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Motivation and the
“small world” phenomenon



  

Planet
Earth



  

7,6 Billion
Humans



  

How many 
“degrees”

of separation?



  

Frigyes Karinthy 1929

“If you choose a person out of the 1.5 billions of
our planet, I bet that using no more than

five individuals, one of them my acquaintance,
I could contact the person you chose, using only

the list of acquaintances of each one”
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1969 Stanley Milgram

● People chosen at random on a US State
● Request to send a letter to a given final person in another state :

– If you know the final person, send directly to him
– If not, send to someone you think it is more likely to know him
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1969 Stanley Milgram

Average between

5.5 and 6

intermediate persons
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“Small World” Project

● More than 20.000 chains of emails to 18 persons of 13 countries

Median estimated

between 5 and 7

2003
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2008 Microsoft Messenger

● 30 billion conversations between 240 million persons

Global Average: 5.6
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2011 Facebook Friendships

● 69 billions of friendships between 721 millions of persons

Global average: 3.74
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2016 Facebook Friendships

● 1.59 billions of persons

Global average: 3.57
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How to explain this?
● Imagine that a person has, on average, 

100 friends
– 0 intermediates: 100
– 1 intermediate:   1002 = 10.000
– 2 intermediates: 1003 = 1.000.000
– 3 intermediates: 1004 = 100.000.000
– 4 intermediates: 1005 = 10.000.000.000
– 5 intermediates: 1006 = 1.000.000.000.000

● In practice, not all friends are new, but still 
there is a very fast growth

The power ofexponentiation
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More examples of “Small World”
● The six degrees of Kevin Bacon

– How many connections to link Kevin Bacon 
to any other actor, director, producer...

– “Game” initiated in 1994
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More examples of “Small World”
● The six degrees of Kevin Bacon

Kevin Bacon Number  # of persons

0 1

1 3150

2 373876

3 1340703

4 340756

5 28820

6 3383

7 451

8 52

9 8

10 1

(average number: 3.009)
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More examples of “Small World”
● Six degrees of Kevin Bacon

https://oracleofbacon.org/

https://oracleofbacon.org/
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More examples of “Small World”
● Erdös number:

– Scientific articles and very prolific 
mathematician http://wwwp.oakland.edu/enp/

http://wwwp.oakland.edu/enp/


  

Emergence of
Network Science
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Complexity

“I think the 
next century 
will be the 
century of 

complexity”

Stephen Hawking (Jan, 2000)



 Pedro Ribeiro – An Introduction to Network Science

The Real World is Complex

World Population: 7.6 billions 
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The Real World is Complex

World Population: 7.6 billions 

Human Brain Neurons:
100 billions
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The Real World is Complex

World Population: 7.6 billions 

Internet Devices: 8 billions

Human Brain Neurons:
100 billions
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Complex Systems → Complex Networks

Flights Map
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Complex Networks are Ubiquitous

Social
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Complex Networks are Ubiquitous

Nodes + Edges

Facebook Co-authorship

Social

Biological

Brain
Metabolism 
(proteins)
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Complex Networks are Ubiquitous

Spatial
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Complex Networks are Ubiquitous

Power

Spatial
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Complex Networks are Ubiquitous

Power Roads

Spatial

Software

Module 
Dependency

Semantic

Text
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Network Science

Behind many complex systems there
is a network that defines the interactions

between the components

In order to understand the systems...
we need to understand the networks!
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Network Science
● Network Science has been emerging on 

this century as a new discipline:
– Origins on graph theory and social network research

Image: Adapted from (Barabasi, 2015)
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● Two main contributing factors:
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Why now?
● Two main contributing factors:

1) The emergence of network maps 

• Movie actor network: 1998
• World Wide Web: 1999
• Citation Network: 1998
• Metabolic Network: 2000
• PPI Network: 2001

• 436 nodes – 2003
(email exchange, Adamic-Adar, SocNets)

• 43,553 nodes – 2006
(email exchange, Kossinets-Watts, Science)

• 4.4 million nodes – 2005
(friendships, Liben-Nowell, PNAS)

• 800 million nodes – 2011
(Facebook, Backstrom et al.)

Size matters!
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Why now?
● Two main contributing factors:

2) Universality of network characteristics

Image: Adapted from (Newman, 2005)
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Why now?
● Two main contributing factors:

2) Universality of network characteristics

• The architecture and topology of networks from different 
domains exhibit more similarities that what one would 
expect
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Why now?
● Two main contributing factors:

2) Universality of network characteristics

• The architecture and topology of networks from different 
domains exhibit more similarities that what one would 
expect

Image: Adapted from (Newman, 2005)

E.g. power laws

Image: Adapted from Leskovec, 2015
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Impact of Network Science: Economic
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Impact of Network Science: Scientific
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Impact of Network Science: Societal



 Pedro Ribeiro – An Introduction to Network Science

Reasoning about Networks

● What do we hope to achieve from 
studying networks?
– Patterns and statistical properties of 

network data
– Design principles and models
– Algorithms and predictive models to 

answer questions and make predictions
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Mining and Learning with Graphs

● How do we mine networks?
– Empirically: Study network data to find 

organizational principles
● How do we measure and quantify networks?

– Mathematical models: Graph theory and

statistical models
● Models allow us to understand behaviors and 

distinguish surprising from expected phenomena

– Algorithms for analyzing graphs
● Hard computational challenges
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Network Science Topics
● Some possible tasks:
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Network Science Topics
● Some possible tasks:

– General Patterns
● Ex: “scale-free”, “small-world”

– Community Detection
● What groups of nodes are “related”?

– Node Classification
● Importance and function of a certain node?

– Network Comparison
● What is the type of the network?

– Information Propagation
● Epidemics? Robustness? 
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Network Science Topics
● Some possible tasks:

– General Patterns
● Ex: “scale-free”, “small-world”

– Community Detection
● What groups of nodes are “related”?

– Node Classification
● Importance and function of a certain node?

– Network Comparison
● What is the type of the network?

– Information Propagation
● Epidemics? Robustness? 

– Link prediction
● Future connections? Errors in graph constructions?



  

Brief Introduction to
Graph Theory and

Network Vocabulary
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Terminology

● Objects: nodes, vertices       V
● Interactions: links, edges     E
● System: network, graph       G(V,E)
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Networks or Graphs?
● Network often refers to real systems

– Web, Social network, Metabolic network
– Language: Network, node, link

● Graph is a mathematical representation of a 
network
– Web graph, Social graph (a Facebook term)
– Language: Graph, vertex, edge

We will try to make this distinction whenever it is appropriate, but 
in most cases we will use the two terms interchangeably
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Choosing the Network
● If you connect individuals that work with each other, you 

will explore a professional network

● If you connect those that are friend, you will be exploring a 
friendship network

● If you connect scientific papers that cite each other, you 
will be studying the citation network

● Another example: if you connect all papers with the 
same word in the title, what will you be exploring?

● There might be several possible representations

The choice of the network representation of a given
fomain determines our abilty to use it successfully
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Simple and multi-graphs

● In general, graphs may have self-loops and
multi-edges
– A graph with either is called a multi-graph

– We will mostly work with simple graphs,
with no self-loops or multi-edges
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Network Types

● co-authorship networks

● actor networks

● facebook friendships

Undirected Directed

● www hyperlinks
● phone calls
● roads network
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Network Types

● Examples:
– Weight (duration call, distance road, ...)
– Ranking (best friend, second best friend, …)
– Type (friend, relative, co-worker, …)

[colored edges]

– We can have set of multiple attributes

Edge Attributes

Node Attributes

● Examples:
– Type (nationality, sex, age, …) [colored nodes]
– We can have set of multiple attributes
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Network Types

● Different layers (types) of connections

Multiplex Networks
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Network Types

● Evolution over time

Temporal Networks
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Node Properties
● From immediate connections

– Outdegree
how many directed edges originate at node

– Indegree
how many directed edges are incident on a node

– Degree (in or out)
number of outgoing and incoming edges 

Outdegree=3

Indegree=2

Degree=5
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Node Properties
● Degree related metrics:

– Degree sequence
an ordered list of the (in,out) degree of each node

● In-degree sequence:    [4, 2, 1 , 1, 0]
● Out-degree sequence: [3, 2, 2, 1, 0]
● Degree sequence:        [4, 3, 3, 3, 3]

– Degree Distribution
a frequency count of the occurrences of each degree
[usually plotted as probability → normalization]
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Sparsity of Networks
● Real Networks are usually very Sparse!

– A graph where every pair of nodes is connected 
is called a complete graph (or a clique)

Network Dir/Undir Nodes Edges Avg. Degree

Internet Undirected 192,244 609,066 6.33

WWW Directed 325,729 1,479,134 4.60

Power Grid Undirected 4,941 6,594 2.67

Mobile Phone Calls Directed 36,595 91,826 2.51

Email Directed 57,194 103,731 1.81

Science Collaboration Undirected 23,133 93,439 8.08

Actor Network Undirected 702,388 29,397,908 83.71

Citation Network Directed 449,673 4,689,479 10.43

E. Coli Metabolism Directed 1,039 5,082 5.58

Protein Interactions Undirected 2,018 2,930 2.90

Table: Adapted from (Barabasi, 2015)
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Connectivity
● Not everything is connected
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Connectivity
● If the largest component has a large fraction 

of the nodes we call it the giant component
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Bipartite
● A bipartite graph is a graph whose nodes 

can be divided into two disjoint sets U and V 
such that every edge connects a node in U 
to one in V. 

Image: Adapted from Leskovec, 2015

Example:
 - Actor Network
   . U = Actor
   . V = Movies
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Bipartite Network Projections
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Bipartite – Human Disease Network
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