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What is a “knowledge graph”? 



A knowledge graph … 

“is a multi-relational graph composed of entities as 
nodes and relations as different types of edges” 

   [Wang et al. 2014] 



A knowledge graph … 

“is a graph-structured knowledge base” 
[Nickel et al. 2016] 



A knowledge graph … 

“acquires and integrates information into an 
ontology and applies a reasoner” 

  [Ehrlinger & Wöß. 2016] 



A knowledge graph … 

““mainly describes real world entities and their 
interrelations, organized in a graph” 

[Paulheim 2017] 
 



A knowledge graph … 

“is a semi-structured data model characterized by 
three components;  

(i) a ground extensional component […]  

(ii) an intensional component […];  

(iii) a derived extensional component”  

[Bellomarini et al. 2019] 
 



A knowledge graph … 

“describes objects of interest and connections 
between them” and “provides a shared substrate of 

knowledge within an organization”  

[Noy et al. 2019] 



A knowledge graph … 

“is a graph of knowledge”  

[Hogan 2022] 



An example of a  
 “knowledge graph”? 



Wikidata: Wikipedia but with graph data 

 



What kinds of entities? 



What kinds of entities? 



What kinds of entities? 



What kinds of entities? 



What kinds of entities? 



What kinds of entities? 



What kinds of entities? 



Why is this a knowledge graph? 

https://www.wikidata.org/wiki/Q204457


Why is this a knowledge graph? 

https://www.wikidata.org/wiki/Q204457


Where is Wikidata used? 



What is new about  
 “knowledge graphs”? 



How are knowledge graphs new? 



Why graphs? 



Relational Databases … 



Relational Databases … 



Planets / Relational Database 



Planets / Relational Database 



Planets / Relational Database 



Planets / Relational Database 



Planets / Relational Database 



Planets / Relational Database 



Planets / Relational Database 



Planets / Relational Database 



Planets / Relational Database 



Planets / Relational Database 



Planets / Relational Database 



Planets / Relational Database 



Planets / Relational Database 



Planets / Relational Database 



Planets / Relational Database 



Planets / Relational Database 



Planets / Relational Database 



Planets / Relational Database 



Planets / Relational Database 

(╯°□°)╯︵ ┻━┻ 



Planets / Graph Database 



Planets / Graph Database 



Planets / Graph Database 



Planets / Graph Database 



Planets / Graph Database 



Planets / Graph Database 



Planets / Graph Database 



Planets / Graph Database 



Planets / Graph Database 



Planets / Graph Database 



Planets / Graph Database 



Planets / Graph Database 



Planets / Graph Database 



Planets / Graph Database 



Planets / Graph Database 



Planets / Graph Database 



Planets / Graph Database 



Planets / Graph Database 



Planets / Graph Database 



Relational databases: pros and cons 

We have to impose a  

structure (schema)  
from the start 

We have a  

structure (schema) 
imposed from the start 



 



Graph databases: pros and cons 

We don't have to impose a  

structure (schema)  
from the start 

We don't have a  

structure (schema) 
imposed from the start 



 



Let’s see this on Wikidata … 



Let’s see this on Wikidata … 



Graph models 



Directed edge-labelled graph (del graph) 



Property graph 



Property graph 

Del graph 



Topic 1: 
 Property Graph Semantics 



Property graph semantics 

How should we define the semantics of property graphs? 



Property graph semantics 

How should we define the semantics of property graphs? 



Graph Queries 



Graph patterns 

Find pairs of exoplanets orbiting the same star in Aquarius? 

Semantics: Homomorphism 



Graph patterns 

Find pairs of exoplanets orbiting the same star in Aquarius? 

Semantics: Isomorphism 



Complex graph patterns 

Graph Patterns + Relational Algebra 



Complex graph patterns 

Find pairs of exoplanets orbiting the same star in Aquarius? 



Complex graph patterns 

Find pairs of exoplanets orbiting the same star in Aquarius? 



Complex graph patterns 

Find instances of Dwarf Star? 



Complex graph patterns 

Find instances of Dwarf Star? 

Semantics: Bag 



Complex graph patterns 

Find instances of Dwarf Star? 

Semantics: Set 



Navigational graph patterns 

Graph Patterns + Regular Path Queries 



Regular path queries 

Find instances of Dwarf Star? 



Navigational graph patterns 

Find Astronomic Bodies and their constellation? 



Complex navigational graph patterns 

Graph Patterns + Relational Algebra 
+ Regular Path Queries  



Complex navigational graph patterns 

Find non-star astronomic bodies and their constellation? 



Let’s see this on Wikidata … 

• Query 1 

• Query 2 

• Query 3 

• Query 4 

• … 

https://query.wikidata.org/SELECT%20%2a%20WHERE%20%7B%20%3Fsbj%20wdt%3AP108%20wd%3AQ204457%20.%20%7D
https://query.wikidata.org/SELECT%20%2a%20WHERE%20%7B%20%3Fsbj%20wdt%3AP108%20wd%3AQ204457%20.%20%7D
https://query.wikidata.org/SELECT%20%2a%20WHERE%20%7B%20%3Fsbj%20wdt%3AP108%20wd%3AQ204457%20.%20%7D
https://query.wikidata.org/SELECT%20%3Fobj%20%28COUNT%28%2a%29%20AS%20%3Fcount%29%20WHERE%20%7B%20%3Fsbj%20wdt%3AP108%20wd%3AQ204457%20.%20%3Fsbj%20wdt%3AP69%20%3Fobj%20.%20%7D%20GROUP%20BY%20%3Fobj%20ORDER%20BY%20DESC%28%3Fcount%29
https://query.wikidata.org/SELECT%20%3Fobj%20%28COUNT%28%2a%29%20AS%20%3Fcount%29%20WHERE%20%7B%20%3Fsbj%20wdt%3AP108%20wd%3AQ204457%20.%20%3Fsbj%20wdt%3AP69%20%3Fobj%20.%20%7D%20GROUP%20BY%20%3Fobj%20ORDER%20BY%20DESC%28%3Fcount%29
https://query.wikidata.org/SELECT%20%3Fobj%20%28COUNT%28%2a%29%20AS%20%3Fcount%29%20WHERE%20%7B%20%3Fsbj%20wdt%3AP108%20wd%3AQ204457%20.%20%3Fsbj%20wdt%3AP69%20%3Fobj%20.%20%7D%20GROUP%20BY%20%3Fobj%20ORDER%20BY%20DESC%28%3Fcount%29
https://query.wikidata.org/%23defaultView%3ATimeline%0ASELECT%20%3Fsbj%20%3Fimage%20%3Ftime%20%3Fname%20%20WHERE%20%7B%20%3Fsbj%20wdt%3AP31%2Fwdt%3AP279%2a%20wd%3AQ3918%20.%20%3Fsbj%20wdt%3AP17%20wd%3AQ20%20.%20%3Fsbj%20wdt%3AP571%20%3Ftime%20.%20OPTIONAL%20%7B%20%3Fsbj%20wdt%3AP18%20%3Fimage%20%7D%20%3Fsbj%20rdfs%3Alabel%20%3Fname%20.%20FILTER%28lang%28%3Fname%29%3D%22en%22%29%20%20%7D
https://query.wikidata.org/%23defaultView%3ATimeline%0ASELECT%20%3Fsbj%20%3Fimage%20%3Ftime%20%3Fname%20%20WHERE%20%7B%20%3Fsbj%20wdt%3AP31%2Fwdt%3AP279%2a%20wd%3AQ3918%20.%20%3Fsbj%20wdt%3AP17%20wd%3AQ20%20.%20%3Fsbj%20wdt%3AP571%20%3Ftime%20.%20OPTIONAL%20%7B%20%3Fsbj%20wdt%3AP18%20%3Fimage%20%7D%20%3Fsbj%20rdfs%3Alabel%20%3Fname%20.%20FILTER%28lang%28%3Fname%29%3D%22en%22%29%20%20%7D
https://query.wikidata.org/%23defaultView%3ATimeline%0ASELECT%20%3Fsbj%20%3Fimage%20%3Ftime%20%3Fname%20%20WHERE%20%7B%20%3Fsbj%20wdt%3AP31%2Fwdt%3AP279%2a%20wd%3AQ3918%20.%20%3Fsbj%20wdt%3AP17%20wd%3AQ20%20.%20%3Fsbj%20wdt%3AP571%20%3Ftime%20.%20OPTIONAL%20%7B%20%3Fsbj%20wdt%3AP18%20%3Fimage%20%7D%20%3Fsbj%20rdfs%3Alabel%20%3Fname%20.%20FILTER%28lang%28%3Fname%29%3D%22en%22%29%20%20%7D
https://query.wikidata.org/%23defaultView%3AMap%0ASELECT%20%3Fsbj%20%3Fcoord%20%3Fimage%20WHERE%20%7B%20%3Fsbj%20wdt%3AP361%20wd%3AQ24500%20.%20%3Fsbj%20wdt%3AP625%20%3Fcoord%20.%20OPTIONAL%20%7B%20%3Fsbj%20wdt%3AP18%20%3Fimage%20%7D%20%7D
https://query.wikidata.org/%23defaultView%3AMap%0ASELECT%20%3Fsbj%20%3Fcoord%20%3Fimage%20WHERE%20%7B%20%3Fsbj%20wdt%3AP361%20wd%3AQ24500%20.%20%3Fsbj%20wdt%3AP625%20%3Fcoord%20.%20OPTIONAL%20%7B%20%3Fsbj%20wdt%3AP18%20%3Fimage%20%7D%20%7D
https://query.wikidata.org/%23defaultView%3AMap%0ASELECT%20%3Fsbj%20%3Fcoord%20%3Fimage%20WHERE%20%7B%20%3Fsbj%20wdt%3AP361%20wd%3AQ24500%20.%20%3Fsbj%20wdt%3AP625%20%3Fcoord%20.%20OPTIONAL%20%7B%20%3Fsbj%20wdt%3AP18%20%3Fimage%20%7D%20%7D


Topic 2: 
 *-Case Optimality 



How many results will 
the query on the top right  
return in the worst case 
given a graph with  
4 of each type of edge? 



Edge cover 

... 



Fractional edge cover 

... 



AGM bound    

[Atserias et al. 2008] 



AGM bound    

[Atserias et al. 2008] 



AGM bound    

[Atserias et al. 2008] 



How many results will 
the query on the top right  
return in the worst case 
given a graph with  
4 of each type of edge? 



Worst-case optimality   



Worst-case optimality   

What about worst-case optimality for navigational graph patterns? 

What about average-case or instance optimality? 



Topic 3: 
 Native Graph Querying 



Returning paths 



Returning paths 

How should we return and handle paths in results? 



Returning graphs 



Returning graphs 

Can we define a native algebra (                         ) for graphs? 



Finding “interesting” paths 



Finding “interesting” paths 

??? 



Finding “interesting” paths 



Rules 



Rules 



Rules 



Rules: disjunction & existentials 



Topic 5: 
 Rule Mining 



Rule Mining 

[Galárraga et al. 2015] 



Rule Mining 

Can we mine disjunctive and/or existential rules? 



Ontologies 



The need for semantics 

Find instances of Dwarf Star? 



The need for semantics 

Find Astronomic Bodies and their constellation? 



Description Logics: A-Box 
A-Box 

Ontology 



Description Logics: T-Box 
A-Box T-Box 

Ontology 



Description Logics: R-Box 
A-Box T-Box R-Box 

Ontology 



Description Logics: R-Box 
A-Box T-Box R-Box 

Ontology 

Entailments 

A-Box T-Box R-Box 



Description Logics: graphs 
A-Box T-Box R-Box 

Ontology 



Rules: beyond ontologies 



Ontologies: beyond rules 



Ontologies: beyond rules 



Ontologies: beyond rules 



Ontologies: beyond rules 



Ontologies: beyond rules 

• sire is a sub-property of parent 

• dam is a sub-property of parent 

• A Zebroid has exactly one parent a Zebra 

• A Zebroid has exactly one parent a (¬Zebra and a Equine) 

• A Zebroid is a sub-class of Equine 

• An Equine has exactly two parents  

• Two things cannot be related by sire and dam at the same time 



Topic 4: 
 OBDA on Graphs 



OBDA: complex graph patterns 

Complex Graph Pattern Graph Pattern 



OBDA: navigational graph patterns 

Complex Navigational Graph Pattern Graph Pattern 

How can paths be leveraged/supported in OBDA? 



Context 





Without context 

 

 

 



With context 

 

 

 



With context 

 

 

 



With context 

 

 

 



With context 

 

 

 



With context 

 

 

 



With context 

 

 

 



Context in graphs 



Context in graphs 



Context in graphs 

Is this context? Or is this data? 



Data needs context? 

Is this context? Or is this data? 

DATA   CONTEXT   



Contextual representation 



Contextual representation 

??? 

How to represent this as a graph? 



Reification 



n-ary Relations 



Singleton Properties 

[Nguyen et al. 14] 



Property Graph 



RDF* 

[Hartig 17] 



Topic 6: 
 Complex Contextual Semantics 



Contextual semantics 

[Zimmermann et al. 2012] 



Contextual semantics 

How can we handle more complex contexts? 



Knowledge Graph Embeddings 



Machine learning over graphs 



Knowledge Graph Embeddings: 
 Translational Embeddings 

What is west of Antofagasta? 

Relation Embedding Input Graph Entity Embedding 

Link Prediction: Highest Plausibility: 



Knowledge Graph Embeddings: 
 Translational Embeddings 

Dhand; http://www.ccri.com/2018/06/27/use-transe-effectively/ 

http://www.ccri.com/2018/06/27/use-transe-effectively/
http://www.ccri.com/2018/06/27/use-transe-effectively/
http://www.ccri.com/2018/06/27/use-transe-effectively/
http://www.ccri.com/2018/06/27/use-transe-effectively/
http://www.ccri.com/2018/06/27/use-transe-effectively/
http://www.ccri.com/2018/06/27/use-transe-effectively/


Knowledge Graph Embeddings: 
 Translational Embeddings 

Dhand; http://www.ccri.com/2018/06/27/use-transe-effectively/ 

http://www.ccri.com/2018/06/27/use-transe-effectively/
http://www.ccri.com/2018/06/27/use-transe-effectively/
http://www.ccri.com/2018/06/27/use-transe-effectively/
http://www.ccri.com/2018/06/27/use-transe-effectively/
http://www.ccri.com/2018/06/27/use-transe-effectively/
http://www.ccri.com/2018/06/27/use-transe-effectively/


Knowledge Graph Embeddings: 
 Translational Embeddings 

Dhand; http://www.ccri.com/2018/06/27/use-transe-effectively/ 

http://www.ccri.com/2018/06/27/use-transe-effectively/
http://www.ccri.com/2018/06/27/use-transe-effectively/
http://www.ccri.com/2018/06/27/use-transe-effectively/
http://www.ccri.com/2018/06/27/use-transe-effectively/
http://www.ccri.com/2018/06/27/use-transe-effectively/
http://www.ccri.com/2018/06/27/use-transe-effectively/


Topic 7: 
 Semantic Embeddings 



Plausibility of entailed triples 

Should always 
be more 

plausible than: 

[Demeester et al. 2016] 



Plausibility of entailed triples 

What about more complex rules? 

What about existential/disjunctive rules? 



Graph Neural Networks 



Neural networks are graphs too! 



Where should we open the next tourist office? 

Recursive Graph Neural Networks 

[Scarselli et al. 2009] 



Where should we open the next tourist office? 

Recursive Graph Neural Networks 

[Scarselli et al. 2009] 



Topic 8: 
 Node Classifiers 



Non-Recursive GNNs related to 

[Barceló et al. 2020] 



What about more expressive DLs? 

Are there GNNs that can learn more expressive DL classifiers? 



Conclusion 



How are knowledge graphs new? 



For further discussion … 

http://kgbook.org/ 

http://kgbook.org/


For further discussion … 


