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BigData: Volume, Velocity, Variety, Veracity and Value
Why does astrophysics need Big-Data?

Science drivers

Specific challenges in astrophysics

Current and future experiments

Outlook and conclusions

V. Beckmann



Key questions

IN2P3

Les deux infinis

Some key questions:

Universe: origin, structure and evolution

Objects in the universe: how’s matter/energy converted, accretion
and emission

Milky Way: origin, structure and evolution

Physics: dark matter, dark energy, accretion + emission
processes, neutrinos, gravitational waves ...

V. Beckmann



Universe Structure & Evolution
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We can simulate the evolution and structure of the Universe to some extend

Springel et al. 2005

Millenium simulation

10 billion particles

20 million galaxies

Cube of 2 billion light years on a side
25 TByte output

e Using start-conditions, how does matter distribute?
e How often and how do galaxies merge?

e What are the resulting large scale structures?

e Where does star formation take place?

V. Beckmann



Universe Structure & Evolution IN2P3
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How early did galaxies form?

How did they merge?

Super massive black holes

Dark matter — where does it reside?
Dark energy — does it evolve with time?

simulation =2 observation

Deep images (deep = far into the past)

Determine distances of galaxies (spectra)

Combine information from different wavelengths

> 100 million galaxies (better 1 billion: 1% of all galaxies in the
observable Universe)

V. Beckmann



What's special?
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Old science, but small community
20,000 astronomers world wide (1.7 million researchers in EU)
Broad science

many colleagues work in many fields, across many techniques/wavelengths,
everybody needs access to all data

Strong networks
Large experiments; e.g. Euclid >1000 colleagues, remote experiment sites
Several data sets needed to identify objects > multi-messenger science

Standards, open archives, open source software

V. Beckmann



One file format
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Flexible Image Transport System (FITS) introduced in 1980s

Used for the transport, analysis, and archival storage of scientific data sets
Multi-dimensional arrays: 1D spectra, 2D images, 3D+ data cubes

Tables containing rows and columns of information

Header (ASCII) keywords provide descriptive information about the data

- AT | , _
S VST~ The Astronomical
B8 ” l Image and Table Format
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V. Beckmann



FITS file format
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O O O \| fv: Summary of isgri_sky_ima.fits in /Users/volker/Documents/science/data/obs/test_cons/scw/08560...
File Edit Tools Help

Index Extension Type Dimension View

o Primary Image 0 Header

1 GROUPING Binary 18 cois X8 rows Header | Hist | Plot | Al | Select
m2 ISGR-SKY.-IMA Image 400 X 400 Header .me Table
m3 ISGR-SKY.-IMA Image 400 X 400 - Image Table
m4 ISGR-SKY.-IMA Image 400 X 400 Header Image Table
us5 ISGR-SKY.-IMA Image 400 X 400 Header Image Table
me ISGR-SKY.-IMA Image 400 X 400 Header Image Table
m7 ISGR-SKY.-IMA Image 400 X 400 Header Image Table
ms ISGR-SKY.-IMA Image 400 X 400 Header Image Table
m9 ISGR-SKY.-IMA Image 400 X 400 Header Image Table

The Astronomical

She Eg;z}:}_,:;?:r-‘; A

FIGKINIE IINMdgEe i rditsSigr sYysSucinn

mage and Table Format

V. Beckmann




FITS file format IN2P3
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XTENSION= 'IMAGE °* / Image extension
BITPIX = -32 / IEEE 32-bit floating point values
NAXIS = 2 / Number of data axes
NAXIS1 = 400 / Length of data s 1
NAXISZ = 400 / Length of data axis 2
PCOUNT = 0 / required keyword; must = 0
GCOUNT = 1 / required keyword; must = 1
EXTNANE = 'ISGR-SKY. -IMA' / Extension name
EXTREL = '6.5 - / ISDC release number
BASETYPE= 'DAL_ARRAY' / Data Access Layer base type
TELESCOP= 'INTEGRAL' / Telescope or mission nane
ORIGIN = 'ISDC ' / Origin of FITS file
INSTRUME= 'IBIS - /' Instrument name
DETNAX = 'ISGRI ' / Name of the detector layer
ISDCLEVL= 'IMA . / ISDC level of data processing
CREATOR = '11_skyimage 5.4' / Executable which created or modified this data
CONFIGUR= 'osa_8.0_2009-08-24T07:45:37"' / Software system confiquration
DATE = '2009-12-15T17:48:07' / Creation or modification date
MIDREF = 51544, / Modified Julian Date of time origin
TIMESYS = 'TT ' / Time frame system
TIMEUNIT» 'd . /' Time unit
TIMEREF = 'LOCAL ' / Time reference frame
REVOL = 856 / Revolution number
SWID = ‘085600190010 / Science Window identifier
SW_TYPE = 'POINTINO' / Type of the Science Window
SWBOUND = '0OT% / Reason for Science Window ending
OBTSTART= '00000231688744468480' / 0BT of the start of the Science Window
OBTEND = '000002316592489981952' / OBT of the end of the Science ¥indow
TSTART = 3577.42810698031 / Start time of the Science Window
TSTOP = 3577.4694496025% / End time of the Science Window
TFIRST = 3577.42872901587 / Time of the first data element
TLAST = 3577.4694495517 / Time of the last data element
TELAPSE = 3518, / [=] Total elapsed time of the data
ONTIME = 3516.37097167969 / [s] Sum of good time intervals
DEADC = 0.667853708897771 / Dead-time correction factor
EXPOSURE= 2092.22927527603 / |[s] Effective exposure time
BSCALE = 3 ; R;zl value;vazue*BSOALE - B{?Rgl
BZERO = ODffset ied to true pixel values
BUNIT = 'counts/sec' / Unit fo;pglxel values P V. Beckmann



One file format
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e Used for: images, spectra, light curves, tables, data cubes ...

e Used in: space-based and ground-based astrophysics, across all disciplines
e Standards for key words, header, coordinate systems, ...

e Fitsi/o libraries

e tools to visualize and manipulate fits files

o http://fits.gsfc.nasa.gov/

e BigData: Volume, Velocity, Variety, Veracity and Value

= E—”{"‘““" ; —r~. | .
=N .  The Astronomical
N | l Image and Table Format

FEEGHAIINIE NG E A FNdiiSINgN. sYSwLGEEs

V. Beckmann
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e Bonner Durchmusterung (1859-1903)

e Catalogue all stars in the sky down to apparent

10mag on the northern sky (40 times fainter

than naked eye)

e 7.7 cm telescope

brightness V

i

FT - - - . oAs B . - . - - L L F N
NE R A PR B I P SO R I T L
m AT RTIL FAAI34T Blasaiani7 2243 0idi: Ieradiibal czaMIsaiiae

s 2 2° * TS = i : 85 L P i 22 % & 1az

*130305000% TATTTTLLAT IITALTRILT IRLIIMMTLL JTATRATGIT sasaasaad b

T dew w m - - . ve - LI -
1 32373383 BIPIEIE TEHLSTE E9IE NN FINNN S
R E s I T P e e el e e E L R L
*Aax 2 212 2 > ® ° e " 9 » e e 2 2

L P R S L L i T A S S S TR L P S S S P R L S T T e S A S e e e

- o A AR e - - l..-.l - “« - “saan -
3T Eo15953 S13Ttaiite A130AR1 Lidiatiait siavaaddnt 30 g1iaLes 4
w 4125433033 SHRITANTT FARANIE TR ARSI PTG
Aax n > 3 s 3 s 3 L. N 23 2 ]

TI375°33305 3040330500 9900005090 20e3e3si33 2323500304 Aedssesasd b

- - - -
§1 PIRIFIR T8I0 1293999407 Tidianaic 3T5iTeae0 $334355a31 4
{ FIRFINT I LR A0 AT i
L37_u % & T * i i a gz ® 32
STRAAATAT AT SATIITTANT TITWATIRID TITNATALIS LIITASNAT AL b

b |

CE T - - - - - - s = .-

.,_ 3733773853 3304077 TI00aa0400 AAtianiacd Siisiarddad ari9mzeaied
j BAIINA ST 4711 0 P nan] 2aaiRR SR STITAIAN
. 3 [ v T ¥ 3 TP 1 3 2 3

SITTITDIDET STRTIRILAL NISITATITT ATTNATANAG JANAITRT NsNsac @

e Position (+ 0.002° = 77)
e brightness (x10%)
e 325 000 stars




Data rate evolution
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Space based data limited by bandwidth

100 Mbps max (X-band), but see HTS

INTEGRAL (2002): 1.2 Gbyte/day

Hubble space telescope (1990): 15 Gbyte/day
Gaia (2013), Euclid (2021): ~50 Gbyte/day

Ground based: fast increase through fast read-out systems, multiple
charge-coupled devices (CCDs)

1990s: 1 Mbyte / CCD frame
LSST (2022): 3 Gbyte / exposure (15s)




Big-Data today: GAIA
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e GAIA satellite mission

e Map the milky way in 3D

o Stellar physics

e Dark matter

e Extrasolar planets

e 50 Gbyte/day; 1 Pbyte total data products

ESA/ATG medialab; ESO/S. Brunier

V. Beckmann



Big-Data today: GAIA @

Distance
determination of
stars through
parallax
measurement




Big-Data today: GAIA
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Hipparcos

HIPPARCOS (1989) Gaia (2013)

Magnitude limit
Completeness limit
Number of objects

Astrometric accuracy

O';(/ﬂ < 1%
oz /7 < 5%
oz /m < 10%

Radial velocity
Spectro-photometry
Low resolution spectroscopy

12 20 - 21
7.3-9 20
120 000 35 x 10° V<IS
350 x 10° V<18
1.3 x 10° V <20
1 mas (V <9) 7 pas V<12
1-3 mas(V >9) 25 pas V=15
300 upas V=20
150 stars 11 x 10° stars
6,200 stars 77 x 10° stars
21,000 stars 150 x 10° stars
- 2-10kms! V<17
- ~ 25-colour V <20
- R=11500 Vv<l16-17

V. Beckmann



Big-Data today: GAIA
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100 Gbytes of
image/spectra data
per day

‘WTM

Calibration
data

processing
(colours) |

Centrokiing
(1D or 2D)

Feld angles
of dotoction

Moving objects

(@B)of

Find objects

Determine
absolute sky
position

@

gl

V. Beckmann



Big-Data today: GAIA
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* Retrieve daily input data é backbons

* Launch daily processing workflow AxiGive R

« Send the results back to ESA ED?_SM switchs switchs

* Receive cycle processing data (every 6 months) T [

* Launch cycle processing

« Send the results back to ESA

Chosen solution: Hadoop

* Distributed file system for vast amount of data 16x compute | Hadoop

(HDFS) chassis ||
* Software framework for distributed processing of 4 nede® |}
large datasets (MapReduce) -
5xGlusterFS
Hardware:
1024 cores
10 Gbit/s network
1.5 Gbyte/core memory

Service
Rack

Brunet, Montmorry, Frezouls 2012

V. Beckmann



Big-Data today: LOFAR @,Nm
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LOFAR (Low Frequency Array) ground-based radio telescope (see van
Haarlem et al. 2013)

Study the early universe > detect hydrogen HI from the epoch
of re-ionization (redshift 6<z<20; 180 — 1000 million years after
Big Bang)

Radio transient phenomena

10-240 MHz
Simple dipole antennas
Signals from dipoles are combined digitally into phased array

YAVAVAVAY,

No axpansion —
Stationary
galaxy

Galaxy moving
away withthe

V. Beckmann



Big-Data today: LOFAR %,Mm
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LOFAR ground-based radio telescope (see van Haarlem et al. 2013)

A
p— _“(—
7 122)D

advancing
owave crests

baseline

V. Beckmann



Big-Data today: LOFAR @,Nm
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LOFAR ground-based radio telescope

LOFAR LBA dipole
(van Haarlem et al. 2013)




Big-Data today: LOFAR %,Mm
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International LOFAR Telescope (ILT)
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Big-Data today: LOFAR s
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Low Band Antenna

Analogue ssgnal

\J

| | Receiver - A/D conversion I
|

I,—
e
I

l Beamiormer l

To correlator )
Station Cabinet in Groningen

High Band Antenna van Haarlem et al. 2013

e Combination of on-site reduction and HPC

e 25 Pbyte/day raw data

e Local control unit: beam forming, digitization, filtering

e Correct for gain and phase differences > 250 Tbyte/day
e Central processing: three-rack IBM Blue Gene/ P

o 42 Tflop/s

e Time off-sets, FX correlator (Fourier transformation, time domain)

photo: LOFAR consortium

V. Beckmann



Big-Data tomorrow: Euclid @mzp?)
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Study structure & evolution of Universe, dark matter, dark energy
How to achieve science goals:

e Distribution of galaxies in space / distance (redshift)

e Significant fraction of the sky (1/3)

e Significant fraction of all galaxies (1% = 1 billion)

e Measure precise shapes

e Hubble Space Telescope image R Jir ﬁw“f"ﬂ"’wﬁ
over 1/3 of the sky! | W

e Redshifts > photometric redshifts ’ " woveengi

e Add fllter§ from ground-based : ' o P
observations et

v

L W TMM"-\H

0 o0 8 >
Padmanabhan (2007)

e Calibrate with some 10° spectra
e Add additional information



Big-Data tomorrow: Euclid IN2P3
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100 GB/day - 10 B/3years = 100 TB/3years

ff g

L=

SIR
x5x3 7 ‘,'s._ a3 ~0.SP' ’ x2x3 S ati
Images (optical / infrared) spectra

External (ground-based)
Mb/ images
=< 100 s %0
\/ Mb/s
MER Merging ofthedata = —‘mf-’
2xEuchd + Ground

PHZ Photometrlc redshifts (distances)

oMb cpe  Spectra

ape SN = s <o1rs High-level science
SHE measurements « 0.4 P8 l—:(> LE3 products
= = C - >
- 18 > ~ 0.1P8

i >

Euclid RedBook (2012)



Big-Data tomorrow: Euclid
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Euclid

I

Ground
Station

MOC
ESOC

ELA

MOC : Mission Operation Center
SOC : Sience Operation Center
SDC : Science Data Center

ELA : Euclid Legacy Archive
EMA : Euclid Mission Archive

External data

(PanStarrs, DES, ...)

Euclid RedBook (2012)



Big-Data tomorrow: Euclid
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SDC SDC
Processing and Processing and
Local Archive Local Archive

%

EMA Metadata

SOC : = SDC
Processing and : Rgposutory Processing and
Local Archive (‘m“d?gc;m:;’mg 8 Local Archive

sSDC SDC
Processing and Processing and Processing and
Local Archive Local Archive Local Archive

— Dete Product (imege) trarsier betwoon SDCs
Metadata update - EMA Deta Repoatory
Metadata query Metadata

Euclid RedBook (2012)



Big-Data tomorrow: LSST IN2P3
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Ground based optical imaging telescope

Product Factor size

CCD image 4096x4096 pixel 64 MByte
Exposure =189 CCD images 12.1 GByte
Visit = 2 exposures 24.2 GByte
Nightly data ~1000 visits 25 TByte
One year ~300 nights 8300 TByte

V. Beckmann



Big-Data tomorrow: LSST IN2P3
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";‘ Berope, Asstrsta. Ava "*g
W CCIN2P3
N\

r

Site Roles and their Functions

- Base Facility
Real-time Processing and Alert Generation,
Long-term storage (copy 1)

« Archive Center
Nightly Reprocessing, Data Release
Processing, Long-term Storage (copy 2)

« Data Access Centers (DACs)
Data Access and User Services

« System Operations Center (SOC)
System Supervisory Monitoring Control
& End User Support/Help Desk

* Codocated DAL sharen

“ Coloated DAC: thares
nivnteoc ture with Base Faciby




Big-Data tomorrow: LSST %mzps
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Computing Challenges:

o8 Pbyte per year raw data - >100 Pbyte final products

e Detect tran$ients and send out alerts within 60 seconds

¢20,000 deg (half of the sky), 2000 times imaged in ten years

e Relational database tables (per sky field)

20 billion rows in the object table (unique sources)

e 3 trillion rows in the source table (all detections)

e Catalogue of 15 Pbyte

e Middleware should run on single laptop and on 100,000+ core cluster
¢ 150 Tflop/s




Big-Data tomorrow: LSST
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approach:

e Middleware layer, isolating h/w, orchestrating s/w
e Massively parallel, distributed, fault tolerant, relational database
e Robust technologies: MySQL, xrootd

e Open source s/w project

e C++, python

e Modularity: everything is a python module

- %C
¢ 8 years prototyping, 40+ developers s,
e Two large HTC centers at NCSA (National Center e "
for Supercomputing Applications at Univ. lllinois) Poag,, -
and CC-IN2P3 (Lyon) 008y,

N S
NCSA

From presentation of Mario Juric (LSST data management project scientist)
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Challenges IN2P3
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Astrophyscis goes BigData: Gaia, LOFAR, Euclid, LSST, CTA, SKA, ...
Pbyte scale data with need of Tflop processing (HTC & HPC)
Solutions depend on the science requirements

Space or ground, remote or central, real-time processing or not...

Advantage: community used to work together, file format standards, coding
standards (C++, python)

Development platforms
Disadvantage: artificial splitting of data centers, astronomers




Approach IN2P3
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e Try to reduce data!

e On-site (ground-based; LOFAR, CTA, SKA, ...), on-board satellite processing
(Gaia) where possible

e Then: centralise if possible (Gaia, LOFAR, SKA)

e Use as few as possible (LSST, Euclid)

* Make use of existing distributed computing infrastructure (CTA)

e GPUs: fast, but not good on i/lo 2 Fourier transformation (e.g. LOFAR),
template fitting

e GRID: infrastructure, middleware, relatively heavy to use > CTA
e HPC / HTC with Hadoop, Hive
e Cloud: virtualisation, flexibility, lower performance - project development,



Initiatives @mzps

e|International Astronomical Union (IAU); coordinate science and
approaches throughout the community

eVirtual Observatory: combine data and tools from many
experiments, many wavelengths. Use on-line or off-line

eResearch Data Alliance (RDA); research data sharing without
barriers

e Astroparticle Physics European Consortium (ApPEC)

oeGRID (EGI, NGls, France Girilles, ...)



https://www.iau.org/
http://www.euro-vo.org/
https://www.rd-alliance.org/
http://www.appec.org/
https://www.egi.eu/
http://www.france-grilles.fr/en/

Computing and Software for Big Science
Editor-in-Chief: V. Beckmann; M. Elsing; G. Quast

» Explores emerging issues in big-science development

- » Includes coverage of distributed data analysis and deep learning

Computing

algorithms
» Presents articles on software benchmarking, performance
and SOftware assessment and on data-quality monitoring on or off-line

for Blg SCience » Discusses aspects of evolving computing infrastructures

Addressing challenges ranging from data reduction via data sharing, to the need for data-
driven modeling, this journal explores concepts for large-scale, collaborative computing
and software development as well as new algorithms and techniques for data processing.

http://www.springer.com/physics/particle+and+nuclear+physics/journal/41781
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The road ahead...

Astrophysics arrived in the world of Big-Data
User interfaces, usability by individual scientists

Maintain and build up expertise on computing science

@mzps
|25 deux infinis

Volker Beckmann



