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Adaptive Optics

Heat Haze Effect

Twinkle Stars

[https://youtu.be/DMwcGUUUNRYU, Sydney Airport (Kingsford-Smith) Runway 34L] -



https://youtu.be/DMwcGUUUhYU

Adaptive Optics — Basic Principle
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Adaptive Optics — Basic Principle

AO Off

* Image
..‘ Guide Star
Wavefront Sensor Turbulence Star

' ' Ir Deformable Mirror



Applications of Adaptive Optics

Astronomy Ophthalmology Microscopy
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Image Formation in Vision Cameras

Wavefront Lens Sensor Image
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Current Deblurring Approaches

Passive Deconvolution
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Priors + PSF Shaping
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Adaptive Optics for Vision Deblurring

Active Deconvolution
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Adaptive Optics

AO Setup Active Correction (Ours)
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Traditional AO Systems: Components

e 100~1000 actu&tors

o 1 kHz .e rate
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Deformable Mirror Shack-Hartmann Wavefront Sensor
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Megapixel AO System: Components

fr.

[PLUTO-2-VIS-014-C, Holoeye]

Spatial Light Modulator Coded Wavefront Sensor
[Wang et al. 2017]
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Coded Wavefront Sensor: Analogy
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Subject \\\L T

Main lens
Photosensor
Lenslet light field camera Mask-based light field cameras
(Ng et al. 2005] [Veeraraghavan et al. 2007, Marwah et al. 2013]

Planar
Wavefront

Wavefront Lenslets

Binary Mask Sensor

Shack-Hartmann wavefront sensor Coded wavefront sensor
[Shack and Platt 1971] [Wang et al. 2017]
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Coded Wavefront Sensor: Principle

Mask <
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Reference
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27

A wavelengt
z distance

Measurement 1,(X)

[Wang et al. 2017]
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h wavefront slope as “optical flow”
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Coded Wavefront Sensor: Principle
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Algorithm: Curl-free Optical Flow -
Nonlinear Least Squares:
.. 2 2
minimize | §i,(x) iy (x~= V) | + f || Vo ||
¢ 2
ModerFitting J Sinoothﬁess Prig)r
Linear Least Squares + Warping:
(Warping)
e ‘l' . 2 o
: mln(;g‘nze ” Vi(x) - V() +1,(X) —1y(x — V) ” 2""3 ” V(op) H , (Linearization)
r Spa\tial arad{ent ":remporaF' Gradier;t
S
S . .
s o =@+ 5¢p (Accumulation)
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Algorithm: Linear Solver Comparison

CG (¢O initialized)
ADMM (ours)

Energy
-
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10} 104

Ground Truth

CG (initialized)

ADMM (ours)

lter
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Implementation: Optical Setup

Wavefront Sensor
» @uide Star

Megapixel Adaptive Optics System

Shortpass Dichroic Beamsplitter SLM
7 | A—

e | \

Polarizer yictnrian M8

Sync Wires
7| Visible Light Longpass Dichroic
Infrared Light

UONLEISHIOMN NdD

Vision Camera A

l | |
M I } A/Iirror Mirr’hu

Pinhole Collimator Relay Lens

l‘ L ¥

\
|
v
= 1
-
. v

.
~ .
i
[
(A¢
|

SLM BS | Shortpass
Distortion




Implementation: Optical Setup

Gunde Star Infrared Collimated lllumination

I . 4|l
5 [AC254-200-A, Thorlabs]

[FELO700, Thorlabs]

[WP25M-VIS, Thorlabs]
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Implementation: Optical Setup

Gide ar Make it invisible to the vision camera

Room light off Room light off

1/125 s 1/4 s

650 nm Longpass /00 nm Longpass
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Implementation: Optical Setup

Correction Component & Vision Camera

[EOS 70D, Canon] IDMSP650L, Thorlabs]

[PLUTO-2-VIS-014-C, Holoeye]

[3D printed] -

[BS031, Thorlabs]
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Implementation: Optical Setup

Statistics:
e 6.45 pm sensor pixel

e 12.9 pm mask pixel
~1.5 mm mask-sensor distance

-739.64

Wavefront Sensor Assembly

[Self-Fabricated]

[ICX 285, Sony

[GS3-U3-15S5M-C, PointGrey]
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Implementation: Optical Setup

Wavefront Sepéor

AO Sync and Timing Arrangement

V-Sync _| 1/608u H H H H

< >
N L\ R
WFES Readout Readout Readout
Shutter Shutter Shutter

GPU Solver & Controller

(Swap Buffer)

SLM —I \—

Response Time

Performance:
e 25~30 Hz sensing
e 10~12 Hz correction
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Implementation: Calibration & Denoising

Calibration: Sensor & Corrector Alignment

SLM Wavefront Sensor
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Experimental Results
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- PSF Tests

Result 1

cubic phase

PSF test

hold

reference

camera
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Result 1: PSF Tests

microlens array

PSF test

hold
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Result 1: PSF Tests
PSF test: Zernike 22 (primary spherical)

glelle

camera reference
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Result 1: PSF Tests
PSF test: Zernike Z7 (secondary astigmatism)

hold
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Result 1: PSF Tests S Kavst

Static phase: lens f =-1000mm
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Result 1: PSF Tests
Static phase: warped plate 1

AQO off

camera reference
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Result 1: PSF Tests
Static phase: warped plate 2

AQO off

camera reference
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Result 1: PSF Tests
Static phase: warped plate 3

AQO off

rrrJi

camera reference
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Result 2: Comparison with Existing Methods <
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Result 2: Comparison with Existing Methods «
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Result 2: Comparison with Software-Only Metho(‘
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Ours (AO on) [Dong et al. 2017]
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Result 3: Dynamic Deblurring

Dynamic phase: yellow car (speed 3x)
AO off AO on
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Limitations: Nonuniform PSF (Anisoplanatism S
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Summary &

e First AO system for photography and machine vision
e High resolution wavefront sensing

e |Large-scale phase distortion correction
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Thank You !

This work was supported by King Abdullah University of Science and Technology
under Individual Baseline Funding.

https://github.com/vccimaging/MegapixelAO
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https://github.com/vccimaging/MegapixelAO
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Implementation: Denoising

inal Bilateral Filtered
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Coded Wavefront Sensor: What are Good Patterns:

KAUST

Images under amplitude mask (simulated)

Mask pixel size matters

= . . ) -
4 “ ; SRR VY “ g N
5 o~ v ! o4 T
. S L - h
LA - ) e ¥
- ot -7 St RN - Q.
o Y e LN
.- S s oF s 'y -
.(“- . -.’.. -.‘q ".
- - g3 . | -
g o' Sor SRR RS R ' |
SIS e L
e " A = (LT ;t
o , N od
- e . . »
- . - » ' B
' v o -
- 3 § » : .
:‘:-'3’ ”T-’« : . ot " -~ > .
’ . , ERE ‘ 4 . .
.‘ ‘r '..." ';.'. ' e
s SRR T A ' s -
-. _' " : " .{ s_ '. ’ "
B 8 T ~ ‘h e
£ S y P .’ -
.'.“ -0 N ,"A ' 4 - -
- S s oy N » g
J ...0' ‘."“ . p
" e r’: o
b 4 5 . o h
a < : .
' : ¢
O
e ~ # ol x.- S

(Too uniform) Clelele (Too sparse)

42



O
Coded Wavefront Sensor: What are Good Patterns:

Images under amplitude mask (simulated)

Distance matters

e e e Nh

(Too edgy) Clelele (Too blur)
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Coded Wavefront Sensor: What are Good Patterng? "'

Images under amplitude & phase mask (simulated)

Better contrast & Light efficiency

» A
of A “ ’0'
, ... . - » _‘ ‘ -~ ‘d ‘
A .""', n” ' ,‘\ >N . ¥
-‘..t.,‘.l'j } "' o’ .,.'. "3 | - J
'.'. . ’ . T I R ¢ B . ~N ! ! ’ .
: -,.'“.&_: ) .~ S 5.‘ e -
e RIS 3o W A LA N ~‘3¢. Q25 Wkt
B b PRIl N R
:"“‘:\1 ¥ PR e "\\'Ig“.wi ,-x,“,... B hegle .‘ o
AL S . . s wr R . L o
SR
o ~ ™ » ‘: ;o. ~¢’ o ‘(/‘ “ ‘.:- - * ‘.‘ ."“. ".‘
}’.*Ji-w‘\'."‘ . -\'“{( ) -, i “—.x'&.’.‘?’
i B '." - ‘\g‘,_‘) A ?.‘.‘"‘) Sy 5 " “
!"'.‘. :,. ..Q\‘...,. - % Y ’.f‘,‘__? . “
e R o e TN a,.:: gy, G
- ‘: Fad ‘-y’ g i 4’.& 4: 'n 'l‘ ..‘f‘::,.“ij

Amplitude mask Phase mask

44



AR,
,;’/@%

Coded Wavefront Sensor: What are Good Pattern

Images under amplitude & phase mask (lab data

Better contrast & Light efficiency

Amplitude mask Phase mask
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Implementation: Mask Fabrication

Soda Lime Photomask Cr on Fused Silica Wafer
T — -
UV Light
Development
- -
Plasma (Ar + SFs) Binary Phase Mask

Photoresist
-

Cr Etching
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