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Examples of networks
and network data




Technology & Infrastructure
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Telecommunications & Internet
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AIr travel network
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Social networks Applications

Marketing

Vaccine distribution
Social media
Emergency response

Information spreading
Disease spreading
eenmees Sociology

the people in your life.

What is Twitter?




Biological networks another HUGE area
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Metabolic networks
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“Diseaseome”

Network between diseases
and genes associated with
those diseases

Goh, et al., PNAS 2007

disease phenome
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The human disease network

Goh K-I, Cusick ME, Valle D, Childs B, Vidal M, Barabasi A-L (2007) Proc Natl Acad Sci USA 104:8685-8690
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Neuroscience

Networks from Neuroimaging




Ecology

Food webs Mutualistic Networks
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Summary so far



Networks




Networks




Networks




Networks

very
general

entities and the
relationships
between them



Networks

entities relationships

©

friendship, family, sexual

transmit data, shared
power

bind together, signal
transduction




Networks

nodes links




Why study networks?

Simple components

\ Many complex systems
Interacting are amenable to network
\ representations

Complex systems



Types of networks and subnetworks




Basic network

Static network

Links are bidirectional

Links equal "strength’



Types and Generalizations

directed network weighted network
O/O
O

Temporal network Multilayer/multiplex network



Network zoology

Trees Networks with no loops
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Network zoology

Complete graph

hJ

Mathworld



Network zoology

Bipartite graph  Two types of nodes

Links only between nodes of
different types




N tw k I disease phenome disease genome
eTWOrkK Z200I10gy e \
Perineal hypospadias
X pospact
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Bipartite graph  Two types of nodes

Links only between nodes of
different types

'\
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Movies <«— Actors
Enzymes <«— Metabolites

Scientists «— Papers




Network zoology

connect nodes in one group that have

Blpartlte prOJectlon common nodes in the other group

“Movies that star the same
actor(s)”

Movies «<— Actors

“Actors that appeared in the
same movie(s)”




Network Quantifiers
(Advanced terminology)




Degree distribution

Degree — (perhaps) most fundamental property of a node

Number of neighbors connected to a node

e o

deg =3 deg =1 deg =0



Degree distribution

Probabillity that a

P(k) random node
nas degree k



Degree distribution

Pk)




scale-free network




scale-free network

Emergence of Scaling in
Random Networks

Albert-Laszlo Barabasi* and Réka Albert

Systems as diverse as genetic networks or the World Wide Web are best
described as networks with complex topology. A common property of many
large networks is that the vertex connectivities follow a scale-free power-law
distribution. This feature was found to be a consequence of two generic mech-

aniecme: i) natwnarke avaand rantiniianicehvy by tha adAditrian Af noaw varticrac and




Clustering coefficient

Collective dynamics of
‘small-world’ networks

Duncan J. Watts* & Steven H. Strogatz

Department of Theoretical and Applied Mechanics, Kimball Hall,
Cornell University, Ithaca, New York 14853, USA

Feature of network
neighborhoods

Nature, 1998



Clustering coefficient

How many triangles are How many triangles are
in the neighborhood? possible?

C; =0 C;=1/3 C; =1

Real networks = more triangles than expected!

Nature, 1998



Distances and Networks

Networks aren’t though of as existing Iin
ordinary space

Space lets us tell how far apart
things are

How to measure distance In a
network?



Paths



Paths

destination
target

origin
source



Paths

destination

many paths exist

origin
source



Paths

destination

many paths exist

we want the

origin shortest path

source



Path Length

d(i,/)) = number of hops to get
from/to

ad=3




Set of all paths

Compute shortest path from a
node to every other node




Set of all paths

Compute shortest path from a
node to every other node

Eccentricity of a node
Longest shortest path starting from that node



Set of all paths

Compute shortest path from a
node to every other node

Eccentricity of a node
Longest shortest path starting from that node

Diameter of a network
Longest of all shortest paths



How big can distances be?



How big can distances be?

How far apart are these nodes?

——



How big can distances be?

How far apart are these nodes?
‘7

Answer: d = o



How big can distances be?

Networks can be disconnected

or disjoint



How big can distances be?

Networks can be disconnected

or disjoint

Components

(Connected components)




Centrality

What nodes are “important”?

wikipedia.org



What nodes are “important”?
Central =

Centrali

Peripheral =

Rank nodes

wikipedia.org






Random graphs

1736 Graph theory




Random graphs

1736 Graph theory

Rényi Gilbert



Erdos-Rényi Graph

1. Start with an empty graph of N nodes



Erdos-Rényi Graph

1. Start with an empty graph of N nodes

2. Look at every pair of nodes:
With probability p connect
that pair with a link




Erdos-Rényi Graph




Erdos-Rényi Graph




Erdos-Rényi Graph




Scale-free networks

Vet Emergence of Scaling in
e Random Networks

\ Albert-Laszl6 Barabasi* and Réka Albert
& Systems as diverse as genetic networks or the World Wide Web are best
o— described as networks with complex topology. A common property of many
large networks is that the vertex connectivities follow a scale-free power-law
\‘\ distribution. This feature was found to be a consequence of two generic mech-
anieme: (i) natwinrke avnand Frantiniianichs kv tha adAditian Af naw v artirac anAd

~ kA

Science, 1999



Scale-free networks

Science, 1999



Scale-free networks

'\& Earlier models — No hubs

Science, 1999



Barabasi-Albert Model

' 4
|
' ' \ I
Js
‘ /'-,-n'J}.




Barabasi-Albert Model

—>  Growing network model




Barabasi-Albert Model

—>  Growing network model

1. start with initial graph

>




Barabasi-Albert Model

i;; —>  Growing network model

//I S ;". 4}.1

1. start with initial graph 2. give birth to a new node

j>@ :




Barabasi-Albert Model

i;; —>  Growing network model

//I S ;". 4}.1

1. start with initial graph 2. give birth to a new node

>

3. attach node to graph




Barabasi-Albert Model

i;; —>  Growing network model

//I S ;". aLJ

1. start with initial graph 2. give birth to a new node

>

~__

3. attach node to graph



Barabasi-Albert Model

> o




Barabasi-Albert Model

:><> Each timestep new node attaches
to existing nodes




Barabasi-Albert Model

:><> Each timestep new node attaches
to existing nodes

How?




Barabasi-Albert Model

;>@ :><> Each timestep new node attaches

to existing nodes

Preferential

. SO
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Barabasi-Albert Model

;>@ :><> Each timestep new node attaches

to existing nodes

Preferential

. SO
How" Rich-get-richer Attachment

Link to existing node / with probability
proportional to degree of |



Barabasi-Albert Model

Preferential
Growth
Attachment
Not the first:
Yule 1924
10" E 10° .\ 10°
10° | o2 x
But they found it -« |
_ S [ 107" T \
INn new systems b
C .+ Web>,
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Network robustness




Percolation

How do networks respond to
random failures?

Is global damage gradual
or sudden??




Percolation

How do networks respond to
random failures?

Contact network — pandemic

N ° I
"

easy to spread hard to spread

Affects dynamics

social distancing = percolation

Flatten the curve

# of Without _
cases Protective Healthcare system capacity

Measures

Time since first case
Adapted from CDC / The Economist

nytimes.com



https://www.nytimes.com/article/flatten-curve-coronavirus.html

Percolation BRI -

Many systems show a sharp |
transition in connectivity Giant Connected Component

Percolation transition

size of GCC

0 | |
0 0.2 0.4 0.6 0.8 1

1-p, fraction of surviving nodes




Some networks are special

Scale-free graphs Hubs!
Imagine | randomly remove Unlikely Il hit all the
nodes from a very large scale- hubs

free network



Some networks are special

Scale-free graphs Hubs!
Imagine | randomly remove Unlikely Il hit all the
nodes from a very large scale- hubs

free network

Hubs do a disproportionate job Very unlikely | can make the
gluing the network together network fall apart



Some networks are special

Scale-free networks robust to random failures

ora d attac to erance Resilience of the Internet to Random Breakdowns
0f complex ne I orks Reuven Cohen,* Keren Erez,! Daniel ben-Avraham,? and Shlomo Havlin!
. 1 Acala . linerva Center and Department of Physics, Bar-llan University, Ramat-Gan 52900, I
Reka Albert, Hawoong Jeong & Albert-Laszlo Barabasl 2Physics Department and Center for Statistical Physics (CISP), Clarkson Universit)
' . _ o Potsdam, New York 13699-5820
Department of Physics, 225 Nieuwland Science Hall, University o (Received 11 July 2000; revised manuscript received 31 August 2000)

Notre Dame, Indiana 46556, USA

Nature, 2000 Phys Rev Lett, 2000



But there’s a price

Scale-free networks robust to random failures



But there’s a price

Scale-free networks robust to random failures

Scale-free networks vulnerable to
targeted attacks!



But there’s a price

Scale-free networks robust to random failures

Error and attack tolerance
of complex networks Scale-free networks vulnerable to

Réka Albert, Hawoong Jeong & Albert-Laszlé Barabasi t a rg ete d att a c ks '

Department of Physics, 225 Nieuwland Science Hall, University o
Notre Dame, Indiana 46556, USA

Nature, 2000

Deleting a small nhumber

Reuven Cohen,* Keren Erez,! Daniel ben-Avraham,?> and Shlomo Havlin! Of h u bs WI | I d ra Stl Cal Iy
'"Minerva Center and Department of Physics, Bar-Ilan University, Ramat-Gan, Israel -
2Department of Physics, Clarkson University, Potsdam, New York 13699-5820 d ISCO n n eCt th e n etWO rk

(Received 17 October 2000)

Breakdown of the Internet under Intentional Attack

Phys Rev Lett, 2001



Percolation

Tons of results and variants Many complex
| | problems map into
Explosive percolation simple percolation
Cascading failures models l
Lots of applications Epidemics: Vaccinations,

Social distancing

Statistics: Missing data



Dynamics on networks
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Network substrate




Dynamics on networks

4
s

— Dynamical system
‘ on top

I \ Network substrate




Dynamics on networks

4
s

Synchronization of
‘ coupled oscillators

I \ Network substrate

Ex: Acebron et al. (2005)




Dynamics on networks

b . b
/ﬁ b E\ S

Network substrate

Ex: Dobson et al. (2007)



Dynamics on networks

Contagion

Ex: Pastor-Satorras and Vespignan



Dynamics of networks

Collaboration network

2 U

2013

2014

Understanding Complex Systems

Petter Holme
| Jari Saramaki Editors

Temporal

Networks

F

%@W

o B8

2015

Holme, Saramaki
eds (2013)

G B AP

W ST
IDP>AI1]
7 FHEET,
2016 2017
Bagrow and Bollt (2019)
see also:

7.8

\! //A

multiplex, multilayer networks




What's next?



Future of network science

Brain imaging, large- /G;’-O" Single cell genomics and
Sfaclje)studles (ABCD \«,Eﬂ spatial gene expression
study

o & o Social information flow, Machine Learning:
m_lsllnforma’gon, Graph Neural Networks
disinformation

— DAIA
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 Why study networks”? * Network robustness

* [ypes of networks  Dynamics on networks

* Network quantifiers (jargon!) * Future of network science

THANKS!!!



