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1.	A	Brief	History	of	Semantic	Web	&	
Knowledge	Graphs



World	Wide	Web	(1989)
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WWW Inventor

Links are the core of the Web. 

…	This	is	why	a	"web"	of	notes	with	links	between	them	is	far	
more	useful	than	a	fixed	hierarchical	system.	…	The	system	we	
need	is	like	a	diagram	of	circles	and	arrows,	where	circles	and	
arrows	can	stand	for	anything. 

—	Information	management:	A	proposal.	CERN.	1989




Web	of	Documents
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• Primary objects: documents               Links between documents

• Degree of structure in data: low

• Semantics of content: implicit 

• Designed for: human consumption



Problem	of	the	Web	of	Documents
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• wealth of information

• … targeted at human users



Web	of	Documents
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Problems	of	the	Web	of	Documents
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Approaches toward a solution:


① Ad hoc: Deployment of AI methods  
(most notably NLP techniques) to evaluate  
existing unstructured information on the Web 

② A priori: Structure information on the Web  
at authoring time  
in a way facilitating later automated deployment


	                                           ➔ Semantic Web
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The Semantic Web (2001)

The	Semantic	Web	—	A	new	form	of	Web	content	
that	is	meaningful	to	computers	will	unleash	a	
revolution	of	new	possibilities


By	Tim	Berners-Lee,	James	Hendler	and	Ora	Lassila

Key	ideas:

- Expressing	Meaning:	things,	but	not	strings

- Knowledge	Representation:	logic	based,	triple	format

- Ontologies:	expressive	knowledge

- Agents:	Machines	should	understand	each	other



Semantic	Technologies

• Not	Only	About	the	Web	


• The	Semantic	Web	vision	has	generated	technologies	that	are	applied	
outside	the	web	context	including:	


• Retailing,	supermarkets	(see	web	pages	of	Best	Buy)


• Health	care,	medicine	(see	SNOMED	ontology)


• Enterprise	intelligence	(see	solutions	by	Ontotext)

• Research:	Bio,	Geo,	Cultural	heritage,	etc.

• Government	(“smart	cities”)


• Software	development	(“ontology-driven	software	develoment”)
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Semantic	Web:	W3C	Standards
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• 1994 First public presentation of the Semantic Web idea


• 1998 Start of standardization of data model (RDF) and a 

first ontology languages (RDFS) at W3C


• 2000 Start of large research projects about ontologies in 

the US and Europe


• 2002 Start of standardization of a new ontology 

language (OWL) based on research results


• 2004 Finalization of the standard for data (RDF) and 

ontology (OWL)


• 2008 Standardization of a query language (SPARQL)


• 2009 Extension of OWL to OWL 2.0


• 2010 Standard Rule Interchange Format (RIF)


• 2012 RDB2RDF Mapping Language (R2RML and Direct 

Mapping)


• 2013 SPARQL 1.1


• 2014 RDF 1.1 



Google	Knowledge	Graph
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“Introducing the Knowledge Graph: things, not strings” (2012)


“Knowledge	Graph”	became	a	popular	term	for	Semantic	Web	data.



Linked Data (Open Linked KGs) in 2017

1163 datasets,
40 billion  RDF triples



Typical	Knowledge	Graph	Projects



General Applications: Semantic Search



General Applications: Question Answering



General	Application:	Recommender	system
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2.	The	Virtual	Knowledge	Graph	
Framework
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Reality

• Knowledge	Graphs	are	great,	but	how	to	get	them?


•Many	organization	and	companies	are	still	relying	on	
large	relational	databases	to	manage	their	internal	data.	


• It	is	not	realistic	to	ask	them	completely	migrate	to	
knowledge	graphs
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Virtual	Knowledge	Graphs
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Knowledge	

Graph



Why	virtualization?

• The	data	stays	in	the	sources	and	is	only	accessed	at	query	time


• There	is	no	need	to	construct	a	large	and	potentially	costly	
materialization	pipeline


• The	data	is	always	fresh	wrt	the	latest	updates	at	the	sources


• One	can	rely	on	the	existing	data	infrastructure	and	expertise


• Better	supports	an	incremental	approach	to	integration

21



Mapping

VKG

Query Query Result

Ontology

Data 
Sources

Components	of	the	VKG	framework

• We	consider	now	the	main	components	that	make	up	the	
VKG	framework,	and	the	languages	used	to	specify	them.	


• The	W3C	has	standardized	languages	suitable	for	VKGs:


• Knowledge	graph:	expressed	in	RDF	[W3C	Rec.	2014]	(v1.1)


• Ontology	O:	expressed	in	OWL2QL	[W3C	Rec.	2012]


• MappingM:	expressed	in	R2RML	[W3C	Rec.	2012]


• Query:	expressed	in	SPARQL	[W3C	Rec.	2013]	(v1.1)

22



Use	of	mappings

In the VKG framework, the mapping encodes how the data in the sources should be used to create
the Virtual Knowledge Graph, which is formulated in the vocabulary of the ontology.

VKG defined from the mapping and the data.
• Queries are answered with respect to the ontology and
the data of the VKG.
• The data of the VKG is not materialized (it is virtual!).
• Instead, the information in the ontology and the
mapping is used to translate queries over the ontology
into queries formulated over the sources.

Note: The graph is always up to date wrt the data sources.
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VKG	Approach:	Query	answering	by	rewriting
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VKG	Approach:	Query	answering	by	rewriting

24

Ontological	query



VKG	Approach:	Query	answering	by	rewriting
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Ontological	query

Rewritten	query

Rewriting



VKG	Approach:	Query	answering	by	rewriting
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Ontological	query

Rewritten	query
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VKG	Approach:	Query	answering	by	rewriting
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VKG	Approach:	Query	answering	by	rewriting
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VKG	Approach:	Query	answering	by	rewriting
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3.	VKG	Systems	and	Applications
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VKG	systems

• Mastro, Sapienza Università di Roma & OBDA systems SRL, Italy
• Morph, Technical University of Madrid, Spain
• Ontop, Free Uni. of Bozen-Bolzano, Italy & Ontopic SRL, Italy
• Stardog, Stardog Union, US

• powered by Ontop in the first version, later own implementation 
• GraphDB, OntoText, US & EU

• powered by Ontop 
• Allegro Graph, Franz Inc., US

• powered by Ontop
• Oracle Spatial and Graph, US 
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The	VKG	system	Ontop

• State-of-the-art	VKG	system	developed	at	the	Free	University	of	Bozen-Bolzano.


• Compliant	with	all	relevant	Semantic	Web	standards:


RDF,	RDFS,	OWL	2	QL,	R2RML,	and	SPARQL	


• Supports	all	major	relational	DBs:


Oracle,	DB2,	MS	SQL	Server,	Postgres,	MySQL,	Teiid,	Dremio,	Denodo,	etc.	


• Open-source	and	released	under	Apache	2	license.

• Development:	started	in	2009


• Already	well	established	(e.g.,	~5000	downloads	/	year,	+200	members	in	mailing	list)


• Recently:	major	release	of	v4,	with	several	improvements	and	new	features.
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https://ontop-vkg.org/



Developer	Community
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Ontop	Downloads

29



30



• https://ontopic.ai

• First	spin-off	of	the	Free	University	of	Bozen-Bolzano.

• Incorporated	in	April	2019.

• Product:	Ontopic	Studio	based	on	the	Ontop	engine.

• Delivers	services	around	Ontop	and	the	Ontopic	Suite.	

• Consultancy	for	VKG-based	data	integration	projects.
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Selected	Use	Cases

• Oil	&	Gas:	Statoil	[Kharlamov	et	al.	2017a]

• Turbine	Diagnoses:	Siemens	[Kharlamov	et	al.	2017b]

• Log	Extraction	in	Process	Mining	[Calvanese,	Kalayci,	et	al.	2017]

• Cultural	heritage	[Calvanese,	Liuzzo,	et	al.	2016]

• Maritime	security	[Brüggemann	et	al.	2016]

• Manufacturing	[Petersen	et	al.	2017]

• Health	care:	electronic	health	records	[Rahimi	et	al.	2014]

• Public	debt:	the	Italian	Ministry	of	Economy	and	Finance	[Antonioli	et	al.	2014]

• Smart	cities:	IBM	Ireland	[Lopez	et	al.	2015]

• Knowledge	resource	management:	Huawei	&	Ontopic

• and	many	more	…	(see	our	survey	[Xiao	et	al	.	2019])

32



VKG	over	LinStar	in	Huawei

Goal: build a virtual knowledge graph integrating structured data in a proprietary platform 
(LinStar) and the results of information extraction from related semi-structured data.

• Structured data is provided by a relational database.
• Semi-structured data consisting of text with little (if any) structure or markup, such as natural 

language text, HTML documents, PDF files.
• Information extraction (IE) aims at extracting structured information from semi-structured data, 

possibly leveraging natural language processing (NLP) techniques.

Motivations:
• Provide an unambiguous formalization of the knowledge in the platform, to ease exploitation.
• Provide an integrated, queryable, up-to-date view over all available information.
• Enable more advanced services, such as intelligent search and intelligent recommendation.
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High-Level	architecture	of	VKG	over	semi-structured	data
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3.	Key	Technologies	in	Virtual	
Knowledge	Graphs
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Some	Knowledge	Graph	technologies
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• RDF	Graph	Language


• SPARQL	Query	Language


• OWL	Ontology	Language


• R2RML	Mapping	Language




RDF	—	Data	is	represented	as	a	graph

The	graph	consists	of	a	set	of	subject-predicate-object	triples.
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Relational	DB	vs.	graph	data	—	Example
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Graph	data	is	easy	to	integrate
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The	SPARQL	query	language

• Is	the	standard	query	language	for	RDF	data.		[W3C	Rec.	2008,	2013]	

• Core	query	mechanism	is	based	on	graph	matching:



• Has	many	additional	features:


• UNION:	matches	one	of	alternative	graph	patterns

• OPTIONAL:	produces	a	match	even	when	part	of	the	pattern	is	missing

• complex	FILTER	conditions

• GROUP BY:	to	express	aggregations

• MINUS:	to	remove	possible	solutions

• property	paths	(regular	expressions)	
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What	is	an	ontology?

• An	ontology	conceptualizes	a	domain	of	
interest	in	terms	of	concepts/classes, 
(binary)	relations,	and	 
their	properties.


• It	typically	organizes	the	concepts	 
in	a	hierarchical	structure.
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What	is	an	ontology?

• An	ontology	conceptualizes	a	domain	of	
interest	in	terms	of	concepts/classes, 
(binary)	relations,	and	 
their	properties.


• It	typically	organizes	the	concepts	 
in	a	hierarchical	structure.


• Ontologies	are	often	represented	as	
graphs.	Sometimes	they	are	also	
considered	as	Knowledge	Graphs.	
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What	is	an	ontology?

• An	ontology	conceptualizes	a	domain	of	
interest	in	terms	of	concepts/classes, 
(binary)	relations,	and	 
their	properties.


• It	typically	organizes	the	concepts	 
in	a	hierarchical	structure.


• Ontologies	are	often	represented	as	
graphs.	Sometimes	they	are	also	
considered	as	Knowledge	Graphs.


• However,	an	ontology	is	actually	a	logical	
theory,	expressed	in	a	suitable	fragment	
of	first-order	logic.
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What	is	an	ontology?

• An	ontology	conceptualizes	a	domain	of	
interest	in	terms	of	concepts/classes, 
(binary)	relations,	and	 
their	properties.


• It	typically	organizes	the	concepts	 
in	a	hierarchical	structure.


• Ontologies	are	often	represented	as	
graphs.


• However,	an	ontology	is	actually	a	logical	
theory,	expressed	in	a	suitable	fragment	of	
first-order	logic,	or	better,	in	description	
logics,	the	theoretical	foundation	of	the	
OWL	standard.

45



Reasoning	in	Ontology

Class hierarchy: rdfs:subClassOf
Example: :MovieActor rdfs:subClassOf :Actor .
Inference: <person/2> rdf:type :MovieActor . => <person/2> rdf:type :Actor .

Domain of properties: rdfs:domain
Example: :playsIn rdfs:domain :MovieActor .
Inference: <person/2> :playsIn <movie/3> . => <person/2> rdf:type :MovieActor .

Range of properties: rdfs:range
Example: :playsIn rdfs:range :Movie .
Inference: <person/2> :playsIn <movie/3> . => <movie/3> rdf:type :Movie .
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Reasoning	in	Ontology

Class disjointness: owl:disjointWith
Example: :Actor owl:disjointWith :Movie .
Inference: <person/2> rdf:type :Actor . <person/2> rdf:type :Movie . 
=> RDF graph inconsistent with the ontology

Inverse properties: owl:inverseOf
Example: :actsIn owl:inverseOf :hasActor .
Inference: <person/2> :actsIn <movie/3> . => <movie/3> :hasActor <person/2> .

Property hierarchy
Property disjointness
Mandatory participation
…
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Mapping	Language

The mapping consists of a set of assertions of the form
SQL Query ⇝ Class membership assertion
SQL Query ⇝ Property membership assertion

Intuition behind the mapping

The answers returned by the SQL Query in the left-hand side are used to create the objects (and
values) that populate the Class / Property in the right-hand side.

Note: The mapping contains also a mechanism to transform values retrieved from the database into
objects of the VKG (thus solving the so-called impedance mismatch).
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Why mappings?

The traditional approach to data integration relies on
mediators, which are specified through complex code.

Mappings, instead:
• Provide a declarative specification, and not code.
• Are easier to understand, and hence to design and to maintain.
• Support an incremental approach to integration.
• Are machine processable, hence can be used for query optimization.
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5.	A	Demo	for	Data	Integration	
using	VKGs	
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Demo:	Using	Ontop	for	data	integration

$ git clone \
https://github.com/ontopic-vkg/destination-tutorial \
--config core.autocrlf=input # important for Windows
$ cd destination-tutorial
$ docker-compose -f docker-compose.solution.yml up

1. Check the database in DBeaver
2. Open vkg/dest-solution.ttl in Protégé
3. Open http://localhost:8080 in the browser
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Demo	Database
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Three	data	sources:

- Sources	1	&	2:	hotels	and	rooms	in	different	areas

- Source	3:	weather	information



Ontology for tables in the schemas source1 and source2
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Ontology for tables in the schema source3
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Protege	Editor	with	Ontop	Plugin
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Ontopic	Studio
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	SPARQL	Query	Answering
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	SPARQL	Query	Answering
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SPARQL	Endpoint
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Take-home	messages

• KG	is	a	very	simple	but	powerful	data	structure


• KGs	give	semantics	to	the	data:	things,	not	strings


• KGs	have	been	applied	in	many	applications


• VKGs	are	by	now	a	mature	technology	to	address	the	challenges	
related	to	data	access	and	integration.


• It	has	been	well-investigated	and	applied	in	many	different	scenarios	
mostly	for	the	case	of	relational	data	sources.
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Thank	you	for	your	attention

Guohui	Xiao	–	guohui.xiao@ontopic.ai

Questions?

mailto:guohui.xiao@ontopic.ai

