Space varying PSF estimation:

the telescope tomography approach
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B Telescope tomography
m Fast propagation through telescope

® Proximity operators for phase retrieval
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Euclid: Mapping the geometry of the dark Universe

® Stringent requirements on PSF knowledge

PSF shape biases the galaxy ellipticity measurement

PSF varies across the wide field of view
~ield stars give a sample the PSF estimate
PSF have to be estimated at galaxies position.

® Two problems

estimation of the PSF (using fields stars)
interpolation of the PSF on galaxies positions
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Telescope tomography

m Space varying PSFs are totally described by
aberrations of all mirrors

Aer m——

A A

(a) (b) figure from Denis et al 2015

Mirror aberrations « sum up » in different manners across
the field of view producing space varying PSFs.
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Telescope tomography

® Optical diffraction
tomography

Reconstructing the 3D
distribution of a biological
sample using:

= illumination from different angles

= interferometric measurements
of the wavefront in the detector
plane

- light propagation modeled by
BPM

(Kamilov et al. Optica 2015)

® Euclid telescope
tomography

Estimating the aberrations of
all telescope mirrors using:

- field stars: plane wave sources
with different incoming angles

- star image (PSF): inline hologram
of the wavefront

- light propagation modeled by
BPM

Ferréol Soulez



Forward model

Detector

Wavefront wion optical surface k
wi(a) = Hy—1 My_1 A1 (o) wi—1 ()
® Incoming wave
Star are are infinitely far: wi is a tilted plane wave

® Propagation H,
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Forward model

Wavefront wi on optical surface k

wi(a) =Hi_ 1 M1 Ap_1 (o) wi_1 ()

m Mirrors M,

— change optical path
— cuts light outside of the pupll

B Aberrations A,

Introduced by polishing errors and misalignment:
Expressed on a suitable basis:A,(ay) = diag (exp (1 Zy o)) .

B Measurements
2
dn — ‘wK,n| + €én
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Aberrations estimation

Wavefront wi on optical surface k

wi(a) =Hi_ 1 M1 Ap_1 (o) wi_1 ()

dn — ‘wK,n‘z + €én

B ‘Three times’ non-linear problem

— Aberrations expressed in phase
— Propagation through multiple mirrors
— Intensity only measurements

® Huge size problem

— 24000 x 24000 pixels
— PSF undersampled by a factor 2
— at least 1800 stars per images
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Framework

® The r'econstruction problem

+—argm1nLL (‘wKn )‘Q—dfl)Q

slnln

B The constrained formulation

2
= arg mmS‘ S: (\ts — dfl) subject to wi () = t°

slnl

m |ts augmented Lagrangian form

1 s |2 S 2 P S S s12
Ll t,u) = = (It =) + 53 [wicla) =t — w3
1
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Augmented Lagrangian without alternating direction

® A hierarchical optimization

S N
N O 2
o = argm1n>4 >4 |w§<n(a) —t7 () — uf,b‘
« s=1n=1
3 S _ 3 1 2 S 2 p S S 2
with ¢ (o) = argmin — ( |t|” —d; | + 5 t— wi ., (a) + u]
teC 0., 2 ’
(Mourva et al. ICIP 2015)
: . 0.8 — ‘
Solved using a continuous — ADMM x
_ . ~ . 0.75 — ADMM Ix
terative optimization method . h:"’g*;g;ggggﬂ
(e.g. VMLMB). 065
0.6
0.55
0.5 $—8—9

10°% 107% 1073 1072 10°* 10° 10" 10® 10°® 10%
Parameters: p or v

Fig. 2: Influence of the penalty parameters on the con-
vergence speed: function cost at 1500 FFT evaluations vs.
penalty parameters, p for ADMM 3x (v and v at possible
best values), and « for remaining two methods.
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Telescope tomography

® Preliminary results on HST-like telescope
strong aberraﬂons (narrow band, no noise)
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Aberrations of the two
mirrors estimated
from 20 stars across
the FoV (in blue).
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Telescope tomography

® Results on HST-like telescope with noise
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50 stars, 26 000 photons per star (256 at max), 5 e- of noise
Strong aberrations on both mirrors
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Fast light propagation through telescope

S N
o =argmin 33 wic (@) — £ () — |
o s=1n=1

1 2
with #; (o) = arg min —; (\t\Q — d,,i) + £ t— wi,(a) + u
teC Op 2 ,

F. Soulez, F. Courbin & M. Unser - In Prep
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Forward model

M; Detector

Wavefront wy on optical surface k
wy(a) = Hp—1 M1 A (o) wi—1 (o)
® Incoming wave

Star are are infinitely far: ws is a tilted plane wave
w1 (x,y) = exp (¢ (x sin(f1) /A + y sin(fz) /X))
a shift in Fourier domain
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Forward model

Ms Detector

wi(a) =Hp_ 1 Mi_1 Ap_1 (o) wi—1 ()
® Propagation: paraxial / Fresnel approximation

F' - diag (b, sy ) - F

h(w, z) =e 77 s
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Mirrors Model

® Mirror transmittance

M, = diag(my) dia\r;ter
e 2k 2| > Cif |zl < D
m(@) ={ <Z Rt/ (1) [T Il < D

0, T /ﬂ T otherwise.

curvature eccentricity

B Aberrations
Ak; — diag (ak(ak))

ak(ak)

aberration coefficients

|
@D
PS
i,
N
~
)
N
™
Q
%

suitable basis (e.g. Zernike)
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Sampling issues

®E Mirror transmittance

Maximum instant frequency for mirror k
Dy,

A\/D2 (2 —1) +4R2

V}I{H&X —

= Propagator

Sampling requirements
Maximum instant frequency for propagator k

L™ = zpA = width of the field of view needed

Periodicity issues
(Zz'—I—l — Z@) )\
Li=D;-
2 7T2 Dz 0,

fraction df energy that spills from an aperture to another
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Sampling issues

®E Numbers...

For HST (M1 to M2):
- maximum pixel size: 2.3 pm
- number of pixels >> 10° x 10°

m Solution inspired from Sziklas & Siegman, 1975
Coordinate transform: propagation in a prime domain:

wi(x) = w, (') exp (z (Bk |lx|® + < 6),.x >))

Mirrors are much smoother in primed coordinate

maximum pixel size: 3.8 mm -> 1500 x 1500 pixels
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Proximity operator for phase retrieval

a—argmmYY‘wKn ) —t () — u:f;f

s=1 n=1
1 2
t> () = arg min — (|t]2 — df;) + P ‘t — Wy, (o) +u) °
tec 02 2 ’

F. Soulez, E. Thiébaut, A. Schutz, A. Ferrari, F. Courbin & M. Unser - App. Opt. 2016
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Phase retrieval in coherent imaging

mA twofold forward model

Wave optics model y = H(x)
Intensity measurements d; = |y;.c|2 + ny

X ray diffraction

® Arise in numerous applications
Epsﬂon Aungae Ec:hpse (CHARA MIRCI

Lensless microscopy °

'..r_-l".l"_l-l D5 10151 F ) 0510151
Milkas I J | II ArCsenomds

Stellar mterferometry
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The phase retrieval problem

m Estimating complex valued sighal from intensity

dg — |£172‘2 + N

B An abundant literature

iterative projections [Misell 1973, Fienup 1980, Bauschke 2003,.. ]
semi-definite programming (Phase lifting) [Candes 2013, Fogel 2013]
phase marginalization in variational bayesian approach [Dremeau 2015]
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Gerchberg Saxton Algorithm

® The simplest setup

estimate the wavetront X1 in plane z1 given intensity measurements
at two different depth z+ and z»

= |||—
2 |I|I|I . llllll_i
3 = s 0= 4 / > =0 g
4 = I =t I|I|I|E : _H> | | JEE
5 =1 — |
s=m 1l = A

USAF-1951
L0

® Propagation

Propagation using either Fresnel or Fraunhoffer approximation:
xro = Hax,

r1 = H x5

Ferréol Soulez 23




Gerchberg Saxton Algorithm

® A non convex POCS algorithm

Algorithm 1. Gerchberg-Saxton algorithm

1: procedure GS(dy4, dp)

2 x0) = \/d, > Initialization

3 forn=1,2,..., maxiter do

4: y("t1/2) — H.x(")  p Propagation to the zg plane

5 y(") = pp(y(n+1/2)) > Projection

6 x(n+1/2) — H=1.4(") 1 Back propagation to the z 4
plane

7: x(") = P, (x(n+1/2)) > Projection

8:  return x(maxiter) > The complex amplitude in the z4
plane

® Projection step

P(lek|dk): ﬁ\/dk, it ‘ZIJk| > 0
Vdi , otherwise.
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Proximity operator for intensity

® Modulus only proximity operator

, 1
prox,(7) = axgmin {d %)+ 5 (o~ 7 |
p=>0
= Properties \/E ifN\
R y'\(@) N
lower semi-continuous / \
prox-bounded g /7 (@) \
not prox-regular in {0} X | P
non-expansive only where p > Vd I g
/
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Proximity operator for intensity

B Maximum likelihood fi.(x) = {i(dyx — |ﬂ7k\2)

s the neg-loglikelinood of the noise distribution

® Phase independent solution
ipt i
pTe ¢ = Prox,, ¢ (pe ¢)
T =¢
, 1
= wgmin (a0 + Lo 7)

p=>0
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Proximity operator for intensity

1 1 )
prox(5) = argmin { 455 — d)* + = (p— 7)°
p>0 o 2 )
d 1 1
06() = 5 (23 (P = 0P+ 5 (0 - 7

1, 1 _

3r9 order polynomial with only one root in R+ computed using
Cardano Method
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Proximity operator for intensity

= Poisson likelihood f(z) = |z|° — d log (\x\z + b)

v (p) = 5 (F0)+ 5 (0= )

= 2a+1)p’—pp*+(2a+1)b—2ad) p—bp

3rd order polynomial with only one root in R+
computed using Cardano Method

if b=0 then it reduces to a 2nd order polynomial

L pHBda(l+2a)+ p?
B 2+ 4« '

0
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Numerical results : Gaussian noise

~

orF Classical projection™~--___-
Std O O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
eq. SNR 11.9 5.9 24  -0.1 21 87 50 62 72  -81
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Numerical results : Poisson noise

R

reconstruction SN

III 1 1 1 1 1 1 III 1 1 1 1 1 1 III
10° 10° 107 108 9

Number of photon
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Numerical results : low light condition

B Gaussian Vs Poisson model

Dark current b=3e- "
10 |
i ad
Gaussian Z of
approximation =
|
0° = max(dg,b) 3
O
V)]
-
@) e Classical projection
U10 [ FAREEE. 0 _ | -
q) .
e 7 Proposed prox.
0// Poisson ---0--<--<-
15 _// Gaussian S i
B
-20 1 1 L gl 1 ] L3 3l ] ] L33 3l L1
10° 10° ! 0® 10°

0 10 1
Number of photons
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Proximity operator for sum of intensities

® Sum of intensities model
Undersampled fringes, broadband imaging,...

2
di = ||Yill3 + 1k s
setting ¥, = nu, with n > 0 and ||ul|, =1

77+7 if Hg“Q =0
nt =2 otherwise .

. 1 _
With o = argmin (_min (7 )+ Iu-313) )

— argmin (f () + = (- H’guz)?) |

n>0 2
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Proximity operator for sum of intensities

B Results: trading noise - Data down-sampled by 2x2
for resolution - Measurements at 8 different depths
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Telescope tomography

® Pros

— Optically motivated mode (restriction to the plausible PSF only),
— lrreducible formulation: should be immune to binarity bias,

— Gives the PSF everywhere (no interpolation needed),

— Can easily take into account variation of aberrations with time.

m Cons

— Only accounts for optical aberrations (no jitter, CTI,...),

— Quite computationally intensive (but can be easily parallelized),
— Propagation model needs to be accurate,

— Needs a good knowledge on Euclid optical design,

— Yet to be tested (broadband and under sampled case).
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