Color Imaging Pipeline for Digital Still & Video Cameras
Part 2: Demosaicking+Denoising, Sampling, Crosstalk

Patrick J. Wolfe

patrick@seas.harvard.edu
Statistics and Information Sciences Laboratory
School of Engineering and Applied Sciences
Harvard University

IEEE ICIP 2008

Hirakawa, Wolfe, Nguyen Color Imaging Pipeline

Outline

e Sparsely Sampled Data Processing using Dual Wavelets
© Images Corrupted with Poisson Noise
e Color Image Acquisition and Reconstruction

e Crosstalk Artifacts and Analysis

e Summary
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Denoising+Demosaicking

sensor data

/

demosaicking

Hirakawa, Wolfe, Nguyen Color Imaging Pipeline




Demosaic+Denoise

sensor data+noise
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Demosaic+Denoise

time domain

x(n) (=1)"x(n) xs(n)

frequency domain

X(w) X(w—m) Xs(w)

GOAL: Develop a tool to analyze sampled signal that is local in time and
frequency using ®lterbankrepresentation.
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Reversed-Order Dual Filterbank

Demosaic+Denoise Poisson Acquisition Cross-Talk SLmlm_

Ordinary Filterbank

reversing the ordering of ®lterbank results in frequency modulation.
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Ordinary Filterbank
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Ordinary Filterbank

h i h i
R(1)= FLUHL( )+ Fy(t)Hu() X( )+ FL(t)HL(! )+ Fu(t )Hu( ) X( + )
{z } { }
constant phase zero
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Demosaic+Denoise

Ordinary Filterbank

R()= FL(‘ JHL( ) + Fr(t)HR( ) X()+ FL(‘ JHL(! )+ Fu(t)Hu( ) X+ )
{z {
constant phase zero

Reversed-Order Dual Filterbank

R( )— Fr(HLM)  FLC)HAC ) X()+ F p(HL(C ) FL()HR(C ) X(! )
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Demosaic+Denoise

Ordinary Filterbank

R()= FL(‘ JHL( ) + Fr(t)HR( ) X()+ FL(‘ JHL(! )+ Fu(t)Hu( ) X+ )
{z {
constant phase zero

Reversed-Order Dual Filterbank

R( )— Fu(HL(M)  FL()HAC ) X(! )+ Fu( )HL(' ) FL()HK( ) X( )
h

= Fu(OHL( )+ FLOOHLC ) X+ Fyl HAC ) Ll )HL(') x¢ )
| { |

zero constant phase
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Ordinary Filterbank

R()= FL(‘ JHL( ) + Fr(t)HR( ) X()+ FL(‘ JHL(! )+ Fu(t)Hu( ) X+ )
{z {
constant phase zero

Reversed-Order Dual Filterbank

R( )— Fu(HL(M)  FL()HRC ) X(! )+ Fu( )HL(' ) FL()HK( ) X(! )
h

= Fu()HuC )+ FL(H (! ) X(1)+ FH(‘ JHE( )+ FLO)HLC ) x(! )
| { |

zero constant phase

K. Hirakawa, X.-L. Meng, P. J. Wolfe, 2 A Framework for Wavelet-Based Analysis and Processing of Color
Filter Array Images With Applications to Denoising and Demosaicking,? ICASSP 2007.
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Filterbanks with Sampled Signal

«0O0>» 4F» « > « > Qv

Demosaic+Denoise

xs(n) = x(n) +(

1)"x(n)
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Demosaic+Denoise Poisson Acquisition Cross-Talk Summ_
Review: Wavelet Image Denoising

Estimate wy; via
thresholding: W = sign(w),)(iwj )+

shrinkage: W = E[wjw)]

«O>» «F»r « > < > = war
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Demosaic+Denoise Poisson Acquisition Cross-Talk Summ_
CFEA Image & Difference Image

cr(n)r(n) cg(n)g(n) cp(n)b(n)

et 9 (o),

locally vertical Fourier locally horizontal Fourie
feature feature

global Fourier feature

25N 64
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cr(n)r(n) cg(n)g(n) cp(n)b(n)

A0 90 (B0, 90)

Filterbank interpretation:

X — 9 s s
Wity = Wiij * Wi + Wi
Wy =wd + WS+ WS+ W

AT i i3] it
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1
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Demosaic+Denoise |
Filterbank Analysis (assuming vertical feature)

y — 0 1
WL = W W+ 7 (W W)

y  _— 9 1
WEHLL = WaHLL F Whnee T 7 (Wi W)

y
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1 1
i Z(W W'y:j W‘:jl + Wir:jr)+ Z(Wm + W,r;J + W‘;Jr + W,r;Jr)
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Bayesian Estimation

W\:j' + Wif:j’)+ Z(Wijj + Wl";J

W W

Denoising+Demosaicking

N = wY cwY wY
W = E[Wi:jjwl;],wi:j,,wil
A = Y oY cwY -
i E[Wi:jJWi;j,Wi:J,,Wi,._.
— @ Aoy oo oy o
W = BIWE WG Wi Wi
denoising
S ——1
AT 9 X X . ooyl oV y
W = = F[wiji;j,w,;]r,w s Wik Wi W,
interpolation

a

Y.owy - o
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Demosaic+Denoise

Noisy Sensor Data

Denoising+Demosaicking

Noisy Subbands Denoised Subbands

Hirakawa, Wolfe, Nguyen



Demosaic+Denoise

Hirakawa, Wolfe, Nguyen Color Imaging Pipeline

Demosaic+Denoise

Hirakawa, Wolfe,

Color Imaging Pipeline



Demosaic+Denoise
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Demosaic+Denoise

Developed an ef®cient representation of sampled signal
using reversed-order dual ®lterbank that is local in time and
frequency.

Described a new method to estimate the ®lterbank
coef®cients of the complete color image given noisy CFA
image.

Demonstrated that combined demosaicking and denoising
is better than treating these problems separately.
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Poisson

Images Corrupted with Poisson Noise
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Poisson
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Poisson

Increased resolution does not always mean better image quality!

Noise can outweigh the bene®ts toincreasing resolution

Noise level is linear with respect to resolution, regardless of the image content.
The effects of signal-dependent noise kick in very quickly.

Loss of resolution is scene dependent, but generally rolls off quickly.

There exists optimal resolution, but is scene dependent.

Bottom Line: signal-dependency of noise highlight the real need for addressing noise

problems.
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Poisson

Claim: gjf P (f) 0 (@if N ( (f);1)
Pixel Domain Anscombe

Haar-Fisz Bartlett
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Poisson
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Poisson

Claim: gjf P (f) 0 (@if N ( (f);1)
Anscombe

Haar-Fisz Bartlett
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Poisson

Poisson
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Cannot separate to luminance-chrominance because variance stabilization
takes positive integer inputs.
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Poisson
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Poisson
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Color Image Acquisition and Reconstruction
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What are the fundamental limitations to DSP imposed by the
acquisition hardware?
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What are the fundamental limitations to DSP imposed by the
acquisition hardware?

Types of data losses?

Spatial resolution (e.g. 6 megapixel)
Spectral resolution (e.g. red, green, blue)
Quantization (e.g. 24-bit color)

Temporal resolution (e.g. frame rate)
Noise (e.g. shot noise)
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What are the fundamental limitations to DSP imposed by the
acquisition hardware?

Types of data losses?

Spatial resolution (e.g. 6 megapixel)
Spectral resolution (e.g. red, green, blue)
Quantization (e.g. 24-bit color)

Temporal resolution (e.g. frame rate)
Noise (e.g. shot noise)

Given natural scene statistics models, can we
gquantitatively analyze the information loss?

Can we design hardware that minimizes information loss?
Can new hardware enable fast algorithms?
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Acquisition

Digital Camera Image Processing Pipeline

Observations:

Goal:

Design a new CFA pattern that preserves the integrity of the signal.
... should yield better computation-quality trade-offs.
... should enhance the performance bounds.

«0O0>» 4F» « > « > Qv

Acquisition

CFA represents one of the very ®rst steps in acquisition.

Subsequent steps process sensor data acquired through CFA.

We see diminishing return in image quality for additional complexity in
algorithm.

Design a new CFA pattern that preserves the integrity of the signal.
... should yield better computation-quality trade-offs.
... should enhance the performance bounds.
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Acquisition

CFA Image & Difference Image

cg(n)g(n)

cr(n)r(n)

cp(n)b(n)
cr(n)(r(n) g(n)

cp(n)(b(n) g

y(n) =cg(ng(n)+ cr(n)r(n)+ cp(n)b(n)
=90+ lry, (+ ot (o

sampling

sampling

«0O0>» 4F» « > « > Qv

Acquisition

y(n) = g(n)+ c(n) (n)+ cp(n) (n)
Ffyg= Ffgg+ Ffc, g+ Ffcy @

global Fourier feature

presumed locally vertical
Fourier feature

presumed locally
horizontal Fourier feature
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Acquisition

|
CFA Image & Difference ImagebFourier Transform

hlobal Fourier feature

presumed locally vertical

presumed locally
Fourier feature

horizontal Fourier featu

«O0» « 5 )» « > <

> war

Acquisition

Bayer Pattern® 4 Color Pattern® Hexagon® Octagon/Quincunxd

a@B.E. Bayer, 2Color imaging array? U.S. Patent 3 971 065, 1976.
b

www.sony.net/sonyinfo/news/press_archive/200307/03-029E

®R.M. Mersereau, @The processing of hexagonally sampled two-dimensional
signals? Proceedings of the IEEE Vol.67, No.6, 1979
d home.fuji®Im.com/pma2000/sprccd.html
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Acquisition

|
Analysis of Data Loss in Image Acquisition

Theorem (Hirakawa & Wolfe 2008)

No choice of pure-color CFA (Bayer, Hexagonal, Octagonal, etc.) will
admit the maximal spectral radius at baseband.

«0O0>» 4F» « > « > Qv

Acquisition

It's a

problem!
Recall spectral support of the green image.

Green image spectrum does not occupy

frequency regions far away from the origin.
and

Use ¢, and cp to modulate (n)
(n) away from origin!

Pick modulation frequency ®rst, then take
inverse FFT to ®nd optimal CFA
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Disadvantages to traditional CFA design

aliasing occurs when one signal 2contaminates® another signal.
anti-aliasing reduces resolution.

aun-doing® aliasing is an ill-posed problem ) additional assumption and
complexity! (e.g. directionality).

Bene®ts to spatio-spectral CFA design

minimize data loss) improved image quality

not sensitive to directions ) completely linear fast reconstruction
method

low-complexity, low-power, low-memory
improvements for noise and video (panchromatic)
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Computational burden of contemporary demosaicking methods are
largely due to the aliasing.

With suf®cient partitioning in Fourier domain, a verycrude ®Ilterwill
suf®ce for reconstruction.

Can we use cheap ®lters? YES!

We will show how linear demosaicking can be simpli®ed to the
complexity of bilinear interpolation
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Computational burden of contemporary demosaicking methods are
largely due to the aliasing.

With suf®cient partitioning in Fourier domain, a verycrude ®Ilterwill
suf®ce for reconstruction.

Can we use cheap ®lters? YES!

We will show how linear demosaicking can be simpli®ed to the
complexity of bilinear interpolation

Main Conclusion: alias-free CFA admits super-fast demosaicking with
improved image quality.

D. Alleysson, S. Susstrunk, J. Herault, 2005

E. Dubois, 2006
K. Hirakawa, P.J. Wolfe, 2008
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Acauisition |
Ef®cient Linear Demosaicking

h f

R(y) =
h f vyg

| — 70—} | —{z—}
pixel-wise operation spatial processing

combined with color correction of ine ) comes for free!

is the only demosaicking cost.

f %(n2)y%n)g
f °(n2)y%n)g

«0O0>» 4F» « > « > Qv

Acquisition

we rival state-of-the-art demosaicking with
only operations per !
elements such as if-then or greater-than.
(except 2f0; 1g)

4 adds, 2N + 1 delay lines
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0. 02f0; 1g) savingswith °y%= 0and %y°= 0
Z4 line buffers, Z, registers (ASIC)
10 adds, 2N + 1 line buffers, 3N + 2 registers
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Bayer Pattern? Pattern A Pattern B Pattern C

2 Gunturk et al, 2Demosaicking: Color Filter Array Interpolation? IEEE Signal Processing Magazine, Jan. 2005
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2 Gunturk et al, 2Demosaicking: Color Filter Array Interpolation? IEEE Signal Processing Magazine, Jan. 2005
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Bayer Pattern? Pattern A Pattern B Pattern C

2 Gunturk et al, 2Demosaicking: Color Filter Array Interpolation? IEEE Signal Processing Magazine, Jan. 2005

Hirakawa, Wolfe, Nguyen Color Imaging Pipeline



Reconstructed
from
Panchromatic
Sensor

Reconstructed
from RGB
Sensor
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Cross-Talk

Crosstalk Artifacts and Analysis
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Cross-Talk

Sensor measurements subject to
photon and electron leakage.

CFA-based camera is vulnerable to
color desaturation.

Crosstalk phenomenon is severe when
pixel sensors are densely packed
together.

Analyze the mechanism underlying the
cross-talk problem

Pixel Sensor (Turchetta et al.)

Propose a signal processing solution
for correcting the crosstalk that is
simple and effective.

Hirakawa, Wolfe, Nguyen Color Imaging Pipeline

Cross-Talk

Optical Diffraction

photon to stray away from the center of
the pixel.

linear with respect to signal strength.
Optical Diffraction severe with high incidence angle.
microlens can help.

Minority Carrier Diffusion Minority Carrier Diffusion

(Grotta '01) electrons stray away from the target after
charge collected.

linear with respect to signal strength.

Crosstalk worsens with smaller pixel sensors!
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Cross-Talk

Studies
Physical simulations
Find 2effective® colors in CFA
Find 2effective® phase-shifts in optical diffraction

Hardware Solutions
Larger pixel sensor
Microlens collects photons, reduces crosstalk
Introduce barriers between pixels
Backside illuminated pixel architecture

To the best of our knowledge, no signi®cant work done in
proposing a signal processing solution!
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Cross-Talk

Crosstalk can be modeled as a linear convolution.

X
fe) = e x(pon my pi;m)

) m )
contaminated ideal sensor crosstalk kernel

Color-dependent crosstalk modeled by spatially-dependent
convolution.

(lumerical.com) (Tian)
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Cross-Talk

P
Ffeg(! )= pjSi (! i)
Ff cbg(! )= jtj (' j)
Ideal Sensor
ym=mm+%mmh%mum
Y(! )= G(' )+ ijJ‘X + th g(' j)

Crosstalk Contaminated Sensor
For a moment, assume h(n; m) = h(n) (i.e. spatially invariant).

Z(")=HU)Y(")
=H()G( )+ HEfSX +tX gt )
X

H(! )G(' )+ jH( j)ijX + th g(' j)
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Cross-Talk

>< ‘ ‘

Z(!) I—I(_lé;(_l?+ j|—|( fsX +{thX g(! j}

blur kernel desaturation

Filtering at the baseband causes blurring.

Attenuation of modulated difference image causes color
desaturation.
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Cross-Talk

Z(!) I—I(_lé;(_l?+ j|—|( fsX +{thX g(! j}

blur kernel desaturation

Filtering at the baseband causes blurring.

Attenuation of modulated difference image causes color
desaturation.

Keigo Hirakawa will discuss how crosstalk distortion can be
corrected in tomorrow's lecture!

K. Hirakawa, 2Crosstalk Explained? IEEE ICIP, 2008
MP.L2, Oct 13, 16:10-16:30
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Cross-Talk

Bayer Yamanaka Lukac Spatio-Spectral
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Summeg

Summary
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Summeg

Demosaicking+Denoising
Introduced reversed ordered dual ®lterbank
Proposed performing demosaicking and denoising in the
transform domain
Examined variance stabilization and its relationship to
demosaicking

Color Image Acquisition and Reconstruction
Examined the aliasing inherent in CFA patterns.
Designed a new way to capture and reconstruct color
image using modulation operator.
Demosaicking with complexity comparable to bilinear
interpolation.

Crosstalk Distortion and Analysis
Examined crosstalk artifacts via spatio-spectral sampling
theory
Showed desaturation occurs as a result of attenuation of
modulated difference images.
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Summeg

patrick@seas.harvard.edu
www.accidentalmark.com/research/tutorial/ICIP08
sisl.seas.harvard.edu
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