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Next Generation Data Management:
From LOFAR to the SKA
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Overview of LOFEAR
Science drivers and pipelines
_ Data flow and bottlenecks

Data products and access
Modern archives
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LLOFAR Antennas

High band tiles: 120 — 240 MHz
96 tiles/station, 4x4 antennas/tile

Next Generation Data Management Michael Wise

Low band antenna: 30 — 80 MHz
48/96 antennas per station

40 NL + 8 EU stations of dipoles
* Replace big dishes by many cheap dipoles
e No moving parts: electronic beam steering Technology for SKA Low

* Flexible digital beam forming

Innovations in Data-Intensive Astronomy May 5, 2011
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Phased Array Detectors

J
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Qutput

Electronic beam steering
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Phased Array Detectors
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Digital Beam-Forming

Dipole
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Digital Beam-Forming
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[LOFAR Data Flow

* Station level processing Amplification, digitization, filtering, beam-forming,
transient ram buffers (TBB)

e Central pI‘OCGSSil’lg Delay compensation, correlation, calibration,
science pipelines (BG/P, storage, offline cluster)

AR AOBRGE" BRI

e

LCU 1 LCU

CTU 1

i.[“/ﬁ < CTU?2
CTU 16

(]

Central processor —> 48 stations @ 10 Gbps/station

Innovations in Data-Intensive Astronomy May 5, 2011
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ASTRON

Central Processing

On-line Storage Off-line

"

4
D— — S— —
.

— { ‘l

* BG/P Data reception, transpose, correlation, beam-forming, de-dispersion, 45 TELOPS
* Storage system  Short term storage of data, ~2 PByte, ~100Gbps 1/O

e Oftline cluster Pipelines, data products, off-line analysis, ~20 TELOPS

Innovations in Data-Intensive Astronomy May 5, 2011
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Online Processing

| from station A to TBB
* e
( circular buffer J ( best-effort queue } )[ disk write) trigger |
N £ 1 f
[ sample delay ) [ integrate J . storage inv. FIR

A,_J /O node node T
7\ g inv. FFT
A 4

BG/P compute node A
[ transpose 1 J integrate

UHEP mode

N

imaging | | mode

T ,—>( inc. Stokes | transpose 2 J
correlate

FIR fllter N\
{ A z—>[ inc. Stokes IQUV
/-)( coh. Stokes | integrate)
>( coh. Stokes IQUV |

clock correctlon >

g { inv. FFT

( phase delay : T

? A ( chirp
( bandpass ]—‘—L>( superstation BF ]l—]—l)[ tied-array BF ]l—f—>[ FFT
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dedispersion

beam-forming modes
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Remote Operation

beamt I -
bes T
be:

am2
am3

20 M2 b2 b 1] 2
7]

612 b 1]
e ha T [Fed T
25

[i5% E3 E3 225 5%

[Guration [nour] | priorty | _mode _[ep_not_with_mode
109 121 133 145 157 169 18 0139 [corr_Poirting]
110 122 134 146 158 170 18 |corr_Poirting]
111 123 135 147 159 171 18 |corr_pointing]
112 124 136 148 160 172 18 |corr_Pointing|
113 125 137 149 161 173 18 [cort_Poirting|
114 126 138 150 162 174 18 |corr_Poirting]
115 127 133 151 163 175 18 |cort_Poirting
116 128 140 152 164 176 18
117 129 141 153 185 177 18
118 130 142 154 166 178 19
119 131 143 155 167 179 19
012 024 03 048 080 072 120 132 144 156 188 130 19 0133 jcorr_Pointing|
<

g rocessig pover
arson 3
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Some numbers

e 2688 dipoles (LBA), 200 MHz sampling, 2 polarizations, 12 bit digitization
= 13 Thits/s ~ 1.6 TB/s ~ 138 PB/day

* 48 stations, 48 MHz total bandwidth, 8 independent beams (up to 100s)

* 1128 baselines, 242 sub-bands, 256 channels, 4 polarizations, 1 sec
correlator dump-time = ~ 10 TB/hr ~ 240 TB/day ~ 0.1 EB/yr

Storage limits give a ~I week processing window

Innovations in Data-Intensive Astronomy May 5, 2011




LLOFAR Science Drivers

Key Science Projects

Epoch of Reionization
Transients and Pulsars
High Energy Cosmic Rays
Surveys and the Distant Universe
Cosmic Magnetism

Solar Physics and Space Weather

=> International membership from countries all over world

Contribute development and commissioning resources



The LOFAR Epoch of Reionization
Key Science Project

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.
N\
In
2% o % ’, .‘r'
g |
e .
I = < | "
" e N 4
. Y e ‘ ‘1‘,'
- ~ . o2 3 St § . . -
Fluctu — S 4. ! & .
\
1st Stars
about 400 million yrs.
|‘ Big Bang Expansion ’l

13.7 billion years

Goal: Tracing the EoR in HI and possibly the late stages of the Dark Ages
=> 1.5 Pbytes and 10%!-1022 FLOP to extract signal!



All-sky Surveys
with LOFAR

50+ supernova remnants,
100°s of clusters z< 0.6,
Protoclusters at z~2,
Many z>2 radio galaxies,
Halos, relics, etc...
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S CienC C Plp eline S Transient Detection

Archive database

Incomin, i
[ ] LOFAR Standard imageg Input Manager {Python engine Merge catalogues
Imaging Pipeline cube (IPython controller) ‘Sourcs finding Moasure
andard imaging

Long-term
storage

Image cube
completion
notifcation

Lightcurve
storage

External Response Manager 1Python engine
trigger (IPython controller)
Event analysis F;-' Construct

response

Pipeline framework

Trigger TBB HDF5
algorithm writer

- " External
esponse Manager VOEvent
— (IPython controller) Trigger
BF Data
File

Dynamic Flare Detected
Spectra Detection Flare
Writer Module Trigger

Incoming
BF Data Dynamic
Sream Spectrum
File

Station —
Data Long-term
storage
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Standard Imaging Pipeline

Temp
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Standard Imaging Pipeline
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Next Generation Data Management

I.ocal RFI Environment

Power (dB)

| I 1
40 50 60
Frequency (MHZz)

May 5, 2011
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Automated RFI Flagging
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Standard Imaging Pipeline
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Ionosphere Correction

Uncorrected Corrected

UV coverage

Alatitude [deg]

- : - - e

(courtesy H. Intema) . 0.2 0.0 0.2
Alongitude [deg]
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Standard Imaging Pipeline
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Standard Imaging Pipeline

Initial Calibration
LSM Parameters

K
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3C61.1
Wide-field imaging

HBA 115-185 MH7?
8(x2)+ 4 stations
S8 deg x 8 deg field

4 arcsec pixels

~5.18x107 pixels
10 arcsec PSF

10 Jy peak
1 mJy noise

(courtesy S. Yatawatta)

Innovations in Data-Intensive Astronomy May 5, 2011
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GSM and Source Finding

¢ Catalog Source
|

|

2 030 T4:82101 Association Cloud for xtrsrcid = 294
Q030

® Associated Sources
s Averaged Source
¢ Catalog Source

0.020}

s
¥
)
&

<
-

Dec

0.010}

0.01% 0.020 0.025
Right Ascension [degrees) +1.2252¢2

sociated Source:
Averaged Source

Catalog Source

(courtesy B. Scheers, N. Mohan, J. Swinbank)

Innovations in Data-Intensive Astronomy May 5, 2011
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Catalog Sizes and Data Volumes

Confusion Source Number of sources  Integration time  Total number
level density in beam to reach confusion of sources
all sky
MHz mJy arcmin 2 hour
(1) (2) (3) (4) (5) (6)
15 4.745 0.2 2.7e+05 48 1.3e+4-07
30 0.969 0.7 2.7e+05 38 5.4e+07
60 0.205 2.9 2.7e+05 585 2.2e+08
75 0.124 4.5 2.7e+05 991 3.4e+08
120 0.043 11.6 2.7e+05 23 8.6e+08
150 0.026 18.1 2.7e+05 55 1.3e4-09
200 0.014 32.2 2.7e+05 191 2.4e+09
240 0.009 46.3 2.7e+05 668 3.4e+09

v Number of pixels Amount of data Amount of data
continuum maps spectral data cubes at full polarization

MHz Gbyte Thbyte
1) ) 3) (4)
15 4.2e+08 1 27
30 1.7e+09 6 108
60 6.8e+-09 27 432
75 1.1e410 42 675
120 2.7e+10 1729
150 4.2e+10 2702
200 7.5e+10 4803
240 1.1e+411 6917

Innovations in Data-Intensive Astronomy May 5, 2011



The RXTE All-Sky Monitor Movie
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Radio Sky Monitor: Multiple station beams tile out a significant fraction of the sky
and detect transient sources on timescales down to 1 second

Multiple beams used to
. watch for new transients

R Single beam(s)
,,,,,,,,, monitor known
———— sources

Only data transport and processing power
prevent us monitoring the entire visible sky
continuously at full sensitivity and resolution!



Next Generation Data Management Michael Wise 34 AST({ON

Transient Detection Pipeline

Real-time Processing
Off-line & External Systems

Expansion on standard imaging mode

Requirement for near real-time performance

Detection, classification, and response

Generate and receive event triggers (internal and VOEvents)

Innovations in Data-Intensive Astronomy May 5, 2011
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images

= [T Transient Database Design

_ X tau int
2 dsid int band .
an int
R - ) frequencybands
g N tau_time double 22) trecBandid
stype tinyint @ fregbandid int
. freq_eff double 22) q
process_ts timestamp freq_low double (22) mlegratlon
freq_bw double 22)
dsinname  varchar (64) . freq_high double (22) ume
taustart_ts timestamp
dsoutname varchar (64) . A
beam_maj  double (22)

description varchar (100) i
beam_min  double (22)

beam_pa double (22)
url varchar (120)

catalogedsources

« catsrcid int

cat_id int
basesources extractedsources orig_catsrcid  int

xtrsrc_id i o xtrsrcid i catsrcname varchar (120)
ds_id i image_id tau int
image_id i zone i band int
zone int ra double (22) freq_eff double (22)
ra double (22) decl double (22) Zzone int
decl double (22) ra_err double (22) fid double (22)
ra_err double (22) decl_err double (22) decl double (22)
decl_err double (22) x double (22) ra_err double (22)
X double (22) y double (22) decl_err double (22)
y double (22) Z double (22) X double (22)
z double (22) margin BIT y double (22)
margin BIT det_sigma double (22) Z double (22)
beam_semimaj double (22) major double (22) margin BIT
beam_semimin double (22) minor double (22) det_sigma double (22)
beam_pa double (22) pa double (22) src_type varchar (1)
datapoints int major_err  double (22) fit_probl varchar (2)
I_peak_sum double (22) minor_err  double (22) ell_a double (22)
|_peak_sq_sum double (22) pa_err double (22) ell_b double (22)
weight_peak_sum double (22) I_peak double (22) PA double (22)
weight_|_peak_sum double (22) I_peak_err double (22) PA_err double (22) : : ; 102
weight_l_peak_sq_sum double 22) Q_peak double (22) major double (22) MonetDB : : : : :
Q peak_err double 22) major_err double (22) H ' : : : 1
U_peak double (22) minor double 22) : : : : : 10
U_peak_err double (22) minor_err double (22) : : : ‘
V_peak double 22) |_peak_avg double 22) 100
V_peak_err double (22) |_peak_avg_err double (22) : : . : ! : : :
ILint double (22) IEReatcmint = idoublel@2) : ; :
xtrsre_id int lint-err double (22) I_peak_min_err double (22) ) > ey Al ! 101
assoc_xtrsrc_id int Qint double 22) |_peak_max double 22) b - g
) Q_int_err double (22) I_peak_max_err double (22) - 0-2 ] I I I 0-2 ] ] ]
assoc_distance_arcsec double (22) Ut double 22) I_int_avg double (22) 0 1006 0 200 400 600 800 1006 200 400 600 800 1000
assoc_Ir_method int Ulfteerr double 22) I_int_avg_err double (22) 102 102
assoc_r double (22) Vint double 22) I_int_min double (22) ! ! ! ! T : i T
assoc_Ir double (22) Viinteerr double 22) I_int_min_err double (22) : : : : : :

I_int_max double (22) 101 101

|_int_max_err double 22)

assocxtrsources

assoc_weight double (22)

frame varchar (20)

10°

assoccatsources

- ; : : ; -1
basesrc_id int A . suilAna. : 10

catsrc_id int catalogs : : : :
: A
assoc_distance_arcsec double (22) 5 - I

+ catid int

i j i 02 i i i i 02 i i i [1009)
200 400 600 800 1000° 0 200 400 600 800 1000° 0 200 400 600 800 1000
image nr image nr image nr

assoc_r double (22)
assoc_Ir double (22)

catname varchar (50)

fullname varchar (250)

(courtesy B. Scheers)

Innovations in Data-Intensive Astronomy May 5, 2011
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Transient Detection Pipeline

nghtCurve xtrsrC|d = 324

rho, LR, distance for dataset 1

Extr flux

Arithm. mean flux

Weight. avg. flux |

i il bl |
I ; AR
‘; |I il & |1
| ] |
Il

(17 i ‘iw‘u ‘-i‘l‘jl e N ;Iil:
I!‘ | m! |" \| 1 M ' 'm! II |||
WI ] )

Integrated Flux [Jy]

LightCurve xtrsrcid = 28

Extr.‘flux
Weight. avg. flux
Arithm mean qux

Integrated Flux [Jy]
o o o =
_ o ) =)

o
[N

Time since burst [days]

(courtesy B. Scheers)

Innovations in Data-Intensive Astronomy

dimensionless radius p

Sample extracted lightcurves

Push computations to the DB!

May 5, 2011



Pulsar Surveys with LOFAR
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Known Pulsar Pipeline

BF Deta Offline Storage

Writer
(offline) Nodes

Stokes
Calibration

Offline Storage
Nodes

(courtesy A. Alexov)

Innovations in Data-Intensive Astronomy May 5, 2011
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100+ Pulsars Detected with LOFAR
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Innovations in Data-Intensive Astronomy
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Beam-formed Data Rates

FoV | Res. | Sens.
(sq.deqg.) | (deg.) (norm.)

Mode  |Description| Data Rate

Stations added without |
Incoherent 2-250 GB/hr 12.5 6.0

) : proper phase
(par. imaging) correction.

. Stati
Tied-array | poperymnphase. | UP 10 23TB/Ar

. For projects with high
Slngle time, but lower

sensitivity

_ 2-250 GB/hr
Stat|0n requirements.

Superstation | “eniviyanarov. | Up 0 23TB/hr

F|y,S Eye Maximize total FoV for Up to 8TB/hr

bright transient survey.

Innovations in Data-Intensive Astronomy ~—— 0 o 0000000000000 May), 2011
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LOFAR dota formt 1CD: [.LOFAR Data Formats

TBB Time-series data

Revision 1.2

Lars Bihren, Anc :uu,,utm.>n,.~ ers Sk)} Cubes
. BF Data Products

13 e LOFAR Beam-Formed Data Format ICD

2 Chm‘do. ° °
21 Versy J.S. Masters, J.W.T, Hessels, B.\V. Stappers, A. Alexov
3 Organizat) Revaion 1.2 lme e rl eS

31 Regu
32 Mot
321

o i Near-field Cubes

333

34 Oper

Dynamic Spectra
LOFAR Sky mage RM Cubes

Document 1D; LOFAR-USGICD 004

LOFAR Data Format ICD:

Revaion 0.6

K. Anderson, L. Bahren, S. Duscha, C. Law, J. Masters

Jely 19, 2080

Contents

Change recoed
1. Introdection
11 Purpose an ope
ootext and Motiveton
2. Overview

3. Organization of the data
31 High level LOFAR Sky lmage e structure

4. Detaded Data Specification

Innovations in Data-Intensive Astronomy May 5, 2011
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LOFAR HDF5 Sky Cubes

LOFAR SKY IMAGE
RooT

HEADER

IMAGE OO1 IMAGE 002 MORE IMAGE AVERAGE
SYSLOG
(SUB BAND 1) (SUB BAND 2) GROUPS... IMAGES

COORDINATES* SOURCE PROCESS (courtesy K. Anderson)

HISTORY

DIRECTION LINEAR TABULAR STOKES

Innovations in Data-Intensive Astronomy May 5, 2011
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[LOFAR HDF5 Beam-tformed

LOFAR BEAM-FORMED
ROOT GROUP

HEADER

II---T----I

Data

SYSTEM-WIDE
LOGS
GROUP

SUB-ARRAY
POINTING O
GROUP

MORE BEAM
GROUPS...

HISTORY
GROUP

PROCESSING

SUB-ARRAY
POINTING 1
GROUP

MORE
SUB-ARRAY
POINTING
GROUPS...

PROCESSING
HISTORY
GROUP

COORDINATES
GROUP

STOKES_O

GROUP

PROCESSING
HISTORY
GROUP

MORE BEAM
GROUPS...

!

LINEAR-COORD TABULAR-COORD
GROUP GROUP
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Data Packaging Options:

1) One Table per Subband (1d) [Shown here]
2) One Table for all Subbands (Nd)

3) 1 Array per Subband (1d)

4) 1 Array for all Subbands (Nd)

(courtesy A. Alexov)
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cwwadlk Tieaoodae
L - r‘-‘" * ‘\!_ * . -. . “

Visualization Tools

Do ccoeaddk ORaa@dad. d (e ) p |

)J-;ﬁg*,f.(\h‘ﬁ - " ‘I.

(courtesy J. Masters & K. Anderson)
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[LOFAR Archive Estimates

" Archived B To Be Processed

ot 4 |
2007 2008
2009 3010 oot
2012
2013

Estimated growth rate ~ 2.5 Pb/yr
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LOFAR Central Processing

l

h . h ;
Offline Pipeline LTA
Processing manager Catalog

- ;

Ingest

Offline
storage
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LOFAR Archive Topology

Tier 0 Tier 1
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system LTA
Y ‘ | Catalog
Ingest |
SARA BigGrid
I
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|
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|
|
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Target 4—'—’

\.b______,__,,./
Archive

Staging
systems
TRRAE e

RUG Millipede l

Julich JUGENE
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Current Archive Capacity

NIKHEF (BigGrid) 2200

Julich (JUROPA) 17500
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Summary

.

Hardwat'e roll-out complete early 2012

Sc1ence‘ plpellnes under contlltulng development

| Heavy.commlsetontng throtlghout 2011-2012

. Dete veluihe ;md manztgenieﬁ't is already an issye
Data ntaltagerrteltt effects processmg strategles

: ,Re(iulres trade offs between quallty and efﬁaency
Re.al..tl.‘.me sclenee drivers requlre. high .performahce |
Pibelines' produce a 200 of léfée aﬁd complex datasets
3 Data _menagement. will dlf'itfe archive content |

Archives must become processing centers
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