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INTRODUCTION
COMMUNITIES IN NETWORKS
EXAMPLE: FACEBOOK NETWORKS

COMMUNITIES, DYNAMICS, AND
FUNCTION: A WHIRLWIND TOUR.

CONCLUSIONS




A NETWORK CONSISTS OF
NODES REPRESENTING
AGENTS CONNECTED BY
EDGES REPRESENTING TI€S

BINARY €DGES: 0 OKR 1
WEIGHTED €DGES
DIRECTED €DGES
BIPARTITE NeETWORKS
TIME-DEPENDENCE
NMULTIPLEXITY
HYPERGRAPHS

SPATINLLY EMBEDDED
NeTWORKS
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Food Web of Smallmouth Bass
Little Rock Lake (Cannibal)

./
1st Tropic Level ¥

Mostly Phytoplankton 2nd Trophic Level
Many Zooplankton







Mathematical Genealogy Network

S. Myers, P. J. Mucha, and MAP [2011]. *“Mathematical Genealogy &
Department Prestige”, Chaos 21(4): 041104 (Gallery of Nonlinear Images).




Suburban Bacon Network
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Consumers buying different brands of bacon (suburban dataset)
424 different consumers and 79 sorts of bacon







COMMUNITIES = COHESIVE

GROUPS/MODULES/

MESOSCOPIC STRUCTURES
IN STAT PHYS, ONE TRIES TO

DERIVE MACROSCOPIC .
AND MESOSCOPIC INSIGHTS

FROM MICROSCOPIC

INFORMATION
COMMUNITY STRUCTURE
I§ BOTH MODULAR AND
HIERARCHICAL

COMMUNITIES HAVE
LARCGER DENSITY OF
INTERNAL TI€S RELATIVE
TO SOME NULL MODEL
FORR WHAT TIeS ARE
PRESENT AT RANDOM

MODULAKITY
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SURVEY ARTICLE

NAP, ).-P. ONNELA, & P. J. MUCHA [2009], NOTICES
OF THE AMERICAN MATHEMATICAL SOCIETY 56(9):
1082-1097, 1164-1166

TYPES OF METHODS

AGGLOMERATIVE
€.G., LINKAGE CLUSTERING

DARVARYAVAS
PARTITIONING BY OPTIMIZING MODULARITY

LOCAL METHODS

€EDGE-BASED




MINIMIZE:.

POTTS HAMILTONIAN
L[], = COMMUNITY ASSIGNMENT (SPIN STATE) OF NODE |
)i > 0 = “FERROMAGNETIC” INTERACTION BETWEEN 1 & ]

=> NODES | AND J TRY TO BE IN THE SAME STATE

Jy <0 = “ANTIFERROMAGNETIC” INTERANCTION BETWEEN |
& ) =» NODES | AND J TRY TO BE IN DIFFERENT STATES

NMODULAKITY OPTIMIZATION:

A = ADJACENCY MATRIX
= (I/2)Z;A, = SUM OF ALL €DGE WEIGHTS
P,J = PROB(I CONNECTED TO J) IN NULL MODEL

NEWMAN-GIRVAN: Py = K K /W), WHERE K, = A, =
TOTAL €DGE WEIGHT OF NODE |

“RESOLUTION PARAMETER": USE A*P,




Volume 53 Number 3

a publication of the
Society for Industrial and Applied Mathematics

ISSN 0036-1445 (print)

A. L. TRAUD, €. D. KELSIC, PJM, & NMAP [2011] SIAM REVIEW, 53(3): 526—543
ALT, C. FROST, PJM, & MAP [2009], CHAOS 19(4): 041104 (GALLERY OF NONLINEAR IMAGES)
ALT, PN, & NMAP [2012], PHYSIC A 391(16): 4165—4180
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NODES = INDIVIDUALS
EDGES = SELF-IDENTIFIED FRIENDSHIPS (1 OK 0)
OUR DATA

100 DIFFERENT UNIVERSITIES (FULL NETWORKS)

SINGLE-TIME SNAPSHOT: SEPTEMBER. 2005
FACEBOOK WAS UNIVERSITY-ONLY

SELF-REPORTED DEMOGRAPHICS

GENDER, CLASS YEAR, HIGH SCHOOL, MAJOK
DORMITORY/"HOUSE”

PROVIDED BY ADAM D'ANGELO & FACEBOOK




FULL NETWORKS (SINGLE UNIVERSITY, LARGEST CONNECTED COMPONENT)

Institution | Caltech Oklahoma UNC

Nodes 1099 1219) 24110 ' 24780

Connected Nodes 762 9388 17420 DTE 18158

Connected Edges [ 16651 425619 892524 293. 766796
Mean Degree 43.7 90.7 39. .

2.5
# Communities ¢ 33 =
Modularity 400: 0.4801 P










AVAILABLE METHODS: CLUSTER. MATCHING,
INFORMATION THEORETIC METHODS, PAIR
COUNTING, GENERATIVE MODELS (€.G., ERGN)?

PAIR-COUNTING INDICES: RAND, JACCARD,
MINKOWSKI, FOWLKES- MALLO\/\/S CAMMA,,
ADJUSTED RAND,

SIMPLE TO STATE, BUT HAVE VARIOUS PKQBLEMATIC
PROPERTIES

WE FIND XN \UNIFIED INTERPRETATION BY KECASIINC
INDEX VALUES NS Z-SCORES RELATIVE TO SHUFFLED
DATA (1.€., USING PERMUTATION TESTS)




RELATED TO OTHER SET DISTANCES, BUT APPLIED TO NODE PAIRS

W, = # NODE PAIRS PUT IN THE SAME GROUP IN I'T AND ALSO IN
THE SAME GROUP IN 2ND PARTITION

W,, = # NODE€ PAIRS PUT IN THE SAME GROUP IN I°'T PARTITION
BUT DIFFERENT GROUPS IN 2ND PARTITION

W AND W, DEFINED ANALOGOUSLY
MM = TOTAL NODE PAIRS = 2w/,

Sr = (w11 + woo)/M

S3 = w1 /(w11 +wio+ wor)

Srm = wit/ /(w11 + wio) (w1t + wor)

.,M'wll — (’wu + ww)(wll -+ urgl)
(’(L-’ll + ’U.-’l())('ll-’ll + 'U.-’()l)(ﬂ[ = (’U..-'ll -+ U-’lo))(ﬂf = ('U.-’ll + "lL-‘Ol))




Z-SCORES FORC RAND, ADJUSTED
RAND, FOWLKES-MALLOWS, &
CAMMAI INDICES ARE PROVABLY

IDENTICAL

ANALYTICAL FORMULAS €XIST FOR
THE ANBOVE INDICES (N€EED

PERRMUTATION TESTS FORC JNCCARD
AND MINKOWSKI)

“Observed”
“Random”
ZFM Zr Z] ZM ~R ~AR
“Observed” | 14.6 | 14.6 | 18.0 | 17.1 | 14.6 | 14.6
“Random”™ | 0.343 | 0.343 | 0.322 | 0.329 | 0.343 | 0.343




Caltech

Georgetown

Oklahoma

Princeton

Inclusion: “Major”
“Dorm/House”
“Year”

“High School”

3.962

5.885

3.799

[ 200.8

6.727
-0.553

148.8
1543

71.00
206.7

15.03
58.26

1058

26.13

18.50

15.62

Pairwise:

“Major”
“Dorm/House”
“Year”

“High School”

4.051

285.3

5.389
0.7695

16.00
212.9
1837
4.247

16.44

186.9
286.1

22.54

9.968
147.2
1270
2.888

Listwise: “Major”
“Dorm/House”
“Year”

“High School”

2.235

248.9

2.644
0.3063

15.23
221.5
1913
1.228

26.10
159.9
251.2
13.69

10.07
116.5
997.3
2.415




HOUSES ARE IMPORIANT AT CALTECH
(REXLITY CHECK FOR METHODOLOGY)

HIGH SCHOOL IS MORE IMPORTIANT AT

LARGE STATE UNIVERSITIES

CLASS YEAR 1§ THE MOST IMPORIANT
FACTOR AT MOST UNIVERSITIES AND
DORM IS OFTEN XN VERY STKONC
SECONDARY FACTOR

MAJOR HAS VARYING IMPOKTANCE AT
DIFFERENT UNIVERSITIES




dw [0,0.1) 63 cases
dw [1,35 25 canea
dlw [-2, 55 2 coses
dw [3, 41 3 cosas
= 4450 FELU 53
3w [5,8r 3 coses
= E2S0r Taoies B4
= PO Aubum T4
o = B Taiena B




dm JO07) 5O Eeri
dw 1,3 30 casen
dw [250 7 cites

dw [.5,.41 4 cimbas

= 418 ILICF 52

dl= SFT2 Oidahema OF
dm [ 5, T 3 cimes

A |7, B T ik

dl= 8885 LF 3

= G4 Temmm B4

DDODDo D e & s

High School (0.41) *:




DYNAMICS ON NETWORKS

€.G., HOW DOES NETWORK STRUCTURE AFFECT
DYNAMICS, MODELS OF SOCIAL INFLUENCE, €TC.

DYNAMICS OF NETWORKS

€.G., COMMUNITIES IN EVOLVING NETWORKS
TEMPORAL DYNAMICS

DYNAMICS WITH RESPECT TO PARAMETERS

DEVELOPING SOME THEORY...

€.G., “MULTISLICE” NETWORKS, MESOSCOPIC RESPONSE
FUNCTIONS, NEW METHODS TO DETECT CORE-PERIPHERY
STRUCTURE, €TC. |




A. C. F. LEWIS, NSJ, MAP, & C. M. DEANE, BNMC SYSTEMS BIOLOGY 4: 100 (2010)
PROTEIN-PROTEIN INTERACTION NETWORKS

EXAMINE CHANGES IN COMMUNITIES WITH RESPECT TO RESOLUTION PARAMETERS
INVESTIGATE BIOLOGICAL PROPERTIES OF “PERSISTENT” COMMUNITIES

CAN NETWORK PROPERTIES PICK OUT FUNCTIONALLY HOMOGENEOUS COMMUNITIES?

CLUSTERING COEFFICIENT DOEXWELL (BEST AMONG 49 TESTED PROPERTIES), WHICH IS VERY
NICE GIVEN INCOMPLETENESS OFGENE ONTOLOGY (GO) ANNOTATIONS

2000
Proteins




A. C. F. LEWIS, NSJ, MAP, & C. M. DEANE, BNMC SYSTEMS BIOLOGY 4: 100 (2010)
PROTEIN-PROTEIN INTERACTION NETWORKS

EXAMINE CHANCES IN COMMUNITIES WITH RESPECT TO RESOLUTION PARAMETERS
INVESTIGATE BIOLOGICAL PROPERTIES OF “PERSISTENT” COMMUNITIES

CAN NETWORK PROPERTIES PICK OUT FUNCTIONALLY HOMOGENEOUS COMMUNITIES?

CLUSTERING COEFFICIENT DOES WELL (BEST AMONG 49 TESTED PROPERTIES), WHICH IS VERY
NICE GIVEN INCOMPLETENESS OF GENE ONTOLOGY (GO) ANNOTATIONS

1000 2000 3000
Proteins




A. C. F. LEWIS, NSJ, MAP, & C. M. DEANE, BNMC SYSTEMS BIOLOGY 4: 100 (2010)
PROTEIN-PROTEIN INTERACTION NETWORKS

EXAMINE CHANCES IN COMMUNITIES WITH RESPECT TO RESOLUTION PARAMETERS
INVESTIGATE BIOLOGICAL PROPERTIES OF “PERSISTENT” COMMUNITIES

CAN NETWORK PROPERTIES PICK OUT FUNCTIONALLY HOMOGENEOUS COMMUNITIES?

CLUSTERING COEFFICIENT DOES WELL (BEST AMONG 49 TESTED PROPERTIES), WHICH IS VERY
NICE GIVEN INCOMPLETENESS OF GENE ONTOLOGY (GO) ANNOTATIONS

1000 2000 3000
Proteins




D. §. BASSETT, €. T. OWENS, K. €.
DANIELS, & NMAP, ARXIV:
1110.1858

2D GRANULAR MEDIUM OF
PHOTOELASTIC DISKS

TWO NETWORKS

UNDERLYING TOPOLOGY
(UNWEIGHTED)

FORCES (WEIGHTED)

NMMESO-SCALE STRUCTURES
(COMMUNITIES) OF BOTH TYPES
OF NeETWORKS ARE CRUCIAL
FORN CHARACTERIZING SOUND
PROPAGATION, ILLUSTRATING
THAT CONTACT TOPOLOCGY
ALONE IS INSUFFICIENT




NA. P. ROMBACH, NAAP, J. H. FOWLER, ] " F
& PJIMA, ARXIV:0212.2684 (2012) L] n  »
CORE-PERIPHERY STRUCTURE 1§ A ',aj. o) '!1} [_ d}r

DIFFEKENT TYPE OF MESOSCOP]C Fi 2 ifferent network models. {a) communi ructure, Core-peri
ST RUCTURE F ROM COMMUN ITY g:ugg;mre,-{c[; Fgrlul;arcwe—paiph: !." -|r{::::a|:l Commu nil;rsstltuc:lre-; r:::]{d_] g‘|ul::+-a| ﬁ

ST KU CTuU KE munity / local core-periphery structure.

King's Cross St. Pancras 1.0000

_. 3 Baker Street 0.8339

y | Waterloo 0.8175
4 Willesden Junction 0.7973

Bank 0.7789

West Ham 0.7516

N Green Park 0.7447

Oxford Circus 0.7200

- ' Liverpool Street 0.7167
Paddington 0.6799

3
' . . 2.~ EEE— vy
F y




PJNA, T. RICHARDSON, KEVIN
NMACON, NMAP, & JPO,
SCIENCE 328(5980): 876 878
(2010)

DETECT COMMUNITIES IN
NETWORKS IN A CENEKAL \\
SETTING THAT

INCORPORATES TIME-
DEPENDENCE, PARAMETER-
DEPENDENCE, AND
MULTIPLEXITY

NORMAL CONNECTIONS IN
A SINGLE SL1Ce +
CONNECTIONS BETWEEN
NODE€ ] AND ITSELF IN
DIFFERENT SLICES

SLICE = DIFFERENT
RESOLUTION, DIFFERENT
TIME, DIFFERENT TYPE OF
LINK, €TC.




UNDIRECTED NETWORK SLICES: A = A,
UNDIRECTED COUPLINGS: Cyp, = Cyp
NAULTISLICE STRENGTH: K = K, + C)

DENSITY OF RANDOM WALKERS IN X NODE-SLICE:

pis — er(Aijsésr -+ 5ijCjS?‘)pjr/f{'jr — Pis

L

STEADY-STATE PROBABILITY DISTRIBUTION:
P’ = K/ WD)

2H = 2, (Kp)




SPECIFY NULL MODEL: PROBABILITY OF SAMPLING
NODE-SLICE /S CONDITIONAL ON WHETHER THE
MULTISLICE STRUCTURE ALLOWS ONE TO §TEP FROM
NODE-SLICE JR TO NODE-SLICE /J:

MULTISLICE MODULAKRITY:

1 kiok;
multislice — 5 Ai s 'SMJST
Q Itislic 9 Z {( 28 Y Yy

1] 8T S

EACH SLICE HAS OWN RESOLUTION PARAMETER Y,




TIME-DEPENDENT NETWORK
WITH OVER. 200 YEARS OF
ROLL CALL VOTES (1789-2008)

WEIGHTED INTRA-SLICE €DGES
BASED ON VOTING SIMILARNITY

(COMPUTED SEPARATELY FOK
EACH SLICE)

INTERSLICE EDGES FOR SENATORS
IN CONSECUTIVE 2-YEAR
CONGRESSES

COLORS = COMMUNITIES

Year
1800 1820 1840 1860 1880 1900 1920 1940 1960

1784R, 276D, 149DR, 162J, 53W, B4other

T
176W, STAJ, 51DR, 494,
24D, 19F, 13J, 3Tother




DSB, N. F. WYMBS, NMAP,
PINA, ). M. CARLSON, & §. T.
GRAFTON, PNAS 108(18):
7641—764.6 (2011)

FNMRI DATA: NETWORK
FROM CORRELATED TIME
SERIES

EXAMINE ROLE OF

MODULARITY IN HUMAN

LEARNING BY IDENTIFYING

DYNAMIC CHANGES IN

MODULAR ORGANIZATION

OVERL MULTIPLE TIME

SCALES - sl
20 40 &0 ﬂﬂ 1ﬂ'ﬂ

NMAIN RESULT: FLEXIBILITY, o _Pomicope

AS MENSURED BY

NLLEGIANCE OF NODES TO s
COMMUNITIES, IN ONE |

SESSION PREDICTS AMOUNT Complete Experiment (3 45hr)
OF LEARNING IN FUTURE Intermediatescale [ ][ ][ ]

Ses=mion 1 (69mun) Session 2 (69min) Session 3 (69mm)
SESSIONS smalt scae (TN OO AY




NFW, DSB, PJM, MAP, & STG, “Differential
Recruitment of the Sensorimotor
Putamen and Frontoparietal Cortex
During Motor Chunking in Human”, to
appear in Neuron (2012)
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YOURE TRYING TO PREDICT THE BEHAVIOR
OF <corrucmicn SYSTEm>? JUST MOPEL
ITAS A <SPFLE OFJECT AND THEN ADD
SOME. SECONDARY TERMS To ACCOUNT FOR
CONCLUSIONS IN LIMERICK FORM*: <COMPLICATIONS T JUST THOUGHT OF

\

WHEN DETECTING A NETWORK’S COMMUNITIES, ERSY, RIGHT?
TRY NOT TO DO IT WITH IMPUNITY. )
FOR.IT IS NOT ENOUGH S0, WHY DOES <= FIELD > NEED
TO STOP WITH THAT STUFF. A WHOLE ToURNAL, ANYWAY?
BE SURE TO THINK ABOUT FUNCTIONALITY. (

IN OTHER. WORDS...
NMOST RESEARCH ON COMMUNITY
STRUCTURE:
FINDS COMMUNITIES, POSSIBLY PRESENTS
A NEW METHOD, AND STOPS.
ANOTHER IMPORIANT CONSIDERATION:

VALIDATING AND/OR STUDYING THE
PROPERTIES OF COMMUNITIES ONCE WE

HAVE THEM

*THE ANUDIENCE AT \UNIVERSITY OF

LIMERICK WAS FAR LESS AMUSED BY THIS
BUT THERES NOTH/NG MORE OBNOXIOUS THAN
A PHYSICIST FIRST ENCOUNTERING A NEW 'IT




NMY COLLABORATORS AND | WILL SOON B¢
ADVERTISING FIVE 3-YEAR POSTDOC
POSITIONS TO STUDY THEORY AND

APPLICATIONS OF MULTIPLEX NETWORKS.

1 POSTDOC AT EACH OF S UNIVERSITIES

INVESTIGATORS: ALEX ARENAS, MARC

BARTHELEMY, JAMES GLEESON, \/AMIK
NMORENO, MASON PORTER \






