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Radio	
  telescope	
  imaging
Spa=al	
  coherence	
  of	
  electric	
  field	
  
(visibility)	
  is	
  Fourier	
  transform	
  of	
  sky	
  
brightness

Measure	
  for	
  many	
  values	
  of	
  the	
  Fourier	
  
components	
  u,v
Invert	
  Fourier	
  rela=onship	
  to	
  get	
  image	
  
of	
  sky	
  brightness
Typical	
  problems
• Incomplete	
  u,v,	
  sampling
• Calibra=on

VA 'B = EA 'EB
*

t

= e−2π jw I(l,m)e−2π j ul+vm( )dldm∫

A

B
A'

vu w
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Iterate	
  to	
  find	
  model	
  of	
  sky	
  that	
  fits	
  the	
  data

Mul=ple	
  transforms	
  between	
  data	
  and	
  image	
  space

Itera6ve	
  imaging

752 A.L. Varbanescu et al.

Fig. 2. A diagram of the typical deconvolution process in which a model is iterati-
vely refined by multiple passes. The shaded blocks (gridding and degridding) are both
performed by convolutional resampling.

of view), we use the W-projection algorithm [8], which computes one FFT for
each projection of the baseline b on Pw parallel planes (usually, betwen 10 and
30), and combines the results.

The practical process of building a sky image has two phases: imaging and
deconvolution. The imaging phase generates a dirty image directly from the
measured visibilities, using FFT. The deconvolution “cleans” the dirty image into
a sky model. Further, this sky model can be iteratively enhanced by repeating the
process using new measured visibilities. A snapshot of this process is presented in
Figure 2. Before any FFT operations, data has to be placed in a regularly spaced
grid. The operation used to interpolate the original visibility data to a regular
grid is called gridding. Degridding is the “reverse” operation, that projects the
regular grid points back to the original tracks; degridding is required when a
computed grid is used to refine an existing model.

2.3 Application Analysis

The visibility data is gathered at regular time intervals from each baseline in the
system. For a single sample, gridding and degridding are performed by convolu-
tion with a function designed to have good properties in the image domain. In
practice, all the convolution coefficients are pre-calculated and stored in a large
matrix, C, and the gridding of the V (u, v, w)t) visibilities into G, the 2g × 2g

regular grid is implemented by convolution with sub-blocks from C. Such a sub-
block, SKM , having M = m × m elements, is called a support kernel. Typical
values for M are between 15 × 15 and 129 × 129, depending on the required
accuracy level. Similarly, degridding uses the same support kernels to transform
the data from the regular grid back into the visibility domain, generating a new
set of V ′(u, v, w)t.

The essential application data structures are summarized in Table 2.3. Data is
collected from A antennas (i.e., B = A · (A + 1)/2 baselines); in one observation
session, each baseline is sampled at regular intervals, providing Nsamples for each
one of the chosen Nfreq frequency channels. For example, at a sampling rate of 1
sample/s, Nsamples = 28800 for an 8 hours observation; Nfreq can vary between
tens and thousands of channels.

The computation patterns for gridding and degridding are presented in Lis-
ting 1.1. Note that the effective computation is the same: one complex
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Gridding/degridding	
  visibility	
  data
For	
  FFT,	
  need	
  to	
  place	
  visibility	
  samples	
  on	
  a	
  grid
Moving	
  to	
  nearest	
  neighbour	
  causes	
  aliasing	
  in	
  image	
  plane
Use	
  prolate	
  spheroidal	
  wave	
  func=on	
  for	
  an=-­‐aliasing
Can	
  also	
  include	
  physical	
  effects	
  as	
  well

ASKAP snapshot Fourier plane coverage Zoom of track of one pair of antennas 
superimposed on Fourier plane grid
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Fresnel diffraction

A

B
A'

vu w

Wide	
  field	
  imaging
•Each	
  antenna	
  sees	
  radia.on	
  from	
  a	
  cone	
  of	
  direc.ons
•Each	
  ray	
  in	
  the	
  cone	
  requires	
  a	
  different	
  delay	
  correc.on

• For	
  small	
  field	
  of	
  view,	
  the	
  delay	
  correc.on	
  is	
  linear
• For	
  wide	
  field	
  of	
  view,	
  there	
  is	
  a	
  quadra.c	
  term

•Fresnel	
  propaga.on	
  from	
  AB	
  plane	
  to	
  A’B	
  plane

7

V (u,v,w) =

I(l,m)e
j2πw 1− l2 −m2 −1( )

1− l2 − m2

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥∫ e j2π ul+vm( )dldm

 

φw = 2πw 1− l2 − m2 −1( )
 πw l2 + m2( )  θ

2
FOV

θres
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w	
  versus	
  hour	
  angle	
  for	
  an	
  ASKAP	
  2km	
  
observa6on

8

Thursday, 27 September 12



9

RF =
θFOV
2

θres

SKA1_SURVEY	
  baseline	
  =	
  20km,	
  others	
  =	
  200km
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Quadra.c	
  phase	
  term	
  added	
  to	
  Fourier	
  Transform

Wide	
  field	
  imaging	
  algorithms

w projection snapshots

V (u,v,w) = I(l,m)e
j2πw 1− l2 −m2 −1( )

1− l2 − m2

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥∫ e j2π ul+vm( )dldm

w snapshots
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faceting
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•Conceptually	
  straighDorward
•Easy	
  to	
  code
•Facet	
  methods	
  are	
  equivalent	
  to	
  
represen.ng	
  phase	
  screen	
  by	
  
regular	
  grid	
  of	
  sinusoids

• Quite	
  poor	
  approxima=on!

•Asympto.c	
  limit	
  is	
  the	
  Direct	
  
Fourier	
  Sum

e
j2πw 1− l2 −m2 −1( ) ≈ e

j2πw 1− lk
2 −mk

2 −1⎛
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⎞
⎠⎟ ∏

l − lk
Δl

⎛
⎝⎜

⎞
⎠⎟
∏

m − mk

Δm
⎛
⎝⎜

⎞
⎠⎟k

∑
Image plane

Algorithm	
  1:	
  face6ng
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Algorithm	
  2:	
  w	
  projec6on

V (u,v,w) = I(l,m)e
j2πw 1− l2 −m2 −1( )

1− l2 − m2

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥∫ e j2π ul+vm( )dldm

G(u,v,w) = e
j2πw 1− l2 −m2 −1( )
1− l2 − m2

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥∫ e j2π ul+vm( )dldm

V (u,v,w) = G(u,v,w)⊗V (u,v,w = 0)
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Algorithm	
  2:	
  w	
  projec6on
1.Ini.alise	
  output	
  2D	
  grid	
  in	
  u,v	
  space
2.Project	
  visibility	
  sample	
  onto	
  the	
  grid	
  using	
  
the	
  appropriate	
  plane	
  of	
  the	
  w-­‐dependent	
  
convolu.on	
  func.on
3.Repeat	
  for	
  all	
  data
4.2D	
  FFT	
  to	
  obtain	
  output	
  image
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Single Fourier transform Faceted Fourier transforms W projection

Comparison	
  of	
  2D,	
  faceted,	
  w	
  projec6on	
  
algorithms

•Simula.on	
  of	
  VLA	
  74	
  MHz	
  long	
  integra.on
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Small	
  arrays	
  are	
  instantaneously	
  flat

•Rota.on	
  of	
  flat	
  uv	
  plane	
  
with	
  .me
•Star.ng	
  with	
  source	
  rising	
  
in	
  the	
  east
•Stopping	
  with	
  source	
  
seYng	
  in	
  the	
  west

15

Thursday, 27 September 12



16

Required Tangent Plane

eTP

eZenith Z

A

B

C

A’’ B’’ C’’

Plane of horizon

Tangent point

Zenith

Plan
e o

f a
rra

y

B’ C’A’ D’’

D

D’

Actual Tangent Plane

u

v

w
l

m

n

Thursday, 27 September 12



•Array	
  is	
  oZen	
  approximately	
  planar	
  and	
  rotates	
  slowly
•Since	
  u,v,w	
  sampled	
  is	
  planar	
  then	
  the	
  transform	
  is	
  
instantaneously	
  2D	
  with	
  a	
  coordinate	
  distor.on

Algorithm	
  3:	
  snapshots

w = au + bv

l ' = l + a 1− l2 − m2 −1( )
m ' = m + b 1− l2 − m2 −1( )
V (u,v,w) = I(l ',m ')

1− l '2− m '2
⎡

⎣
⎢

⎤

⎦
⎥∫ e j2π ul '+vm '( )dldm
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Algorithm	
  3:	
  snapshots

1.Ini.alise	
  output	
  2D	
  image
2.Fit	
  and	
  remove	
  best	
  plane	
  in	
  u,v,w	
  coordinates	
  and	
  remove
3.Grid	
  visibility	
  data	
  onto	
  this	
  2D	
  plane
4.Has	
  the	
  plane	
  rotated	
  too	
  much	
  in	
  u,v,w	
  space?
• Yes:	
  FFT	
  data,	
  correct	
  for	
  image	
  coordinate	
  distor.on	
  and	
  add	
  to	
  image
• Yes:	
  Fit	
  and	
  remove	
  plane	
  again

5.Repeat	
  for	
  all	
  data
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snapshots:	
  posi6on	
  and	
  width	
  errors
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Algorithm	
  4:	
  w	
  snapshots

1.Ini.alise	
  output	
  2D	
  image
2.Fit	
  and	
  remove	
  best	
  2D	
  plane	
  from	
  u,v,w	
  coordinates
3.W	
  project	
  visibility	
  data	
  onto	
  this	
  2D	
  plane
4.Has	
  the	
  2D	
  plane	
  rotated	
  too	
  much	
  in	
  u,v,w	
  space?
• Yes:	
  FFT	
  data,	
  correct	
  for	
  image	
  coordinate	
  distor.on	
  and	
  add	
  to	
  2D	
  image
• Yes:	
  Fit	
  and	
  remove	
  plane	
  again

5.Repeat	
  for	
  all	
  data
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w	
  snapshots:	
  posi6on	
  and	
  width	
  errors
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w projection snapshots

22

Tuning	
  of	
  w	
  snapshots
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Op6mal	
  tuning	
  of	
  w	
  snapshots

Scaling	
  with	
  number	
  of	
  visibili.es	
  and	
  number	
  of	
  pixels

Improvement	
  over	
  w	
  projec.on	
  and	
  snapshots

23

4.2 Processing time for snapshot imaging
Let the maximum and rms w baseline be wmax, wrms. When the rms baseline has moved wstep then the
plane must be transformed, reprojected, and accumulated. Let the range in hour angle be hobs radians. For
snapshot imaging to construct an image over an hour angle range hobs, the time scales directly as the number of
reprojections:

Tsnapshot ⇠ NvisµwprojR
2
aa + N2

pixelµreprojhobs
RFp
8�A

(27)

where Raa measures the size of the anti-aliasing filter in pixels (typically 7 - 9 per axis).

Empirically we find that on a typical desktop, the time to reproject an image of size 8192 by 8192 is about
200s so, scaling to a million pixels, we find that the cost of reprojecting a million pixels is µreproj ⇠ 3s.

The scaling with RF is only linear, compared to quadratic for w projection, but note that the required
accuracy �A is a factor.

4.3 Processing time for w snapshots
The calculation for the w projection part of the processing time depends on the rms w after applying the cuto↵
wstep. For the moment, we will assume that it is wstep. Then the time for w snapshots goes as:

Twsnapshots ⇠ N2
pixelµreprojhobs

✓
wrms

wstep

◆
+ NvisµwprojR

2
F

✓
wstep

wrms

◆2

(28)

Or if ⇢ = wstep/wrms:

Twsnapshots ⇠
N2

pixelµreprojhobs

⇢
+ NvisµwprojR

2
F ⇢2 (29)

The optimum value of ⇢ is:

⇢opt ⇠
 

N2
pixelµreprojhobs

2NvisµwprojR2
F

! 1
3

(30)

And for this value, the processing time is (ignoring terms O(1)):

Twsnapshots,opt ⇠
⇣�

N2
pixelµreprojhobs

�2
NvisµwprojR

2
F

⌘ 1
3

(31)

Thus w snapshots has substantially better scaling with RF than either w projection or snapshots. The
improvements in absolute performance are:

Twsnapshots,opt

Twprojection
⇠
 

N2
pixelµreprojhobs

NvisµwprojR2
F

! 2
3

(32)

Twsnapshots,opt

Tsnapshot
⇠
p

8�A

RF

 
NvisµwprojR2

F

N2
pixelµreprojhobs

! 1
3

(33)

We can illustrate these results by simulations. In figure 4, we show results from a simulated long observation
with the SKA1 AA LOW, for baselines up to 40000�. The total run time shown here is the sum of the times for
regridding images, degridding visibilities, and constructing the w projection convolution functions. The curves
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Scaling	
  with	
  Fresnel	
  number

24

w projection RF
2 unbiased but slow

snapshots RF biased but fast

w snapshots RF
2

3 unbiased and fastest

RF =
θFOV
2

θres
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Add	
  primary	
  beam	
  A(l,m)	
  to	
  imaging	
  equa.on

 V (u,v,w) = G(u,v,w)⊗V (u,v)

V (u,v,w) = A(l,m)e
j2πw 1− l2 −m2 −1( )

1− l2 − m2

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥
I(l,m)∫ e j2π ul+vm( )dldm

 
G(u,v,w) = A(l,m)e

j2πw 1− l2 −m2 −1( )
1− l2 − m2∫ e j2π ul+vm( )dldm

25

Algorithm	
  5:	
  aw	
  projec6on
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Algorithm	
  5:	
  aw	
  projec6on
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Add	
  antenna-­‐based	
  direc.on-­‐dependent	
  effects	
  to	
  imaging	
  
equa.on

Computa.onal	
  load	
  can	
  be	
  very	
  large	
  -­‐	
  not	
  yet	
  
demonstrated

 Vi, j (u,v,w) =
Gi, j (u,v,w)⊗V (u,v)

Vi, j (u,v,w) =
Gi (l,m)G

*
j (l,m)e

j2πw 1− l2 −m2 −1( )

1− l2 − m2

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
I(l,m)∫ e j2π ul+vm( )dldm

 
Gi, j (u,v,w) =

Gi (l,m)G
*
j (l,m)e

j2πw 1− l2 −m2 −1( )

1− l2 − m2∫ e j2π ul+vm( )dldm
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Algorithm	
  6:	
  DDE	
  projec6on
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Common	
  feature	
  in	
  all	
  algorithms

•Reduce	
  problem	
  to	
  2D	
  -­‐	
  then	
  can	
  apply	
  2D	
  FFT
•Face.ng
• .led	
  collec.on	
  of	
  small	
  fields	
  of	
  view

•W	
  Projec.on
• project	
  onto	
  w=0	
  plane	
  using	
  convolu.on	
  func.on

•Snapshots
• remove	
  instantaneous	
  flat	
  plane,	
  correct	
  image	
  geometry

•W	
  snapshots
• Two	
  stages:	
  (approximate)	
  snapshots	
  then	
  (exact)	
  w	
  projec.on
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Op6ons

28
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Op6ons

•MIRIAD

28
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Op6ons

•MIRIAD
• Does	
  not	
  handle	
  wide	
  field	
  imaging	
  at	
  all
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Op6ons

•MIRIAD
• Does	
  not	
  handle	
  wide	
  field	
  imaging	
  at	
  all

•CASA
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•MIRIAD
• Does	
  not	
  handle	
  wide	
  field	
  imaging	
  at	
  all

•CASA
• w	
  projec.on
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Op6ons

•MIRIAD
• Does	
  not	
  handle	
  wide	
  field	
  imaging	
  at	
  all

•CASA
• w	
  projec.on
• face.ng

•ASKAPSoZ
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Op6ons
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  not	
  handle	
  wide	
  field	
  imaging	
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•CASA
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  projec.on
• face.ng
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  projec.on
• snapshots
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Op6ons

•MIRIAD
• Does	
  not	
  handle	
  wide	
  field	
  imaging	
  at	
  all

•CASA
• w	
  projec.on
• face.ng
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Op6ons

•MIRIAD
• Does	
  not	
  handle	
  wide	
  field	
  imaging	
  at	
  all

•CASA
• w	
  projec.on
• face.ng

•ASKAPSoZ
• aw	
  projec.on
• snapshots
• aw	
  snapshots
• aw	
  stack
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Summary

•Mul.ple	
  algorithms	
  available
•w	
  projec.on	
  best	
  generally	
  available
•w	
  snapshots	
  likely	
  to	
  take	
  over	
  soon

•Finding	
  computa.onally	
  feasible	
  algorithms	
  for	
  SKA	
  is	
  s.ll	
  a	
  
research	
  area

•Next	
  fron.er	
  is	
  solving	
  for	
  and	
  correc.ng	
  for	
  antenna-­‐based	
  
direc.on-­‐dependent	
  effects
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Thank	
  you
CSIRO	
  Astronomy	
  &	
  Space	
  Science
Tim	
  Cornwell
ASKAP	
  Compu=ng
t	
   +61	
  2	
  9372	
  4261
E	
   =m.cornwell@csiro.au
w	
   www.atnf.csiro.au/projects/askap
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