
Introduction to
Knowledge Graphs

and the
Semantic Web



Questions

•What are Graph Databases?

•What are Knowledge Graphs

•What is the Semantic Web?

•How are they all related?  

•How are they being used today?

•What can we expect in the future?

https://en.wikipedia.org/wiki/Graph_database
https://en.wikipedia.org/wiki/Knowledge_Graph
https://en.wikipedia.org/wiki/Semantic_Web


Web is our greatest knowledge source



But it has limitations



Designed for people, not machines



Designed for people, not machines
• Content is mostly text, spoken language, 

images and videos
• Easy for people to understand
• But hard for machines

Machines need access to this knowledge 
too



Access via information retrieval

Vannevar Bush envisioned a hypertext/IR system in 1945



Access is primarily via information retrieval
•Key-word queries→ranked document list
•We still need to read the documents or 
watch the videos 
•We often want an answer to a question: 
where is the Census Big Data Day event
And so do our machines and apps

Vannevar Bush envisioned a hypertext/IR 
system in 1945



We need to add knowledge graphs



We need to add knowledge graphs
• High quality semi-structured 

information about entities and relations
• Represented and accessed via Web 

standards
• Easily integrated, fused and reasoned 

with



State of the Art?
Google is a good example, but Microsoft, IBM, 
Apple and Facebook all have similar capabilities
• 2010 Google acquired MediaWeb and its Freebase KB
• 2014: Freebase: 1.2B facts about 43M entities
• 2015+: Google knowledge graph, updated by text IE

DBpedia open source RDF KB is another
• 800M facts about 4.6M subjects from English Wikipedia, data 

available in 21 other languages
• Helps integrate 90B facts from 1000 RDF datasets in the linked 

data cloud



Ask: When was Tom Sawyer written?



When was Tom Sawyer written?
•What does Tom Sawyer refer to?
•A real person? A fictional character? A film?  A TV show? A 

book? A facility?
•Querying Wikidata returns more than 100 reasonable entities 

(See them here)
•Systems can use word embeddings to decide we probably are 

referring to a book, but there are 17 possibilities in the first 100
•Simple estimates of prominence let us rank the results and 

predict it’s Mark Twain’s The Adventures of Tom Sawyer

https://www.wikidata.org/w/index.php?title=Special:Search&limit=100&offset=0&ns0=1&ns120=1&search=tom+sawyer
https://www.wikidata.org/wiki/Q326914


Many commercial recipe sites on Web



Most recipe sites embed semantic data about 
their recipes in an RDF-compatible form using 
terms from the schema.org ontology

Search engines read and use this data to better 
understand the semantics of the page content



Amazon Product Graph Example for 2 Products

from 2021 KDD Tutorial: All You Need to Know to Build a Product Knowledge Graph

https://naixlee.github.io/Product_Knowledge_Graph_Tutorial_KDD2021/


Conversational Bots

Voice-driven conversational 
systems like Siri, Amazon Echo and 
Google Home use knowledge 
graphs to help understand
our requests



Where does the knowledge come from?
•Knowledge graphs like DBpedia & Freebase 

started with Wikipedia data encoded in custom 
ontologies (aka schemas)

•Semantic Web technologies are an open source 
way to encode the knowledge

•They are and will continue to evolve, see Wikidata
•Current: extract data from text documents, e.g., 

articles, newswire, social media, etc.

https://www.dbpedia.org/
https://www.wikidata.org/wiki/Wikidata:Main_Page


Knowledge Graphs for AI

“Knowledge graphs” of one kind or 
another have been used for more than 
60 years for many AI tasks, especially 
those involving language understanding 
or common-sense reasoning



How we got here

An early example from 1955 representing ”dog bites cat”

Richens, R.H. and Booth, A.D. ‘Some methods of mechanised translation’, in Locke, 
W.N. and Booth, A.D. (Eds.) Machine translation of languages, pp. 24-46, 1955.



How we got here

Example from 1967 
representing the  
food concept

R. Quillian, Word concepts: 
A theory and simulation of 
some basic semantic 
capabilities, Behavioral
Science, 12(5), 1967.



How we got here

Over the decades much 
important and useful 
knowledge representation 
work has been done in 
support of AI

These are just a few 
familiar examples

• Micro-planner
• Semantic networks + logic
• Minsky Frames
• Schank Scripts
• Object oriented systems
• What’s in a link?
• Logic programming
• KL-ONE
• Production systems
• Description Logic
• CYC
• Semantic Web
• OWL
• Linked Data
• Wikidata



Where are we, anyway?
After decades of slow but steady advances, knowledge 
representation and AI have experienced a sea change that 
we can attribute to a convergence of multiple factors:

•Ubiquitous Internet and Web for sharing and accessing 
information

•Data availability, now that it’s easy to share
•Increased computing power
•Machine learning advances

How relevant are knowledge graphs today?



Graph Database?
•A graph database represents information as a graph of nodes 

and edges
•Nodes represent entities (or concepts) and edges represent 

relations 

Objects

Relationships



What’s wrong with SQL?
•Since the 1980s, the dominant database paradigm is 

the relational model that uses tables to represent data
•This is not a good fit for many kinds of knowledge
-Wikidata has about 10,000 kinds of relations for it’s ~100M 

entities
- The Amazon Product knowledge graph has many possible 

properties for it’s many products
•Using a table model would require many sparse tables 



Who invented the Web?



Who invented the Web?



Semantic Web Origin
Tim Berners-Lee’s original 1989 pro-
posal described a web of relationships 
among named objects unifying many 
information management tasks
Capsule history
• Guha’s MCF (~94) 
• XML+MCF=>RDF (~96)
• RDF+OO=>RDFS (~99)
• RDFS+KR=>DAML+OIL (00)
• W3C’s SW activity (01)
• W3C’s OWL (03)
• … http://www.w3.org/History/1989/proposal.html

http://www.w3.org/History/1989/proposal.html


W3C’s Semantic Web Goals
Focus on machine consumption:

"The Semantic Web is an extension of the 
current web in which information is given 
well-defined meaning, better enabling 
computers and people to work in 
cooperation."
-- Berners-Lee, Hendler and Lassila, The Semantic 
Web, Scientific American, 2001

https://www-sop.inria.fr/acacia/cours/essi2006/Scientific%20American_%20Feature%20Article_%20The%20Semantic%20Web_%20May%202001.pdf


Why is this hard?

after Frank van Harmelen
and Jim Hendler



What this looks like to a machine…

after Frank van Harmelen
and Jim Hendler



OK, so HTML is not helpful
Maybe we can tell the machine  what the 
different parts of the text represent?

title

time
speaker

location
abstract
biosketch
host



XML to the rescue?
XML fans propose 
creating a XML tag set to 
use for each application.

For talks, we can choose 
<title>, <speaker>, etc.

after Frank van Harmelen and Jim Hendler

<title>

<time>

<speaker>

<location>

<abstract>

<biosketch>

<host> </host>
</biosketch>

</abstract>

</location>
</time>

</speaker>
</title>



XML ¹ machine accessible meaning

But, to your machine,  
the tags still look like 
this….

The tag names carry 
no meaning.

XML DTDs and
Schemas have little or 
no semantics.

after Frank van Harmelen and Jim Hendler

<title>

<tiµe>
<speaker>

<location>
<abstract>

<biosketch>

<host> </host>

</biosketch>

</abstract>

</location>
</tiµe>

</speaker>
</title>



<?xml version="1.0" encoding="utf-8"?>
<xs:schema xmlns:xs="http://www.w3.org/2001/XMLSchema">
<xs:element name="book">

<xs:complexType>
<xs:sequence>
<xs:element name="title" type="xs:string"/>
<xs:element name="author" type="xs:string"/>
<xs:element name="character" minOccurs="0" maxOccurs="unbounded">
<xs:complexType>
<xs:sequence>
<xs:element name="name" type="xs:string"/>
<xs:element name="friend-of" type="xs:string" minOccurs="0"

maxOccurs="unbounded"/>
<xs:element name="since" type="xs:date"/>
<xs:element name="qualification" type="xs:string"/>

</xs:sequence>
</xs:complexType>

</xs:element>
</xs:sequence>
<xs:attribute name="isbn" type="xs:string"/>

</xs:complexType>
</xs:element>

</xs:schema>

XML Schema helps
XML Schemas provide a 
simple mechanism to 
define shared 
vocabularies.

<title>

<tiµe>
<speaker>

<location>
<abstract>

<biosketch>

<host> </host>
</biosketch>

</abstract>

</location>
</tiµe>
</speaker>

</title> <title>

<tiµe>
<speaker>

<location>
<abstract>

<biosketch>

<host> </host>
</biosketch>

</abstract>

</location>
</tiµe>
</speaker>

</title>

XML Schema file

after Frank van Harmelen and Jim Hendler



<?xml version="1.0" encoding="utf-8"?>
<xs:schema xmlns:xs="http://www.w3.org/2001/XMLSchema">
<xs:element name="book">

<xs:complexType>
<xs:sequence>
<xs:element name="title" type="xs:string"/>
<xs:element name="author" type="xs:string"/>
<xs:element name="character" minOccurs="0" maxOccurs="unbounded">
<xs:complexType>
<xs:sequence>
<xs:element name="name" type="xs:string"/>
<xs:element name="friend-of" type="xs:string" minOccurs="0"

maxOccurs="unbounded"/>
<xs:element name="since" type="xs:date"/>
<xs:element name="qualification" type="xs:string"/>

</xs:sequence>
</xs:complexType>

</xs:element>
</xs:sequence>
<xs:attribute name="isbn" type="xs:string"/>

</xs:complexType>
</xs:element>

</xs:schema>

XML Schema file 42
<?xml version="1.0" encoding="utf-8"?>
<xs:schema xmlns:xs="http://www.w3.org/2001/XMLSchema">
<xs:element name="book">

<xs:complexType>
<xs:sequence>
<xs:element name="title" type="xs:string"/>
<xs:element name="author" type="xs:string"/>
<xs:element name="character" minOccurs="0" maxOccurs="unbounded">
<xs:complexType>
<xs:sequence>
<xs:element name="name" type="xs:string"/>
<xs:element name="friend-of" type="xs:string" minOccurs="0"

maxOccurs="unbounded"/>
<xs:element name="since" type="xs:date"/>
<xs:element name="qualification" type="xs:string"/>

</xs:sequence>
</xs:complexType>

</xs:element>
</xs:sequence>
<xs:attribute name="isbn" type="xs:string"/>

</xs:complexType>
</xs:element>

</xs:schema>

XML Schema file 1 

But there are many schemas

<title>

<tiµe>
<speaker>

<location>
<abstract>

<biosketch>

<host> </host>
</biosketch>

</abstract>

</location>
</tiµe>
</speaker>

</title> <title>

<time>
<speaker>

<location>
<abstract>

<biosketch>

<host> </host>
</biosketch>

</abstract>

</location>
</time>
</speaker>

</title>

after Frank van Harmelen and Jim Hendler



<?xml version="1.0" encoding="utf-8"?>
<xs:schema xmlns:xs="http://www.w3.org/2001/XMLSchema">
<xs:element name="book">

<xs:complexType>
<xs:sequence>
<xs:element name="title" type="xs:string"/>
<xs:element name="author" type="xs:string"/>
<xs:element name="character" minOccurs="0" maxOccurs="unbounded">
<xs:complexType>
<xs:sequence>
<xs:element name="name" type="xs:string"/>
<xs:element name="friend-of" type="xs:string" minOccurs="0"

maxOccurs="unbounded"/>
<xs:element name="since" type="xs:date"/>
<xs:element name="qualification" type="xs:string"/>

</xs:sequence>
</xs:complexType>

</xs:element>
</xs:sequence>
<xs:attribute name="isbn" type="xs:string"/>

</xs:complexType>
</xs:element>

</xs:schema>

XML Schema file 42

<?xml version="1.0" encoding="utf-8"?>
<xs:schema xmlns:xs="http://www.w3.org/2001/XMLSchema">
<xs:element name="book">

<xs:complexType>
<xs:sequence>
<xs:element name="title" type="xs:string"/>
<xs:element name="author" type="xs:string"/>
<xs:element name="character" minOccurs="0" maxOccurs="unbounded">
<xs:complexType>
<xs:sequence>
<xs:element name="name" type="xs:string"/>
<xs:element name="friend-of" type="xs:string" minOccurs="0"

maxOccurs="unbounded"/>
<xs:element name="since" type="xs:date"/>
<xs:element name="qualification" type="xs:string"/>

</xs:sequence>
</xs:complexType>

</xs:element>
</xs:sequence>
<xs:attribute name="isbn" type="xs:string"/>

</xs:complexType>
</xs:element>

</xs:schema>

XML Schema file 1 

There’s no way to relate schema

<title>

<tiµe>
<speaker>

<location>
<abstract>

<biosketch>

<host> </host>
</biosketch>

</abstract>

</location>
</tiµe>
</speaker>

</title> <title>

<time>
<speaker>

<location>
<abstract>

<biosketch>

<host> </host>
</biosketch>

</abstract>

</location>
</time>
</speaker>

</title>

Either manually or automatically.
XML Schema is weak on semantics.



An Ontology level is needed

<?xml version="1.0" encoding="utf-8"?>
<xs:schema xmlns:xs="http://www.w3.org/2001/XMLSchema">
<xs:element name="book">

<xs:complexType>
<xs:sequence>
<xs:element name="title" type="xs:string"/>
<xs:element name="author" type="xs:string"/>
<xs:element name="character" minOccurs="0" maxOccurs="unbounded">
<xs:complexType>
<xs:sequence>
<xs:element name="name" type="xs:string"/>
<xs:element name="friend-of" type="xs:string" minOccurs="0"

maxOccurs="unbounded"/>
<xs:element name="since" type="xs:date"/>
<xs:element name="qualification" type="xs:string"/>

</xs:sequence>
</xs:complexType>

</xs:element>
</xs:sequence>
<xs:attribute name="isbn" type="xs:string"/>

</xs:complexType>
</xs:element>

</xs:schema>

XML Ontology 1 
<?xml version="1.0" encoding="utf-8"?>
<xs:schema xmlns:xs="http://www.w3.org/2001/XMLSchema">
<xs:element name="book">

<xs:complexType>
<xs:sequence>
<xs:element name="title" type="xs:string"/>
<xs:element name="author" type="xs:string"/>
<xs:element name="character" minOccurs="0" maxOccurs="unbounded">
<xs:complexType>
<xs:sequence>
<xs:element name="name" type="xs:string"/>
<xs:element name="friend-of" type="xs:string" minOccurs="0"

maxOccurs="unbounded"/>
<xs:element name="since" type="xs:date"/>
<xs:element name="qualification" type="xs:string"/>

</xs:sequence>
</xs:complexType>

</xs:element>
</xs:sequence>
<xs:attribute name="isbn" type="xs:string"/>

</xs:complexType>
</xs:element>

</xs:schema>

XML Ontology 42

We need a way to define ontologies in XML
So we can relate them
So machines can understand (to some degree) their meaning

<?xml version="1.0" encoding="utf-8"?>
<xs:schema xmlns:xs="http://www.w3.org/2001/XMLSchema">
<xs:element name="book">

<xs:complexType>
<xs:sequence>
<xs:element name="title" type="xs:string"/>
<xs:element name="author" type="xs:string"/>
<xs:element name="character" minOccurs="0" maxOccurs="unbounded">
<xs:complexType>
<xs:sequence>
<xs:element name="name" type="xs:string"/>
<xs:element name="friend-of" type="xs:string" minOccurs="0"

maxOccurs="unbounded"/>
<xs:element name="since" type="xs:date"/>
<xs:element name="qualification" type="xs:string"/>

</xs:sequence>
</xs:complexType>

</xs:element>
</xs:sequence>
<xs:attribute name="isbn" type="xs:string"/>

</xs:complexType>
</xs:element>

</xs:schema>

XML
Ontology

256 

imports imports

=

<>

Ontologies add
• Structure
• Constraints
• mappings



What is an ontology (1)
•In philosophy
- A branch of philosophy that studies concepts such as 

existence, being, becoming, and reality
- Specifies how entities are grouped into basic categories and 

the entities that exist on the most fundamental level

•In information systems
- Specifies the representation, formal naming, and definition

of categories, properties, and relations between the
concepts, data, and entities in a domains of discourse.

https://en.wikipedia.org/wiki/Ontology
https://en.wikipedia.org/wiki/Category_of_being
https://en.wikipedia.org/wiki/Ontology_(information_science)
https://en.wikipedia.org/wiki/Domain_of_discourse


What is an ontology (2)

•Creating ontologies for computing systems 
is not unlike designing object oriented 
systems or databases

•But is typically declarative, i.e.,
-Grounded in logic
-Without procedural elements
- Intended to support information sharing



Semantic web technologies 
allow machines to share data 
and knowledge using common 
web language and protocols.

Weaving the Web, TBL, 1999

Semantic Web

Semantic Web beginning

Use Semantic Web Technology 
to publish shared data & 
knowledge

https://dl.acm.org/doi/abs/10.5555/554813


2007

Semantic Web => Linked Open Data
Use Semantic Web Technology 
to publish shared data & 
knowledge

Data is inter-
linked to support inte-
gration and fusion of knowledge

LOD beginning



The node in the center is DBpedia

http://dbpedia.org/page/University_of_Maryland,_Baltimore_County

http://dbpedia.org/page/University_of_Maryland,_Baltimore_County


2008

Semantic Web => Linked Open Data
Use Semantic Web Technology 
to publish shared data & 
knowledge

Data is inter-
linked to support inte-
gration and fusion of knowledge

LOD growing



2009

Semantic Web => Linked Open Data
Use Semantic Web Technology 
to publish shared data & 
knowledge

Data is inter-
linked to support inte-
gration and fusion of knowledge

… and growing



Linked Open Data

2010

LOD is the new Cyc: a common 
source of background

knowledge

Use Semantic Web Technology 
to publish shared data & 
knowledge

Data is inter-
linked to support inte-
gration and fusion of knowledge

…growing faster



Linked Open Data

2011: 31B facts in 295 datasets interlinked by 504M assertions on ckan.net

LOD is the new Cyc: a common 
source of background

knowledge

Use Semantic Web Technology 
to publish shared data & 
knowledge

Data is inter-
linked to support inte-
gration and fusion of knowledge

http://ckan.net/


Linked Open Data Cloud 2020
•The LOD cloud currently 

contains 1,255 datasets 
with 16,174 links (as of May 2020)

•Wikidata is another good example 
of an important background 
knowledge graph

•It has a billion facts about 100M 
entities supported by a large 
ontology

•Links to underlying Wikipedia 
sources in many languages

https://lod-cloud.net/
https://www.wikidata.org/wiki/Wikidata:Main_Page


Data sharing requires standards
•Standards can be set in many ways
-A company: Java is owned by Oracle
-A non-profit organization: IEEE manages many standards
-A community group: Python (but with Guido van Rossum 

as benevolent dictator for life for most of its history

• W3C has defined most semantic web standards
- Some failed to reach consensus, but are widely used (e.g., 

SWRL: Semantic Web Rule Language)
- Others were developed by key parties, e.g., Schema.org

https://en.wikipedia.org/wiki/Semantic_Web_Rule_Language
https://en.wikipedia.org/wiki/Schema.org


Semantic Web
•The semantic web rests on a set of standards, most 

managed by the World Wide Web Consortium (W3C)
- TBL is director of the WTC and a professor at MIT & Oxford

•The W3C has over 450 members, which include many 
companies and non-profit organizations

•It defined many semantic web standards including 
RDF, OWL, SPARQL, SHACL, PROV, and SKOS

•RDF is the most basic and we’ll look first at that

https://en.wikipedia.org/wiki/Semantic_Web
https://en.wikipedia.org/wiki/World_Wide_Web_Consortium
https://www.w3.org/Consortium/Member/List
https://en.wikipedia.org/wiki/Resource_Description_Framework
https://en.wikipedia.org/wiki/Web_Ontology_Language
https://en.wikipedia.org/wiki/SPARQL
https://en.wikipedia.org/wiki/SHACL
https://en.wikipedia.org/wiki/PROV_(Provenance)
https://en.wikipedia.org/wiki/Simple_Knowledge_Organization_System


Semantic Web: 1, 2, 3
Languages typically divided into three parts:
1. Syntax: legal forms that make up the 

sentences in a language
2. Semantics: mapping of sentences to meaning 

(perhaps truth theoretic)
3. Pragmatics: everything else (how to do things 

with language, knowledge of world, etc.) 



1: Syntax
•URIs denote classes, properties, objects, relations

- http://live.dbpedia.org/resource/Alan_Turing
- http://schema.org/Person
- http://www.w3.org/1999/02/22-rdf-syntax-ns#type

•Use strings for literals
•Use triples to make statements

-dbpedia:Alan_Turing rdfs:type schema:Person .
-“Alan Turing is a Person” *URI = Uniform Resource Identifier

http://live.dbpedia.org/resource/Alan_Turing
http://schema.org/Person
http://www.w3.org/1999/02/22-rdf-syntax-ns
https://en.wikipedia.org/wiki/Uniform_Resource_Identifier


2: Semantics
•Semantics maps URIs to the things they denote 
in “the world”

•Some of this in in your mind or in how you write 
your program

•Meaning of some URIs allow inference
-parentOf relation is inverse of the childOf relation
-schema:parentOf owl:inverse schema:childOf



3: Pragmatics
•Semantics is more than just about truth 
(statements that assert things)

•Must account for commands, requests, 
questions, context, etc.
-Some handled by Web protocols (GET, POST)
-Some by special protocols (e.g., SPARLQ queries)
-Some by having reference KBs of the world (e.g., 

Wikiata) to help identify common entities



Where are we
•The W3C version of the open semantic web has 

grown over the past 20+ years
•Languages and standards are being used, e.g., 
- BBC uses RDF to make up much of its content online

- Google and Facebook detect AND MAKE USE OF (some) 
RDF embedded in html pages

- Google, Yahoo, Microsoft and Yandex formed Schema.org
to develop useful vocabularies

- Data.gov has many datasets in RDF

http://Schema.org/
https://data.gov/


DBpediaWikipedia data 
in RDF

dbpedia:Alan_Turing       dbpedia-owl:doctoralAdvisor       dbpedia:Alonzo_Church .

http://dbpedia.org/page/Alan_Turing


Freebase

“An entity graph of people, places and things, built by a community that loves open data”

Acquired by 
Google in 2010

http://www.freebase.com/


Google Knowledge Graph

Google’s slogan for the knowledge graph: “things, not strings”

http://www.google.com/insidesearch/features/search/knowledge.html


SEO & the Google Knowledge Graph
•SEO is Search Engine Optimization
•Companies provide SEO services to 

make web pages rank more highly 
•One technique is to ensure your web 

page is recognized by search engines as 
referencing the right entities

•This can include embedding metadata in 
the web pages

•See Google’s Knowledge Graph 
Explained: How It Influences SEO

https://ahrefs.com/blog/google-knowledge-graph/


Wikidata

•Wikidata aims to create an RDF-compatible KG 
that can be read/edited by humans & machines
-Wikimedia project started in April 2012

•Wikidata clients use the repository, e.g., to 
populate Web pages or Wikipedia infoboxes

•Based on ideas from Semantic MediaWiki and 
Freebase

http://meta.wikimedia.org/wiki/Wikidata
http://semantic-mediawiki.org/
http://www.freebase.com/


Wikidata
• Knowledge graph with ~1B statements 

about ~100M items
• Fine-grained ontology has ~2M types and 

~10K properties
• Strings tagged with language id
• Entities have a canonical name, aliases 

and description in multiple languages
• UMBC= Q735049, a university with English 

name University of Maryland, Baltimore 
County and alias UMBC

https://www.wikidata.org/wiki/Q735049
https://www.wikidata.org/wiki/Q3918


Who wrote Tom Sawyer?



Facebook Open Graph => object in the FB 
graph

Annotate your web 
pages in RDFa



Apple’s SIRI

SIRI needs lots of semantic data about entities in the world

SIRI engineers 
from AI/SW 
community

speech => text => 
entities => task



Schema.orgA collection of 
useful ontologies

Embed in HTML using RDFa 
to make machine 

understand-able statements



Summary
•Web has made us smarter by sharing information 

and knowledge as text, audio and images
•Machines should also be able to use the Web to 

publish & retrieve information & knowledge
•Human forms of knowledge are hard for machines to 

understand and generate
•The Semantic Web is a collection of languages, 

ontologies, software tools, services and KBs that are 
designed to support machines


