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LOD = Linked Open Data / Linked Ontological Data 

<rdf:Description rdf:about=“http://www.w3.org/
People/Berners-Lee/card#i”> 
 <foaf:knows rdf:resource=“http://dblp.l3s.de/
d2r/…/Dan_Brickley ”>  

</rdf:Description>  

Data in RDF: <subject property value> Triples 
•  DBLP:  
<http://dblp.l3s.de/…/journals/tplp/Berners-LeeCKSH08> rdf:type swrc:Article. 

<http://dblp.l3s.de/…/journals/tplp/Berners-LeeCKSH08> dc:creator 

   <http://dblp.l3s.de/d2r/…/Tim_Berners-Lee> . 

  … 

<http://dblp.l3s.de/d2r/…/Tim_Berners-Lee> foaf:homepage 

       <http://www.w3.org/People/Berners-Lee/> . 

… 
<http://dblp.l3s.de/d2r/…/Dan_Brickley> foaf:name “Dan Brickley”^^xsd:string. 

•  Tim Berners-Lee’s FOAF file: 
<http://www.w3.org/People/Berners-Lee/card#i> foaf:knows  

  <http://dblp.l3s.de/d2r/…/Dan_Brickley> . 

<http://www.w3.org/People/Berners-Lee/card#i> rdf:type foaf:Person . 

<http://www.w3.org/People/Berners-Lee/card#i> foaf:homepage 

  <http://www.w3.org/People/Berners-Lee/> . 

 

RDF and OWL: Example 

4 
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Ontologies: Example FOAF 
   foaf:knows rdfs:domain foaf:Person 

     Everybody who knows someone is a Person 
 
 foaf:knows rdfs:range foaf:Person 
    Everybody who is known is a Person 
 
 foaf:Person rdfs:subclassOf foaf:Agent 
    Everybody Person is an Agent. 
 
  
 foaf:homepage rdf:type owl:inverseFunctionalProperty . 
    A homepage uniquely identifies its owner (“key” property) 
    
…  

5 

A	  formal	  dictionary	  of	  domain	  
vocabulary	  

¡  Introduces	  vocabulary	  relevant	  
to	  domain,	  e.g.:	  
¡  Anatomy  
¡  Koala	  

¡  Specifies	  meaning	  (semantics)	  of	  
terms	  
¡  Koala	  eat	  only	  some	  part	  of	  Eucalypt	  

¡  Eucalypt	  is	  Plant	  
Eucalypt	  

only 

eat 

partof 

some 

Plant 

What is an Ontology 

6 
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Example: Using OWL with FOAF 

Can be used to enrich common ontologies on the Web 
 
… by adding interesting functionality, potentially useful for Web ontologies, e.g. 

•  hasKey:  

• Multi-attribute Keys now possible in OWL, e.g. 
• foaf:OnlineAccount/sioc:User instances are uniquely 
identified by a combination of foaf:accountName and 
foaf:accountServiceHomepage: 

foaf:OnlineAccount owl:hasKey  
  (foaf:accountName 
foaf:accountServiceHomepage) . 

 
 

7  7  
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Example: Using OWL with FOAF (II)  
Can be used to enrich common ontologies on the Web 
 
… by adding interesting functionality, potentially useful for Web ontologies, e.g. 

•  PropertyChains 
•  E.g. could be useful to tie sioc:name and foaf:nick via foaf:holdsAccount: 
     
!
foaf:nick owl:propertyChainAxiom (foaf:holdsAccount sioc:name)!

 

8  8  
8 
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The OWL family tree 

OWL 2 DL 

OWL 1 DL 

OWL 2 QL 

OWL 2 RL OWL 2 EL 

SROIQ 

SHOIN 

DL-Lite 

EL++ 

OWL 2 Full 

In AC0  

PTime-
Complete 

NExpTime-
Complete 

2NExpTime-
Complete 

Undecidable 

9 

 
 
 
Example: Real-Time Streams on the Web 
Streams are appearing more and more often on the Web 
Checkout  http://activitystrea.ms/ for a standard API 
E.g.  
 
 
 
 
 
 
 

10 
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Suppose we want to find out 
if  anyone is sharing some 
interest with David and 
following him on twitter. 
Potential changes: 

•  David’s interests 
•  Other’s interests 
•  David’s tweets 
•  Other’s retweets 

0 1 
time 

2 

 
 
Example: Stream LOD 

11 

LOD Streams 
Two streams 

•  to-erase stream 
•  to-add stream 

An LOD stream O[0,n] is a sequence of 
classical ontologies O(0), O(1), …, O(n): 

•  O(0) the initial ontology 
•  Er(i) a set of axioms to erase from O(i)  
•  Ad(i) a set of axioms to add into O(i) 
•  O(i+1) = O(i) U Ad(i) \Er(i) 

 
Key task 

•  Answer a set of monitoring  
queries at each snapshot ontology 
O(i) 

… 

0 1 
time 

2 

O(0) O(1) O(2) 

12 
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Examples of Monitoring Queries 
•  Which topics have my close friends discussed  

in the last hour?  
•  Which book is my friend likely to read next?  
•  What impact have I been creating with my 

tweets in the last day?  
… 
<query> … <period of time> ? 

13 

14 

C-SPARQL: SPARQL + stream 
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FROM STREAM Clause - Example 
To extract all restaurants (i.e., all POIs whose category is 
restaurant) the followers of Alice have been talking about 
positively in the last 15 minutes. Have the window sliding every 
minute 
 PREFIX sr:  <http://www.streamreasoning.org/sr4ld2011/onto#> 
PREFIX srd:  <http://www.streamreasoning.org/sr4ld2011/
data#> PREFIX skos: <http://www.w3.org/2004/02/skos/core#>  
PREFIX yago: <http://dbpedia.org/class/yago/>  
SELECT ?poi  
FROM STREAM <http://www.streamreasoning.org/sr4ld2011/
stream#>   
            [RANGE 15m STEP 1m] 
WHERE { 
 ?poi a sr:NamedPlace ; 
      skos:subject yago:Restaurant . 
 ?friend sr:following srd:Alice ; 
         sr:posts ?tweet . 
 ?tweet sr:talksAboutPositively ?poi .  
} 
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 Stream Registration - Example 
Create a stream of the restaurants (i.e., all POIs whose category is 
restaurant) the followers of Alice have been talking about positively in 
the last 30 minutes. Have the window sliding every 5 minutes. 
 REGISTER STREAM RestaurantsAlicesFollowersLike  
COMPUTED EVERY 5m AS  
PREFIX sr:  <http://www.streamreasoning.org/sr4ld2011/onto#> 
PREFIX srd:  <http://www.streamreasoning.org/sr4ld2011/data#> 
PREFIX skos: <http://www.w3.org/2004/02/skos/core#>  
PREFIX yago: <http://dbpedia.org/class/yago/>  
CONSTRUCT { ?friend sr:talksAboutPositively ?poi } 
FROM STREAM <http://www.streamreasoning.org/sr4ld2011/stream#>   
            [RANGE 30m STEP 5m] 
WHERE { 
 ?poi a sr:NamedPlace ; 
      skos:subject yago:Restaurant . 
 ?friend sr:following srd:Alice ; 
         sr:posts ?tweet . 
 ?tweet sr:talksAboutPositively ?poi .  
} 

 

16 
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 Query Registration - Example 
For each user, every 5 minutes, count the overall number of 
tweets posted in the last 30 minutes and the number of distinct 
point of interest to which the tweets refer.  
 
REGISTER QUERY GlobalCountOfTweets  
COMPUTED EVERY 5m AS 
PREFIX sr:<http://www.streamreasoning.org/sr4ld2011/onto#>  
SELECT ?user (COUNT(?tweet) as ?numberOfTweets)  
             (COUNT(DISTINCT ?poi) as ?numDifferentPois) 
FROM STREAM <http://www.streamreasoning.org/sr4ld2011/stream#>   
            [RANGE 30m STEP 5m] 
WHERE { 
 ?user sr:posts ?tweet . 
 ?tweet sr:talksAboutPositively ?poi . 
} 
GROUP BY ?user 

17 

 TimeStamp Function - Example 

Who are the opinion makers? i.e., the users who are  
likely to influence the behavior of other users who follow 
them 
REGISTER STREAM OpinionMakers COMPUTED EVERY 5m AS 
PREFIX sr:<http://www.streamreasoning.org/sr4ld2011/onto#> 
CONSTRUCT { ?opinionMaker sd:about ?resource } 
FROM STREAM <http://www.streamreasoning.org/sr4ld2011/stream#>   
            [RANGE 30m STEP 5m] 
WHERE {  
       ?opinionMaker ?opinion ?poi. 
       ?follower sr:following ?opinionMaker. 
       ?follower ?opinion ?poi. 
       FILTER (  
      sr:timestamp(?follower) > sr:timestamp(?opinionMaker) 
         && ( ?opinion = sr:talksAboutPositively || 
           ?opinion = sr:talksAboutNegatively  ))  
}  
HAVING ( COUNT(DISTINCT ?follower) > 3 ) 

18 
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Agenda 

1.  LOD and Stream LOD (25m) 
2.  Reasoning over LOD: Why and How (30m) 
3.  Stream Rasoning and Querying over LOD (25m)  
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Example 
Tim Berners-Lee: URIs 

… 

timbl:i 

dblp:100007 

identica:45563 

adv:timbl fb:en.tim_berners-lee 

db:Tim-Berners_Lee 

= owl:sameAs  
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Can We Avoid Reasoning? 

Dear Tim, 
 

I know you’re busy, but since you have the triple 
 

timbl:i foaf:homepage <http://www.w3.org/People/Berners-Lee/> . 
 

in your FOAF file, I’m requesting that you also add: 
 

timbl:i foaf:isPrimaryTopicOf <http://www.w3.org/People/Berners-Lee/> . 
timbl:i foaf:page <http://www.w3.org/People/Berners-Lee/> . 
<http://www.w3.org/People/Berners-Lee/> foaf:primaryTopicOf  timbl:i  . 
<http://www.w3.org/People/Berners-Lee/> foaf:topic timbl:i  . 
 

since they clearly also hold & I might like to query for those 
predicates instead.  Also, there’s a new URI for you, (adv:timbl) so 
best add that in as well.  
 

I’ll keep you updated… 
 
 

Sure! just email 
all the publishers 
and tell them to 
write data in all 
combinations… 

Can We Avoid Reasoning? 

Okay… then just 
tell the users to 
ask the right 
query… 

PREFIX … 
SELECT ?page 
WHERE 
{ timbl:i foaf:page ?page . 
UNION { identica:45563 foaf:page ?page . } 
UNION { dbpedia:Berners-Lee foaf:page ?page . } 
UNION { dbpedia:Tim_Berners-Lee foaf:page ?page . } 
UNION { semweb:Tim_Berners-Lee foaf:page ?page . } 
UNION { dblp:100007 foaf:page ?page . } 
UNION { avogato:me foaf:page ?page . } 
UNION { freebase:en.tim_berners-lee foaf:page ?page . } 
UNION { book:Tim+Berners-Lee foaf:page ?page . } 
UNION { yago:Tim_Berners-Lee foaf:page ?page . } 
UNION { timbl:i foaf:homepage ?page .} 
UNION { timbl:i foaf:weblog ?page .} 
UNION { timbl:i foaf:isPrimaryTopicOf ?page .} 
UNION { ?page foaf:primaryTopic timbl:i .} 
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explicit	  data	  

implicit	  data	  

How	  can	  users	  
query	  the	  

implicit	  data?	  

LOD and Reasoning 

A TBox (Terminonagy Box) is a set of “schema” axioms 
(sentences), e.g.: 
 

•  i.e., a background theory for the vocabulary   

An ABox (Assertion Box) is a set of “data” axioms 
(ground facts), e.g.: 

gummy: Koala  
 

 

Components of Ontology 

24 
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¡  Infer implicit knowledge from explicit 
knowledge 

Ontology	  Reasoning	  

25 

Classification 
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Query Answering 
Example:  
 

SELECT ?X  

FROM <http://example.org/person.owl> 

WHERE {?X friend ?Y .} 

 

SELECT ?X  

FROM <http://example.org/person.owl> 

WHERE {?X friend ?Y . 
     ?Y rdf:type Popular .} 

  

Relations among Reasoning Services 

Some reasoning services can be 
reduced to each other 
•  E.g. class subsumption checking to 

class (un)satisfiability checking 
•  O |= C v D iff O |= (C u ¬D)    ´ ?  
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The OWL family tree 

OWL 2 DL 

OWL 1 DL 

OWL 2 QL 

OWL 2 RL OWL 2 EL 

SROIQ 

SHOIN 

DL-Lite 

EL++ 

OWL 2 Full 

In AC0  

PTime-
Complete 

NExpTime-
Complete 

2NExpTime-
Complete 

Undecidable 

29 

OWL 2 EL 

•  A (near maximal) fragment of OWL 2 such that 
•  Satisfiability checking is in PTime (PTime-Complete) 
•  Data complexity of query answering also PTime-
Complete 

•  Based on EL family of description logics [Baader 
et al. 2005] 

•  Can exploit saturation based reasoning 
techniques 
•  Computes complete classification in “one pass” 
•  Computationally optimal (PTime for EL) 
•  Can be extended to Horn fragment of OWL DL 
[Kazakov 2009] 

 
30  
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Saturation-based Technique (basics) 
Normalise ontology axioms to standard form: 

Saturate using inference rules: 

 

Extension to Horn fragment requires (many) 
more rules 

31  

Saturation-based Technique (basics) 
Example: 

32  
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Saturation-based Technique (basics) 
Example: 

33  

Saturation-based Technique (basics) 
Example: 

34  
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OWL 2 QL 

A (near maximal) fragment of OWL 2 such that 
•  Data complexity of conjunctive query answering in AC0 

Based on DL-Lite family of description logics [Calvanese et 
al. 2005; 2006; 2008] 
Can exploit query rewriting based reasoning technique 

•  Data storage and query evaluation can be delegated to standard 
RDBMS 

•  Novel technique to prevent exponential blowup produced by 
rewritings [Kontchakov et al. 2010, Rosati and Almatelli 2010] 

•  Can be extended to more expressive languages (beyond AC0) by 
delegating query answering to a Datalog engine [Perez-Urbina et al. 
2009] 

35 

Query Rewriting Technique (basics) 

Given ontology O and query Q, use O to rewrite Q  
as Q0 s.t., for any set of ground facts A: 

•  ans(Q, O, A)  =  ans(Q0, ;, A) 
Use (GAV) mapping M to map Q0 to SQL query 

A Rewrite 

O 

Q 
Q0 

Map 
SQL 

M 

Ans 

36  
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Query Rewriting Technique (basics) 
Given ontology O and query Q, use O to rewrite 
Q  
as Q0 s.t., for any set of ground facts A: 

•  ans(Q, O, A)  =  ans(Q0, ;, A) 
Use (GAV) mapping M to map Q0 to SQL query 
Resolution based query rewriting  

• Clausify ontology axioms 
• Saturate (clausified) ontology and query using 
resolution 

• Prune redundant query clauses 

37  

Query Rewriting Technique (basics) 

Example: 

38  
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Query Rewriting Technique (basics) 
Example: 

39  

Query Rewriting Technique (basics) 

Example: 

40  
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Query Rewriting Technique (basics) 

Example: 
 
 
 

For OWL2 QL, result is a union of conjunctive 
queries 

41  

Query Rewriting Technique (basics) 
Data can be stored/left in RDBMS 
Relationship between ontology and DB defined by 
mappings, e.g.: 

UCQ translated into SQL query: 
 

42  
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Agenda 

1.  LOD and Stream LOD (25m) 
2.  Reasoning over LOD: Why and How (30m) 
3.  Stream Rasoning and Querying over LOD (25m)  
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LOD Streams 
Two streams 

•  to-erase stream 
•  to-add stream 

A LOD stream O[0,n] is a sequence of 
classical ontologies O(0), O(1), …, O(n): 

•  O(0) is the initial ontology 
•  Er(i) axioms to erase from O(i)  
•  Ad(i) axioms to add into O(i) 
•  O(i+1) = O(i) U Ad(i) \Er(i) 

 
Key task 

•  Answer a set of monitoring  
queries at each snapshot ontology 
O(i) 

… 

0 1 
time 

2 

O(0) O(1) O(2) 

44 
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Main Evaluation Result 
Comparison against naïve approach (i.e. redo reasoning) 

•  with the LUBM  
•  percentage of data update can be as high as 85% 
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The DRed (Delete and Re-derive) approach [Volz et. al. 
2005] 

•  Maintaining the materialisation of the knowledge base 
•  Over-delete impacted entailments 
•  Re-derive impacted entailments 
•  Derive new entailments 

Key techniques 
•  Delete: justification 
•  Re-derive: incremental reasoning 

Can We Learn from Existing Work? 

46 
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Justification: Key Enabler for Delete 
Justification   

•  Given an ontology O and a reasoning result rs 
•  A justification J(rs) is a minimal subset of O that 

imply rs 
•  There could be multiple justifications 

Challenges: 
•  Computing one justification for OWL2-DL is costly 
•  Computing all justifications is NP-complete even for 

OWL2 tractable profiles 

One justification at a time is needed  
•  If the current justification J(rs) and 

Er(i) overlap 
•  then rs should be removed as well 

 

¡  A directed graph 
§  Nodes: axioms / entailments 
§  Edges: derivation relations among axioms / entailments 
§  All entailments are reachable from their justifications 

▪ Easy to identify impacted entailments 

O(1) 

Truth Maintenance System 

48 
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Erasing 
•  Remove all nodes reachable from the erased axioms 
•  Removing all corresponding edges 

Adding 
•  Adding added axioms as new nodes into the graph 
•  Inferring new results 
•  Establishing new edges 

O(2) 

Delete and Re-derive with TMS 

49 

Key Challenges 
Q1: How to efficiently perform reasoning and compute 
justifications? 
   - Q1.1 tractable profiles such as OWL2 EL 
   - Q1.2 OWL2 DL 

 
Q2: How to perform incremental reasoning 

•  based on justifications 
 

50 
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Saturation-based Technique (basics) 
Normalise ontology axioms to standard form: 

Saturate using inference rules: 

 

Extension to Horn fragment requires (many) 
more rules 

51  

Optimising TMS in OWL2 EL [CIKM2011] 

Improving efficiency and 
memory consumption 

•  Reduce the number of 
maintained nodes and edges 

 
We entail an axiom                if 
it is classification-relevant, 
i.e. contributing to the 
reasoning results we are 
looking for: 

•  E.g. there is some 
•  or,                and s is 

classification-relevant 
•  or, … 

in is NOT classification-relevant 

We do NOT need to compute or 
maintain the result 
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Generate a TMS when doing 
approximation and reasoning 

• Nodes: 
• Asserted axioms; 
• Approximated axioms; 
• Entailed axioms; 

• Edges: 
• Created during 
approximation and 
reasoning 

Original Ontology 

Approximated Ontology 

Approximation 

Reasoning 

Syntactic Approximated-TMS for OWL2 DL 

53 

Original Ontology 

Approximated Ontology 

Approximation 

Reasoning 

Approximation 
Original Query 

Approximated Question 

Re-Approx. 

Re-
Reasoning 

Stream Reasoning with Syntactic 
Approximated-TMS 

54 



14/08/2012	  

28	  

Improvement: 
•  The approximation can be reused when adding new 
axioms 

•  Reasoning complexity is reduced 

Quality: 
•  Soundness-guaranteed 

• Entailed axioms will never be over-looked in erasing 

Stream Reasoning with Syntactic 
Approximated-TMS 

55 

Evaluation 
LUBM 

•  Arbitrarily large ABox 
•  Non-trivial reasoning 

• Different possible sources of a same entailment 
Stream simulation 

•  Generating a LUBM ontology 
•  Preserve the TBox through the stream 

• To ensure the difficulty of reasoning 
•  ABox stream 

• Partitioning the ABox 
• Swap sub-ABoxes in stream updating 

56 
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Evaluation 
Criteria 

•  Absolute volume of the stream 
•  Relative volume of the update 
•  Absolute time of updating 
•  Relative time of updating 
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Advantage 
•  Significantly reduce the needed number of entailment 
checking 

Disadvantages & optimisations 
•  Require additional computation to form the edges 

• Using saturation-based algorithms to generate the TMS on-
the-fly 

• EL+, Horn-SHIQ vs. Tableau-based or Datalog-based algorithms 
•  Significantly increase the memory consumption 

• Saturation algorithms already make intermediate results more 
“reusable” 

• Optimising the algorithm to further minimise intermediate 
results 

•  High complexity in expressive languages 
• approximation 

Features and Optimisations 

58 
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Approximate reasoning  
[AAAI2007, AAAI2010, 
AAAI2012] 

TrOWL: a tractable semantic 
reasoning infrastructure 

Parallel reasoning  
[JIST2011] 

Stream reasoning  
[CIKM2011] 

Local closed world 
reasoning [JTS] 

59 

•  LOD streams 
•  To-erase stream and to-add stream 
•  Simplied streams as windows in C-SPARQL 

•  LOD reasoning and querying 
•     Needed to compute implicit connections among vocabulary and 

data 
•     Tractable in OWL2 profiles such as EL and QL 

•  Stream LOD reasoning and querying 
•  First TMS-based algorithm for OWL2 EL 
•  Soundness preserving approximate algorithm for OWL2 DL 
•  Experiment shows our optimisations outperform state of the art 

(even those for RDF) 

•  Reasoning services available in TrOWL 

  

60 

Conclusions 
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•  Stream LOD reasoning in other OWL2 profiles 
•  Such as QL and RL 

•  Further optimisations techniques 
•  Such as decomposition and parallelisation [ISWC2012]  

•  Other notions of stream reasoning 
•  Relations between stream reasoning and 

temporal reasoning 
•  Dealing with noicy and uncertain data 
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Research Challenges 

Where to find more information 
Tutorial web site: 
http://homepages.abdn.ac.uk/jeff.z.pan/pages/research-ttl-iaslod2012.shtml 
 

1.  Foundation of Description Logics and the Semantic Web:  
•  J. Z. Pan. Description Logics: Reasoning Support for the 

Semantic Web. Ph.D. Thesis, the University of 
Manchester, 2004. 

2.  C-SPARQL: http://streamreasoning.org/ 
3.  TrOWL (with publication list and tutorials): http://trowl.eu/ 
4.  N. Heino and J. Z. Pan. RDFS Reasoning on Massively 

Parallel Hardware. In ISWC2012. 2012. 
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Stream LOD and Querying 
Linked Ontological Data  
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Thank you  
 
    … questions?  


