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Followup issues: Deconvolution

« “Clean components” are nothing fundamental. Just a compact
representation of the Model Image (CASA holds an Image - not CC)

« What exactly is “loop gain”?

ox’ . . o
e ] ﬁ =1 iw + ..just the step-size used in any iterative minimization
0 ( Parameters)

* Elements of the Hessian matrix — often the sum of its diagonal
elements. In practice, often a constant < 1.0

« Schwarz('78): Deconvolution is iterative constrained x> minimization

« Clean constraints: finite support; MEM constraints: Smoothness

« Both use the same basis-set (Pixel basis — bad for modeling complex
emission)

« Clean is a POCS algorithm! (Cornewll, AIPS++ Note #184)

* |maging performance of deconvolution algorithms...
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Followup: Residuals for Clean, MEM,
MS, Asp

[9-BM N/ter ~6OK

Imaging & Deconvolution lecture, Summer School, 2006
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Theory re-cap: Measurement Eq.

V(u,v;v ,t)=f I(l,m) "™ dl dm

 van-Cittert Zernike Theorem:

« Imaging I(l,m)=fV(u,v;v,t) el gy dy

* (u,v) are implicitly a function of time (HA) and frequency

u .. .. X
vi=X|. f(HA,8) .||Y
w ¢ Z

« Standard continuum imaging corresponds to vector average
of calibrated data over time and frequency (with the
appropriate kernel). However...
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Theory: Measurement Eq.

Full ME for calibrated data:

V,J(V)=I J;;(S,V,t) I(S,V) et(ul+vm+w(\/1—lz—m2—1)) ds

S S

Data Primary Beam Sky Geometry

« Visibility explicitly depends on time and frequency

* Imaging without correcting for time- and frequency-
dependence of ij locks-in the errors after averaging

« The kernel in general is not even a Fourier transform kernel!

s=(l,m,n)=(l,m, \/1 —I’~m’—1): Direction cosins
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13" Synthesis Imaging Workshop, May29-June 5, 2012: S. Bhatnagar



Why wide-field imaging

« Due to higher sensitivity, modern telescopes are
sensitivity to emission farther out - need to image
wider field of view (FoV) for noise-limited imaging

With EVLA @L-Band, VLA sensitive achieved at the location of VLA-PB null!

. What do we mean by wide-field imaging

When the ME has significant terms that make it increasingly
deviate from the Standard ME with distance from the
pointing/phase center.

e The errors due to these terms scale with distance from the
phase/pointing center.

« Time and frequency dependence of the PB, Sky, and effects
of 3D geometry are not accounted for in Standard ME kernel

e([ul+vm+w(\/1—lz—m2—l)]

weow
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Example: JVLA Imaging @ L-Band




Wide-field imaging: W-term

« Wide-field: Deviation from 2D geometry increase with
FoV and baseline length.

. : 2D Fourier transform approximation breaks
down

et[ul+vm+w(\/1—lz—m2—1

) #2D FT Kernel

f(x,10,1.0) ——

AT R & R R - 4]
T T 1

Measure of non-2D geometry

Il 1 1
0 2 4 6 8 10
Distance from the phase center (deq)
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Wide-field imaging: Primary Beam

. : Antenna Primary Beam (PB) effects
cannot be ignored

PB(v,t):Scales with frequency and changes with time
oo BT |

AR N7
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avgPB-iPB
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Wide-field imaging: Mosaicking &
Pointing error

. : Imaging fields with emission larger than the antenna
Field-of-View (FoV):

 For most cases, a straight forward extension of full-beam single-
pointing imaging (linear addition of single pointing case)

« However, pay attention to the next lecture

« The other important PB effect, not included in this lecture is
corrections for time-varying antenna pointing errors
* Limits mosaic imaging performance
* Solutions:

« Reference pointing (for single pointing)
* Pointing SelfCal: New possibility, but not yet fully tested
« Talk to me later if you are interested...

woy
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The W-Term

« 2D approximation of the measurement equation (ME)
breaks down (“The W-term problem”).

 Imaging dynamic range Is limited
by deconvolution errors due to the sources away from
the (phase) center.

"oy
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Primary Beam Effects

 Antenna Primary Beam (PB) pattern cannot be
approximated by unity (“Full Beam Imaging”).

Relative J2000 Declination Carcmin)
Relative J2000 Declination Carcrmin

40 30 Z0 1@ a0 =10 =20 =30 —40 40 3D 20 1 9 =10 =20 =30 —40
Relative J2000 Right fscension (arcmin Relative J2000 Right sscension (arsmind
| ] | ] | ] | ] | ]
 Imaging dynamic range Is limited

by the deconvolution errors due to the sources in the
half-power points and the side lobes.
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Mosaicking (see later lectures)

 Imaging emission wider than the Field-of-View (FoV)
(“Mosaicking”)

« Dominant sources of errors

« Antenna Pointing
« PB effects: rotation, multiple types of antenna in the array (ALMA)

e Deconvolution errors for extended emission

Pointing centers
(usually also the
pointing phase
center)

New Mexico Tech
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The W-Term: Theory

Assuming Jsij=1 (ignore effects of PB)

L[ui,l+vijm+wij \/l—lz—mz--l ]

Obs fI (s,v) e'”’ ( ) ds
2 2

FoV is small: "+m” <1

Array is co-planar W<<(\/ sV

e VvCZ: 2D Fourier transform works
e A B

max max

2
[ Nlobes D]

<1 D= Antenna diameter ; Bmax = Max. baseline

When FoV or w, is “large”, data and the image are not related by a
simple 2D Fourier transform relationship.

Ref. Chapter 19

weow
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The W-Term: Geometric interpretation

o [=sin(0) o %

=

d L om=eost) L,

X X

« Phase of the visibilities for direction 6

« For the interferometer in a plane: d=2T1ul
« For the interferometer not in a plane: q[)=27T[ul+W(n—1)]

« 2D approximation valid only when: (1) w is small compared
tou, or (2) 6=0

"o
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The W-Term: Optics interpretation

Tangent plane direction

« We need to measure...
VI =(E (u,v,w#0)E,"(0,0,0))

e We measure...
V ,=(E (u,v,w=0)E,"(0,0,0))

FresnelZ}z/ oo

[ ] Elir(
VL=V lu,v, w=0)%Glu, v, w), where Q
G(u,v,w)=Fresnel Propagater =FT eZme
VT2:f I(l, m>62ﬂt[ulzl+vlzm]62ntw12m_ldldm

« A single interferometer is sensitive to multiple Fourier component

« Concept of redundant baselines is more restrictive than is usually thought!

Ref. IEEE Special topics in SP, Vol. 2, No5, 2008
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Example: No W-Term Correction

Using 2—0D transform

* W-term is a phase
error

21 * Sources move in
the image in a
systematic way

* Hermitian but
a “dispersive” effect

=
L
LT
(]

i T

) ‘.:_Jr il 2 J_:l_r il s Trlill

B1250 Right Aszcension
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Example: After W-Term Correction

Using 256 wproj—plones

=
[
!
]
(]

o [T

-I -3 h :: .E. m : FE_ 1 : ‘_4_r"|"| el

B1950 Right Ascension

13" Synthesis Imaging Workshop, May29-June 5, 2012: S. Bhatnagar



Solutions: 3D Imaging

L[u,,l+ v,,m+w,,n]
y y y

F(l,m,n)Z_[V(u,v,w) e dudv dw

Relate F(l,m,n) to the physical image as

F(l,m,n
ym)= ( 2 )2
\/1—1 —m

I(1 S(P+m’+n°—1)

Interpretation

« Physical emission I(l,m) exists along the surface of a unit
sphere inside the 3D-Image F(l,m,n)

woy
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Solutions: Faceted Imaging

« Interpret I(l,m) as emission on the surface of the Celestial Sphere of
unit radius: F+m?+n°=1

« Approximate the celestial sphere by a set of tangent planes - a.k.a.
“facets” — such that 2D geometry is valid per facet

 Use 2D imaging on each facet

* Re-project and stitch the facet-images to a single 2D plane

Tangent Plane

e } o ’moj 2
\‘\ﬂp ymp) i

« Number of facets required S

_ 2 max
Npoly—Qf 2\ max

B

max max

= ; D= Antenna diameter; 0 = Antenna FoV
[N, D]

lobes
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Solutions: UV plane equivalent

* Since the facet-images are related to the single-plane image by a
linear co-ordinate transformation, there must exist a equivalent
operation in the visibility plane.

1(Cl)=|det(C)'V(C" u)
where C is the image domain co-ordinate transform

I and u are the image and visibility plane co-ordinates respectively

« Projection error: e:sin(el)(l—cos(@z))mlelei Tangent Plane

- -

2 v (L m )
° \‘\ﬂp ymp) i

)/ . Phase center i\
s\t e J_ i direction b
J .. ﬁ ‘1
[ ] ~

If;l‘ ;E’

.'"| }.
I|l I
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A small digression: Image deconvolution
theory

* Function optimization view of deconvolution

V°=AI°+N N is Gaussian random (in the data domain)
vi=AT"

« x?is the optimal estimator. Deconvolution is then equivalent to

minimize: x*= V"—AIM|2 where IM:Zk P,; P, is the Pixel Model

o X’
O Pixel Model

=Dirty Image I'=I1" +xAX’

« Various differ in (1) parametrization of P , (2)
types of constraints, and (3) how the constraints are applied

* Projection algorithm use A different from FT kernel for forward and
reverse transforms to included DD effects

"o
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A small digression: Structure of imaging

algorithms

Data/Res. data JEEITe >

Dirty Image/Res. Image

Obs.Data$Model data

A

Model Data Prediction

Model Image

Major Cycle (Data)

o X’
O Pixel Model

=Dirty Image

« Accessible in Major Cycle

« Accessible in Minor Cycle

Minor Cycle (Image)

I'=1" +xAX’

Ref: Imaging & Deconvolution Basics, Thur. Lecture Series

https://safe.nrao.edu/wiki/pub/Software/Algorithms/WebHome/LectureBasicsIntro.pdf

New Mexico Tech
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Natural domain for modeling/correcting for antenna-based effects is the Data Domain

Natural domain for image-plane (non-antenna based) effects is the Image Domain
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Natural domains and optimal algorithm

design

Natural domain for modeling sky: Image plane

Natural domain for modeling instrumental effects: Data domain

Image Domajn Visibility Domjain

Viaitty Arrpitcle

* Projection methods utilize the available data optimally

« Since DD effects are typically also vary with time & frequency, image domain

based correction are non-optimal (and impossible for many cases)

 Only average quantities are accessible in the image plane

Corrections for DD effects cannot be decoupled froqplmaging
i
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A small digression: Projection algorithms

. : T : Obs __
ME entirely in the visibility domain: V= E,.j[V"
where EU represents a direction dependent (DD) effect

Construct a KU which models the desired DD effect

If KTU Eij ~ Constant (Unitary Operator after normalization)

e Use K;f for making images Forward transform (approximate)

« Use K; computing model data Reverse transform (accurate)

Projection methods use modified forward and reverse transforms to
iteratively correct for DD effects

Iterations will converge -

(UL
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Full imaging algorithms

Data/Res. data 'Maging

Obs.Data%Vlodel data

Model Data

< Prediction

Dirty Image/Res. Image

i

Model Image

Major Cycle

Data Domain

° Projection algorithms

* W-Projection
(WB) A-Projection

Mosaicking

Minor Cycle

Image Domain

Images corrected for DD effects

P | Image plane algorithms

CS-Clean
MS-Clean
MT-MFS, MS-MFS

(UL
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Solutions: W-Projection

Tangent pla.ge direction

« Optics interpretation

2nt[ulzl+vum} 27TLW12 l—lz—m2

. VT2:fI(l,m)e e L dldm

o V(u,v,w)=V(u,v,w=0)xG(u,v,w), where

G(u, V,W):FT e2mwm

\
« Size of the Fresnel Zone: \

i

« If G'G is unitary (or even approximately so)

G" and G can be used in the forward and inverse

transforms to produce distortion free images

New Mexico Tech
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The W-Projection Algorithm

Optics interpretation

o Vu,v,w)=V(u,v,w=0)%G(u,v,w)

©

Algorithm

« Model prediction (major cycle) [Residual computation]
- Perform a 2D FFT of the model image (appropriately tapered) -
(this isV (u,v,w=0))

« Evaluate the above convolution equation during de-Gridding to getVO(u,V, w)

« Compute the Dirty Image (minor cycle) [Deconvolution]

. UseG (u,v,w) on eachV’(u,v,w) during gridding to evaluateV (u,v)
 Perform a 2D FFTof V(u,v)

New Mexico
CONSORTIUM
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W-Projection: Performance

‘n

Dynamic Range

Runtime (sec)

Scaling laws:

1E+05

1E+04

1E+03

1E+02 ©

1E+01

1800
1600
1400
1200
1000
800
G600
400
200

Facet imaging: (N2

Facets GCF

NZ_ )N

[A)

. . 2 2
W-Projection:  (Mypes ™V o) N,
Ratio: ~ N Z o Jor large number of facets/WPlanes
W-projection_ i *In practice
' 1 WProjection
1 algorithm is
3 Uv-facets E

{1 about 10x faster

1 L 1 L 1 L 1 1 [ ]
: Uv-facets :
: e = - W-projection :
o] .'-_’I'D 4IO E;D EILO 1I[.'ID 1I2[} 1I4[.'| 1ISD 180

Total number of facets/w-planes
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Examples: 74MHz, before correction

Courtesy:
K. Golap

=
ol
=
]
L
0
a1
O
Lo

5

B14

Y PPN ' B Pt n) ~ T ~ T
10 ] 12750 40 20

B1950 Right Ascension

(LU
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Examples: W-Projection imaging

Courtesy:
K. Golap

Sub-image of
an “outlier” field

-
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Examples: 2D Imaging
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Examples: Facet Imaging
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Examples: W-Projection Imaging
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Full beam imaging

Ignore the w-term for the moment:
Vobs )=IJ;(S,V,I‘) I(S,V) e

y

‘("ijl""’,-jm) d S

Some observations:

- J; is direction dependent:

. J J ®J This is true for most instrumental, atmospheric /ionospheric
corruptlons (all effects that obey “closure relationship”)

« When J =J%and stationary in time (e.g. PB of ideal, identical antennas), it's

effects can be corrected in the image domain
IObs

New Mexico Tech
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More observations...

- J° are in general complex (complex Primary Beams!)

e In real life, J;#1J, .
Al
- Inreallife, ° vary with time...
%-
A
3

0.003

Gain change at first side lobe due to rotation

A A

B
0002 Gain=0.0}y — |
/

//

e R\ /N V|

avgPB-iPB

=t

Source of time variability — ©f \ \/ \/ \/

* Pointing errors 0008
° Geometl’ic diStOftionS ~0-007.3 50 100 150 200 250 300 350 400
Az(deq)
%m The Universi;{ New Mexico




Polarization dependence

... J*, vary with polarization

Parallel Hand Pattern: PBRR Cross Hand Pattern: PBR-

Relative J2000 Declination (arcmin)
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Error propagation

Relative J2000 Declination (arcmin)
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Examples: Stokes-l and -V imaging

S0
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W-Term errors!

e 3C147, EVLA,
L-Band

- High DR
“700,000:1”

Errors due PB
side-lobes?
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Examples: Stokes-V

Stokes-V = I"*-I* Stokes-V Power pattern
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Theory: Full-beam imaging
Re-cap - the simplified ME )

Vo (v fJ (s,v,1) I(s,v)e(” " ds

y

Re-write it as
V?bS:E..*[V}:Ej*Ej*

E : Antenna Aperture Hlumination Pattern

E=FT|J]]

Vo

y y

« If there exists a function K,-,- such that KTU*EU ~ Constant

« Gridding: V9=K"xV?” = K'xE x|V’ ~ |V°
ij ij ij ij ij ij
- Imaging:  FFT|V’|—1I°
* Prediction: V?:Kij*FFT[IM}
. K _is the coherence field filter for the baseline i-j
Ref: A&A, 487, 419 2009 (arXiv:0808.0834) ot | U0
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Solution: A-Projection algorithm

SR(K?): Antenna Aperture Illumination Pattern ‘K *E| in the image domain
Y Y 0.08

60 0.06

0.04

arcmin

40 20 o —20
UU {larmbda)

60 40 20 0 -20 -40 -60

arcmin

Hod joay

e i ey _ e
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Stokes-l: Before correction

I
—_ —_ =
- i 3 3

Relative J2000 Declination (arcmin)

I
F-
1

—30

20 10 il 10 —Z0
Ralative J2000 Right Ascension {aremin)

New Mexico Tech
SR ENGEERING. FESEARE RNy
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Stokes-I: After correction

I
—_ — M
O (ol 3 3

Relative J2000 Declination (arcmin)

I
f
(ol

—30

20 10 il —10 —20
Relative J2000 Right Ascension €arcrin)

‘The University of New Mexico

- New Mexico
New Mexico Tech 'CONSORTIUM
S ERCE ENGREERINS RESEARCT-URNERSIY

13" Synthesis Imaging Workshop, May29-June 5, 2012: S. Bhatnagar



Stokes-V: Before correction

Relative J2000 Declination (arcmin)

30 20 10 o -140 —20 —2da

Relative J2000 Right Ascension {arcrmin)

New Mexico Tech
"SCIENCE - ENGINEERING - RESEARCH - UNIVERSITY e Uni ity of New My
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Stokes-V: After correction

Relative J2000 Desclination (arcmin)

30 20 10 o -140 —20a —23da

Relative J2000 Right Ascension {arcrmin)

New Mexico Tech
"SCIENCE - ENGINEERING - RESEARCH - UNIVERSITY e Uni ity of New My
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WB effects: Frequency dependent PB

L(u,,l+v,,m)
ij ij

VObs(v)=fJ;.j.(s,v,t) I(s,v) e ds

i
. ...J°, vary with frequency...

20"04™  o2™ oo™  1g"sg™  s6™ 54™ 20"04™  02™ oo™ 18"s8™  56™ 54™ 20"04™ Q2™ 00™  1g"s8™ 5™ 54™
J2000 Right Ascens ion J2000 Right Ascens ion J2000 Right Ascension

PB “Spectral Index”

(UL

P fh New Mexice
New Mexico Tech i ) 'CONSORTIUM
| SCIENCE  ENGINEERING - RESEARCH . UNIVERSITY J|  The University of New Mexico
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WB Effects: Frequency dependent PB

L-band imaging with BW = 1GHz

Standard Imaging FT + MT-MFS

FT + MS-MFS: May work for static case

* Requires more Taylor Terms ==> Higher memory footprint

New Mexico Tech| o
'SCIENCE - ENGINEERING - RESEARCH - UNIVERSITY e University of New Mexico
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WB effects: Frequency dependent PB

tlu.l+v. m
Vl_ojbs(v)=fj;§.(s,v,t) I(s,v) e( L ds

. ...J°, vary with frequency...frequency dependence also varies with time!

-
3

J2000 Declination
J2000 Declinati

New Mexico
" -

New Mexico Tech i ) 'CONSORTIUM
| SCIENCE - ENGINEERING - RESEARCH . UNIVERSITY ‘The Universi ity of New Mexico
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WB effects: Frequency dependent PB

« A-Projection with MS-MFS: Account for narrow-band PB time variability

 Only time-averaged quantities available in image domain
« Cannot correct for time-varying WB effects

 Require more Taylor Terms (even higher memory footprint)

FT + MT-MFS A-Proj. + MT-MFS

New Mexico Tech| o
'SCIENCE - ENGINEERING - RESEARCH - UNIVERSITY e University of New Mexico
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Solution: WB A-Projection

- Construct A(v_) suchthatA(v_)A°(v)is independent of frequency

: : - Py
1.0 e g o “= dp,jdv [}

e Py

Frequency along the animation axis

T T P PP P PPN |

\/ PB(v) PB(v i ) = e

New Mexico Tech
s - ENGEERING - RESEARCH- URERSITY

‘The University of New Mexico




Solution: WB A-Projection

Example of WB-AWP + MT-MFS (or any other appropriate minor-cycle

algorithm)

A-Proj. + MT-MFS

WB A-Proj. + MT-MFS

Bhatnagar & Rau, in prep.

New Mexico Tech e
'SCIENCE - ENGINEERING - RESEARCH - UNIVERSITY The University of Ne —
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Examples: Time varying PBs

=
[
=
=)
=
[}
=)
=]
=
)

[z

Relative J2000

—&a =104

Relative J2000 Right Ascension (arcrmind

Simulations for LWA @50MHz Model for EVLA PB at L-Band
(Masaya Kuniyoshi (LWA/NRAOQ))

o
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Imaging with Aperture-array telescope

W-term only (Casa) W-term + array factor . .
L7 P Baa AN b _ « Application of AW-
BB ‘~“t1"f'.’ Projection for imaging with
N T S NN B : Aperture-array
Vo7 223N i A ' . "
A N :l' « Using R&D code modified
W S Uik £22S NIN LU R . >
'131'-",’1;5;«'?;@-.{;»:;\ I fl W '; = S for application to LOFAR
iRy A -."_‘ i M e i F o ,.,,-
ST I EANNIR Y5, | 1"1
AR T Y -‘",_i A .
" . ‘..1‘..-‘: I.ll.::l;l-tl —'Ifff j‘h’ \'jll =" :
Y L«'.‘: t\-%:r- i ??." {'.' ll.l" { i <
a1 144 arae® s 4 L o W
W-term + array factor + element beam W-term + array factor + element beam
R T T T
b 15}
" ."_ .... " - . g L -
"l 2 é 0.5 |- ;
- E -..:‘-
PR ! g ar .‘_-"f
e TR, < E a5 ‘-"
_E= =1.0
‘ab
L J
" 5 . ¥ =15
aF - 144 aree® o -JIE—:'.; —':.5- —':. ] —I;I E i8] 0.5 La ll.!u ]
log (i nput flux [Jy])
Image courtesy: C. Tasse, LOFAR o | TR Qe
w SCIENCE - ENGINEERING - RESEARCH - UNIVERsITy ] | ne University of New Mexico
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