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Introduction
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- Even voorstellen...

- Wetenschap & Techniek, Sterrenkunde & Informatica

- NWO funded project SCARIe
- EC funded project EXPReS::FABRIC

- |It’s about e-VLBI and “distributed correlation”
- Introduction to radio-interferometry
- Explaining Very Long Baseline Interferometry
- Show how it is limited by bandwidth

- Progress in eVLBI
- And introduce distributed correlation on the Grid

- Astronomical applications
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Interferometer measures Fourier
components of the sky brightness

- Can be done as electronics can be used in
phase stable manner

- Requires common clock

- Calibrated cables

- And central correlator
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Principle of VLBI

- Record same frequency band
simultaneously at N telescopes 3

- Use best possible local clocks
and frequency standard

- Sample and digitize and record
(on magnetic medium)

- Find all /2aN(N-1) correlation
coefficients at correlator

- Compute image of the sky

correlator
4 o

maser clock
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Results in extraordinary high resolution (for bright objects)

Milliarcsec

High enough to see things move at cosmological distance...




VLBI in practice
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- EVN observes with 6 - 10
telescopes

- Global observations with 16 -
20 telescopes

- Three session per year
- Session of 250 - 350 hour
- Correlation requires close
quality control

- For example calibration of
clocks better than 0.1us

- Correlation based on geodetic
model

- Time granted on
scientific merit

- Investigator receives output
data

- And support for processing
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Astronomy: always pushing for sensitivity

radio sources in
the Hubble deep
field require
several days of
integration
(Garrett et al.,
2000)




New telescopes being built
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40m antenna at Yebes, Spain
Radio and mm frequencies

Sardinia Radio Telescope
64m; radio to millimeter
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tape recorders.

-Nowadays disk recording

- Tapes: Technology of the 80s
- 6 km tape length, 32 tracks, 16
positions
- Total capacity: = 1 TB
- 1.5 hour recording at highest bandwidth

- Expensive and vulnerable
- Operates at 1073 to 107 error rate

- Uses parallel recording like hard dig
recorder for video

- More reliable, better data quality
- More efficient to use

- Direct access compared to tape
- Unattended operations

- Capacity grows with commercial
demand

- Step to larger bandwidth




e-VLBI is connected

10Gb Ethernet 10 Gbps 0.5 sec / CD-ROM 10 km

Typical VLBI uses 64 MHz ALMA Backplne
bandW|dth |n 2 pOIS THEA-HSL

High Speed Link

Nyquist sampling: 2 x 2 x 64 |-

IEEE1394b-800

MHz = 256 M samples/s SR st

Fast Ethernet

- Fortunately these noisy signals can |wmer
do with 2 bit representation we
Thus 512 Mbit/s oocss
- Which is hard enough through 1 Sevie Tt
Gb/s ethernet Somrie i
Satellite Broadband

ARC 2000+
Internet via Sateliet

3.125Gbps  l.6sec/CD-ROM 10 cm

1.2 Gbps 4.0 sec / CD-ROM 400 meter

800 Mbps 6.3 sec/CD-ROM 4.5 meter

480 Mbps 10 sec /CD-ROM 10 meter

100 MbpS 52 sec / CD—-ROM 100 meter

54 Mbps 1.6 min / CD-ROM 35 meter

30 Mbps * 2.8 min / CD-ROM

8 Mbps * 11 min/ CD-ROM

2 Mbps * 43 min / CD-ROM

GPRS

Need to Sustain across Global Packet Radio Service

Internet via GEM

Europe or the world

Digital Netwerk

- often the “last mile” is the Modem (V92)
bottl enec k MOdulator DEModulator

- Needs real digging...

171.2kbps 8.6 uur / CD-ROM

128 kbps 11.2 wur / CD-ROM

56 Kkbps 1 dag / CD-ROM

1 bEs =1 bit per seconde

1kbps=1 bl](Js

1 Mbps = 1000 kbps

1 Gbps = 1000 Mbps

1 CD-ROM = 650 MB = 5200 Mbit

* Downlink
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Routes across GEANT
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Academic networks

Across Europe: Dante
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SARA

| SNET-LAN
Access to TR
NetherLight

Cisco15252
DWDM

Access to SURFnet5
(ar5.amsterdam1)

Amgterdam’

Into local Gb Ethernet

FEDU e

GX / ASTRON / JIVE
" '1sDN 1SDN
Cisco1721 Cisc02620
0 Mrg
25 232
ODF 222 ODF ODF GhE
! ProjecteVLBI
52
Cisco15216 Cisco15252
EDFA (2x) DWDM
Enmeloordl \\ Dwingelool //
S

MKkbH real-time correlation

JLVU




Lot of tweaking to get throughput
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- Use existing protocols on

currently available hardware

- TCP maximal reliability
- Sensitive to congestion
- Lot of fine-tuning necessary

- UDP connectionless
- Faster but un-accountable

- Tailor made protocols
- Or Lambda switching or
dedicated light paths

- Internet weather

- Hard to control
.- Collaboration with Geant
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First broadband eVLBI science, detection of the
Hypernova SN2001em, Paragi et al, astro-ph/0505468



Now an operational system
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Offered for astronomical use 1 day / month

Using telescopes in the UK, Poland, Sweden, Netherlands, Italy
At 256 Mb/s, sometimes reaching 512 Mb/s

Aimed at time critical observations

For example flaring stars

Will be the standard in 2009

Ao, Kot R Astroe Sce. 000, L-TY (2006}
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First e-VLBI observations of Cygnus X-3

V. Tudose,'"** R.P. Fender,™ M.A. Garrett,” J.C.A. Miller-Jones,! Z. Paragi,*
R.E. Spencer,” G i

2. The Nethrelands

Aeceptied XXNXNX. Reovdvnd 00K in o

ABSTRACT
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Man, Kot B, Astron, Soc, 000, 1-1 (2006} Printed 15 September 2006 (MY X style file v2.2)

First e-VLBI observations of GRS19154+105

A. Rushton,** R. E. Spencer,' M. Stron
R. Fender,®! M. GarrcLL,2 J. Miller-Jor
A. Szomoru? and V. Tudose!®

L R. M. Campbell,? 8. Casey,*
1 G. Pooley,” C. Reynolds,*

ey ester, Jodrell Bunk Observatory, Cheshire SK 11 90A
S dvint institute for Vi n Kurope, .fmu'ma 2, T A A Dwingcloo, The Netherlands
ISchool of Physics and A [r; of Southamplon, Highlicld, SOI7 1B Southamplon, UK
4 Anron Panincko: I i fn.ﬂuu.!t. i Ly of ¢ Kruistaan {05, 1095 51 Amsicrdun, The Netherlunds
3 Univerzily of Cambridge, Multar Radio Astronomy Observatory, 1. J. Thomson Avenus, CRS OHE Cambridge, U
¥ Astronomicad fnstitule of the Romamian Academy, Culilul de Argnd 5 RO-0{0557 Hucharest, Komania

Arcepled XXXN XXX XX, Hecelved XXXX XXX XX inor al form XXXX XX XX

ABSTRACT

We present vesults from the first successful open call ¢-VLBI run on the Xeray binary
GIS1915+ 105, o-VLBI scienee makes possibl rapid production of VLBI vadio
maps within hours of an observation rather than weeks, facilitating a decision for
G telescopes observing at 5 GHz across the Evvopean VLEI
Network (EVN) + orrelated at Joint institute for VLBI in Europe (JIVE) in real
time, Data rates of 128 Mbit 5" were transferred from each telescope, giving 4 TB
of vaw sampled data over the 12 hours of the whole experiment. Throoghout this,
GRS1915+105 was observed for a total of 3.5 hours, producing 2.8 GB of recorded
visibilities ol correlated data. A weak Dare ocourced during our observalions, and we
detected a slightly resolved single component of 2.7 by 1.2
al a position angle of 140° &+ 2°, The peak b
toral integrated radio flux of 11.1 mJy.

Key words: 157 s and ontflows - Xeray binanics: individual (GR51915+105).




What’s next? The correlator...

- Receives the data inputs (on Internet?)
- Decodes the time stamps and aligns the data

- Correlator calculates ¥2N(N-1) baseline outputs
- after compensating for the geometry of array
- Integrates output signhal to something relatively slow
- and samples with delay/frequency resolution

£0/2/90 qiny



EVN MkIV data processor at JIVE . -

Implements this in custom silicon

- 16 stations input from tapes
- now hard-disks and fibres

Input data is 1 Gb/s max

- 1 or 2 bit sampled
- up to 16 sub-bands
- format includes time codes

“Super computer” 1024 chips
- 256 complex correlations each
- at 32 MHz clock

- Around 100 T-operations/sec
- 2 bit only!
- Depends a bit how you do it

Should next correlator also use special hardware?

£0/2/90 qiny



Next generation... ; — ;

-Can be implemented on
standard computing?
- Time critical, keep up with
input
- example: LOFAR on BlueGene

- Higher precision and new
applications

- Better sensitivity, interference
mitigation, spacecraft
havigation

- Can CPU cycles be found
on the Grid?

- From 16 antenna @ 1Gb/s
(eVLBI) Rado aspe 2
- And growing...
- To 1000s at 100 Gb/s (SKA)
- Pilot projects FABRIC & SCARIle

- Connectivity, workflow
- Real-time resource allocation

iband interconnect _

£

nfi

Cluster of server:

aF
o o
=1
I I
| |
s
_ __ general purpose nodes . _ _ _ - (- —
Infiniband interconnect - -

N LOFAR central processor

FABRIC eVLBI

SKA inner core (5km)

£0/2/90 qiny



Tflops, Pflops...

- 2 bit operations =
floating point

- Results in enormous
computing tasks

- Very few operations / bit

- Some could be
associated with telescope

typical VLBI problems

1 | . 1 1 1 1
0 500 1000 1300 2000 2500 3000 3300 4000

1 1 1 | 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000

0 100 200 300 400 500 600

N N data-rate N
description telescopes subbands [Mb/s] spect/prod Tflops
1 Gb/s full array 16 16 1024 16 83.89
typical eVLBI continuum 8 8 128 16 2.62
typical spectral line 10 2 16 512 16.38
FABRIC demo 4 2 16 32 0.16
future VLBI 32 32 4096 256 21474.84

SKA not even in here...

£0/2/90 qiny

Rough estimate based on XF correlation



Basic idea

-Use the Grid for correlation
- CPU cycles on compute nodes
Radio telescope 1 - The Net could be crossbar switch?

Radio telescope N

Application

sarver Application

server

Application| ==F=

server |=VF8—=

Application
server

Application

=ver |« Correlation will be asynchronous
-Based on floating point arithmetic

Radio telescope 2 - Portable code, standard environment

£0/2/90 qiny
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Software correlation

- Builds on previous
experience at JIVE

Aifier Phase Trazki

- regular and automated network
performance tests
- Using Japanese software correlator
from NICT
- Huygens extreme narrow band
correlation

- Home grown superFX with sub-Hz
resolution
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Workflow Management

- Must interact with normal VLBI schedules

- Divide data, route to compute nodes, setup correlation
- Dynamic resource allocation, keep up with incoming data!

m Scenario Submission Application - [Sample VLBI Experiment]

File Edit Scenario ‘iew Help

e | Q| 4 B|& & &

5 |

‘qeT [enMIA J13Yl UO paseq ‘Ueuzod Wod) 110443

2= Resource Info

Resource type

o1 YLBI experiment. jgx

Radiotelescope Experiment

Resource name

RT4

Resource description

RT4 Torun Radictelescope - 32 meters

Initial node

£0/2/90 qiny

I 13:24:54  GMT+0100 L} .

17 March, 2006



Distributed correlation - -
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Deploy algorithm on standard computing

- Using the interfaces for Grid computing

- Interesting issues with quality of service and load balancing
Pilot project in Dutch contact using StarPlane

» Cluster computers with ultra high connectivity

- Stream data from disk pool in Dwingeloo
Or real-time processing in European context

- EC funded project with international partners
- Requires guaranteed access to a number of European Grid nodes

Scientific application of pilot demonstator
- “Gated” correlation for pulsars
- Space craft navigation of extremely narrow signals
- Continuous available high precision VLBI
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Direct stellar distances through
parallax measurement

Extremely small
wobble on top of
stellar proper
motion




OH masers around Mira star- o 3

£0/2/90 qiny

- Old star surrounded by envelope
of gas and dust

- Such that MASER emission

OCCurs
- Bright image of the star
- At = 200 pc 100
-Parallax TT = 5 mas 24 May- 1997
‘R« = 2AE = 10 mas =g

*R¢pe= 2000 AE = 10.000 mas
V. = 50 km/s = 50 mas/yr

- Resolutie VLBI
-Image 10 mas _=Q

- Relative accuracy 1 - 5 mas

- Absolute accuracy +1-2 mas -1 EE

- Where mas = milliarcsecond

- =1/1000x 1/3600 degree e 5p1i|_|_]:r_-:aﬁ|: -EEEE'E_ Hee




UHer V_=-20.8 km/s

I e VLBl images of the bright

2 L-Jul: 1994 | D6 l\-'la 1995

| OH maser in the variable
I' | | star U Herculis

Proper motion of star
through Galaxy is
clearly detected

10-Oqr-1997 Ng 20-Taan-2000

29-Oct- 1997




As is its parallax o -

12 observations in 8yr

Measured with respect
to distant and fixed
guasars oo 1994 1095 1096 1997 1098 1999 2000 2001 2002 2007

Requiresalotof _I|III|III|III|III|III|III|III|III|III|l

special techniques | =P
lonospheric conditions g 2
unst_able during solar 0 -
maximum 2 a0

g

Will be much better
and more routine when 50
done with e-VLBI and
software correlator

—50

Ao [mas]
L
T | I'TTT | | AR | I'TT

I I I I | I I
49500 L0000 L0500 51000 51500 52000 52300
Modified Julian Date

Mpi = 3-61 1.04 mas, MWypi = -14.94 0.38, -9.17 + 0.42 mas/yr
Mhyjp = 1.64 + 1.31 mas, Wy, = -16.-84 0.82, -9.83 = 0.92 mas/yr

-+
-+

-+
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