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Billions of people
recording their social life

N BIts.




Cwittery

300 million users

300 million tweets per day
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COMPLEX SYSTEMS

MANY parts,
INTERACTING with each other

INn NON-TRIVIAL WAYS




NETWORKS




Nodes
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Links (edges) between nodes
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So what?
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H1N1 Pandemic prediction

8.3 GLEaMviz.org

Real Prediction

Reaction-diffusion system with
transportation networks
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Can we understand a
complex system

without knowing the structure
of it”




NETWORKS




Modular Structure
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Network Communities




“a group of densely
Interconnected nodes”™




“a group of densely
Interconnected nodes”™
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Modularity

1 k.
) lAv:j _ o o(ci, cj)

M. Girvan and M. E. J. Newman, PNAS (2002)




1 ik,
Q=5 > A 0(ci, ¢;5)

1) - -

Hundreds of community
detection methods
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Then, why bother?




Hierarchy & Overlap




Hierarchy
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Hierarchy implies
communities.




Hierarchical Random Graph model

A. Clauset, C. Moore, and M. E. J. Newman, Nature (2008)
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Hierarchical community
structure

Hierarchy . Communities
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Department of
Biological Physics

Scientific

community Family

G. Palla, I. Derenyi, I. Farkas & T. Vicsek, Nature (2005)

Saturday, May 19, 12



Saturday, May 19, 12



Saturday, May 19, 12






Overlap is
pervasive.




Overlap is
pervasive.




Multiple Contexts




<§I\/Iult|ple Contexts

N

Multiple Contexts




“Role theory”

http://www.youtube.com/watch?v=SxuYdzs45S58
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http://www.youtube.com/watch?v=SxuYdzs4SS8
http://www.youtube.com/watch?v=SxuYdzs4SS8
http://livepage.apple.com/
http://livepage.apple.com/

Family

buildings in same

/ neighborhood
HT
/

University

e

joint appointment

home and work

It Is impossible to obtain a single
dendrogram.




Hierarchy implies
disjoint communities.




Hierarchical community
structure

Hierarchy Communities




Another consequence




Simple local structure




Complex global structure
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Complex global structure
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What is this?
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What the xxxx
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Word association network: Network of “commonly
associated English words”

Scientist Earth
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G. Palla, |. Derényi, I. Farkas & T. Vicsek, Nature, 2005
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Here IS the
PROBLEM.
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Communities exist.

Hierarchical structure
exiIsts.




Hierarchy implies
disjoint communities.




Hierarchical community
structure

Hierarchy Communities




Hopeless?




Solution:
Use LINKS




Solution:
Use LINKS




“a group of densely
Interconnected nodes”™




“a group of densely
iInterconnected | LINKS




e Friends
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‘Friends’ links
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‘Nerds’ links
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Nodes: multiple membership

Links: unique membership




Hierarchy implies
disjoint communities.




Hierarchy Communities




Hierarchy . Communities
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RECONCILIATION







Similarity between links

Hierarchical Clustering




{x |d(z,x) <1}

(i)

n (i) Nn(J)
(i) Ung(7)

S(eika ejk) =




{x |d(z,x) <1}

(i)

n (i) Nn(J)
(i) Ung(7)

S(eika ejk) =
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Line graph transformation
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Partition Density

Communityc hasm,. edges and n.induced nodes




Partition Density

Communityc hasm,. edges and n.induced nodes




Partition Density

Communityc hasm,. edges and n.induced nodes
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Partition Density

Communityc hasm,. edges and n.induced nodes

S-m




Partition Density

Communityc hasm,. edges and n.induced nodes




Partition Density

Communityc hasm,. edges and n.induced nodes

= __m
Ne(ne—1)
2
A A single link is maximally dense




Partition Density

Communityc hasm,. edges and n.induced nodes
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Partition Density
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objective function!

overlapping _ Wwell posed
communities optimization
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Does it really work?




Metadata

Click to LOOK INSIDE! The Help (Ha

~ Kathryn Stockett i
Key Phrases: relaxing

Fririnindr [ (L34

List Price: $24-95
Price: $g_5ﬂ

You Save: $15.45

In Stock.

Ships from and sold

Look for Similar Items by Subject

Search Books by subject:
Fiction

Fiction - General

Fiction / Literary

Literary

American Historical Fiction
African American women
Civil rights movements

ODoo0o0ooad

LOCK INSIDE!

The Guernsey Literary

Customers Who Bought This Item Also Bought

LOCK INSIDE! L:_l.-_-lc INSIDE!
e il '.'_m .
i BlaL -
RS |
" BRAEON
TeTIO)
E % oK A

Sarah's Key by Tatiana de The Girl with the

and Potato Peel Pie
S0oC... by Mary Ann Shaffer

Yrirdedeydy (1,065) $6.98

Rosnay Dragon Tattoo (Vintage)
Seveiedy’y (352) $8.37 by Stieg Larsson
Yrdrdrdr’y (700) $6.00

Lot

Olive kK
by Eliza

Yoo

Tags Customers Associate with This Product (what's this?)

Click on a tag to find related items, discussions, and people.

race relations (18g) mississippi (109)
historical fiction (162) civil rights (108)
deep south (154) debut novel (83)
civil rights movement (119) integration (&6)

Your tags: Add your first tag
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Quantitative Evaluation Framework

Community quality Amazon.com

Subjects

HIV / AIDS
Medical
Africa

Subjects

Africa - General
Africa
History

Subjects

HIV / AIDS

Medical

Nonfiction / General
Infectious Diseases

O no membership

low coverage

high coverage

Metabolic network

Acetyl-CoA

1. Glycolysis / Gluconeogenesis
2. TCAcycle

3. Fatty acid biosynthesis

4. .. O
Hg'E'-J\S/w

Many pathway
Memberships

high overlap
IDP (Inosine diphosphate)
1. Purine metaboilsm N
—> w A
Few pathway ] W
Memberships o © N
low overlap Wo#- 0-P-0 o
. O™ \ /

Overlap coverage

w community
W memberships

high overlap coverage low overlap coverage
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metadata

network description N (k) community overlap

PPI (Y2H) PPI network of §. cerevisiae 1647 3.06 Set of each protein’s The number of GO
obtained by yeast two-hybrid known functions (GO terms
(Y2H) experiment [3] terms)“

PPI (AP/MS) Affinity purification mass 1004 16.57 GO terms GO terms
spectrometry (AP/MS)
experiment

PPI (LC) Literature curated (LC) 1213 421 GO terms GO terms

PPI (all) Union of Y2H, AP/MS, and LC 2729 8.92 GO terms GO-terms
PPI networks®

Metabolic Metabolic network (metabolites 1042 16.81 Set of each The number of
connected by reactions) of E. metabolite’s pathway KEGG pathway
coli annotations (KEGG)¢ annotations

Phone Social contacts between mobile 885989 6.34  Each user’s most likely  Call activity
phone users [15, 16, 17] geographic location (number of phone

calls?)

Actor Film actors that appear in the 67411 8.90  Set of plot keywords Length of career
same movies during for all of the actor’s (year of first role)
20002009 [18] films

US Congress  Congressmen who co-sponsor 390 38.95 Political ideology, Seniority (number
bills during the 108th US from the common of congresses
Congress [19, 20] space score [21, 22] served)

Philosopher  Philosophers and their 1219 9.80  Set of (wikipedia) Number of
philosophical influences, from hyperlinks exiting in wikipedia subject
the English Wikipedia® the philosopher’s page  categories

Word Assoc.  English words that are often 5018 22.02  Set of each word’s Number of senses
mentally associated [23] senses, as documented

by WordNet/
Amazon.com Products that users frequently 18142  5.098  Set of each product’s Number of product

buy together

user tags (annotations)

categories
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Measures
overlap coverage

[[] community coverage
— [ overlap quality

I community quality

Methods

G | _

n.com L — Links |
C — Clique Percolation
G — Greedy Modularity

42 | — Infomap
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3

1 ||l i ll ll

[] overlap coverage

ll I [] community coverage,

[ overlap quality

| ||
I Il community quality

Methods

l l ll Measures ‘

composite performance
N

0 LCGI LCGI LCGI LCG I LCGI LCGI LCGI LCG I LCGI LCGI LCGI
Metabolic PPI (Y2H) PPI (AP/MS) PPI (LC) PPI (all) Phone Actor US Congress Philosopher Word Assoc. Amazon.com L — Links
. . . C — Clique Percolation
Biological networks Social networks Other networks G — Greedy Modularity
N 1042 1647 1004 1213 2729 885989 67411 390 1219 5018 18142 | — Infomap

k) 16.81 3.06 16.57 4.21 8.92 6.34 8.90 38.95 22 02 5 N9

( 9.80
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II ]

L CG I L CG I L CG I
Word Assoc. Amazon.com

Other networks

5018 18142
22.02 5.09

LCG I L CG I
Actor US Congress Philosopher

Social networks

1219
8.90 38.95 9.80

67411 390

Measures

] overlap coverage

[] community coverage
I overlap quality

gl community quality

Methods

L — Links

C - Clique Percolation
G — Greedy Modularity
| — Infomap
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) CcC G |
mazon.com

LCG I L CG I LCG I
Actor US Congress Philosopher  VRQL

Other .-~

Social networks

<=

5018 18142
22.02 5.09

67411 390 1219
8.90 38.95 9.80

Measures

] overlap coverage

[] community coverage
I overlap quality

gl community quality

Methods
L — Links
C - Clique Percolation
G — Greedy Modularity
| — Infomap
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Examples
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BROOM

PAINT

SWEEP

PAINTER
GROOM PAINTING
BRUSH ™™
HAIR
TOOTHBRUSH
coMB __
T HAIRSPRAY -

TOOTHPASTE
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Experiment, Science

CHEMICAL

BIOLOGIST

Smart, Intellect, Scientists
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proteasome core complex (GO:005839, C)
threonine-type endopeptidase activity (GO:0004298, F)
ubiquitin-dependent protein catabolic process (GO:0006511, P)

proteasome regulatory particle (GO:0005838, C)
ubiquitin-dependent protein catabolic process (GO:0006511, P)
endopeptidase activity (GO:0004175, F)

Core 4| L Regulatory particle —

Proteasome

YDL216C

Signalosome (G0O:0008180, C)
Protein deneddylation (GO:0000338, P)

Saturday, May 19, 12



The first plant (genomic scale) interactome

5 Calmodulin |} RNAbi ;
Al binding. i ' m :
o J : | Auxin signaling
Ubiquitination ' '

) . -
"1 .

Seed germination and .7, ..

GA, JA signaliig s+ .
Transmembrane ., - *

transport )\

Ry Oxidoreduciase
o ‘% aclivity
7 Potassium transport
* "« “and kinase activity

B < . " Transcription and
s 4 ‘; &* 7= Ritlogan metabolism
Water transport =/ # - = - 2
N
e ..'o'_ . . .‘:. -_l}._ a0sSome
. TCAcycle
DNA repairand | =\
ubiquitination
Cytoskeleton organization , Ubiauitination
and root hair elongation * DNA bindi 5 9

.mRNA splicing g Mt

Brassinosteroid signaling and
phosphprotein binding *

Arabidopsis Interactome Mapping Consortium, Science, 2011



The first plant (genomic scale) interactome

ALY PNA ey

Transmembrane
transport

Water
transport

@ Protein
- Al-1,,,, Protein-protein interaction

Arabidopsis Interactome Mapping Consortium, Science, 2011
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Hierarchical
organization




~600K nodes
~3M edges
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Planets

Astronomy

Astronomy
more general terms)

unwsnss = 1.
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Diving, Swim, Marine life Water aquatic animals
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® Networks matter.

Summary

® Link (edge) perspective is useful.

Vol 466|5 August 2010ldoi:10.1038/nature09182

nature

LETTERS

Link communities reveal multiscale complexity in

networks

Yong-Yeol Ahn"**, James P. Bagrow"”* & Sune Lehmann®**

Networks have become a key approach to understanding systems
of interacting objects, unifying the study of diverse phenomena
13, One crucial
step when studying the structure and dynamics of networks is to

e aa o af wolated nades that correspond

including biological organisms and human society

represent link communities (Fig. 1d, e and Methods). In this den-
drogram, links occupy unique positions whereas nodes naturally
occupy multiple positions, owing to their links. We extract link com-
munities at multiple levels by cutting this dendrogram at various

thresholds. Each node inherits all memberships of its links and can
1 : itiae Bwen thonoh we
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T. S. Evans, R. Lambiotte

Line Graphs, Link Partitions and
Overlapping Communities
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xkecd.com
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a Spouses Alice and Bob also work together
Link communities

Family

The Alice-Bob link was placed in family but both
home and work relationships are identified

Word Association examples

COMBINE
JOIN
FRUIT BLENDER
INTEGRATE
JUICE
MIX

MIXTURE

DISAPPEAR

I APPEAR \

VANISH

REAPPEAR

SHOW ATTEND
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a Internal groups without distinguishing features are undetectable to ALL methods

communities

link communities

basketball team

project g b
prob. p
a i |
c h
students al|b j
all students are identical
one community, D = 0.750
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three communities, D = 0.745

Multiple relationships are found:

The link between students 18 and 20 —
is senior but both 18 and 20 belong to
both seniors and basketball players!
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