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Networks & Complex Systems

9/27/2011

is a collection of six billion individuals
link electronic devices

and is organized and linked

Thousands of in our cells work together in a
seamless fashion

Our are hidden in the connections
between billions of neurons in our brain

Jure Leskovec, Stanford CS224W: Social and Information Network Analysis



Networks

Each such system can be represented as a
, that defines the interactions
between the components

9/27/2011 ure Leskovec, Stanford C5224W: Social and Information Network Analysis



Networks: Communication
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Graph of the Internet
(Autonomous Systems)
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Networks: Information

Connections between political blogs
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Networks: Technology
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Networks: Organizations
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Networks: Economy
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Networks: Brain

Human brain has between
10-100 billion neurons

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis



Networks: Cells
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Why Networks?

Behind each such system there is an
intricate wiring diagram, , that
defines the interactions between the
components

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 11



Reasoning about Networks

Study network data to find organizational
principles

Probabilistic, graph theory
for analyzing graphs

Patterns and statistical of network data
and

why networks are organized the way they
are (Predict behavior of networked systems)

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 12



Networks: Structure & Process

9/27/2011

What is the structure of a network?

Why and how did it became to have sl &, =

such structure? L

Networks provide “skeleton”
for spreading of information, =
behavior, diseases

Jure Leskovec, Stanford CS224W: Social and Information Network Analysis
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Networks: Why Now?
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Networks: Why Now?
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Why Networks? Why Now?

9/27/2011

Rise of the Web 2.0 and Social media

Networks from various domains of science, nature,
and technology are more similar than one would
expect

Computer Science, Social science, Physics,
Economics, Statistics, Biology

Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 17



Networks: Impact
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Networks: Impact
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Networks: Impact

Worst case scenario
Calibration up 1o May &
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9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 20



Networks: Imp

New Series

Innovators
The TIME 100

s Q
THE NEW SCIENCE OF

ALZHEIMER'S

The drugs - The genetics
The: latest theories
What you can do now
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Networks Really Matter

9/2

7/2011

If you were to understand the spread of
diseases,

If you were to understand the WWW
structure and information,

If you want to understand human diseases,



Course Logistics



Course Syllabus

Covers a wide range of
— from basic to state-of-the-art

Six degrees of separation, small-world, page rank, network effects, P2P
networks, network evolution, spectral graph theory, virus propagation,
link prediction, power-laws, scale free networks, core-periphery,
network communities, hubs and authorities, bipartite cores,
information cascades, influence maximization, ...

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 24



9/27/2011

Algorithms
Graph theory

Probability and Statistics
Linear algebra

You should be able to write non-trivial programs

2 to review basic mathematical concepts

2 to review programming tools (SNAP, NetworkX)

Jure Leskovec, Stanford CS224W: Social and Information Network Analysis
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Course website:
http://cs224w.stanford.edu
Slides posted at least 30 min before the class

Mostly chapters from Easley&Kleinberg book
Papers

Papers and pointers to additional literature

This will be very useful for reaction paper and
project proposal

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 26
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Text Books

9/27/2011

D. Easley, J. Kleinberg: Networks, Crowds,
and Markets: Reasoning About a Highly
Connected World

http://www.cs.cornell.edu/home/kleinber/networks-book/ SOETND

ECONOMIC
NETWORKS

Matthew Jackson: Social and Economic
Networks

Mark Newman: Networks: An introduction

Jure Leskovec, Stanford CS224W: Social and Information Network Analysis


http://www.cs.cornell.edu/home/kleinber/networks-book/

Work for the Course

9/27/2011

Assignment
Homework 1
Reaction paper
Project proposal
Homework 2
Competition

Project milestone
Project write-up

Project poster
presentation

Due on
October 13
October 20
October 27
November 3
November 10

November 17

December 11
(no late days!)

December 16
12:15-3;15pm

Jure Leskovec, Stanford CS224W: Social and Information Network Analysis
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Grading

2 homeworks: 15% each
Reaction paper: 10%

Substantial class project: 60%
Proposal: 15%
Project milestone: 15%
Final report: 60%
Poster session: 10%

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis
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Homeworks, Write-ups, Reports

Paper: Box outside the class and in Gates basement
We will grade on paper!
You should also submit electronic copy:

1 PDF/ZIP file (writeups, experimental results, code)
Submission website: http://www.stanford.edu/class/cs224w/submit/

SCPD: Only submit electronic copy & send us email

Max 4 late days per assighment

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 30


http://www.stanford.edu/class/cs224w/submit/index.html

Course Projects

of algorithms and models
on an interesting network dataset

A that considers a model, an
algorithm and derives a rigorous result about it

An of one of the course
topics and offering a novel perspective on the area

Project is the main work for the class

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 31



Course Assistants

Borja Peleato (head TA)

Evan Rosen Dakan Wang

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 32



Communication

http://piazza.com/stanford/fall2011/cs224w

If you don’t have @stanford.edu email address, send us
email and we will register you to Piazza

cs224w-autlll12-staff@lists.stanford.edu

cs224w-autlll2-all@lists.stanford.edu

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 33


http://piazza.com/stanford/fall2011/cs224w
mailto:cs224w-aut1112-staff@lists.stanford.edu
mailto:cs224w-aut1112-all@lists.stanford.edu

Sitting-in & Auditing

Please send us email saying that you will be
auditing the class

To receive announcements, subscribe to
the mailing list:
cs224w-autlll2-all@lists.stanford.edu

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 34
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Starter Topic:
Structure of Networks



Structure of Networks?

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 36



Components of a Network

nodes, vertices N
links, edges E
network, graph G(N,E)

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis



Networks or Graphs?

often refers to real systems

Web, Social network, Metabolic network

mathematical representation of a
network

Web graph, Social graph (a Facebook term)

We will try to make this distinction whenever it is appropriate, but in
most cases we will use the two terms interchangeably

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 38



Networks: Common Language

friend
co-worker

Peter
Albert

brothers friend

Albert

Protein 5

IN|=4
[E|=4

Protein 9 .

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 39



Choosing Proper Representation

9/27/2011

In some cases there is a unique, unambiguous
representation

In other cases, the representation is by no means
unigque

The way you assign links will determine the nature
of the question you can study

Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 40



Choosing Proper Representation

If you connect individuals that work 4 '} " *,','
with each other, you will explore a § f "
If you connect those that have a

sexual relationship, you will be

exploring

If you connect scientific papers D |
that cite each other, you will be g el ﬁD
studying the F

It is a network, nevertheless

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 41



Undirected vs. Directed Networks

Links: undirected Links: directed
(symmetrical) (arcs)

Undirected links: Directed links:

Collaborations Phone calls

Friendship on Facebook Following on Twitter

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 42



Connectivity of Graphs

Any two vertices can be joined by a path.
A disconnected graph is made up by two or
more connected components

B B

A
p F D F <
F . F
G G
Bridge edge: If we erase it, the graph becomes disconnected.
Articulation point: If we erase it, the graph becomes disconnected.

Largest Component:
Giant Component

Isolated node (F)

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 43



Connectivity of Directed Graphs

has a path from each node to every other node
and vice versa (e.g., A-B path and B-A path)

is connected if we disregard the edge directions

E

Graph on the left is not strongly
connected.

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 44



Web as a Graph

Nodes = pages
Edges = hyperlinks
What is a node?

Problems:

Dynamic pages created on the fly

“dark matter” — inaccessible
database generated pages

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 45



The Web as a Graph

| teach a
class on CS224W-
Networks. Classes are
inthe
\/ Computer
Science Computer
building Science
\/ Department
at Stanford
Stanford
\/ University

\/

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 46



The Web as a Graph

| teach a
class on
Networks.

\/

CS224W:
Classes are
in the

Computer
Science

building™

N

Computer
Science
Department
at Stanford

T~

Stanford
University

In early days of the Web links were
Today many links are

9/27/2011

Jure

Leskovec, Stanford CS224W: Social and Information Network Analysis
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Other Information Networ

Kossinets-
Watts 2006

Game
Equl brium 'I'healy
Burt 2004
Burt 2000 \
.John Forbes
Coleman N meh
1 988
Granovetter
1 985
Feld 1981
Granovetler
1 973

Conspiracy
Theornes

Travers- Davis 1963
Milgram 1969

Citations References in an Encyclopedia

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 48



Web as a Directed Graph

I'm a student
at Univ. of X

I'm applying to
college
ews
College
| teach at
Univ. of X

Rankings

USMews
Featured
Colleges
MNetworks
class blog

Blog post about
college rankings

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 49



How does the Web look like?

[Broder et al. 2000]:

Given node VvV, what can V reach?
What other nodes can reach v?

E
F

D C G
In(v) = {w | w can reach v}
Out(v) = {w | v can reach w}

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis

In(A) = {B,C,E,G}
Out(A)={B,C,D,F}

50



Directed Graphs

Two types of directed graphs:

Any node can reach any node
via a directed path

In(A)=Out(A)={A,B,C,D,E}

Has no cycles: if U can reach v,
then v can not reach u

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 51



Strongly Connected Component

IS a set
of nodes S so that:

Every pair of nodes in S can reach each other

There is no larger set containing S with this
property

E

Strongly connected
components of the graph:
P C ¢ {A,B,C,G}, {D}, {E}, {F}

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 52



Strongly Connected Component

Fact:
(1) SCCs partitions the nodes of G

Each node is in exactly one SCC

(2) If we build a graph G’ whose nodes are SCCs, and
with an edge between nodes of G’ if there is an edge
between corresponding SCCs in G, then G’ is a DAG

(1) Strongly connected components
of graph G: {A,B,C,G}, {D}, {E}, {F}
B (2) G’ isa DAG:

G A {E}

E

{F}
{AB,C,G}

{D}

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 53



Proof

9/27/2011

SCCs partitions the nodes of G.
Suppose node V is a member of 2 SCCs S and S’.
Then SUS’ is one large SCC:

\'
Si j': ‘S’

G’ (graph of SCCs) is a DAG

If G’ is not a DAG, then we have a
directed cycle.

Now all nodes on the cycle are
mutually reachable, and all are

part of the same SCC. {0}
Now {A,B,C,G,E,F} is a SCC

{E}

{F}

{A,B,C,G}

Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 54



Graph Structure of the Web

\'

.\

Want to find SCC containing node v? &%

Out(V) ... nodes that can be reached from v Out(v)

SCC containing vis: Out(v) N In(v)
= OUt(V,G) N OUt(V,E), where G is G with all edge directions flipped

9/27/2011 Jure Leskovec, Stanford CS224W: Social and Information Network Analysis 55



Graph structure of the Web

[Broder et al., ‘00]

9/27/2011

Just takes 1 page from one SCC to link to the
other SCC

If the components have millions of pages the
likelihood of this is very large

o—9
o—°

Giant SCCa Giant SCC2
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[Broder et al., ‘00]

Bow-tie structure of the Web

Tendis
-H M re

IN

—_— — = _h
4 Ml e newdex

'qll
Q = Disconnected components

250 million pages, 1.5 billion links
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What did We Learn/Not Learn ?

Some conceptual organization of the Web (i.e., bowtie)

Google’s homepage == my homepage

How many pages have k in-links as a function of k?
The degree distribution: ~1/k?*¢
Link analysis ranking -- as done by search engines (PageRank)

Clusters, implicit communities?
Distance = # of edges in shortest path

Avg =16
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