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Why are we in this Þx?
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What we know about Þtting algorithms is 
goodness&of&Þt surface quality š  robustness

¥Excellent instantaneous point spread function

¥Data&rich observations & computation



Realtime software team

S. Doeleman, J. Kasper, D. Mitchel l, 
M. M orales, R. Sault, R. Wayth

R. Cappallo, L. Greenhill, C. Lonsdale, 
M. Tegmark, M. Zaldarriaga

Core:



Laying down the math

m(v) = B (v , u!)F(u!, ! !)A (! ! , ! )I (! ) + n(v )

Observation:
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Data analysis

m(v) = B (v , u!)F(u!, ! !)A (! ! , ! )I (! ) + n(v )

Observation:

Î (! ) =
!
OT N ! 1O

" ! 1
A T (! , ! ")FT (! ", u")B T (u", v )
# $% &

O T

N ! 1m (v )

Data reduction, v!:

measure&
ment

noise covariance
matrix 

inversion/deconvolution

integration
point



Ionospheric correction
A (! !, ! ) = " D [! ! ! ! ! " ! (! , t)]

A (u!, u) =
!

d2! ei (u " u ! )á! + i u á" ! ( ! ,t )

A (u!, u) !
!

d2! !ei (u" u
′)á! ′

(1 + iu á" ! (! ! , t) + ááá)

! (2! )2" D [u " u!] + iu á
!

d2#ei (u " u ! )á! "#(#, t)

A (u!, u) = ! D [u ! u!] + i
!

m

am u! D [u ! u! ! bm ] + cross terms

öI (! ) =
!
OT N ! 1O

" ! 1
A T (u, u")B T (u", v )
# $% &

O T

N ! 1m(v )

Data reduction, v#:
(Zaldarriaga & Morales; Morales et al.)
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Instrumental calibration

Instrument:

Gain from one 
antenna to rest of 
array, simultaneously 
for all antennas & 
!$$ sources



Ionospheric calibration

Up to !'$$ sourc es with known location, 
Þt every " seconds !  rubber sheet

(Doeleman, Ting)
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in direction of 100 

calibrators

Ionospheric 
Calibration

ASM v1

Instrumental 
Calibration

Faraday 
Rotation

1
2

5
 M

v
is

/s

16 GB/s – 2 Gvis 
every 1/2 sec.

Beam towards 200 
calibrators 1 pol. 
(outside primary 

FOV)

0
.4

2
5

 G
B

/s
~

0
.8

5
 G

v
is

/s

Bin to primary 
beam FOV & 32 
kHz channels
(1.8 G u,v,f,p 

cells, )

B T (u!, v )

x

EOR integrates 
to 10 min. and 

adds to 
database

Survey
!

t ime

x

Pure u,v data ß ow

Solar Imaging, 2¡ FOV , 32 
kHz every 8 sec.

FT (! ! , u!)

x A T (u, u!) FT (! , u)
1 mi n!

t ime

FT (! , u)
1 M Hz!

fr equency

m(v )

EOR & Survey =
!

t ime

FR = FT (! , u)
1 mi n.!

t ime

ASM = FT (! , u)
1 MH z!

fr eq.

"
##########$

##########%

A T (u, u!)B T (u!, v )m(v )



Pure image pattern
Integrate 

Visibilities to 2-8 
sec. in baseline 

rings & sum to 32 
kHz (2 Gvis)

Bin small subset of 
baselines at full 

freq. & time 
resolution to 2¡ 

FOV (100 M u,v,f,p 
cells)

50 MB/s

Sort into per 
antenna sets [500] 
& beamform each 
in direction of 100 

calibrators

Ionospheric 
Calibration

ASM v1

Instrumental 
Calibration

Faraday 
Rotation

Solar Imaging, 2¡ FOV , 32 
kHz every 8 sec.

12
5 

M
vi

s/
s

Postage 
stamps towards 

calibrators

16 GB/s Ð 2 Gvis 
every 1/2 sec.

Bin to primary 
beam FOV & 32 
kHz channels
(1.8 G u,v,f,p 

cells)

Beam towards 100 
calibrators 1 pol. 
(outside primary 

FOV) 

m(v )

0.425 GB/s
~0.85 Gvis/s

B T (u!, v )

x

A T (! , ! ! )

EOR integrates 
to 10 min. and 

adds to 
database

Survey
!

t ime

x

x

Instrumental Calibration, at least 8 sec. old

Pure image data ß ow

FT (! !, u!)

Full FFT at 32 kHz, 8 
sec cadence   (4 

pol., )

FT (! ! , u!)

Alternate data stream for u,v based EOR processing



Pure image pattern
Integrate 

Visibilities to 2-8 
sec. in baseline 

rings & sum to 32 
kHz (2 Gvis)

Bin small subset of 
baselines at full 

freq. & time 
resolution to 2¡ 

FOV (100 M u,v,f,p 
cells)

50 MB/s

Sort into per 
antenna sets [500] 
& beamform each 
in direction of 100 

calibrators

Ionospheric 
Calibration

ASM v1

Instrumental 
Calibration

Faraday 
Rotation

Solar Imaging, 2¡ FOV , 32 
kHz every 8 sec.

12
5 

M
vi

s/
s

Postage 
stamps towards 

calibrators

16 GB/s Ð 2 Gvis 
every 1/2 sec.

Bin to primary 
beam FOV & 32 
kHz channels
(1.8 G u,v,f,p 

cells)

Beam towards 100 
calibrators 1 pol. 
(outside primary 

FOV) 

m(v )

0.425 GB/s
~0.85 Gvis/s

B T (u!, v )

x

A T (! , ! ! )

EOR integrates 
to 10 min. and 

adds to 
database

Survey
!

t ime

x

x

Instrumental Calibration, at least 8 sec. old

Pure image data ß ow

FT (! !, u!)

Full FFT at 32 kHz, 8 
sec cadence   (4 

pol., )

FT (! ! , u!)

Alternate data stream for u,v based EOR processing

EOR/ Surv. =
!

t ime

ASM & FR =

"
#

$
A T (! , ! !)

Ion. =

"
%%%#

%%%$

FT (! ! , u!)B T (u!, v )m(v )



Hybrid pattern
Integrate 

Visibilities to 2-8 
sec. in baseline 

rings & sum to 32 
kHz (2 Gvis)

Bin small subset of 
baselines at full 

freq. & time 
resolution to 2¡ 

FOV (100 M u,v,f,p 
cells)

125 Mvis/s  0.5 GB/s

50 MB/s

Sort into per 
antenna sets [500] 
& beamform each 
in direction of 100 

calibrators

Ionospheric 
Calibration

ASM v1

Instrumental 
Calibration

Faraday 
Rotation

12
5 

M
vi

s/
s

sum to 1 Mhz, FFT  
(4 pol.)

Postage 
stamps towards 

calibrators

16 GB/s Ð 2 Gvis 
every 1/2 sec.

Bin to primary 
beam FOV & 32 
kHz channels
(1.8 G u,v,f,p 

cells, )

Beam towards 100 
calibrators 1 pol. 
(outside primary 

FOV)

m(v)

0.425 GB/s
~0.85 Gvis/s

B T (u ′, v )

x

FT (! ! , u!)
1 mH z!

f

A T (! , ! ! )

A T (u, u!)

EOR integrates 
to 10 min. and 

adds to 
database

Survey
!

t ime

FT (! , u)
1 mi n!

t ime

x

x

Instrumental Calibration, at least 8 sec. old

Hybrid data ß ow

Solar Imaging, 2¡ FOV , 32 
kHz every 8 sec.

FT (! ! , u!)



Hybrid pattern
Integrate 

Visibilities to 2-8 
sec. in baseline 

rings & sum to 32 
kHz (2 Gvis)

Bin small subset of 
baselines at full 

freq. & time 
resolution to 2¡ 

FOV (100 M u,v,f,p 
cells)

125 Mvis/s  0.5 GB/s

50 MB/s

Sort into per 
antenna sets [500] 
& beamform each 
in direction of 100 

calibrators

Ionospheric 
Calibration

ASM v1

Instrumental 
Calibration

Faraday 
Rotation

12
5 

M
vi

s/
s

sum to 1 Mhz, FFT  
(4 pol.)

Postage 
stamps towards 

calibrators

16 GB/s Ð 2 Gvis 
every 1/2 sec.

Bin to primary 
beam FOV & 32 
kHz channels
(1.8 G u,v,f,p 

cells, )

Beam towards 100 
calibrators 1 pol. 
(outside primary 

FOV)

m(v)

0.425 GB/s
~0.85 Gvis/s

B T (u ′, v )

x

FT (! ! , u!)
1 mH z!

f

A T (! , ! ! )

A T (u, u!)

EOR integrates 
to 10 min. and 

adds to 
database

Survey
!

t ime

FT (! , u)
1 mi n!

t ime

x

x

Instrumental Calibration, at least 8 sec. old

Hybrid data ß ow

Solar Imaging, 2¡ FOV , 32 
kHz every 8 sec.

FT (! ! , u!)

EOR & Surv. =
!

t ime

FR = FT (! , u)
!

t ime

"
##$

##%
A T (u, u!)

ASM = A T (! , ! !)

Ion. =

&

FT (! ! , u!)
!

fr eq.

"
########$

########%

B T (u!, v )m(v )



Pros & Cons

¥Al l computationally feasible (?)

¥Hybrid and u,v versions have similar cost, image 
~*x larger

¥Tradeo+ between ionospheric calibration quality 
& using current instrumental calibration

¥Easier to subtract bright sources in u,v pattern

¥Should consider double&gridding, best of both 
worlds with modest additional computational cost



Way forward?

Make the system modular:

¥Gridding w/ instrumental calibration

¥Fourier Transforms

¥Ionospheric correction (both)

¥Source position Þnding for ionospheric cal.

¥Beaming for instrumental cal.

¥Calibration solution algorithmsÉ

FT (! , u)
1 mi n!

t ime

A T (u, u!) A T (! , ! ! )

B T (u!, v )



Goals by the end of Jan.

¥DeÞne RTS software module interfaces

¥Draft data structures/objects

¥Understand

¥Target RTS pattern?

A T (u, u!) A T (! , ! !)


