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Structure and tie strengths in mobile
communication networks

J.-P. Onnela*™, ). Saramaki*, J. Hyvonen*, G. Szabo®", D. Lazer/, K. Kaski*, J. Kertész

*Laboratory of Computational Engineering, Helsinki University of Technology, P.O. Box 9203, FI-02015 TKK, Hi
Clarendon Laboratory, Oxford University, Oxford OX1 3PU, United Kingdom; *Department of Physics and Cent
University of Notre Dame, South Bend, IN 46556; Center for Cancer Systems Biology, Dana-Farber Cancer Inst
Boston, MA 02115; 'John F. Kennedy School of Government, Harvard University, Cambridge, MA 02138; and **
Theoretical Physics, Budapest University of Technology and Economics, H1111, Budapest, Hungary

Edited by H. Eugene Stanley, Boston University, Boston, MA, and approved January 27, 2007 (received for revii

SOCIAL SCIENCE

Computational Social Science

David Lazer,' Alex Pentland,? Lada Adamic,’ Sinan Aral *>* Albert-Laszlé Barabasi,’
Devon Brewer,® Nicholas Christakis,' Noshir Contractor,” James Fowler,®* Myron Gutmann,?
Tony Jebara,® Gary King,' Michael Macy,"” Deb Roy,? Marshall Van Alstyne*"

A field is emerging that leverages the
capacity to collect and analyze data at a
scale that may reveal patterns of individual
and group behaviors.

www.sciencemag.org SCIENCE VOL 323 6 FEBRUARY 2009



Data from the blogosphere. Shown is a link structure within a community of political blogs (from 2004),

2 g . . . . : .

: p where red nodes indicate conservative blogs, and blue liberal. Orange links go from liberal to conservative,
nd/ B and purple ones from conservative to liberal. The size of each blog reflects the number of other blogs that
o K sa? s 7 « link to it. [Reproduced from (8) with permission from the Association for Computing Machinery]
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traﬂ:l c con g estion Fundamental diagram of traffic flow
Source: Hendrik Ammoser translated from german WP / CC BY SA 3.0
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economic Crisis

outbreak of epidemics
Subprime Mortgage Originations

20 1 4 WeSt Afr IcCa EbO Ia Ep |d emic In 2006, $600 billion of subprime loans were originated, most of which were
l — ] — i , securitized. That year, subprime lending accounted for 23.5% of all mortgage
originations.
1000 —{{ =% Total
|| == 8“ inea IN BILLIONS OF DOLLARS
. iberia 235%
© 800 - Sierra Leone
= $700 . . |
\ == Subprime share of entire 27% |
= 20.9%
. M 600 mortgage market |
8_ 600 T [ Securitized \
n L al L 500 [l Non-securitized —
O
‘n ! —
© 400 | - A s 106% 105%
@) ’ | 104% 5%  74%
= 300 [ |
% 9.2%
Z 200 ‘ T ‘ ' 200
‘ faa 100 ¥
| 17%
0 ] 1 ] | | 1 | | 0 | *_
JanFebMarAprMayJun Jul AugSeptOct NovDecJanFebMarAprMayJun 06 '97 '8 99 00 01 ' 03 04 05 06 ‘07 08
2014 2015 NOTE: Percent securitized is defined as subprime securities issued divided by originations in a given year.In

2007, securities issued exceeded originations.
https://en.wikipedia.org/wiki/Epidemic SOURCE: Inside Mortgage Finance
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By User Qwerter at Czech wikipedia: Qwerter.
Transferred from cs.wikipedia to Commons by

By José Manuel Suérez, CC BY 2.0, https://commons.wikimedia.org/w/index.php?curid=4602887

sevela.p. Translated t(_) english by by, Michal Manas By Wilson Bentley - Plate XIX of "Studies among the Snow Crystals ... " by Wilson Bentley, "The Snowflake
(User:snek01). Vectorized by Magasjukur2 - File: Man." From Annual Summary of the "Monthly Weather Review" for 1902., Public Domain, https://

3D model hydrogen bonds in water.jpg, CC BY-SA commons.wikimedia.org/w/index.php?curid=22130

3.0, https://commons.wikimedia.org/w/index.php? By Wing-Chi Poon - Takkakaw Falls, Yoho National Park, British Columbia, Canada, CC BY-SA 2.5, https://

curid=14929959 commons.wikimedia.org/w/index.php?curid=1446628
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https://www.reddit.com/r/funny/comments/43wirn/just_a_normal_day_at_the_nations_most_important/

JUST A NORMAL DAY AT THE NATION'S MOST IMPORTANT FINANCIAL INSTITUTION...
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Agent-Based Model
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http://yohm.github.io/p5js_simulations/ov_model/
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http://yohm.github.io/p5js_simulations/wsn/
t=1784
<k>=6.98
CC = 0.68943894
<w> = 347.50906
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4 N\ } [ o |. Noda et al. (2015)
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"All models are wrong, but some are useful”

By DavidMCEddy at en.wikipedia, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=14941622



Typical worktlow

i N

consider a model()

write a source code() essential in research activities
 write a script for analysis()

" while ( necessary ) {

select a suitable parameter sets() tend to be a bottleneck
execute simulation run using the parameters()
take a note to remember what | am doing() ® compa rison of many models,

wait for completion of the simulation run()

transfer the output files to suitable folders() Para meters, JObS- X

keep a note to remember what is done() e prone to human-errors

analyze data() . .

create a graph() * iteration can be longer as the
! J amount of computation grows

[ write a paper()
present in a meeting()
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— O O 5302bbbch93f968342000027
266 /| finished 212130250] 11/27/08 2012/01/08 3423. | " BEEEDLE
267| finished 2013371371]| 11/27/08 2012/01/08 3419,
268| finished 1530956152| 11/27/08 2012/01/08 3453, Favorites
269| finished 168441149 11/27/08 2012/01/08 3432 < iCloud Drive
270| finished 443614077 11/27/08 2012/01/08 3457, % Dropbox
271] finished 1482342060]| 11/27/08 2012/02/08 3427| [ dropbox 5302c510b93196a  530205100931961
272| finished 1953736633| 11/27/08 2012/02/08 3421! [ apl_dev_team_all
273] finished 479668245 11/27/08 2012/01/08 3556/ [E All My Files
274| finished 2086791419 11/27/08 2012/01/08 3543, (©) Airbrop
275| finished 867116202 11/27/08 2012/01/08 3553! ,A. Applications £302051b503196a1  5302051bb0306a1
276] finished 462195085| 11/27/08 2012/01/08 3559 5 Desktop 69000005 69000006
277| finished 67364280| 11/27/08 2012/01/08 35420 1§ pocuments
278| finished 1383946454| 11/27/08 2012/01/08 3577, ) pownloads
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OAC

Organizing Assistant
for Comprehensive and Interactive Simulations

OACIS  Simulators Runs  Analyses  Hosts  Logs Document

Simulators
Name Updated_at Progress
ising2d almost 2 years ago
ising2d_2 almost 2 years ago
ising_square 6 months ago
1d_graph_model almost 2 years ago
niche_dynamical_eranh madel| almost 2 vears aon [ 100% ]
wecsemocl Available as an Open-Source software under the MIT license
predator_prey . . . . 00%
R https://github.com/crest-cassia/oacis | —
kumpula_mod 00%
el developed by Discrete-Event Simulation Research Team, AICS [
kumpula_copy| 00% 0 ]
kumpula_copy_and_shuffle_max over 1 year ago
kumpula_2d_multi_layer over 1 year ago


https://github.com/crest-cassia/oacis

System Overview

Ruby on Rails + MongoDB, Unix-based OS

{ ot A ] ( HostB ) ( HostC )

(Job Scheudier) (Job Scheudier)

(5)(_xsuB ) (_xsus ) (_xsus ) 4A

SSH Conn?F?t_i?_n.f:ifi1 I 1

Web browser




software stack

dependent on open-source frameworks and libraries

’ RUby’ Python, JavaScript [ Host A ] Edot:_ISOc;iLlJBcjler% Eo:lsc::ezler%

* Ruby on Rails (5)(_xsus_) (Cxsus ) (Cxsus ) 4l

* MongoDB SSH CO””E???.‘?H.T.'..'.T.'i’..’.’..’_f.'..'.T.'..’.'..'.T.'.TI'.T.'.T.'_.‘.'..'.T.'..'.T.'.T.'IT.'..'.'..'. ..............

¢ docker [ (4) Worker a J
(3) EmongODE Eile Storag;<_> (ZA:S A

~ 13000 lines for application [ (2) Application Server ¢l ]

~ 12000 lines for tests SR N R |

Y y y
(])(ooo ) (00O ) (00O ) B

Web browser [




Data-structure overview

Simulator

[

ParameterSet Run Analysis
) 4
seed: XXXX ) L Analysis 1 )
)
{p1:0,p2: 0.0} seed:yyyy

t seed: zzzz

/{p1 1,02:0.0)

*‘ seed: aaaa
)

\ .
)4( Analysis 2 )

Sample
Simulator N N
{p1:2,p2:0.0) ——( seed: bbbb )
J
N
seed: cccc
J
1:0,p2: 1.0
tp1:0,p2: 1.0} '5‘ seed: dddd
Analyzer } seed: eeee
4 )
AnalyzerA
) ]
Analysis
N
| Al Analysis 4 )

)—( Analysis 3 )

)




DEMO



Command-line based execution

dynamical_graph
About Parameter Sets Progress

SimulatorDescription

Coucse | et | asor | svowinson
About

Parameter Input Type
Support MPI

Support OMP
Sequential Seed

Executable On

Defined Parameters

Type Default
4] Float 0.2
t_init Integer 1024
t_measure Integer 65536

Commands

* Pre-process Script

* Simulation Command
G/work/dynamical_graph_model/run.sh '

Descript
probabili
initializat

measure

bash script

#!/bin/bash
export LANG=C
export LC_ALL=C

# VARIABLE DEFINITIONS ————————eeee

export OACIS_JOB_ID=573f38c36b696d070932a0200

export OACIS_IS_MPI_JOB=false

export OACIS_MPI_PROCS=1

export OACIS_OMP_THREADS=1

OACIS_PRINT_VERSION_COMMAND="cd ~/work/dynamical_graph_model; git describe --—always"

# PRE-PROCESS
if [ “basename $(pwd)’ != ${OACIS_JOB_ID} ]; then # for manual submission

mkdir -p ${0ACIS_JOB_ID} && cd ${OACIS_JOB_ID}

if [ -e ../${0ACIS_JOB_ID}_ input.json ]; then

\mv ../${0ACIS_JOB_ID}_ input.json ./_input.json

fi
fi
echo "{" > ../${0ACIS_JOB_ID}_ status.json
echo " \"started_at\": \"'date'\"," >> ../${0ACIS_JOB_ID}_status.json
echo " \"hostname\": \" hostname*\"," >> ../${0OACIS_JOB_ID}_status.json

# PRINT SIMULATOR VERSION —————————
if [ -=n "$0ACIS_PRINT_VERSION_COMMAND'" ]; then

(eval ${OACIS_PRINT_VERSION_COMMAND}) > _version.txt
fi

# JOB EXECUTION —-

export OMP_NUMT = —UMr_
{ time -p { 4 ~/work/dynamical_graph_model/run.sh )8.002 1048576 33554432 1471364291; }

RC=%$7?
echo " \"rc\": $RC," >> ../${(JACIS_JOB_ID}_status.json

echo " \"finished_at\": \"'dage*\"" >> ../${0ACIS_JOB_ID}_status.json
echo "}" >> ../${0OACIS_JOB_ID} status.json

# POST-PROCESS ————————————m
if [ -d _input ] && [ $RC -egl @ 1; then {

\rm -rf _input
} fi

TN~

A command is embedded into a shell script.

We can implement simulators in any language.



Sharing data

* To share the data, we provide “read-only” mode.

OACIS on Cloud
(Read-Only mode

Synchronize

e To share data, you may prepare another read-only instance.
job

)
\\W&uts
submission ,
— can't
<:| submit a job
OACIS
results

/\

Each simulation result and plot has an URL.

Simulation
Server




APls

OACISD#E{EZ BENt I 76D, Python& RubyDAPIZ 124t

sim- = Simulator.where(name: "my_simulator").first
host -~ Host.where(name:  "localhost").first

pl_values [1.0,2.0
p2_values-=- [2.0,4.0,6. : : l00p on parameter “p1”

\—

pl_values.each |pl| | | "o
oop on parameter "p2
p2_values.each |p2 |
parameter - {"pl"=>pl,"p2"=>p2}
ps -~ sim.find_or_create_parameter_set( parameter-)
ps.find_or_create_runs_upto(5, submitted to: host)

creation of PS and Runs )

m
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Order parameter for ferromagnetic Ising model
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Use cases

modeling social networks

Y. Murase et al. (2014,2015), Torok et al.(2016), Jo et al.

(2016)
agent-based simulation of stock markets
Kusada et al. (2014), Torii et al. (2015)
agent-based simulation of traffic and pedestrians

Matsushima(2016), Tsuji(2015), Uchitane et al.(2016),
Yoshioka et al.

studies on open evolving systems
Shimada et al. (2014,2015), Murase et al.(2015)
molecular dynamics simulation of granular material
- Kuwabara et al.(2016)

first-principle calculation of condensed matter physics  <AT@aETLEER>

& SHADFTR 7 EFFINEL T BHE B S TBAL 7 BO EH RS ?

+ Lam et al.(2017) TR

simulation of rescue robots
- Takayanagi et al. (2016), Takami et al. (2017)
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SHlET

W)t 25— SR
INRETEZITohN N
APIIC K B ET
{"material A": [
{'p1" .. "p2" .., "p3" ..,
{'p1" ... "p2" .., "p3" ..,
'p1" ... "p2" .., "p3" ..,
-

'material B": [

"material C": ...
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Application: Evacuation from Tsunami
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evacuation time
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Successful strategies
in the Tragedy of the Commons
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iterated Prisoner’s Dilemma

cooperation  defection

cooperation

defection

implementation error occurs with probability €

long-term payoff 1 T—1 )
fi = lim lim 7 ZFZ

e—0 T — o0
t=0



Social Dilemmas

» Situations where any individual may profit from selfishness unless
too many individuals choose the selfish option, in which case the
whole group loses.

The tragedy of the commons
Resource depletion
Pollution

Over grazing

Over fishing

Traffic jam

How can cooperation emerge and be stable?



Tit-For-Tat
Copy the co-player's previous move.

lf] It Is guaranteed that your payoff is no less than the co-players'.

TFl\ ¢ ¢c c c dd c c

'i‘cccddccc

l:‘) Cooperation is fragile against an error. @
TFT@ c cldc dc

TFTwcccdcd

Q It cannot exploit naive cooperator.
TFT @ C C C

ALLCw C C C



three conditions for successtul strategies
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form a cooperative Nash-equilibrium

You can publicly announce your strategy.
Co-players understand it is not possible to exploit you.

The best thing the co-players can do is to take the same strategy.

=>
A cooperative Nash-equilibrium is formed.



Is there a strategy satisfying these conditions simultaneously?

,more cooperation more defections |
e AlID
Efficiency : | | | . | Defensibility .
o - g | efficient strategies defensible strategies | & > ‘o
[ —— ® =




Brute-force enumeration!

o # of memory-2 strategies = 240




Enumeration of strategies

# of m=2 strategies 1,099,511,627,776

Defensibility against AllD 805,306,368
[ Defensibility ® )

Defensibility > > 9 3,483,008
‘ J

Efficiency

Efficiency - . 0




impossibility

TFT AlID

There is no defensible and efficient strategy for n=3
in memory-2 strategy space.

ls there no solution for the three-person game”?
or
Does the solution exist iIn memory-3 strategies?

The number of m=3 strategies : 2288 ~ 5 X 1086



Enumeration of strategies

# of m=2 strategies 1,099,511,627,776
Detensibility against AllD 805,306,368
( Defensibility .
Defensibility > > 9 3483 008
N . J
"Partial” Efficiency (Dcooperation> 0) | @ =~ - g 544
Distinguishability 2 > 256

“Partially” Successful Strategies (PS2)
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TET AlID

Efficiency ‘ Defensibility

e - @ efficient strategies defensible strategies | § >

cooperation

N

Successful strategies are found.
Mutual cooperation is reached with probability 1
while keeping the detensibility and the distinguishability.

Table 4

One of successful memory-3 strategies. We have picked up the strategy having the
largest number of c. The left column shows the state of Bob and Charlie, whereas
Alice's state is shown on the right.
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An example of successful strategy.
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Conclusions
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