilities over
260 million documents. Reasoning over web data enables to make explicit what
would otherwise be implicit knowledge: it adds value to the information and en-
ables Sindice to ultimately be more competitive in terms of precision and recall.
However, due to the scale and heterogeneity of web data, a reasoning engine for
the Sindice system must (1) scale out through parallelisation over a cluster of
machines; and (2) cope with unexpected data usage. In this paper, we report our
experiences and lessons learned in building a large scale reasoning engine for
Sindice. The reasoning approach has been deployed, used and improved since
2008 within Sindice and has enabled Sindice to reason over billions of triples.

1 Introduction

Reasoning over semantic entity description enables to make explicit what would oth-
erwise be implicit knowledge: it adds value to the information and enables a web data
search engine such as Sindice to ultimately be more competitive in terms of precision
and recall [16]. The drawback is that inference can be computationally expensive, and
therefore drastically slow down the process of indexing large amounts of information.
Therefore, large scale reasoning through parallelisation is one requirement of Sindice.
A common strategy for reasoning with web data is to put several entity descriptions

Renaud Delbru, Giovanni Tumrherello and Axe'l' POIIéres.i“CONTEfo'DIE:PENDENT OWL REASONING IN
SINDICE — EXPERIENCES AND‘LLESSONS'LEARNT . 'In-the'Proceedings of the 5th International
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Misses inferences across documents ...

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
*

lllllllllllllllllllllllllllllllllllllllllll

=Ered SELECT ?techCompany e
WHERE { ;

?techCompany dcterms:subject ?s . :
________________________ ?s skos:broaderTransitive dbc:Tech_Companies . MU

....................... }
~ .

Cbc ElectronICS COmpanD'—skos b‘oade-)<dbC:TeCh_CompanieS

Ny
Ny
Ny
N

DBpedia: Elect. Companies Category U

@OS:broaderTransﬂQ— rdfs:subPropertyOf

rdf:type

i SKOS Ontology g.) \QWI TransﬂwePropertD

*

skos:broader

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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Authoritative Reasoning

MATERIALISATION (1)
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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
m
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Authoritative Reasoning: Global Axioms

W Instead of breaking up reasoning into small

contexts

rdftype

nytimes first_use

skos:prefLabel
d

nyt:7529321 m5342479362

d br:Hasso_Plattner

\-ﬂabr Dietmar_Hopp

dbf Klaus_Tschira

skos:prefLabel

v
Siemens A.G

2009-11-06

nytimes:assoc_article_cnt

L
ritype
dbf Wemer von_Siemens
skosinScheme rdfssubclassoi
dmfoundetﬂy
LM ==reAs (dbo-Organisation ) Oranlsabon

rdlssubchsso(

rdftype

Intemational Business
Machines Corporation

nytimes:assoc_article_cnt

skos:inScheme

dbo:foundedB

rdf:type

nyt:49586210195898795812 owl:sameAs
e

nytimes-first_use

skos:prefLabel

nytimes:latest_use

dborrevenueusp ~ foatname

|
i
|
i
1
1
i
|
i
i
i
|
i
i
i
i
i
i
i
i
:
rdfs:range E
1
i
i
|
i
|
i
|
i
|
i
1
i
|
i
|
i
|
i
|
i
|
i
i

149

Legend:

.. dereferencable data context.

rdfs:subPropertyOf
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Authoritative Reasoning: Global Axioms

® Return to reasoning over one big gra
® But only for “trusted” data!

dbr:Hans-Werner_Hector
dbr:Claus_Wellenreuther

e —
nytimes:assoc_article_cnt dbr:Hasso_Plattner

nyt:75293210995342479362 |

owl:sameAs 4
privee e k2 . dbrDietmar_Hopp
N » "y P —
R wmms ," A dbr:Klaus_Tschira

skos:preflLabel

dbr:Rajkumar_Asokan k—— 'dtp-e

A,
2
& dftype

.

rdfs:subClassOf  owlequivalentClass

(] goo Agent
/ _von’s hons
1df-type nytimes:assoc_article_cnt g oc-ingcheme A—_ A s subClassOf rdf§.subC\assOl
9 foaf:Agent
7 e et owldi
dbr:Slemens —(dbo:Organisation

N ) 1dfs:subClassOf
nytimes first_use

1ol 3 foaf:Organization
nytimes latest_use

—— rdfs:subClassOf rdfs:domain
skos:prefLabel a2
‘ oar:name
20057705

rdfs:subPropertyOf

disrange rdfs-label
drtype nytimes:assoc_article_cnt dbo:foundedB!

nyt:49586210195898795812

nytimes:first_use

owl:sameAs \

nytimes:latest_use i

2004-09-01 ;
skos:prefLabel h

] 1.06916E11 International Business
r— 20100427 Machines Corporation

dbosievenueusD  foafmame
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Inferences across documents ...

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
*

-
DBpedia: Siemens @ : .
............................................................................................................ _ EETRITTRITTIITITECECOLTrrg
bc:Electronics Companié _ bc:Phone_K/Ianufacturer :
C < >(—skos.broade< . >
: : DBpedia: Phone Manufacturers Category @

Cbc ElectronICS COmpanD'—skos b‘oade dbc:Tech_Companies

Ny
Ny
Ny
N

A

: DBpedia: Elect. Companies Category @

@Oszbroadeﬂransﬂwez— rdfs:subPropertyOf

rdf:type

SKOS Ontology w‘ \)le'TransitivePropertD .

*

skos:broader

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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Inferences across documents ...

@:Siem@\

N bc:Phone Manufacturer
skos:broaderTransitive -

skos:broade S

Cbc:Electronigs_Companle>( .
\

skos:broaderTransitive
skos:broade

r Y
\<d bc:Tech_Companies>

@os:broadeﬂransitivez— rdfs:subPropertyOf —@s:bmader
rdf:type
\le:TransitivePropertD
12 | OOO SIEMENS IG5
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But what about ...

g EE NN NN SN NN NSNS NN NN NN NN EEEEEEEEEE T
0“

DBpedia: James Watson ¥ FOAF Spec ‘QW

@r:Thomas_Watson rdf:type gt

“llllllllllllllllllllr‘—“
*
*

e

: : rdfs:subClassOf

rdf:type g

...................... L R I
........................ Beneinnnnsrnnssnssnnssnssnnssnnssnnsnnssnnsnnssiiornnsnnssnnssdlhenssnnsnnssnnsne,

lllllllllllllllllllllllllllllllllllllllllllllllllll

@
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But what about ...

@r:Thomas_WatsD— rdf:type &

\ o

rdf:type ,‘ g

foaf:Agent

rdf:type rdfs:subClassOf

) 4 rdf:typeéé;

dbo:Person owl:equivalentClass

rdfs:subClassOf —)@am:BuyViagD
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But what about ...

" DBpedia: James Watson * ™ ;" FOAF Spec *
EQr:Thomas_WatsD foaf:Agent

: rdftype i rdfs:subClassOf
....................... Beeeerrreenenneennne®™ B
......................... B einnnnnsnnnnnnssssssssnsssssssnssnnnnnnnnssssssnsnsssssssssssBhosssssssssnnnna,

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

.
-----------------------------------------------------------------------------------------------------------
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But what about ...

llllllllllllllllllllllllllllllllllllllllllll
*
*

DBpedia: Thomas Watson @

@r:Thomas_WatscD foaf:Agent

owl:equivalentClass

156
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Which axioms to trust...

® The FOAF Spec states:
“All instances of foaf:Person are
instances of foaf:Agent”

foaf:Agent

rdfs:subClassOf

foaf:Person

157
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Which axioms to trust ...

foaf:Agent

rdfs:subClassOf

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

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

@ rdfs:subClassOf —)Qam:BuyViagra
: R

Spam Site

0..

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
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Which axioms to trust ...

foaf:Agent
® The DBpedia page says

“All instances of dbo:Person are instances of rdfs:subClassOf
foaf:Person”

!

and

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

!

foaf:Person

i :
: dbo:Person

llllllllllllllllllllllllllllllllllllllllllllll
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llllllllllllllllllllllllllllllllllllllllllll
*
*

@r:ThomaS_WatsD foaf:Agent

rdf:type rdfs:subClassOf

dbo:Person

. .
. *
--------------------------------------------

dbo:Person rdfs:subClassOf —)w

® The DBpedia page says

“‘dbr:Thomas Watson is an instance of
dbo:Person”

J
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Authoritative reasoning ...

® The FOAF Spec states:
“All instances of foaf:Person are
instances of foaf:Agent”

foaf:Agent

rdfs:subClassOf

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

161
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Authoritative reasoning ...

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

foaf:Person(?x) — spam:BuyViagra(?x)

foaf:Person rdfs:subClassOf spam:BuyViagra

@

162

SIEMENS G




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”

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
&

i
: owl:equivalentClas

S

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

dbo:Person(?x) — foaf:Person(?x) ‘/
foaf:Person(?x) — dbo:Person(?x) x
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Authoritative reasoning ...

;" DBpedia: Thomas Watson % ;" FOAF Spec *
@r:Thomas_WatsD 5 foaf:Agent
rdf:type rdfs:subClassOf
....................... Beeeeeeeeeeanan™ B
......................... B.snnessessnnssssssansssssssnsssssssnnsssssansasssssnsasssssdihessssnnassassnne,

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

.
-----------------------------------------------------------------------------------------------------------
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Apply Rules ...

llllllllllllllllllllllllllllllllllllllllllll
0“

;' DBpedia: Thomas Watson O

@r:Thomas_WatsD

rdf:type

. .
. *
--------------------------------------------

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

165 ‘@ @@@|
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Apply Rules to Data

“‘llllIIIIIIIIIIIIllllIIIIIIIIIIIIIIIIIIII S NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NS NN NN ENNENEENENEEEEENg,
L 4
*

dbr Thomas Watskrdf type W

rdf: type rdf:type

@ foaf: Agent

*e o
. .
-----------------------------------------------------------------------------------------------------------------

“

dbo:Person(?x) — foaf:Person(?x)
foaf:Person(?x) — foaf:Agent(?x)
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Inferences across documents ...

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

skos:broaderTransitive(?x,?y), skos:broaderTransitive(?y,?z) —

skos:broaderTransitive(?x,?z)

skos:broaderTransitive rdfs:subPropertyOf

skos:broader

owl: TransitiveProperty

167
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Inferences across documents ...

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
*

-
_DBpedia: Siemens @ : ‘
............................................................................................................ _ EETRITTRITTIITITECECOLTrrg
bc:Electronics Companié _ bc:Phone_K/Ianufacturer :
C Y >(—skos.broade< >
y : DBpedia: Phone Manufacturers Category G.) i

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

Cbc ElectronICS COmpanD'—skos broade-)<dbc Tech_Companies

DBpedia: Elect. Companies Category 5-)

.
-----------------------------------------------------------------------------------------------------------------------------------------

\e

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

skos:broaderTransitive(?x,?y), skos:broaderTransitive(?y,?z) —
skos:broaderTransitive(?x,7z)
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Inferences across documents ...

@:Siem@idcterms:subject—)CbC:Phone Manufacturer>

|
|
|
bc:Electronics Companié _ bc:Phone_Manufacturer
skos.broadeC —
S S
i r
|
|

]
c.Electronics_ Compani€e _ _ .
Cb s >Skos.?roade -)<dbc.Tech_Compan|es>

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

skos:broaderTransitive(?x,?y), skos:broaderTransitive(?y,?z) —
skos:broaderTransitive(?x,7z)
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Inferences across documents ...

@:Siem@\

dcterms:subject

bc:Phone Manufacturer
skos:broaderTransitive -

skos: broade

Cbc Electronlcs CompamD(
\ skos:broaderTransitive

skos:broade
skos:broaderTransitive

\< dbc:Tech Companles>

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

skos:broaderTransitive(?x,?y), skos:broaderTransitive(?y,?z) —
skos:broaderTransitive(?x,?z)
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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
m
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How can we do transitive reasoning like
this on a Web scale graph?

@:Siem®\

dcterms:subject

N c:Phone Manufacturer
skos:broaderTransitive _q
skos:broade 3

Cbc:EIectronics_Compan|e>( .
)
\ skos:broaderTransitive

skos:broade
skos:broaderTransitive Y

\<dbc:Tech_Companies>

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

skos:broaderTransitive(?x,?y), skos:broaderTransitive(?y,?z) —
skos:broaderTransitive(?x,?z)
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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(n?)

® 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

™ (@000 SsIEMENS GE]




Take the Easy Way Out ...

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

® Leave out the rules with more than one condition (>1 body atom)

® Remaining rules relatively easy to run ... parallelisable ... scalable ...

® But is this a gross simplification?

74 (0 OOO SIEMENS IG5




A Gross Simplification?

® RDFS/OWL features that can be “covered” by linear rules

® RDFS covered in its entirety

| Not Covered | No inference required

Covered |
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Parallelisation

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

= " DBpedia: James Watson DBpedla IBM DBpedla SAP
Qr:Thomas_Wats%E dbr:IBM _dbrisAP_ >
S 1 rdf:type rdf: type 5 rdf: type
— T
e e 15

-
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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)

SMS
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Example Noise ...

Five authoritative rules for (164 million) members of foaf:Person
m foaf:Person(?x) — foaf:Agent(?x)

foaf:Person(?x) — wgs84:SpatialThing(?x)

foaf:Person(?x) — contact:Person(?x)
(7x)
(7x)

foaf:Person(?x) — dcterms:Agent(?x)
foaf:Person(?x) — contact:SocialEntity(?x)

Twenty-five non-authoritative rules dropped:

m foaf:Person(?x) — po:Person(?x)

m foaf:Person(?x) — aifb:Kategorie-3AAIFB(?x)

| foaf:Person(?x) — b2r2008:Controlled-vocabularies(?x)

Final Rule Base contains
301 thousand rules

7 (@000 siIEMENS 5D




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 ...

SIEMENS G




Naive: Run all rules against all triples

® Scan all of the data

® Try each rule against each input triple
®m [f there's an inference, apply recursion

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

Projected to take 19 years

SIEMENS G
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Optimisation: In-memory Rule index ...

ON-DISK A-BOX foaf:.primaryTopic(?x,?y) .
— foaf:isPrimaryTopicOf(?y,?x) .

ex:hp foaf:primaryTopic ex:me .
l P P YTOoP foaf:topic(?x,?y) .

— foaf.page(?y,?x) .

foaf:priraany keie(x 2yl
— foaf:igRifirsanylopicQi{@y, ?x )y )
foaf.isPrimaryTopicOf(?x,?y)
foaf: primaiyafqrige?x 7))
— RAIARIG(T I x, 2y)

— foaf:topic(?x,?y)

OWL 2 RL/RDF: prp-inv1, prp-spo1
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Optimisation: Linked Rule index ...

foaf:primaryTopic(?x,?y)

— foaf:isPrimaryTopicOf(?y,?x)

foaf.isPrimaryTopicOf(?x,?y)

— foaf:page(?x,?y)

" —

©050)

~>| foaf:page(?x,?y)

— foaf:topic(?y,?x)
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Optimisation: Linked Rule index ...

22.1 hours

©050)
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Optimisation: Merge Rules ...

foaf.primaryTopic(?x,?y)

foaf:primaryTopic(?x,?y)

— foaf:isPrimaryTopicOf(?y,?x)

— foaf:topic(?7x,?y)

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

@080

foaf.topic(?x,?y)
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Optimisation: Merge Rules ...

17.7 hours

©050)
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Failed Optimisation: Close Rules ...

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

foaf.isPrimaryTopicOf(?x,?y)
— foaf:page(?x,?y)

" —

foaf:topic(?y, 7X)

~>( foaf:page(?x,?y)
— foaf:topic(?y,?x)

foaf:primaryTopic(?x,?y)
— foaf:isPrimaryTopicOf(?y,?x)
foaf:page(?y,?x)
foaf.topic(?x,?y)
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Failed Optimisation: Close Rules ...

19.5 hours
17.7 hours

©050)
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Reasoning Performance: One Machine ...

1.6e+009

Input———J—f
output ----

1.4e+009

1.2e+009

1e+009

8e+008

# statements

6e+008

4e+008 |-

2e+008

0 -l A L 1 L L
0 200 400 600 800 1000

time (min)
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Distributed Computation ...

® Eight machines, 4GB main memory, 2.2 GHz

Machines|Extract T-Box|Build T-Box|Reason A-Box|Total
1 492 8.9 1062|1565
2 240 10.2 4650 719 minutes
4 131 10.4 239 383
8 67 08 121 201

B Fastest:
8 machines: Total 3.35 hours
SIEMENS G
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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
m
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Dealing with Inconsistency

@foaf:knows @-Berners-@ @

type foaf:knows type
@f:Person Q @' Organiza@

identi.cal o

_ oaf:Perso B -
domain disjoint @f.@rgamzatlon g

DOD

®m foaf:Organization(W3C) [ ]

® foaf:knows(W3C,...) [W3C knows various people]

m 7L V foaf.knows™.foaf:Person [People know People]

m .". foaf:Person(W3C) [W3C is a Person]

®m foaf:Person m foaf:Organization = L [Person and Organisation are disjoint]

® (Something can’t be both a Person and an Organisation at the same time)
.. W3C is inconsistent!

© (@000 SIEMENS I




What Would Google Do?

PageRank: Compute prominence of documents

0.225

0.265

it

0.138

0.172

0.074

v

— O Wk O O O

Sw- O = O O o

O oOowHr O O O O

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

192 ‘@ @@@|

d e f
0 3 %\
1 0 0
0O 0 0
0 0 3
1 1
3 0 3
0 0 0
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Annotated Logic Program Framework

® foaf:Organization(W3C) [0.662]

® foaf:knows(W3C, Tim-Berners-Lee) [0.127] {
foaf:knows(W3C,lvan-Herman) [0.107] ,‘
®m 7L V foaf:knows™.foaf:Person [0.8]

® foaf:knows(?x,?y) — foaf:Person(?x) [0.8]

m .. foaf:Person(W3C) [max(min(0.127,0.8),min(0.107,0.8))]
m .. foaf:Person(W3C) [0.127]
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Dealing with Inconsistency

®m foaf:Organization(W3C) [0.662]

m foaf:Person(W3C) [0.127]

® foaf:Person m foaf:Organization = L [0.8] {
. L . '

.". W3C is inconsistent! {tﬁ%
(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

% (OO0 SIEMENS I




Inconsistencies Found

~294K ill-typed datatypes
~7k members of disjoint classes

Class 1 Class 2 Violations
foaf:Agent foaf:Document 3,842
foaf :Document foaf:Person 2,918
sioc:Container sioc:Item 128
foaf:Person foaf:Project 100
ecs:Group ecs:Individual 38
skos:Concept skos:Collection 36
foaf:Document foaf:Project 26
foaf:0rganization|foaf:Person 7
sioc:Community sioc:Item 3
ecs:Fax ecs:Telephone 3
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More Detalls ...

SAOR: Template Rule Optimisations for Distributed
Reasoning over 1 Billion Linked Data Triples*

Aidan Hogan'!, Jeff Z. Pan?, Axel Polleres', and Stefan Decker’

! Digital Enterprise Research Institute, National University of Ireland, Galway
{firstname.lastname}@deri.org
? Dpt. of Computing Science, University of Aberdeen
jeff.z.pan€abdn.ac.uk

Abstract. In this paper, we discuss optimisations of rule-based materialisation
approaches for reasoning over large static RDF datasets. We generalise and re-
formalise what we call the “partial-indexing™ approach to scalable rule-based
materialisation: the approach is based on a separation of terminological data,
which has been shown in previous and related works to enable highly scalable
and distributable reasoning for specific rulesets; in so doing. we provide some
completeness propositions with respect to semi-naive evaluation. We then show
how related work on template rules — T-Box-specific dynamic rulesets created
by binding the terminological patterns in the static ruleset — can be incorporated
and optimised for the partial-indexing approach. We evaluate our methods using
LUBM(10) for RDFS, pD* (OWL Horst) and OWL 2 RL, and thereafter demon-
strate pragmatic distributed reasoning over 1.12 billion Linked Data statements
for a subset of OWL 2 RL/RDF rules we argue to be suitable for Web reasoning.

1 Introduction

More and more structured data is being published on the Web in conformance with the

D o TN s | SISEEEN L DINEY £ 'H oo I Sl dalal ot

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.
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More Detalls ...

OWL reasoning with WebPIE:
calculating the closure of 100 billion triples

Jacopo Urbani, Spyros Kotoulas, Jason Maassen, Frank van Harmelen, and
Henri Bal

Department of Computer Science, Vrije Universiteit Amsterdam,
{j.urbani, kot,j.maassen,frank.van.harmelen,he.bal}@few.vu.nl

Abstract. In previous work we have shown that the MapReduce frame-
work for distributed computation can be deployed for highly scalable
inference over RDF graphs under the RDF Schema semantics. Unfortu-
nately, several key optimizations that enabled the scalable RDFS infer-
ence do not generalize to the richer OWL semantics. In this paper we
analyze these problems, and we propose solutions to overcome them. QOur
solutions allow distributed computation of the closure of an RDF graph
under the OWL Horst semantics.

We demonstrate the WebPIE inference engine, built on top of the Hadoop
platform and deployed on a compute cluster of 64 machines. We have
evaluated our approach using some real-world datasets (UniProt and
LDSR, about 0.9-1.5 billion triples) and a synthetic benchmark (LUBM.,
up to 100 billion triples). Results show that our implementation is scal-
able and vastly outperforms current systems when comparing supported
language expressivity, maximum data size and inference speed.

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.
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More Detalls

Robust and Scalable Linked Data Reasoning Incorporating
Provenance and Trust Annotations

Piero A. Bonatti ®, Aidan Hogan b Axel Polleres®, Luigi Sauro®

®Universita di Napoli “Federico 11", Napoli, Italy
b Digital Enterprise Research Institute, National University of Ireland, Galway

Abstract

In this paper, we leverage annotated logic programs for tracking indicators of provenance and trust during reasoning, specifically
focussing on the use-case of applying a scalable subset of OWL 2 RL/RDF rules over static corpora of arbitrary Linked Data (Web
data). Our annotations encode three facets of information: (i) blacklist: a (possibly manually generated) boolean annotation which
indicates that the referent data are known to be harmful and should be ignored during reasoning; (ii) ranking: a numeric value
derived by a PageRank-inspired technique—adapted for Linked Data—which determines the centrality of certain data artefacts
(such as RDF documents and statements): (iii) authority: a boolean value which uses Linked Data principles to conservatively
determine whether or not some terminological information can be trusted. We formalise a logical framework which annotates
inferences with the strength of derivation along these dimensions of trust and provenance: we formally demonstrate some
desirable properties of the deployment of annotated logic programming in our setting, which guarantees (i) a unique minimal
model (least fixpoint): (ii) monotonicity; (iii) finitariness: and (iv) finally decidability. In so doing, we also give some formal
results which reveal strategies for scalable and efficient implementation of various reasoning tasks one might consider. Thereafter,
we discuss scalable and distributed implementation strategies for applying our ranking and reasoning methods over a cluster of
commodity hardware: throughout, we provide evaluation of our methods over 1 billion Linked Data quadruples crawled from
approximately 4 million individual Web documents, empirically demonstrating the scalability of our approach, and how our
annotation values help ensure a more robust form of reasoning. We finally sketch, discuss and evaluate a use-case for a simple
repair of inconsistencies detectable within OWL 2 RL/RDF constraint rules using ranking annotations to detect and defeat the
“marginal view”, and in so doing, infer an empirical “consistency threshold™ for the Web of Data in our setting.

Key words: annotated programs: linked data: web reasoning: scalable reasoning: distributed reasoning; authoritative reasoning: owl 2 rl;
provenance; pagerank: inconsistency; repair

T It UUHC IO - ==

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

Scalable and Distributed Methods for Entity Matching,
Consolidation and Disambiguation over Linked Data Corpora

Aidan Hogan®, Antoine Zimmermann b Jiirgen Umbrich ®, Axel Polleres ©, Stefan Decker ®,

“Digital Enterprise Research Institute, National University of Ireland, Galway
bINSA-Lyon, LIRIS, UMRS5205, F-69621, France
“Siemens AG Osterreich, Siemensstrasse 90, 1210 Vienna, Austria

Abstract

With respect to large-scale, static, Linked Data corpora, in this paper we discuss scalable and distributed methods for entity
consolidation (aka. smushing, entity resolution, object consolidation, etc.) to locate and process names that signify the same
entity. We investigate (i) a baseline approach, which uses explicit owl:sameAs relations to perform consolidation; (ii) extended
entity consolidation which additionally uses a subset of OWL 2 RL/RDF rules to derive novel owl : sameAs relations through the
semantics of inverse-functional properties, functional-properties and (max-)cardinality restrictions with value one: (iii) deriving
weighted concurrence measures between entities in the corpus based on shared inlinks/outlinks and attribute values using
statistical analyses: (iv) disambiguating (initially) consolidated entities based on inconsistency detection using OWL 2 RL/RDF
rules. Our methods are based upon distributed sorts and scans of the corpus, where we deliberately avoid the requirement for
indexing all data. Throughout, we offer evaluation over a diverse Linked Data corpus consisting of 1.118 billion quadruples
derived from a domain-agnostic, open crawl of 3.985 million RDF/ XML Web documents, demonstrating the feasibility of our
methods at that scale, and giving insights into the quality of the results for real-world data.

Key words: cntity consolidation, web data, linked data, rdf

1. Introduction The Linked Open Data project has advocated the goal
of providing dereferencable machine readable data in

Aidan Hogan, AntomeiZlmmermann Jurgen Umbrlch Axel Poileres and Stefan Becker "SCALABLE
AND DISTRIBUTED METHODS FOR ENTITY. MATCHING, CONSOLIDATION AND DlSAMBIGUATION OVER LINKED
DATA CORPORA ". In the Journal of Web Semantics 10: pp. 76-110, 2012 :
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Look mommy, no warehouse

LIVE REASONING
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Problems with Warehousing

Rezigoning)
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Problems with Warehousing (what if ...)

-

SELECT ?f ?img
WHERE {
oh:olaf foaf:
?f foaf:depic

k}

—

Rezigoning)
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LTBQE: Link Traversal Based Query Execution

R T al
______________ \

foaf:name Olaf Hartig
| owl:sameAs
foaf.img
l foaf:knows dblpA:Olaf_Hartig
cb:chris

rdfs:seeAlsd Y,

=

cbDoc:

foaf:depiction

W owl:sameAs
foaf:name dblpA:Christian

\
203 5 QO]
12

Use Linked Data principles:

Q dereferencing URIs

U following links

P

-

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

\}

?f ?img

cb:chris  http://..

SIEMENS G
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Limitations of LTBQE ...

a ............................. »lohDoc:| e > dblpADoc:OIaLHartigJ\z‘
“““““““““““ \ “‘ “““ “
foaf:name “O|af Hartigu ) "‘.‘0" { “Olaf ‘Hartig’s depPHartlgog
: owl:sameAs foaf:name foaf:maker
foaf:img

dblpA:Olaf_Hartig

i foaf:knows

rdfs:seeAlso

PhD Viva, Jurgen Umbrich

*
*
*
.
.
.
.
.
“““
s
-------

dblpA:Olaf_Hartig

No URI to Deref.

(SELECT ?2p2 A
WHERE {
?person foaf:name ?name .
}
\. W,
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Limitations of LTBQE ...

ohDoc:

i3

~

ne®
wst®
.t
.t
.
.
.
.
*

foaf:name “Olaf Hartig”
_ owl:sameAs
foaf:img

p
&
*
*
*
*
>
*
*
L4
&
Ld
Ll

rdfs:seeAlso

PhD Viva, Jurgen Umbrich

depADoc:OIaf=HartigJ\z‘

.
s
Y
Y

3

{ (Ol it dblpP:Hartig09

foaf:name foaf:maker

*
*
*
.
.
.
.
.
“““
s
lllllll

dblpA:Olaf Hartig

Join over Literal

(SELECT ?2p2 A
WHERE {
oh:olaf foaf:name ?name .
?p2 foaf:name 7?name
. 4
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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

206

{8233

N

SIEMENS G

12

()




LTBQE' Add “Live” Reasoning

............................. »| ohDoc:

------
P L
.®
R
.
£

foaf:name Olaf Hartig
owl:sameAs
foaf:img

rdfs:seeAlso

\‘i‘

cbDoc:

cb:chris

J

~

cb:chris
foaf:depiction

ass

foaf:name

‘owl:sameAs

dblpA:Christian_
Bizer

o
a
LI
"a,
]
...........
LN '}

PhD Viva, Jurgen Umbrich

SELECT ?label WHERE ({
oh:o0laf foaf:knows ?f .
?f rdfs:label ?label

?label

Christian Bizer
Chris Bizer

rdfs:subPropertyOf rdfs:label

-

~

rdfs:label

Christian Bizer

dblpA:Christian
_Bizer

foaf:maker

dblpP:Hartig09

--------------'-'-'"* dblpADoc:Christian_Bizer

e
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LTBQE Analysis: Benefits of Reasoning

CEroaiy

18.65m URIs

N~

position %URIs  data increase
<u> rdfs:seeAlso ?0 2% 1.006x
<u> owl:sameBAs 20 16% 2.5X
RDFS reasoning* 81% 1.78 X

*rdfs:subClassOf, rdfs: subPropertyOf, rdfs:domain, rdfs:range

Using static schema data
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Query Benchmark

How does reasoning perform in practice?

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

(BTC 2011 ) 1100 queries [. 5
Oyt

QWalk j 100 eaCh fOr
dor path queries
Random walk based 11 shapes [ —

query generation.

star queries

Run them live.
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Query Throughput: Avg. Results/Second

Eeeeesss—— He st
=
LTBQE Base seeAls sameA RDFS Comb
o
entity-s 100 168 167 246 129 153
entity-o 397 648] 616 570 537 433
entity-so 2.02 2.82 2.66 3.71 3.73
star-3-0 011 016 015 015024 0.0
star-2-1 058 112 100  1.04 1.75
star-1-2 017 160 135 160 58.85
star-0-3 018 035  0.33 024  0.68
s-path-2 044 072 068  0.70 0.78
s-path-3 176 245 286 246 243 210
o-path-2 138 839  7.76 6.36  6.89
o-path-3 095 570 584 504 _ 468
£ SCLUIIUS.
469080 SIEMENS[B5E]
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More Detalls

SPARQL for a Web of Linked Data:
Semantics and Computability

Olaf Hartig

Humboldt-Universitiit zu Berlin
hartig@informatik.hu-berlin.de

Abstract. The World Wide Web currently evolves into a Web of Linked Data
where content providers publish and link data as they have done with hypertext
for the last 20 years. While the declarative query language SPARQL is the de
facto for querying a-priory defined sets of data from the Web, no language exists
for querying the Web of Linked Data itself. However, it seems natural to ask
whether SPARQL is also suitable for such a purpose.

In this paper we formally investigate the applicability of SPARQL as a query lan-
guage for Linked Data on the Web. In particular, we study two query models: 1) a
Sfull-Web semantics where the scope of a query is the complete set of Linked Data
on the Web and 2) a family of reachability-based semantics which restrict the
scope to data that is reachable by traversing certain data links. For both models
we discuss properties such as monotonicity and computability as well as the im-
plications of querying a Web that is infinitely large due to data generating servers.

1 Introduction

The emergence of vast amounts of RDF data on the WWW has spawned research on
storing and querying large collections of such data efficiently. The prevalent query lan-
guage in this context is SPARQL [16] which defines queries as functions over an RDF
dataset, that is, a fixed, a-priory defined collection of sets of RDF triples. This definition
naturally fits the use case of querying a repository of RDF data copied from the Web.
However, most RDF data on the Web is published following the Linked Data prin-
ciples [5]. contributing to the emerging Web of Linked Data [6]. This practice allows
for qucry approachcs that access the most recent version of remote data on demand.

Olaf Hartig. “SPARQL FOR A WEB OF LINKED DATA SEMANTICS AND COMPUTABILITY" In the
Proceedings of the 9th Extended Semanhc Web Conference (ESWC) 2012.
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More Detalls

On Completeness Classes for Query Evaluation on Linked Data

Andreas Harth and Sebastian Speiser
Institute AIFB
Karlsruhe Institute of Technology (KIT)
76128 Karlsruhe, Germany

Abstract e systems can implement operations that rely on checking

i for the absence of results, such as negation-as-failure; and
The advent of the Web of Data kindled interest in link- =

traversal (or lookup-based) query processing methods, with e certain statements can be restricted to trustworthy
which queries are answered via dereferencing a potentially sources.

large number of small, interlinked sources. While several

algorithms for query evaluation have been proposed, there Our specific contributions are:

exists no notion of completeness for results of so-evaluated e We extend and generalise the idea of authoritative sources
queries. In this paper, we motivate the need for clearly- from (Hogan. Harth, and Polleres 2009); based on author=
defined completeness classes and present several notions of ity, we define the notion of completeness for sources.

completeness for queries over Linked Data, based on the idea ; , B o . ]
of authoritativeness of sources, and show the relation between * We dchl?c lhl.'CC complctcnc.\s classes fo_r triple patterns
the different completeness classes. and conjunctive queries: one that considers the entire

web, one that considers documents in the surrounding of
. sources derived from the query and one that considers
1 Introduction documents based on the query execution.

A tenet in work on query evaluation and reasoning on the

. . i N ; e We show how the completeness classes related to each
Semantic Web is the open world assumption (OWA): given P

the size and decentralised nature of the web, it is impossible other. .

to achieve complete results. Thus, an answer to a query or Please note that our results apply to both web and intranet

reasoning task is therefore always a subset of all possible environments, as long as data providers follow Linked Dgla

answers. To what degree that subset is complete is left open. principles. Our results also apply to Dataspaces (Franklin,
In this paper we define more fine-grained completeness Halevy, and Maier 2005) without central registries.

classes for guerv answers. We do_so_in_the context of The remainder of the paper is organised as follows: Sec-

Andreas Harth; Sebastian Speiser. "ON'COMPLETENESS CLASSES FOR QUERY EVALUATION ON
LINKED DATA.". In the Proceedings of the 26th AAAI Conference on Artificial Intelllgence (AAAI
2012), Toronto; Ontario, Canada, 22-26-July, 2012.
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More Detalls ...

Improving the Recall of Live Linked Data
Querying through Reasoning

Jiirgen Umbrich?, Aidan Hogan', Axel Polleres?, Stefan Decker’

! Digital Enterprise Research Institute, National University of Ireland, Galway
? Siemens AG Osterreich, Siemensstrasse 90, 1210 Vienna, Austria
Emails: {firstname.lastname}@deri.org, axel.polleres@siemens.com

Abstract. Linked Data principles allow for processing SPARQL queries
on-the-fly by dereferencing URIs. Link-traversal query approaches for
Linked Data have the benefit of up-to-date results and decentralised
execution, but operate only on explicit data from dereferenced docu-
ments, affecting recall. In this paper, we show how inferable knowledge—
specifically that found through owl:sameAs and RDFS reasoning—can
improve recall in this setting. We first analyse a corpus featuring 7 million
Linked Data sources and 2.1 billion quadruples: we (1) measure expected
recall by only considering dereferenceable information, (2) measure the
improvement in recall given by considering rdfs:seeAlso links as previous
proposals did. We further propose and measure the impact of addition-
ally considering (3) owl:sameAs links, and (4) applying lightweight RDFS
reasoning for finding more results, relying on static schema information.
We evaluate different configurations for live queries covering different
shapes and domains, generated from random walks over our corpus.

1 Introduction

Reocansle o ol 1odo F DIV doso boo booe bbb od o 4o Wb oo ool od D)oo

Jurgen 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. |
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Without using fingers

NUMERIC REASONING ...
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C5: Linked data needs more than RDFS+OWL

“Latest News on NYT about companies with a revenue
Q
greater than 10B EUR” -

SELECT * WHERE

{ ?C rdf:type NYT:0rg .
?C dbpedia:revenueEUR ?R .
?C NYT:latestArticle ?A .
FILTER( ?R > 1E10 ) }

Google

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

dbo:revenueUSD = dbo:revenueEUR * 1.3 .

dbo:profitEUR = “dbo:revenueEUR — dbo:totalExpensesEUR”.
Questions:
® Can such equational knowledge co-exist with OWL?
ey Y 1.3 USD =
W Can rule-based materialization and/or query rewriting be used 1 EUR

fo exploit it?

dbr:IBM a dbo:Organisation.
dbr:IBM dbo:revenueUSD 1.06916E11
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Extending RDFS by attribute equations:

Stefan Bischof® 2 and Axel Polleres®

! Siemens AG Osterreich, SiemensstraBe 90, 1210 Vienna, Austria
“ Vienna University of Technology, FavoritenstraBe 9, 1040 Vienna, Austria

Abstract. In addition to taxonomic knowledge about concepts and properties
typically expressible in languages such as RDFS and OWL, implicit information in
an RDF graph may be likewise determined by arithmetic equations. The main use
case here is exploiting knowledge about functional dependencies among numerical
attributes expressible by means of such equations. While some of this knowledge
can be encoded in rule extensions to ontology languages, we provide an arguably
more flexible framework that treats attribute equations as first class citizens in
the ontology language. The combination of ontological reasoning and attribute
equations is realized by extending query rewriting techniques already successfully
applied for ontology languages such as (the DL-Lite-fragment of) RDFS or OWL,
respectively. We deploy this technique for rewriting SPARQL queries and discuss
the feasibility of alternative implementations, such as rule-based approaches.

1 Introduction

RDFS with Attribute Equations via SPARQL Rewriting

A \uuln rariire nf ||Qnmlur‘- hoc (hcnuccntl nl\mnlnhnn nf (‘u!o - <. l.ul in DI"\E unlh

sStefan Blschofr'Aa(einPoueresu 1ESBW\1® mic reasoning
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Daten-Pipeline fir Stadtdaten - - Siemens

SIEMENS

IN OVATION

) Kontakt

» [ Siemens Osterreich

> Home > Innovationen > Innovation Stories > Daten-Pipeline fir Stadtdaten

Nachhaltigere Stadte durch Offene Daten

Siemens baut eine Daten-Pipeline fiir Stadtdaten.

\Welche Faktoren bestmmen die Nachhaltigkeit von
Stadten? Wie veréndem sich diese im Laufe der Zeit?
Wil man Herausforderungen wie Klimawandel,
demographischen Veranderungen oder Urbanisierung
gewachsen sein, braucht man Antworten auf diese
Fragen.

[

—_—
‘\54—‘ I

A
< alest
Wt lw 5l |
- » | bebday
2\ “l p_.).

| 'ss) |<u [

‘\( ‘
Ceowle -

e _

Ahnlich einer Web-Suchmaschine
Pipeline offentliche Stadidaten vor
Wikipedia und Webportalen. Ca. 2
mehr s 300 Stadten sind derzeit
laufend aktualisiert und erweitert.
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® Lot’s of numeric data out there in linked data that’s “convertible” by such
equations... e.g. htip://live.dbpedia.org/Mannheim

has dbo:areaTotal dbo:populationTotal, but misses dbo:populationDensity

© 006 About: Mannheim "
@) @ live.dbpedia.org/page/Mannheim c ] (B~ Google Q) @ @

i About: Mannheim
About: Mannheim oGP
An Entity of Type : municipality, from Named Graph : hitp:/live.dbpedia.org, within Data Space : live.dbpedia.org m‘

is a city in southwestern Germany. With approximately 315,000 inhabitants, it is the third-largest ci_tly in Baden-Wirttemberg, after Stuttgart and Karlsruhe. Mannheim is located
at the confluence of the Rhine and the Neckar in the northwestern corner of Baden-Wirttemberg. The Rhine separates Mannheim from the city of Ludwigshafen, just to the
west of it in Rhineland-Palatinate, and the border of Baden-Wiirttemberg with Hesse is just to the north.

Property Value
dbpedia-owl:PopulatedPlace/areaTotal = 144.96
dbpedia-owl:abstract = is a city in southwestern Germany. With approximately 315,000 inhabitants, it is the third-largest city in Baden-Wurttemberg, after

Stuttgart and Karlsruhe. Mannheim is located at the confluence of the Rhine and the Neckar in the northwestern corner of Baden-
Wiirttemberg. The Rhine separates Mannheim from the city of Ludwigshafen, just to the west of it in Rhineland-Palatinate, and the
border of Baden-Wirttemberg with Hesse is just to the north. Mannheim is downstream along the Neckar from the city of
Heidelberg. Mannheim is unusual among German cities in that its streets and avenues are laid out in a grid pattern, leading to its
nickname "die Quadratestadt” ("city of the squares"). The eighteenth century Mannheim Palace, former home of the Prince-
elector of the Palatinate, now houses the University of Mannheim. The civic symbol of Mannheim is der Wasserturm, a water
tower just east of the city centre. Mannheim is the starting and finishing point of the Bertha Benz Memorial Route.

dbpedia-owl:administrativeDistrict = dbpedia:Karlsruhe
dbpadi aCode

dbpedia-owl:areaTotal 144960000.000000 (xsé:double)
dbpedia-owl:elevation = 97.000000 (xsd:double)
dbpedia-owl:federalState = dbpedia:Baden-Warttemberg

= dbpedia:Baden-Warttemberg
dbpedia-owl:leaderParty = dbpedia:Social_Democratic_Party_of_Germany
dbpedia-owl:leaderTitle = Lord Mayor

‘populationAsOf = 2008-12-
dbpedia-owl:populationTotal




Can equational knowledge co-exist with OWL?

W Can equational knowledge co-exist with OWL?
® We need a syntax & define a formal semantics

W Syntax:
dbo.revenueUSD = dbo:revenueEUR * 1.3.
dbo:profitEUR = “dbo:revenueEUR — dbo:totalExpensesEUR ™.

= “dbo:populationiotal / dbo:arealotal”.

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

® Semantics:
® Requirements:
® “Fit” with common model-theoretic semantics for OWL and RDFS

W Treat equivalent equations equivalently:
dbo:revenueUSD = dbo:revenueEUR * 1.3.

dbo:revenueEUR = dbo:revenuUSD / 1.3 .
SIEMENS GE)
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Can equational knowledge co-exist with OWL?

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

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

Ut C AT x Q dbo:population rdfs:subPropertyOf dbo:populationTotal .
® [nterpretations of inclusion ax '
® A sub-property axiom sp
U, rdfs:subPropertyOf U, | Ui C Us
s satisfied in Z if UL C UF
dbo:populationDensity :definedByEquation “dbo:populationTotal / dbo:areaTotal” .

® NEW: A property equation axiom e
U, :defineByEquation “/(Ul,...U,)" . dbr:Mannheim dbo:populationTotal 311142 .

dbr:Mannheim dbo:areaTotal 144.96 .

is satisfied in Z n

if V2, 1, . Yn( /\ (@, 9:) € UF) A defined(f (U /u1, - - ., Un/yn))
1=1 dbr:Mannheim dbo:populationDensity 2146.39 .

= (z,eval(f(U1/y1,...,Un/yn)) € UL

® AninterpretationZ is a model it satisfies
® all inclusion axioms
® all variants of all equation axioms




Can equational knowledge co-exist with OWL?

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

sufficient): UX C AT x Q
® Interpretations of inclusion axioms are as usual, e.g.
® A sub-property axiom sp
U, rdfs:subPropertyOf U, | U1 C U»
is satisfied in Z if UL C UF

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

® NEW: A property equation axiom e

U, :defineByEquation “/(U1,...U,)" . dbr:Mannheim dbo:populationTotal 311142 .
dbr:Mannheim dbo:areaTotal O.

is satisfied in Z n
//\
. z
if V2, y1, ... yn( \ (2, 5:) € UF)A defined(f(U1/y1, - - -, Un/yn))
i=1
dbo:populationTotal :definedByEquation “dbo:populationDensity * dbo:areaTotal”.
dbo:areaTotal :definedByEquation “dbo:populationTotal / dbo:populationDensity” .
® AninterpretationZ is a model it satisfies
® all inclusion axioms
® all variants of all equation axioms




Can materialization and/or query rewriting be used?

® Rule-based Materialization:

(S, popDensity, PD) < (.S, population, P), (S, area, A), PD := P/A, A # 0.
(S5,area, PD) < (S5, population, P), (S, popDensity, PD), A:= P/PD,PD # 0.
(S, population, P) < (S, area, A), (9, popDensity, PD), P := Ax PD.

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

dbr:Mannheim dbo:popDensity 0.66666666.

dbr:Mannheim dbo:area 3.00000000003.
dbr:Mannheim dbo:population 1.99999998002.

... potentially infinite values by rounding errors.

Similarly, for ambiguous values (assume 2 population values for Mannheim)
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Can materialization and/or query rewriting be used?

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

(S, popDensity, PD) < (S, population, P), (S, area, A), PD := P/A
(S,area, PD) <« (S, population, P), (S, popDensity, PD), A:= P/PD
(S, population, P) < (S, area, A), (S, popDensity, PD), P:= Ax PD

dbr:Mannheim dbo:population 311142 . Finally, the resulting UCQs with
dbr:Mannheim dbo:area 144.96 . assignments can be rewritten
back to SPARQL using BIND

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

q(PD) < (S, popDensity, PD)
q(PD) <+ (S, population, P), (S, area, A), PD := P/A
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'l' .. 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 ZPD }
UNION
{ :Mannheim dbo:population ?P ; dbo:area ?A .
BIND (?P/?A AS ?PD )}

2: } __“Ju




Algorithm:

® “Down-stripped-to-RDFS” version of PerfectRef [Calvanese, 2007]
which handles equations by keeping “adornments” of attributes during
rewriting:

Algorithm 1: Rewriting algorithm PerfectRefg

Input: Conjunctive query g, TBox 7
Output: Union (set) of conjunctive queries
P = {q}
repeat
P =P
foreach ¢ € P’ do
foreach g in gdo // expansion
foreach inclusion axiom I in T do
if I is applicable to g then
| P:=PuU{qlg/er(g, 1)}
foreach equation axiom E in T do
if g = U9 (z, y) is an (adorned) attribute atom and
vars(E) Nadn(g) = @ then
11 | P:=PU {q[g/ expand(g, E)]}
12 until P’ = P
13 return P

O 0 N R W N =

[y
=)
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Another example:

® “Companies and their revenues in EUR” (from above)

® Original query:

SELECT * WHERE
{ ?C rdf:type NYT:0rg .
?C dbpedia:revenueEUR ?R . }

® Equations:

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

® Rewritten query:

SELECT * WHERE
{ ?C rdf:type NYT:0rg .
{ {?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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Can materialization and/or query rewriting be used?

® Back to rule-based Materialization:

(S, popDensity, PD) < (S, population, P), (S,area, A), PD := P/A, A # 0.
(S,area, PD) < (S, population, P), (S, popDensity, PD), A:= P/PD,PD # 0.
(S, population, P) < (S, area, A), (S, popDensity, PD), P:= Ax PD.

dbr:Mannheim dbo:population 2.

dbr:Mannheim dbo:area 3.

Similar blocking possible in some rule systems, e.g. Jena Rules:

[ (?2C :area ?A) (?C :population ?P)
notEqual(?A, 0) quotient(?P, ?A, ?PD)
noValue(?C, :populationDensity) -> (?C :populationDensity ?D)]

[ (?2C :populationDensity ?PD) (?city :population ?P)
notEqual(?PD, 0) quotient(?P, ?PD, ?A)

noValue(?C, :area) -> (?city :area ?3)]

[ (?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 afirst 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

® Wrap-up/Outlook (an
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Wrap-up/Take-home messages:

® RDFS/OWL Reasoning over (open-domain) Linked Data is difficult
® |[t's the Web: lots of data
® |t'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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Outlook - Some entry points for further research:

® 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

O
229

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.

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

Techniques for dealing with messy data

©050)

On the Exploration of the Query Rewriting Space
with Existential Rules

Mélanie Konig, Michel Leclére, Marie-Laure Mugnier, and Michaél Thomazo

University Montpellier 2, France

Abstract. We address the issue of Ontology-Based Data Access, with ontolo-
gies represented in the framework of existential rules, also known as Datalog+/-.
A well-known approach involves rewriting the query using ontological knowl-
edge. We focus here on the basic rewriting technique which consists of rewriting
a con]uncn\c qucn (CQ) mto a union of CQs. Wc assumc that thc set of rulcs is

Py

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

but they lead to different explorations of the rewriting space. Finally, an exper-
imental comparison of these operators within an implementation of the generic




