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Evolution of (data) sciences: pre-industrial age

Prosthesis, crutch for senses and mind



Johann Kepler , TabulaeRudolphinae(1627)

&ÉÒÓÔ Ƨ$ÁÔÁ 3ÃÉÅÎÃÅƨ

TychoBrahe: data
Johannes Kepler: model
Isaac Newton: theory
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Exponentially cheaper devices Ƶmore data

Elektronics Sensors Data

Quantum 
mechanics

Solid-state 
physics

Transistor/
Microelectronics

MooreƦÓ
law



SLOAN DIGITAL SKY SURVEY 
(SDSS): THE 3D MAP OF THE 
UNIVERSE 1995-ʧʣʣʪƛ

Prototype of data-intensive science project:



2.5m 120Mp ɀ2.5Tp 5 years:10TB

CfA1989:  1100 galaxies SDSS 2005:  1M galaxies

3D MAP OF THE 
UNIVERSE



Data processing challenge
Á Automatic pipeline

Ğ More than 150man year 
development

Ğ First  astroproject where most of 
the money is spent on software 
rather on the telescope

Á Ȱ"ÉÇ $ÁÔÁȱ
Ğ More than 300 million  objects, 

300+ parameters each
Ğ 100 TBraw data, 10TB

catalogues, 2.5 terapixels
Ğ PUBLIC(SQL) DATABASE
ɉȰVirtual ObservatoryȱɊ

PZ Kunszt, AS Szalay, I Csabai, AR Thakar;

ADASS IX 216, 141(2007)

The sloandigital sky survey: Technicalsummary

DG York+ SDSS collab.The Astron. J.l 120 (3), 1579(2000)

Tables (SQL) + Raw data (files)



Astronomical data sets Ƶ
astronomical queries

petroMag_i> 17.5 and (petroMag_r> 15.5 or petroR50_r > 2) 
and (petroMag_r> 0 and g > 0 and r > 0 and i > 0) and ( 
(petroMag_r-extinction_r) < 19.2 and (petroMag_r-
extinction_r< (13.1 + (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+ 
2.5 * LOG10(2 * 3.1415 * petroR50_r * petroR50_r)) < 24.2) ) 
or ( (petroMag_r- extinction_r< 19.5) 
and ( (dered_r- dered_i- (dered_g- dered_r)/4 - 0.18) > (0.45 -
4 * (dered_g- dered_r)) ) and ( (dered_g- dered_r) > (1.35 + 
0.25 * (dered_r- dered_i)) ) ) and ( (petroMag_r- extinction_r
+ 2.5 * LOG10(2 * 3.1415 * petroR50_r * petroR50_r) ) < 23.3 ) 

)

Star/galaxy separation
Quasar target selection

ȰÃÕÔÓȱ

Multi -dimensional
polyhedra

Skyserver: several million queries per year



New skills : Index ing , databases

ÁSDSS data ȰÒÅÁÄ ÔÈÒÏÕÇÈȱͻΧ ÄÁÙ

ÁAstronomers should learn: 
Database programming, computer 
geometry, search trees, ȣ

ÁMultidimensional- and spherical 
indexing

I Csabai, L Dobos, M Trencséni, G Herczegh, P Józsa, N Purger, T 

Budavári, AS SzalayAstr. N. 328 (8), 852 (2007)
T Budavari, L Dobos, AS Szalay, G Greene, J Gray, AH Rots

ASP Conf . Ser. 376, 559 (2007)

AS Szalay, J Gray, G Fekete,PKunszt, P Kukol, A Thakar

MSR -TR  123 (2005)



New skills : Database management 

systems , virtual ization

Á RDBMS
Ğ +Developed for business purposes, 

optimisedIO/memory accsess, 
declarative language(SQL), parallel
queries, standard API (ODBC,JDBC)

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

Ğ New technologies: NoSQL,BigTable, 
Hadoop/MapReduce, columnstore, -> 
distributed servers

Á VirtualObservatory (now: ȵcloudȱɊ
Ğ ȵIf the data mountain does not go to 
ȣȱ

Ğ OpenStack, Docker, Jupyter
Ğ SciServer

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

L Dobos, T Budavári, N Li, AS Szalay, I Csabai
Scientific and Statistical Database Management, 159-167(2012)

L Dobos, I Csabai, AS Szalay, T Budavári, N Li
Proceedings of the 25th International Conference on Scientific and 
Statistical Database Management, ACM, (2013)

Á SkyServer
Ğ Web browser-based synchronous access
Ğ Meant to support several levels of users

À From casual to moderately advanced queries
À From simple form-based to direct SQL queries
À From cone (radial) search to crossidtype searches

Ğ Visual tools to browse image and catalog data
Ğ Storedprocedures
Ğ API access, e.g. emacsinterface, sqlcl(command-line)
Ğ Strict limits on execution timeand output size

À Fair use for everyone, robots/crawlers discouraged

Ğ Introduction to SQL and Sample Queries

Á CasJobs
Ğ BatchQuery Workbench, personal user DB (MyDB)

À Quick mode: 1 minute cutoff
À Submit ÍÏÄÅȡ ÕÐ ÔÏ ή ÈÏÕÒÓ ÉÎ ȰÌÏÎÇȱ ÑÕÅÕÅ

Í 24-hr queue for collabmembers

Ğ MyDBdatabase to save results of your queries
À Define your own functions, procedures too
À Shareyour tables with collaborators (groups)

Ğ Job history, plotting, FITS/CSV/VOTableoutput
Ğ Restricted (collab-only databases)
Ğ Table Import (upload) for your own data
Ğ Groupsto share your results with collaborators
Ğ Command-line access Java tool also downloadable 
Ğ SOAP/Web Services access

T Budavári, L Dobos, AS Szalay, G Greene, J Gray, AH Rots
Astronomical Society of the Pacific Conference Series 376, 559(2007)

L Dobos, T Budavári, I Csabai, AS Szalay
Astronomical Data Analysis Software and Systems (ADASS) XIII 314, 185(2007)
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Virtual reality

test

Models: N- body simulations
Simulation data can be as big and 
complex as observed data!

Data type:
7+ D point cloud

L Dobos, I Csabai, JM Szalai-Gindl, 
TBudavári, AS Szalay: Point 
cloud databases, SSDBM 2014

G Ráczet al., Concordance cosmology without dark energy, Mon Not R AstronSocLett (2017) 469 (1)



Real Univer se Ƶ Virtu al Univer se



Not only astronomy: genomics, environmental sciences, social 

sciencesé Complex questions ïlarge datasets
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DATA- INTENSIVE GENETICS

NEXT GENERATION SEQUENCING



Expression microarray study (2010)

ÁAffymetrix HG U133 Plus2
Ğ Raw data 67Mpix (photometry!)

Ğ 604258 probes

Ğ 54675 probe set (~gene)

Ğ 207 samples (colorectal cancer)

ÁȰÓÉÍÉÌÁÒȱ ÔÏ ÁÓÔÒÏÎÏÍÙ

ĞLarge databases (own + 
public)

ĞComputer-intensive 
data analysis

S Spisák, A Kalmár, O GalambȣI Csabai, I Kovalszky, S Semsey, Z Tulassay, B Molnar. PLoSOnedx.doi.org/10.1371/journal.pone.0046215 (2012) 

Raw data:
Image
Processed data:
54675D vectors +
metadata



Map of the genome



High througput sequencing history : 
Sanger 1977Frederick_Sanger

Á DNA is fragmented

Á Cloned to a plasmid 
vector

Á Cyclic sequencing 
reaction

Á Separation by 
electrophoresis

Á Readout with 
fluorescent tags



Oxford Nanopore
100Mb,$900

CCD!
- X Prize, 100 genom,
30 days, $10k ɀcancelled (2006)
- Microarray
- Mass spectroscopy
- Digital microscopy
-ȣ

MooreƦÓ ÌÁ× ÉÎ ÇÅÎÅ ÓÅÑÕÅÎÃÉÎÇ
Human genome sequencing
1990-2003:  13yrs /2.7 BnUSD
2016: ~days/1000USD
2020: ?????

Data:
50-250 or 3Bn letter 
ÌÏÎÇ ȰÔÅØÔÓȱ
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Large part of  
research starts here



NGS alignment/assembly
Big numbers

ÁComputer speed: ~109 instr./sec

ÁGenome: ~109 nt

ÁNGS: ~109 short reads

ÁBrute force: ~1018 comparisions

Á-> Need for clever indexing/search algorithms!



3.2Bn nucleotides / human genome

Baroque combination of complex metadata and various raw data file formats



Á SDSS spectra: 1 million times 
3000 dimensional vectors

Á Microarray study: 207  times 
54675 dimensional vectors

Á Human genome: 3.2Gb

7±2 bit

Compression : dimension reduction, matrix 
factorization,  machine learning

Similar challenges



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!)

Projection  ~ compression~ model



Linear projection: PCA - SVD

X = USVT

u1 u2 ukx(1) x(2) x(M)

= .

v1

v2

vk

.

s1

s2

sk

X U

S VT

input data left singular 
vectors

singular values

sorted index
m n

nm<



Dimension reduction: applications
CRC 2

AD2

AD1

IBD2

IBD1

NEG

CRC 1

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

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

Z 'ÙěÒÙ, AS Szalay, T Budavári, I Csabai, S Charlot; Astron. J. 141 (4) 133 (2011)

S Spisák, A Kalmár, O Galamb, B Wichmann, F Sipos, B Péterfia, I Csabai, I 
Kovalszky, S Semsey, Z Tulassay, B Molnár; PloSone 7 (10), e46215(2012)

O Pipek, MScthesis ELTE(2014)

Á Algorithm developments

Ğ Handling outliers: robustPCA

Ğ "ÉÇ ÄÁÔÁȡ ȰÓÔÒÅÁÍÉÎÇȱ Ⱦ $"

Ğ Sparse data, compressive 
sensing

Ğ CUR decomposition

ĞGraphPCA/NNMF

Ğ Textmining

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

Data processing:
Array library for 
SQL Server

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



Expression microarray: 54675D - > 2D

CRC 2

AD2

AD1

IBD2

IBD1

NEG

CRC 1



PCA2, PCA3 clusters?

?
?

??



PCA2, PCA3 clusters
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PCA ƵKEGG pathways (ribosome)



PCA ƵKEGG pathways (ribosome)



Ƨ2ÅÁÌÉÚÅ ÔÈÁÔ ÅÖÅÒÙÔÈÉÎÇ ÃÏÎÎÅÃÔÓ ÔÏ ÅÖÅÒÙÔÈÉÎÇ 
ÅÌÓÅƚƨ                           ƳLeonardo da Vinci/

All 54265 Random 1000

Random 100

Marker genes?
Complex nonlinearly 
interacting network!



RECENT PROJECTS



Variant detection in isogenic NGS samples 

Tool to separate germline 
variation from germline variants 
and sequencing/alignment noise



Åunderstanding DNA-repair 
mechanisms

Ågene knock-out cell lines, 
mutagenetreatments

Åmutational signatures with 
non-negative matrix 
factorization

Åmutation spectra ɀ
compare to TCGA

D. 3ÚĴÔÓ, 
Z. Szállási


