Istvan Csabai
E6tvos University, Budapest
Department of Physics of Complex Systems

DATA-INTENSIVE APPROACH SCIENCES
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Evolution of (data) sciences: stone age
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Evolution of (data) sciences: pre-industrial age
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Prosthesis, crutch for senses and mind
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Exponentially cheaper devices - more data
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Prototype of data-intensive science project:

SLOAN DIGITAL SKY SURVEY
(3R33): THE 3R MAP QF THE
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Data processing challenge

=  Automatic pipeline

More than 150 man year
development

First astro project where most of

the money is spent on software
rather on the telescope

= "BigData”

More than 300 million objects,
300+ parameters each

100 TB raw data, 10 TB
catalogues, 2.5 terapixels

PUBLIC (SQL) DATABASE
("Virtual Observatory”)

®, Sloan Digital Sky Survey / SkyServer : " :
D55 I S . .

Home Tools Schema Projects  Astronomy SDSS  ContactUs Download Site Search  Help

Welcome to the DR6 site!! SDSS is
The Sixth Data Release is dedicated to Jim Gray for his fundamental contribution to the SDSS project and the  supported by
extraordinary energy and passion he shared with everybody!

an Digital

the
r Data Release 6 (DR6) *.
What's new in DR6 P oo
what's new on this site L e
known problems

Science Projects Info Links Help

About Astronomy Getting Started

Tables (SQL) + Raw data (files)
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DATA PROCESSING

Caitr ated Chjacts 1171470

The sloan digital sky survey: Technical summary
DGYork + SDSS collab.The Astron. J.I 120 (3), 1579 (2000)

PZ Kunszt, AS Szalay, | Csabai, AR Thakar;
ADASS IX 216, 141(2007)



Astronomical data sets-
astronomical queries

Star/galaxy separation
Quasar target selection

\

\\CUtSII
\

Multi-dimensional
polyhedra

Skyserver: several million queries per year

petroMag_i > 17.5 and (petroMag_r > 15.5 or petroR5o_r > 2)
and (petroMag_r>oandg>oandr>oandi>o)and(
(petroMag_r-extinction_r) < 19.2 and (petroMag_r -
extinction_r < (23.1 + (7/3) * (dered_g - dered_r) + 4 * (dered_r
- dered_i) - 4 * 0.18) ) and ((dered_r - dered_i - (dered_g -
dered_r)/4 - 0.18) < 0.2) and ((dered_r - dered_i - (dered_g -
dered_r)/4 - 0.18) > -0.2) and ( (petroMag_r - extinction_r + L
2.5 * LOG10(2 * 3.1415 * petroRg5o_r * petroR5o_r)) < 24.2) ) ' l;é'déh-lft'
or ( (petroMag_r - extinction_r < 19.5) e
and ((dered_r - dered_i - (dered_g - dered_r)/4 - 0.18) > (0.45 -
4 * (dered_g - dered_r))) and ((dered_g - dered_r) > (2.35 +
0.25 * (dered_r - dered_i)) ) ) and ( (petroMag_r - extinction_r
+2.5* LOG10(2 * 3.1415 * petroR5o_r * petroR5o_r)) < 23.3)

)




New skills: Indexing, databases

= SDSS data “read through”~1 day

» Astronomers should learn:
Database programming, computer
geometry, search trees, ...

* Multidimensional- and spherical
indexing

AS Szalay, J Gray, G Fekete,P Kunszt, P Kukol, A Thakar
MSR -TR 123 (2005)

T Budavari, L Dobos, AS Szalay, G Greene, J Gray, AH Rots | Csabai, L Dobos, M Trencséni, G Herczegh, P J6zsa, N Purger, T

ASP Conf. Ser. 376, 559 (2007) Budavari, AS Szalay Astr. N. 328 (8), 852 (2007)



New skills: Database management

systems, virtualization

= RDBMS

+Developed for business purposes,
optimised IO/memory accsess,
declarative language (SQL), parallel
queries, standard API (ODBC,JDBC)

-Relation data model is often not
enough (matrices, graphs, [arrayLib]),
not distributed [skyQuery, Graywulf]

New technologies: NoSQL,BigTable,
Hadoop/MapReduce, column store, ->
distributed servers

= Virtual Observatory (now: ,cloud”)
,If the data mountain does not go to

OpenStack, Docker, Jupyter

SkyServer

Web browser-based synchronous access
Meant to support several levels of users
From casual to moderately advanced queries
From simple form-based to direct SQL queries
From cone (radial) search to crossid type searches
Visual tools to browse image and catalog data
Stored procedures
APl access, e.g. emacs interface, sqlcl (command-line)
Strict limits on execution time and output size
Fair use for everyone, robots/crawlers discouraged
Introduction to SQL and Sample Queries

CasJobs

Batch Query Workbench, personal user DB (MyDB)
Quick mode: 1 minute cutoff
Submit mode: up to 8 hours in “long” queue
24-hr queue for collab members
MyDB database to save results of your queries
Define your own functions, procedures too
Share your tables with collaborators (groups)
Job history, plotting, FITS/CSV/VOTable output
Restricted (collab-only databases)
Table Import (upload) for your own data
Groups to share your results with collaborators
Command-line access Java tool also downloadable

SciServer SOAP/Web Services access
L Dobos, AS Szalay, J Blakeley, B Falck, T Budavari, | Csabai L Dobos, T Budavari, N Li, AS Szalay, | Csabai
Astronomical Data Analysis Software and Systems XXI 461, 323 Scientific and Statistical Database Management, 159-167 (2012)
(2012)
L Dobos, T Budavari, | Csabai, AS Szalay
L Dobos, | Csabai, AS Szalay, T Budavari, N Li Astronomical Data Analysis Software and Systems (ADASS) Xlll 314, 185 (2007)

Proceedings of the 25th International Conference on Scientific and

Statistical Database Management, ACM, (2013) T Budavari, L Dobos, AS Szalay, G Greene, J Gray, AH Rots
Astronomical Society of the Pacific Conference Series 376, 559 (2007)
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Models: N-body simulations

Simulation data can be as big and
complex as observed data!
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Data type:
. 7+ D point cloud
b L Dobos, | Csabai, JM Szalai-Gindl,

T Budavari, AS Szalay: Point
cloud databases, SSDBM 2014

) Vi X' s Virtual reality

G Racz et al., Concordance cosmology without dark energy, Mon Not R Astron Soc Lett (2017) 469 (1)



Virtual Universe

Real Universe
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Not only astronomy: genomics, environmental sciences, social

sciences... Complex questions — large datasets
instruments

reality

formal I

description

test

Virtual reality

prediction




DATA-INTENSIVE GENETICS
3 TEDGH +X)




Expression microarray study (2010)

= Affymetrix HG U133 Plus2
= Raw data 67Mpix (photometry!)
° 604258 probes
° 54675 probe set (~gene)
= 207 samples (colorectal cancer

"similar” to astronomy

= Large databases (own +
public)

-+ Computer-intensive




Human Genome Project
(HGP) lounched in the US.

Eihical, Legal, ond Social
Implications (ELSI) programs
founded of NIH and DOE

First gene for
breast cancer
(BRCAT) mopped @

Map of the genome

Wendeldicovers
s of genelics
)8165

First U.S. Genome
Centers estoblished

Wt

v..”ﬂ i /

Rediscovery of
Mendel s work

J9|OO

Second-generation
umon genelic map developed

Ropid data release
quidelines established
by NIH and DOE

New five-year plan "
fnvlthGI’mhl.ISp\Md \

SCiEncE

Sanger Centre founded

L. Uater renamed Wellcome

| Trust Sanger Insfitute)

R
’\@) The Wellcome Trust

Watsor

Nirenberg
Khorona ond
Holley determine
the genet code

d (rick

n research

19174

/
First bacterial genome
(H. influenzoe) sequenced

US. Equal Employment
Opportunity Commission
issues policy
on genelic discriminafion
in the workplace

S
=

it projcts for
human genome
sequencing begin in U.S.

First orchael
> genome sequenced

1\

Yeast (5. cerevisie)
genome sequenced

DOE forms Joint Genome Institute

Jal

NCHGR becomes NHGRI

E. coligenome
sequenced

//n

2t

HGP's mouse genefic
mopping gool achieved

Bermuda principles for
rapid and open data release established

= S\ [ &

Genoscope (French
National Genome
Sequencing Center) founded

30,000

987

Dralt version of
t

Notionol Reseorch

Humn Genorn
Orgoizaion (HU

)4788

D e o pont.

New five-year plan for
the HGP in the U.S. published

RIKEN Genomic Sciences
Center (Jopon) established

Roundworm (C elegans)
genome sequenced

x|
N
SNP inifioive begins
cTlicT
GTCCI1
Chinese Nofional Human Genome Centers
(in Beijing and Shanghai) established

Sequence of first human
chromosome

(chromosome 22)
completed /

sequence :wpbhd
President Clinton ond
Prime Minister Bloir
support free access fo
genome information

stard cress (A. thaliana)

/ Mo
\‘3 genome sequenced
74

Exefive order bans genelc
discrimination in U.S. federal workplace

10,000 fulllength
human cDNAs sequenced

ammalian
ene
“ oliection

Droft version of
ral genome sequence completed

e
Draft version of rice genome
sequence completed and published

HGP ends with
oll gools achieved

fo be

confinued.




High througput sequencing history:
S an g er 1977 Frederick_Sanger

/i
DNA fragmentation ‘ N

"
Sy 7

4
.

= DNAisfragmented
Cycle sequencing

3-... GACTAGATACGAGCGTGA...-5' (template) i - 3 : ] I
3. GACTA 5 el | Cloned to a plasmid
CTuATc*’ —~

| .CTGATCT~ /. ' vector
CTGATCTA , -
.CTGATCTAT ~ = , - ‘ ) .
..CTGATCTATG “ o~ - , _ u CYCI IC sequenci ng

..CTGATCTATGC <%

Polymerase ...CTGATCTATGCT # s :
dNTPs ...CTGATCTATGCTC - , ' reaction

Labeled ddNTPs ...CTGATCTATGCTCG

= Separation by
Electrophorsesis . . - 0
(1 read/capillary) " : , E|ectr0phOFESIS

== - ’- = Readout with

=:— /|| fluorescent tags




Moore’s law 1n gene sequencing

Cost per Genome

Data: Human genome sequencing

50-250 or 3Bn letter 1990-2003: 13yrs /2.7 BnUSD
2016: ~days/1000 USD
2020: 77777

CCD!

- X Prize, 100 genom,

30 days, $10k — cancelled (2006)

- Microarray

- Mass spectroscopy

- Digital microscopy

$100M

$10M

Moore's Law

long “texts”

$1M

$100K

sroel [N g

$1K

Oxford Nanopore
100Mb, $900



NGS - from samples to data

A. Library Preparation

Genomic DNA

l Fragmentation

== ] i
-—
Adapters _— -,

l Ligation

Sequencing
Library

NGS library is prepared by fragmenting a gDNA sample and
ligating specialized adapters to bath fragment ends.

B. Cluster Amplification

1| I
{ | i

! Ijllall lli'lll ,‘ 'l lli' na

l Flow Cell

Bridge Ampilification
Cycles

Clusters

Library is loaded into a flow cell and the fragments hybridize
to the flow cell surface. Each bound fragment is amplified into
a clonal cluster through bridge amplification.

C. Sequencing

Seguencing Cycles (

Digital Image
Data is exported to an output ﬁle

Cluster 1 > Road 1: GAGT...
Cluster 2 > Read 2: TTGA...
Cluster 3 > Read 3: CTAG...
Cluster 4 > Read 4: ATAC... Text File

Sequencing reagents, including fluorescently labeled nucleo-
tides, are added and the first base is incorporated. The flow

cell is imaged and the emission from each cluster is recorded.

The emission wavelength and intensity are used to identify
the base. This cycle is repeated “n” times to create a read
length of “n" bases.

D. Alignment & Data Anaylsis

ATGGCATTGCAATTTGACAT
TGGCATTGCAATTTG
AGATGGTATTG
Reads GATGGCATTGCAA
GCATTGCAATTTGAC
ATGGCATTGCAATT
AGATGGCATTGCAATTTG

Reference  AGATGGTATTGCAATTTGACAT

Genome

Reads are aligned to a reference sequence with bioinformatics
software. After alignment, differences between the reference
genome and the newly sequenced reads can be identified.




NGS - from samples to data

~ A. Library Preparation

Genomic DNA
l Fragmentation
L —m
—_—
Adapters e B ]
L —
l Ligation
&=
Sequencing T ]
Library T . )
T

NGS library is prepared by fragmenting a gDNA sample and
ligating specialized adapters to bath fragment ends.

C. Sequencing

U M M M

oloNe oMy

Sequencing Cycles ( )

Digital Image
Data is exported to an output file l

Cluster 1 > Read 1: GAGT...
Cluster 2 > Read 2: TTGA...
Cluster 3 > Read 3: CTAG...
Cluster 4 > Read 4: ATAC... Text File

Sequencing reagents, including fluorescently labeled nucleo-
tides, are added and the first base is incorporated. The flow

cell is imaged and the emission from each cluster is recorded.

The emission wavelength and intensity are used to identify
the base. This cycle is repeated “n" times to create a read
length of “n"” bases.

B. Cluster Amplification

l Flow Cell

Bridge Ampilification
Cycles

‘®‘ l@i ’|l®
Clusters

Library is loaded into a flow cell and the fragments hybridize
to the flow cell surface. Each bound fragment is amplified into
a clonal cluster through bridge amplification.

D. Alignment & Data Anaylsis

ATGGCATTGCAATTTGACAT
TGGCATTGCAATTTG
AGATGGTATTG
Reads GATGGCATTGCAA
GCATTGCAATTTGAC
ATGGCATTGCAATT
AGATGGCATTGCAATTTG

Reference A GATGGTATTGCAATTTGACAT

Genome

Large part of

Reads al

sk 'esearch starts here




NGS alignment/assembly
B i g n u m b e r‘ S \W\lla‘rcit;):lr;z iodcil now?

B

Massive amount
NGS machnies of sequence data

Computer speed: ~109 instr./sec

Genome: ~ 109 nt

NGS: ~109 short reads

Brute force: ~10*® comparisions

-> Need for clever indexing/search algorithms!



National Cancer Institute :
National Human Genome Research Institute

3

' lavigating the Data Portal

‘ »

\ fn'd the Cancer Genomics Hub

The Cancer Genome Atlas

e : 3.2Bn nucleotides / human genome
ttp://cancergenome.nin.gowv

The Cancer Genome Atlas (TCGA) is a large-scalg s Dy the National Institutes of Health

to map the genomic changes that occur in ov€ 30 xyges Qf buman cancer, icluding nine rare tumors, Its
goal is to support new discoveries and accelerate™ e meied at improving the diagnosis,

treatment, and prVE‘ﬂthﬂ of cancer.

TCGA is a community resource project. The information generated by TCGA is centrally managed and

entered into databases as it becomes available, making the data rapidly accessible ja=seETlIC reoe
community. By January 2014, TCGA had generated one petabyte of data for abQut 10,000 cases of tumor
and matching normal tissue samples.

TCGA data are available in two data repositories: the TCGA Data Portal and the Cancer Genomics Hub. All
data can be accessed directly from the TCGA Data Portal regardless of which repository houses the data file.

Baroque combination of complex metadata and various raw data file formats




imilar challenges

= SDSS spectra: 1 million times
3000 dimensional vectors

= Microarray study: 207 times
54675 dimensional vectors

Human genome: 3.2Gb

Compression; d
factorization,

v

L




Due to the underlying physical laws, data vectors
does not fill the whole space, rather lie on lower
dimensional surface/subspace

(this is why we can understand the word!)

7
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Shadow Art

Niloy J. Mitra Mark Pauly
IT Delhi / KAUST ETH Zurich

Projection ~ compression ~ model



Linear projection: PCA - SVD
X =UxV!

left singular
vectors En
(2

t“i oS



Dimension reduction

SUESCHECIESIRNaT SURSOUBERUISRERE SUVSIEEERURURNAN SSSEESCEIIIRSE2: SQSUCEOROUNNA%2E QSIESECECEERREEE

BENGGEEERSSNVIEE TUGUCEDURNENRTTE SAGISICURSNUPEER SOTNCEII3 5N EE SOCNCEEUCEEG Rk Q3RS ETianabAns

Triplettgyakorisagokkal normalt mutacio eléfordulas

appllcatlons

150000 9 CRC
= Il CRC
100000 -
| | | |
ol : AD2
| |
50000
| ] AD1
0 | |
| |
0 u |
50000 u EE u [
- et
lf.
100000 ]
| |

150000

-150000

Array library for
SQL Server

-100000

Data processing:

a0000 100000

-50000

Algorithm developments

0

Handling outliers: robust PCA
Big data: "streaming” / DB

Sparse data, compressive
sensing

CUR decomposition

Graph PCA/NNMF

L Dobos, AS Szalay, J Blakeley, B Falck, T Budavari, | Csabai
Astronomical Data Analysis Software and Systems XXI 461, 323
(2012)

T Budavari, | Csabai + SDSS collab.; Astr. J. 122 (3) 1163(2001)

R. Beck, L. Dobos, C. Yip, A. Szalay, |. Csabai; MNRAS 457 (1), 362-374 (2016)

Text mining

| Csabai, AJ Connolly, AS Szalay, T Budavari; Astr. J. 119 (1), 69 (2000)

Z Gyéry, AS Szalay, T Budavari, | Csabai, S Charlot; Astron. J. 141 (4) 133 (2011)

S Spisak, A Kalmar, O Galamb, B Wichmann, F Sipos, B Péterfia, | Csabai, |
Kovalszky, S Semsey, Z Tulassay, B Molnar; PloS one 7 (10), e46215(2012)



Expression microarray: 54675D -> 2D
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PCA2, PCA3 clusters?




PCA3 clusters
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PCA - KEGG pathways (ribosome)




PCA - KEGG pathways (ribosome)




“Realize that everything

else.”

'<sq 0 select * fromtmp9_3' us 124 m =

connects to everything

/Leonar‘do da Vinci/

9

8

7

6 10

'<sq 0 select * from tmpRand1000' us 124 m =
T 9

8
u 4
" 7

6

9
8
Marker genes?
Complex nonlinearly
. interacting network!
3
2
1

10
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Variant detection in isogenic NGS samples

-
&
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Data handling, pre-filtering

A new tool for the detection of unique / WGS of 30 samples \ ( Alignment N / Test sets \
mutations in isogenic sample groups. - different genotypes: Gallus gallus reference {genotype-speciic SNVs)

® wT Mutant 1

Ty

.

|

- different treatments: removing duplicated reads,
starting clones o indel realignment
identical controls [m ]
weak mutagenic treatment @

strong mutagenic treatment 3 Plle“p generatmn

1l

Mutant 1 samples

samtocls mpileup -B, -Q 30

OLOOR @& & & & 3k NN N4

Lacground emiage Fom stesersiock com by kevioh 114235 2 10 .C.,e,C.. 13 g, (.0

114236 €11 .,.o... ... 9 .., (...)
wsza'rem PRI T I /

WT samples

Pipek et al. BMC Bioinformatics (2017) 18:73

DOI 10.1186/512859-017-1492-4 BMC B|O|nf0rma Filtering parameters G G
S

sample_mut_freq_min
- ) Testing parameter combinations (TPR & FPR)

22456555432 .
. evidence
in sample

TPR : SNV's found from test 2et in starting clones
M WT testset

. . . d il o~
Fast and accurate mutation detection in ® R ——— O OHmeees ekt N et
1) SNVs found in starting clones not in test set

whole genome sequences of multiple 0 \ ot

reliable evidence - — OCJCIe @& & @45 Ek%E% \  Mutant 1 test set

isogenic samples with IsoMut (e - R

OLILES & & i @ 363 36 3636 3

0. Pipek', D. Ribli', J. Molnar?, A. POtiZ, M. Krzystanek?, A. Bodor', G. E. Tusnady?, Z. Szallasi***®, |. Csabai’ other_mf_min

and D. Sziits” no hard evidence other? 3) SNV's found in starting clones with a sample from the same genotype
: of mutation in ; O— s

any of the . .
other samples - & OOIDI o & & & B @ 0 30k

Tool to separate germline v
Mutation detection Finding optimal settings for desired FPR, TPR

variation from germline variants T
and sequencing/alignment noise %

Post-processing |Z|
of results false positive rate false positive rate

true positive rate
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Oncogene advance online publication 25 July 2016; doi: 10.1038/0nc.2016.243

Loss of BRCA1 or BRCA2 markedly increases the rate of
base substitution mutagenesis and has distinct effects on

genomic deletions
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nature,,
medicine

CAUSEL: an epigenome- and genome-editing pipeline
for establishing function of noncoding GWAS variants

Sandor Spisdk!>2?, Kate Lawrenson®?2!, Yanfang Fu*-72%2!, Istvin Csabai®, Rebecca T Cottman*-%?, Ji-Heui Seo'?,
Christopher Haiman>'?, Ying Han®, Romina Lenci®2, Qiyuan Li">!1, Viktéria Tiszal12, Zoltan Szallasi'>-14,
Zachery T Herbert'5, Matthew Chabot!, Mark Pomerantz!, Norbert Solymosi'®, The GAME-ON/ELLIPSE
Consortium'?, Simon A Gayther>!8, ] Keith Joung*-"? & Matthew L Freedman21?
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Genome editing techniques: TALEN,
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CRISPR-CASgq

"no averaging” phenomenon:
Strong coupling of micro and macro
scales: a single nucleotid in non-coding
region can cause phenotypic change
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Motifs on DMR's
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Transcription
factor & MHC
binding with
machine learning

In [240]:

In [242]:

plt.plot(all_auc_df['counts'],all_auc_df['netmhc_
plt.axhline(@,c='g")

plt.xlabel('number of measurements')

plt.ylabel(' netmc & xgb AUC - netmhc AUC")
_=plt.xlim(1ee,1600)

NetMHC AUC: ©.462322635593

my nn mean AUC: @.466839891357

my Xgb mean AUC: ©.465527709889

my nn+xgb mean AUC: ©.47319931733
NetMHC + xgb mean AUC: ©.476159451622



The Digital Mammography DREAM Challenge

Build @ model to help reduce the recall rate for breast cancer screening
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across locations

across-time

* improve rapid identification, containment and mitigation of infectious diseases
and foodborne outbreaks

* cross-sector and cross-pathogen analytical framework and globally linked data-
and information-sharing platform

* integrate state-of-the-art strategies, tools, technologies and methods for
collecting, processing and analysing sequence-based pathogen data in
combination with associated data (clinical, epidemiological, and other), and

* generate actionable information for relevant authorities and other users in human
health, animal health and food safety domains.

Examples
Metagenomics - sewage samples from ~100 countries
Antimicrobiotic resistance prediction with machine learning



Cloud based Data Portal

Server side

DATA PORTAL

Big Data (EBI ENA 5PB!) — downloading data is not optimal/possible

Data sharing is not enough
— share data + complete processing pipeline + result figures, tables, ...

-> reproducible science



Kooplex

Infrastructure for flexible collaboration

" Jupyter

Worksheets

scientific output

ouumuou.d

Owncloud

Collab
data
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New national R&D projects

Biomarker research
ELTE, MTATTK, Servier,

NEMZETI KUTATASI, FEJLESZTESI ES INNOVACIOS HIVATAL

Cancer genomics, liquid
N biopsy
f{v SOTE, ELTE, 3DHISTECH

patologia1/2017/02/19/magyar-onkogenom-program-indul-intez &g ¥ | &

BE] Magyar Onkogenom és Szemelyre Szabott
=wa Diagnosztika és Terapia program indul
Intézetiink iranyitasaval

A Nemzeti Kutatasi, Fejlesztési és Innovacios Hivatal (NKFIH) 1.5 milliard forintos

tamogatasaval indul utjara Intézetiink koordinéalasaval a Magyar Onkogenom és Személyre

Szabott Diagnosztika és Terapia Program.



Not only DNA sequencing, but
= Methylation, ncRNA, 3D structure, ...
* Proteomics, lipidomics, ...
= Digital microscopy, medical imaging, ...

Not just sciences, but Everything

= Smart watches, wearable EEG, personal
genome sequencers -> better health

= Sensors for cars -> less death on roads
= Sensors for sports -> more enjoyment

More ‘“sensors” - more data
- better ‘“models” - better life






Sorry Dr. Thomson,
everything 1s science,



Manmade complex systems

COMMUNICATION- SOCIAL- AND



Map of Internet

= Manmade, but there is no
“blueprint”

= “Astronomical” number of
non-linearly interacting

complex elements - ”‘3‘”‘”’
= Scientific approach is gle B

Session handling -
- ) - Scheduling o
- - Atomic and complex e
re q U I re d Wep Sen, measurements (3, PSS Internet
3 Cog
! Data Repository e
. S0 (j’ \

2
7r'v

Observation/experiment
Modeling
-> plan better

= Future internet: self-
aware, self-managing,
self-healing .

S Laki, P Matray, P Haga, T Sebdk, | Csabai, G Vattay; INFOCOM, 2011 Proceedings IEEE, 3173-3181 (2011)
P Matray, | Csabai, P Haga, J Steger, L Dobos, G Vattay; Proc. ACM workshop on Mining network data, 23-28 (2007)

D Morato, E Magana, M Izal, J Aracil, FJ Naranjo, P Astiz, U Alonso, | Csabai, P Haga, G Simon, J Stéger, G Vattay; TRIDENTCOM, 283-289 (2005)

J Sziile, L Dobos, | Csabai, G Vattay; TRIDENTCOM, 137, 65 (2014)
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Reuse of celestial indices:

HTM index library + SQL Server integration
Fast spherical polyhedron manipulation:
faster geol-ocalization

© Target node
Landmark nodi

3

Efficient classification of billions of points into complex geographic regions using hierarchical triangular mesh; D Kondor, L Dobos, | Csabai, A
Bodor, G Vattay, T Budavari, AS Szalay; Proc. of the 26th Int. Conf. on Scientific and Statistical Database Management, ACM (2014)




Test Milgram’s ,,6 degree” on Twitter
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Lost in the City: Revisiting Milgram's Experiment in the Age of Social Networks; J Szile, D Kondor, L Dobos, | Csabai, G Vattay;
PloS one 9 (11), e111973 (2014)



Map of society: TwitterDB
Principal dimensions: race, religion, urbanization
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E Bokanyi , D Kondor, L Dobos, T Sebdk, J Stéger | Csabai, G Vattay Race, religion and the city: twitter word frequency
patterns reveal dominant demographic dimensions in the United States , Palgrave Communications 2, 16010 (2016




Map of economy

= All (50M) transactions are
ogged, public

= Dynamic evolving network
= Database N

= Dimension reduction
(graph non-negative
factorization)

Singular vector weight
Exchange price [USD/BTC]
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Strong random correlations in networks of heterogeneous agents; | Kondor, | Csabai, G Papp, E Mones, G Czimbalmos, MC Sandor
Journal of Economic Interaction and Coordination g (2), 203-232 (2014)

Do the rich get richer? An empirical analysis of the BitCoin transaction network; D Kondor, M Pésfai, | Csabai, G Vattay; PloS one g (2),
e86197 (2014)
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The world through £
the eye of physicisits

And God Said

or

Wdthen theve was light.




SCIENCE IS NOT ANY MORE ABOUT
3 LETTER EQUATIONS. THE REAL
CHALLENGE IS COMPLEXITY

Take home message

SCIENCE IS COMPLEX MODELING
AND
COMPLEX MODELING IS SCIENCE



A Cc D E F G

Universe is a complex system
mHENA

: u,\ Galaxies are complex systems
: E‘ffn ) Human genome is a complex system
} ’Q‘”‘“& Society is a complex system
Economy is a complex system
W2 et is a complex system

EMA

nu'.leoudr:

mac i ar

membrane

To bU|Id/vaI|date complex models we need “b|g data” and eff|C|ent
computational tools (prosthesis): "Datascope ” (© Alex Szalay)



http://apod.nasa.gov/apod/image/0210/Andromeda_gendler_sm.jpg




Who will unlock the secrets of the Universe, find the origin of Life?
Who will cure cancer? Who will help to understand Everything?

+ 3 Sorcerers >—

-C: Superintelligent aliens

Hie _-"'

< [+ WelTogether.




= UJTUDOMANYOS MODSZERTAN:
UJTUDOSOK KELLENEK

o AKIK ERTIKA SZAKTUDOMANYOKAT

= PROFESSZIONALISAN KEZELIK A

MATEMATIKAI MELLETT AZ INFORMATIKAI
ESZKOZTARAT IS

ITT]

Csabai Istvan
ELTE Komplex Rendszerek Fizikaja Tanszék




