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Q: Who are more popular, you or your
friends (on average)?
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1. You

2. Same

3. Your friends







HoOw can everyone
feel that his/her friends
are more popular?




“Friendship Paradox”
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When are we living”?




Google processes

20+ petabytes

per day




10 petabytes

ml

Empire State  Willis (Sears) Taipei 101  Burj Khalifa  Drives
Building Tower 1,671 feet 2, 717 feet 2,968 feet
1,250 feet 1,451 feet

3,000

2,500

2,000

1,500

1,000

* 6,195 drives x 5.75 inches of drive height = 35,621 inches or 2,968 feet
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Most populated countries

*
1,300,000,000+
-

1,200,000,000+

300,000,000+




Most populated countries

E—
facebook

1,300,000,000+

1,200,000,000+

facebook 900,000,000+

500,000,000+

300,000,000+




Billions of people
recording their social life
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CAAGACCAGCCTGGACAACATGG  AACCCCAC

CAAGACCA GCCAACA GG TGAAACCCCATC

CAAGACCAGCC TGGCCAACA GG TGAAACCCCA C
CAAGACCAGCC 'GGCCAACA GG GAAACCCCA

CAAGACCAGCC TGGCCAACA GG TGAAACCCCATC

CAAGA AGCCTGGCCAACA TCGTGAAACCCCATA

CAAGACCAGCC 'GGCCAACA GG 'GAAACCCCAC

CAAGACCAGCCTGCCCAACATGGTC AACCCCATC

AGACCAGCC TGGCCAACA GG TGAAACCCCA ' C

2gcciggccaaca gg i gasacceca

C GCCTGGCCAACA GG GAMA CCCa'C

CAAG CCTGGCCAACA GG TGAAACCCCATC

CAAGAC CCAACA GG TGAAACCCCATC

CAACATGG 'GAAACCCCATC

AACATGG TGAAACCCCATC

ACA GG GAAACCCCA I C

ACATGG 1GAAACCCCATC

CAAGACCAGCC ' GGCCA GG 'GAAACCCCAC
CAAGACCAGCC 1GGCCA GG ' GAAMCCCCA 1 CGC

CAAGACCCGCC 'GGCCAACA GG 'GAAAL cca'cicrad

CAAGACCAGCC ' GGCCAACA GG 'GAMACCCCATC 12
CATGG G TAACCCCATCTC

caagaccagcec g**caaca gasacccca ¢

Caagaccagee  ggecaaca gy igasacceea’c
CATGG 'GAAMCCCCATC

CATGG 'GAAACCCCATC
CATGG 'GAAACCCCATC

.

cacacag ggc calgceigigal cccageac

2503 ACACHCHY QYL €A QCC gigal ceCageac
CACACAGTGGCTC CCTGTGATCCCAGCAC

CACACAGTGGCTCATGCC  tgatcccageac
CACACAG TGGC TCATGCCTGT ATCCCAGCAC
cacacag'ggcicaigecigig CCCAGCAC
cacacag agcicaigccigiga AGCAC
cacacag ggc'c CCCATCAC
CACACAG 'GGC 'CATGC CC cac
CACACAG 'GGC CCCAGCAC
CACACAG 1GGC T CATGCC CCC caca QQQ2QQC §aggcaag Qggagracc

cacacag ggc ca'gcc g gaicccag O IGGGAGEHC | GAGGCAAG ' GGAGCACC 'GAGA
cacacag ggc ca gccag ga'cccagcac t GGGAGGC | GAGGCAAG ' GGAGCACC
Cacacagaggc ' calgecigigalcccageac AGGC ' GAGGCAAG 1 GGAGCACC
CACACAG ' GGC GATCCCAGCALC T 166G GC ' GAGGCAAG 1 GGAGCACC
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gaacagacc alataaga g9 gaaga cacacag ggc calgccigigalcccageac  1Q00200C gag Caag ggagcacc gaga’calgag ACCAGCC TGGCCAACATGG TGAAACCCCATCTCTAL
Cagacc a'alanga' 99 2002 acacacag ggc cagecigigalceccageac’ | GGGAGGL | GAGGCAAG | GGAGCACC 'GAGA TCA'GAG ' 'C CHQCC I QYCCANCA 9g gaaacceea cicliae
GACCTATATAAGA GG TATGAAGA T TCACACAG 'GGC'C CCTG'GATCCCAGCAL T T 1GGGAGEL 'GAGGCAAG 'GGAG ACCTGAGA TCATGAG ' 'CAAGACCAGCCTGGACAACATGG AACCCCATCTOTAM
GAACAG ATATAAGA GG TATGAAGA T TCACACAG 'GGCTCATGCC  'ga'cccagcac' ' 10009209 'GAGGCAAG 'GGAGCACC 'GAGA TCATGAG T TCAAGACCA GCCAACATGG TGAAACCCCATCTCTAL
GAACAGAC CAGA GG TATGAAGA T TCACACAG 'GGCTCATGLCTG T ATCCCAGCAL T T 1GGGAGEL ' GAGGCAAGLGGAGCACC TG ATGAG T TCAAGACCAGCC TGGCCAACA TGG TGAACCCCA CTCTM
gaacagccc ala aaga' gg' ‘agaaga’ cacacag ggcicaigecig g 'CCCAGCAC T 1GGGAGCC GAGGCAAG 'GGAGCACCTGA ATGAG TCAAGACCAGCC TGOCCAACA TGO TGAAACCCCA  TATAK
gaacagaccialala galgglalgaaga’ cacacaglagcicalgecigiga AGCAC 7 1 GGGAGEC | GAGGCAAGGGGAGCACG 'GA GAG " TCAAGACCAGCC TGGCCAACA TG 'GAAACCCCATC CT
gacc'alalaaga’ggllaigaaga’ lcacacagiggcic CTGTAATCCCATCACT T 1GOGAGEL ' GAGGCAAG 1GGAGC CCTGAGA CATGAG CAAGA AGCCTGGCCAACA TCO GAACCCCATA TCTAM
GAACAGACCTATATAA GG 'ATGAAGA 'TCACACAG 'GOC CATGCC'G'GA'CC  cac' ' 0902 gCc gaggcaag ggagcacc gaga ca CAAGACCAGCC TGOCCAACA GG TGAAACCCCATCTC T A
G ACCTATATAAGA GG TATGAAGA T TCACACAG'GGCTCA GGATCCCAGCAL T T 1GOGAGEL | GAGGCAAG 'GGAGCA CTGAGA TCACGAG ' 'CAAGACCAGCCTGLCCAACA TGO 'C ALCCA IO
GAACAGACCTATATAAGA GG 'ACGAAGA " TCACACAG GGCTCATGLCTG'GATCCL  caca' '9Qo20QC ' gaggcaag  ggagcacc gaga ' ca AAGACCAGCC TGGCCAACA TGG TGAAACCCCATCTCTAL
gaacagacclalalaaga 2 gaaga ‘cacacag ggc caigcc g gaicccag O IGGGAGHC  GAGGCAAG | GGAGCACC 'GAGA 'CATGA agcciggccaacaggigasaccecaclioiag
gaacagaccialataagalgg 2aQa’ cacacag ggcicagccag gacccagcac t GOGAGHC GAGGCAAG 'GGAGCACCTGAGATAATGAG T 'C GCCTGGCCAACATGG 'GAM CCCATCTCTAM
GAACAGACCTATATAAGA GG 'A aga' 'cacacagaggcicaigccigigalcccageac AGGC ' GAGGCAAG | GGAGCACC 'GAGA TCATGAG T CAAG CCTGGCCAACA TGG 'GAACCCCATCTCTAL
gaacagacc a'a‘anga’gglia CATGCC G GA CCCAGCALC T 'GGG  GC ' GAGGCAAG 'GOAGCALCC 'GAGA CA GAG T CAAGAC CCAACA TGG TGAAACCCCATCTCTAL
GAACAGACCTATATAAGA GG 1A CATGCC'G'GA GAGGCAAG | GGAGCACC 'GAGA ' CA'G CAACA GG TGAAACCCCATCTC T
GAACAGACCTATATAAGA 'GG T TATGAAG CATGCC'G'GA GAGGCAAG ' GGAGCACC 'GAGA ' CA'G AACATGG TGAACCCCATCTCTAL
GAACAGACC TATATAAGA GG 'ATGAAGA CATGCC'G'GA GAGA 'CA'G ACATGG TGAAMCCCCATCTC T
GAACAGACC A 'CTAAGA GG TATGAAGA CA'GEC'G' A GAGA TCATGA ACATGG 'GAAACCCCATCTATAL
GAACAGACC TATATAAGA 'GG ' 'A GAAGA GA \TGAG ' CAAGACCAGCCTGGCCA 166 TGAAACCCCATCTCT A
GAACAGACC TATATAAGA GG 'ATGAAGA GAG CAAGACCAGCC 'GGCCA GG ' GAACCCCA 1CGC T AL
GAACAGACC TATATAAGA GG 'AGAAGA GA GAG ' 'CAAGACCCGCC 'GOCCAACA GG 'GAAAL cca'cictad
AGA GG A GAAGA GA GAG ' CAAGACCAGCC 'GGCCAACA GG /GAMCCCCATC T

ACA GG 'ATGAAGA GA CATGG G TAACCCCATCTCTAL

GG' A GAAGA gaq' ‘caagaccagccig**caaca Qadaccccacrcat

A GAAGA 2Q' Caagaccagceciggecaacaggigasaccecact AL

A GAAGA : GAG CATGG 'GAACCCCATCTCTAL

cCccage o | gogeggc | gaggaaag | ggagcace CATGG 1GAAACCCCATCTCT ¢

CCCageac’ | 1 gogaggc  gaggcaag ggagcacc' g CATGG ' GAAACCCCA CTC T

C GAGAGGC ' GAGGCAAG ' GGAGCACC 'GAGA 'CA ' GAG GTGAMCCCCATCTCTAL

GGGA 'GC ' 'AG CAAT G AGCACC GAGA CA'GAG C GIGAMACCCCATCTCTAL

2Q9C Q2QQCaag QQaQCacc gaga Ca gaqg cCcaagQ g gasaccccacrcra

g999caag ggagcacc gaga ca'gag caagacca g'gasaccg g ciclac

gaggcaag ggagcacc gaga’ calgag’ ‘caagacca GAMATCCCATCTOTM

GAGGCAAG ' GGAGCACC 'GAGA 'CATGAG ' 'CAAGACCAG GAAACCCCATCTCTAL

AGGCAAG ' GGAGCACC 'GAGA 'CA 'GAG ' CAAGACCAGC GAAMCCCCATCTCTAL

aggcaa’ lgagciccigaga’calgag’ caagaccagce gasaccccacicige

GCAAG ' GGAGCACC 'GAGA 'CA ACCCCATCTCTAL

CAAG 'GGAGCACC 'GAGA 'CA GAG CaGaCCAGCC' G A TCCCATCTCTAL

caag Qaeqgeaccgagacargaq- “Caagaccagecg 83CCCCaTCtetae

AAG | GGAGCACC 'GAGA 'CATGAG ' CAAGACCAGCC GG ACCCCATCTCTAL

AG ' GGAGCACC 'GAGA 'CATGAG CAaaGACCAGCC GaC ACCCCGT T TCTAL

AG 'GCAGCACC 'GAGA 'CATGAG ' CAAGACCAGCC GRC accccacictad

G ' GGAGCACC 'GAGA 'CA'GAG ' ' CAAGACCAGCA 'GGCC CCCCATCTCTAML

GGAGCACC 'GAGA 'CATGAG ' CAAGACCAGCC GGCCAA CATCTCTA

ggagcacc gaga ga gag caagaccaggg ggccaa CATCTCTAL

ggrgCacc gaga Ca gag Caagaccagecc QQCcaa CGTCTCTA

GAGCACC 'GAGA 'CA 'GAG ' ' CAAGACCAGCC GGCCAAC CATCTCTAL
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BIG DATA




BIG DATA

|
INFORMATION
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Pulse of the Nation:
U.S. Mood Throughout the Day inferred from Twitter

Less Happy

More Happy

http://www.ccs.neu.edu/home/amislove/twittermood




BIG DATA
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BIG DATA

ECONOMY




LIFE
SOCIETY

ECONOMY
BIG DATA




LIFE
SOCIETY

ECONOMY

BIG DATA

COMPLEX
SYSTEMS




COMPLEX SYSTEMS




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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Degree: # of neighbors

Links (edges) between nodes
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. rough
ribosome endoplasmic
. reticulum

plasma
membrane

mitochondrion. |

cytoplasm
microtubules
(part of cytoskeleton)

lysosome

nucleus

. nucleolus

smooth —— \\\\\\
endoplasmic . chromatin
reticulum - . nuclear pore
I . nuclear envelope
free ribosome A :
; Golgi complex
centriole
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facebook
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The Soil Food Web

o

Arthropods

\ Shredd
. Nematodes s
Root-feeders
Arthropods
Predators
L Nematodes
.
" I Fungal- and
W bacterial-feeders
Fungi
Mycorrhizal fungi
Saprophytic fungi Nematodes
Predators
A
S 25N
"_\ Protozoa
Matter ‘ A’r:;oe?ae flagellates,
Waste, residue and and aliates .
metabolites from bo s Animals
plants, animals and Bacteria
microbes.
First trophic Second Third trophic Fourth trophic Fifth and
level: trophic level: level: level: higher trophic
Photosynthesizers Decomposers Shredders Higher level levels:
Mutualists Predators predators Higher level
Pathogens, parasites Grazers predators

Root-feeders
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Categories

‘ alcoholic beverages
Q nuts and seeds

‘ seafoods
‘ meats
Q herbs

‘ plant derivatives

‘ vegetables
‘ flowers

O animal products

Prevalence

50 %

o -

O 10%

O 1%

Shared
compounds

50
10

Y.-Y. Ahn, S. Ahnert, J. P. Bagrow, A.-L. Barabasi, Sci. Rep. 2011
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So what?







Google

D

) \ 3,/ T
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50
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—_kx— e

/ \i
Pagerank =
Random walk problem on a network

Y
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facebook
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nature

THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE

D VOTE

& Close friendships beat weaker Facebook links in
test of election-day influence pases212&295

MICROWAVE WARFARE RESEA CAREERS UTERATUR O NATURE COM/MATURE
13 Septerver 2012 £30
UNEXPLODED PICKING FORGOTTEN Vo 429, N 7415
MYTH? WINNERS FUTURES
The Pentagon’s quest for A formula to predict your When science fiction
the e-bomb futureh - index came of age
PAGE 158 PAGE 201 PACE 204
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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




07 <3 4300, | =
’!a-k') -‘ﬁl' %""-1 i

Graph Theory

Leonhard Euler
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“*Sociogram”

ENOTIONS MAPPED R S
BY NEW GOGRAPHY A ™ R

Charts Seek to Poriray the | |
Psychological Currents of - EL , :
Human Relationships. P W R

New York Times Nig

April 3, 1933 A | A |

. .A'A y
~J |
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What’s the structure of
networks?




Paul ErdOs Alfréd Rényi
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Clustering
Small-world

Heterogeneity




SN NS

.‘$"’ 13 79

www tulip-software.org

It’s not random! We
form clusters.
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The chatng [ i
rogress from the starking
::'mﬂl (Omaha) to the target area
Oslon) with each remove. Diagram
% the number of miles from the
®t area, with the distance of each

J

“Small world experiment”

Stanley Milgram
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e Dario de Judicibus
Personal Network

http://oracleofbacon.org/index.php
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http://oracleofbacon.org/index.php
http://oracleofbacon.org/index.php
http://livepage.apple.com/
http://livepage.apple.com/

We’'re clustered, but
at the same time we

are well-connected.




Duncan |.Watts

(a)

p=0 :
Increasing randomness

(b)

1?!'—‘!!"“'5""1!(5‘5_,1

osf ° 2 C(p)/C(O) *©

L(p)/L(O) *

0.0001 0.001 0.01 0.1

Steven H. Strogatz

Watts and Strogatz model Watts & Strogatz, Nature 1998
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Networks are
heterogeneous!

Albert-Laszl6 Barabasi Réka Albert Hawoong Jeong
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p=0.1 p=0.25
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Degree: # of neighbors

P(k)

Sunday, October 7, 12



Pk)

Buk)

10

10

pa3dadxy

- O\ |
\ o
\\‘-
‘o
\
10° 10 10° 10° 10
k

punoy

Sunday, October 7, 12



Number of nodes with k links

Power Law Distribution

Very many nodes
with only a few links

A few hubs with
large number of hinks

" 3
- e 1
A Y — — — re
™ N
. ' B 4

Number of links (k)

Pk)

Pa3dadxy

10

10

Buik)

10

10

punoy
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Jeong et al., Nature 2001
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Liljeros et al., Nature 2001
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GROWTH:
add a new node with m links

PREFERENTIAL ATTACHMENT: the
probability that a node connects to a
node with k links is proportional to k.

k.
H(ki) = > }C
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Error
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Attack







“We can’t block epidemic
spreading on scale-free
networks”

o0 0w o0 oo oo Alessandro Vespignani

Sunday, October 7, 12



Epidemic spreading;:
“following links”™




Epidemic spreading:
“following links”

; <
N fp
-

S )\ N “Friendship Paradox”
a4 :‘ ///,; o

"2T) R\




Epidemic spreading:
“following links”

L 3 t‘ I : 3
ST S “Friendship Paradox

The disease quickly get to
the hubs




How to effectively
detect & prevent the
disease spreading?




' "'~' \{ ;.'. “
.\\ \.,.

b. L““ //A‘ “
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0.08

______ N
cr\Uj - Friend Group 5 —  Friend Group
g - Random Group v o - Random Group
= N O ¢ Friends Peak
c 2 o Shifted Forward
5 ° E g
Q) . . e S o
= - Significant o g
8 < - LeadTime 0 \Eiaaiaa 8
5 © |FirstDetected Jf€==: MONCSLUNVE 1 o
E | ' Shifted Forward _‘3_3) o
0 ' S 3
2 84 VY = o ,
@ a | | ek =
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O 8 .« S Jefmdualw 1l n idudl o o1
- | / O l 5 |
= = I r S 1 I I I ' : '
0 20 40 60 80 100 120 0 20 40 60 80 100 120
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Random person -> immunize a
random friend of the person (but
not the original one!)
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Communities




Networks are not just
clustered, but form
communities




“a group of densely
Interconnected nodes”
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“a group of densely
Interconnected nodes”

Sunday, October 7, 12



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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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, |. Derenyi, I. Farkas & T. Vicsek, Nature (2005)
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2o (Asie T Tolimat
@ Mugu) Namavay

Garap 9“9“"3

('\

Arnold Perey, Social organization of Oksapmin, Papua New Guinea
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Overlap is
pervasive.




Overlap is
pervasive.




Multiple Contexts




<§I\/Iult|ple Contexts

N

Multiple Contexts




http://www.youtube.com/watch?v=SxuYdzs4SS58
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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
M
/

University

e

joint appointment

home and work

It Is impossible to obtain a single
dendrogram.




Hierarchical community
structure

Hierarchy Communities




Simple local structure




Complex global structure
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Complex global structure
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This is a modular network.
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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

> ———-.__HSEM{J nomy 8= Spﬂce
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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
Interconnected | LINKS °




LINK communities




e Friends

Sunday, October 7, 12



Friends
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( Friends ‘ /. /‘h:éé
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( Nerds & 33&«5 / /n,éS

Colleagues

( Friends ‘ /. /‘h:éé
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Nodes: multiple membership

Links: unique membership




Hierarchy implies
disjoint communities.




Hierarchy Communities




Hierarchy . Communities







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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Does it really work?
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Diving, Swim, Marine life Water aquatic animals
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~600Kk nodes
~3M edges
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threshold = 0.20
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threshold = 0.20
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threshold = 0.20
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threshold = 0.20
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threshold = 0.20
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Summary

e Networks matter.

e Particularly in the age of big data and
social networks.

e Many interesting problems waiting for you!
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Resources

e http://yongyeol.com/courses/20125-1590/

e http://yongyeol.com/w/index.php?
title=Network science

e http://en.wikipedia.org/wiki/Network science

e http://yongyeol.com

¢ yvahn@indiana.edu

* @yy
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