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GENERAL CONTEXT

°* PhD student at CEA-LETI (Grenoble) with LPNC:

* Supervisors:
° Jérbme Vaillant (CEA)
* David Alleysson (LPNC)

* Tittle: color restitution in low light level image sensors
* Main deals:

° Poor signal to noise ratio

* Jllumination conditions
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GENERAL CONTEXT

°* PhD student at CEA-LETI (Grenoble) with LPNC:

* Supervisors:
° Jérbme Vaillant (CEA)
* David Alleysson (LPNC)

* Tittle: color restitution in low light level image sensors

] Classical RGB Low light sensor
* Main deals:

° Poor signal to noise ratio

* Jllumination conditions

e

UNIVERSITE

Poor contrast False colors
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PLAN

Introduction and context

* The goal of color sensor design
* Classical color correction (state of the art)

* Physics of light capture and sensor limitation
* Photon absorption, noise

Mathematical representation of light

* Discrete approximation
* Sensor space, color space
* Color correction interpretation

Challenge and prospects

g’ UNIVERSITE
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INTRODUCTION AND CONTEXT

°* Colorimage sensor:
* Goal: acquire similar data as the human perception in given conditions:

Color sensor Human visual system
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INTRODUCTION AND CONTEXT

°* Colorimage sensor:
* Goal: acquire similar data as the human perception in given conditions:

Color sensor Human visual system o0 IR cutoff filter
* Key components for color acquisition (recall):
Photodiode —

o
IS

0
400 500 600 700 800 900 1000
wavelength (nm)

Quantum efficiency

0 . . I I . |
400 500 600 700 800 800 1000 02r
wavelength (nm)

0
400 500 600 700 800 900 1000
UNIVERSITE wavelength (nm)
& Grenoble
%
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INTRODUCTION AND CONTEXT

°* Colorimage sensor:
* Goal: acquire similar data as the human perception in given conditions:

Color sensor Human visual system o0 IR cutoff filter
* Key components for color acquisition (recall):
Photodiode —

o
IS

0
400 500 600 700 800 900 1000
wavelength (nm)

Optimisation
Color filters

0
400 500 600 700 800 900 1000
UNIVERSITE wavelength (nm)
& Grenoble
%
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INTRODUCTION AND CONTEXT

°* Colorimage sensor:
* Goal: acquire similar data as the human perception in given conditions:

Color sensor Human visual system

* Key components for color acquisition (recall): o
Usual « spectral sensitivities »

05

Quantum efficiency
o
w

—

Pixels 0.1k

400 450 500 550 660 650 700 750
ﬂ' . UNIVERSITE wavelength (nm)
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INTRODUCTION AND CONTEXT

* State of the art:
* Basic image processing:

Demosaicging

E UNIVERSITE
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INTRODUCTION AND CONTEXT

* State of the art:
* Basic image processing:

White balance

0
350 400 450 500 550 600 650 700 750 800 850
wavelength (nm)
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INTRODUCTION AND CONTEXT

* State of the art:
* Basic image processing:

White balance

CIE D50

07 18
100 f 06 6
14
Ii: é 03 E 08
< a a
40+ g o 0.6
04
20F 04
0.2
%50 4@ 4@ 5&] 550 GEEO 65;0 Tlii Téﬂ 3[:‘0 350 %OD 45‘0 5C‘D 55;0 669 Et’;D 700 750 800 ¢ 400 4;0 500 550 600 650 700 750
wavelength (nm) wavelength (nm) wavelength (nm)
Nluminant QE Color matching functions
ﬂ' UNIVERSITE
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INTRODUCTION AND CONTEXT

* State of the art:
* (Classical color correction:

R71 ... Rr24

T = | Gr1 - G124

BT1 ans BT24_
1.1 |

M = argminy(||T — M.S||%)
M=T.5T.(5.s")1

g K [V]
M= [0 ..0 1]
RSl ...R524 K == CCM WB
— Gsl T GSZ4_
Bgy ... Bsz4 R .
1..1 G =—K".(K.KT) .V
' B offset
R Ci1 Ci2 Cy3\ (W1 O 0 R R
G =|Cz1 Cz Cp3|.{ O Wy 0 G -G
Blcorr 631 632 633 0 0 W33 Bliaw B of fset

CCM WB
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INTRODUCTION AND CONTEXT

* State of the art:

* Exemple of color correction (computed on hyperspectral image)
* CIE-DG65 illuminant
* Teledyne Onyx sensor with infrared cutoff filter (slides before)

Corrected sRGB data

Raw data
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INTRODUCTION AND CONTEXT

* State of the art:

* Exemple of color correction (computed on hyperspectral image):
* CIE-DG65 illuminant
* Teledyne Onyx sensor with infrared cutoff filter (slides before)

Corrected sRGB data

Raw data Reference sRGB data
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PHYSICS OF LIGHT YIELDING AND SENSOR LIMITATION

°* Photon absorption computation:
* Physical units: o

vV V. v v

400 450 500 550 800 650 00 750

wavelength (nm}
Reflectance rate
_ _ Rp(N)
‘ ‘ D
05 ]
E)KJO 4éﬂ SOID 55‘0 660 65‘0 760 750 08
wavelength(nm) '
Black body 6500K
go4 1 Photon/electron
v §os conversion rate
Physical absolute unit 8 al - QE(N)

E UNIVERSITE 400 450 500 ﬁramaizt;h(n:ﬁn 00 750 800
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PHYSICS OF LIGHT YIELDING AND SENSOR LIMITATION

°* Photon absorption computation:
* Electron measure:

2
Niyux-Tine-Qpix
M. = z

‘. a7 o Tuum(2). Ry(2). QE(2). dA

* Limitation of a sensor, the noise:
* Noise: uncertainty on the electron number measurment

*  Main source of noise:

* Readout noise (standard deviation given by the manufacturer, some electrons)
Gaussian

* Photonic shot noise (o3, = signal)
Poissonian
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PHYSICS OF LIGHT YIELDING AND SENSOR LIMITATION

°* Photon absorption computation:
* Electron measure:

NpxTin -azix co
M, = — 4_ﬁ: 22 [ Trum(A).Ry(2). QE(2).dA

* Limitation of a sensor, the noise:
* Noise: uncertainty on the electron number measurment

*  Main source of noise:

* Readout noise (standard deviation given by the manufacturer, some electrons)
Gaussian

* Photonic shot noise (o3, = signal)
Poissonian

Nux n x
M, = M g, (). R,(2). QECA). dA +

ﬁ UNIVERSITE
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NOISE PROPAGATION

* Color correction:
* Signal and noise amplification

* Signal to noise ratio decrease
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NOISE PROPAGATION

* Color correction:
* Signal and noise amplification

* Signal to noise ratio decrease

° Quantitative exemple:

Usual model: « without correlation between channels»

o5 [ T T T T T T /'\7

—_— SNF\'Y sans correction

20 - 7SNF\'Y avec correction 4

Grey patch 18%

SNR,, (dB)

I L i i 1 i L L I I S T S E I A
0.02 0.04 0.06 0.08 0.1 0.120.140.16
E . eclairement (lux)
UNIVERSITE
& Grenoble
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NOISE PROPAGATION

° Study of noise propagation = adapte spectral transmittances
* Use large band filter for better raw SNR:

Transmittance 4

>

Transmittance 4

" Larger band
Better spectral property .
- Higher raw SNR

*  Final SNR increase? Not obvious

* Noise can be amplified according to spectral shape and number of spectral
channels

°* > We need an algebraic representation for noise propagation through color
correction

g’ UNIVERSITE
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ALGEBRAIC WRITTING

°* From physics to algebraic representation:

Niux-Tint-a

Me. = P [y lum (D)- Ry(D). QE(2). dA

4.f7
t— Finite support

2
. Nlux-Tint-apix 700nm

Me- - 4.f#2 400nm Ilum (/1) Rp (/1) QE(A) dA
700nm
Me. o [, 00mm Ttum (D). Ry(2). QE(2). dA
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ALGEBRAIC WRITTING

°* From physics to algebraic representation:

Niux-Tint-a

Me. = P [y lum (D)- Ry(D). QE(2). dA

4.f7
t— Finite support

2
. Nlux-Tint-apix 700nm

Me- - 4.f#2 400nm Ilum (/1) Rp (/1) QE(A) dA
700nm
Me. o [, 00mm Ttum (D). Ry(2). QE(2). dA

e- X Z;cl:l Ilum (Ak)- Rp (Ak)- QE(AR) A

Discretisation: <

_x QE".diag(Ijym)- Ry Matrix form
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MATHEMATICAL REPRESENTATION OF LIGHT

* Discrete approximation of physics:
* Measure or digital interpolation:

] Vectorized function f
A Physical function f(A)
T ~—1 fA) | = *e))
1 i f(A2)
[ [ fA) | = (f* )
A A7 A, A(nm) _

Measure distribution @,(A)
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MATHEMATICAL REPRESENTATION OF LIGHT

* Discrete approximation of physics:
* Measure or digital interpolation:

] Vectorized function f
A Physical function f(A)
T ~—1 fA) | = *e))
1 i f(A2)
[ [ fA) | = (f* )
A A7 A, A(nm) _

Measure distribution @,(A)

* Vector representation:
° n-space - R" generated by the canonic base: a finite dimension Hilbert space

e feRm
o f=Y_.frex
* [e,..,e,] =1[(1,0,..,0),..,(0,..,0,1)]
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MATHEMATICAL REPRESENTATION OF LIGHT

* Discrete approximation of physics:
* Formalism recalling:

* Consider f(A1), a spectral function
e f is the vectorized form of f

Integration in pre-Hilbert space: « integration » in R™
n
An
I
FQ1).dA ~ E FL).A = [f.1].62
A k=1
A f(/l) A f_v}(/l) /,’A/k"\lk\\
A "
\
7 \
7 \
L’ \
a”’/ \\\
1] [ §
M A, A(nm) A A, Anm)
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MATHEMATICAL REPRESENTATION OF LIGHT

* Discrete approximation of physics:
* Formalism recalling:

Vectorized function f Vectorized function g
f(41) g(1) Matrix writting:
f(42) 9(42) 2 T
. - a=f.g=1fg
f(4n) 9(An)

* For vectorial study no need to scale the scalar products (physical
parameters of AA)
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MATHEMATICAL REPRESENTATION OF LIGHT

°* Sensor algebraic space:

* Consider an RGB image sensor having spectral channels such as (7, g, f))
are R" elements.

‘ With:FZZ;}:lrk-e_k)’ §=Zﬁ=1gk-e_k) , b=22=1bk-§

* This family is free and generates a 3 dimensions R™ subspace:

< )
LP_' UNIVERSITE
A L™ s Grenoble
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MATHEMATICAL REPRESENTATION OF LIGHT

* Color (or display) algebraic space:
* Consider a standard color space such as XYZ generated in R™ by (X,y, 2).

—

- .—)_ n e —)_ n —)_ n —_—>
* With:X =Xy_1Xg.€ , ¥V=2Xk=1Yk-€ » Z= Lk=1Zk - €k

* This family is free and generates a 3 dimensions R™ subspace:

Rn

E UNIVERSITE
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MATHEMATICAL REPRESENTATION OF LIGHT

°* Schematic radiance projection:
* L radiance spectrum, F quantum efficiencies, H color matching functions

Measure operator:

F=]lR G B
I I

Measure = FT. L

I I
I I
I I
I I
n Gn B

g =====

n

oy

K
Measure

g' UNIVERSITE
& Grenoble
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MATHEMATICAL REPRESENTATION OF LIGHT

°* Schematic radiance projection:
* L radiance spectrum, F quantum efficiencies, H color matching functions

Measure operator:

Expectation operator;
F=]lR G B

I I I H=l x, v, 2z

| | | | | |
I I I Measure = FT. L

I I I Expectation = H. L
| | |

Rn Gn Bn

X Y

z

A

S Expectation

Measure

nnn‘

A ¢

ﬂ' UNIVERSITE
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MATHEMATICAL REPRESENTATION OF LIGHT

°* Schematic radiance projection:
* L radiance spectrum, F quantum efficiencies, H color matching functions

Measure operator:

Expectation operator;
F=]lR G B

I I I H=l x, v, 2z

| | | | | |
I I I Measure = FT. L

I I I Expectation = H. L
| | |

Rn Gn Bn

X Y

z

A

S Expectation

Measure

nnn‘

A ¢
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MATHEMATICAL REPRESENTATION OF LIGHT

* Another schematic view of color correction:
* Raw acquisition:

1
1
: St
L
1 //
gy

Sensor (S) T
|
1
1
1
1
1
1
1
1
1
:
E Expectation

- Co Color space (V)
1
1
1
1
1
1
1
1
1
1
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MATHEMATICAL REPRESENTATION OF LIGHT

* Another schematic view of color correction:
* Raw acquisition:

. st
07
Sensor (S) R
E Expectation
Orthogonal projection in R" on S o Color space (V)
/L
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MATHEMATICAL REPRESENTATION OF LIGHT

* Another schematic view of color correction:
* Application of the CCM:

1
1
. St
CoLe
1 //_)
AT

Sensor (S) T
:
1
1
1
1
1
1
1
1
1
1
:
1
: Expectation

‘g,q Color space (V)
1
1
1
1
1
1
1
1
1
1
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MATHEMATICAL REPRESENTATION OF LIGHT

* Another schematic view of color correction:
* Decomposition of the CCM:

Sensor (S) R

Expectation
Color space (V)
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MATHEMATICAL REPRESENTATION OF LIGHT

* Another schematic view of color correction:
* Decomposition of the CCM:

Point in R" evaluated by LMMSE on

e
Sensor (S .
(S) a color chart

Expectation
Color space (V)
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MATHEMATICAL REPRESENTATION OF LIGHT

* Another schematic view of color correction:
* Noise and CCM:

=t

Sensor (S) 7 Rl :. Noise propagation

Noisy

Color space (V)
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MATHEMATICAL REPRESENTATION OF LIGHT

* Color correction Kernel (not scaled): Iq
1) Radiance spectrum evaluation:

* Cohen operator (explicit form): S
~ _1 e,
L=F.(F.F) .F'.L @
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MATHEMATICAL REPRESENTATION OF LIGHT

=~

* Color correction Kernel (not scaled):

1) Radiance spectrum evaluation:
* Cohen operator (explicit form): S
-1 - T‘;
L=F.(F'.F) .F'.L g ~—
° Use of a dataset (state of the art method): .z
7 -1
— T T (T T T T
L=z (F Zger) '(F Zser- (F' Zger) ) F'.L
n X p matrix | S
with p data — .
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MATHEMATICAL REPRESENTATION OF LIGHT

* Color correction Kernel (not scaled): Lo
1) Radiance spectrum evaluation:
* Cohen operator (explicit form): s
-1 I T‘;
L=F.(F.F) .F'.L ' —
° Use of a dataset (state of the art method): .z
-1
L - Zset- (FTzset)T- (FTzset. (FTZs.et)T) . FT_ L
n X p matrix I S
with p data
2) Color space projection:
X
Y H'.L
Z corrected

ao0
B

g’ ! UNIVERSITE
l'

& Grenoble

400 450 500 wav;ﬁ:ﬂgm g‘lfl) 650 00 750
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MATHEMATICAL REPRESENTATION OF LIGHT

* State of the art (simplified):
* (Classical color correction:

Ryq ... Ry24
T =|Gry ... Gr24 ~
Bpq ...Byy, M = argminy(||T — M.S||?)

M=T.5T.(5.5)1

' R524
e GSZ4,
' BSZ4_

M =CCM.WB

R R R
G =M |G
Blcorr Blraw
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MATHEMATICAL REPRESENTATION OF LIGHT

* Color correction matrix:
* Complete expression:

M = C.HT.Zset@T- (FTZset- (FTZS®
7 \

Scaling matrix ~ Color space projection Spectral evaluation operator
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MATHEMATICAL REPRESENTATION OF LIGHT

* Color correction matrix:
* Complete expression:

M = C.HT.Zset@T- (FTZset- (FTZS®
7 \

Scaling matrix ~ Color space projection Spectral evaluation operator

* Analogy with the state of the art:

M = C-(T- (FTZset- (FTZset)T)_l

« «T» « XS»
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MATHEMATICAL REPRESENTATION OF LIGHT

* Color correction matrix:
* Complete expression:

M = C.HT.Zset@T- (FTZset- (FTZS®
7 \

Scaling matrix ~ Color space projection Spectral evaluation operator

* Analogy with the state of the art:

M = C-(T- (FTZset- (FTZset)T)_l

« «T» « XS»

* Scaling: in 8-bits acquisition - display in sSRGB standard

R R R
/vG =M.|G| <«——I0, 255
[0,255] LBlsrgB Blyaw
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PROSPECT AND CHALLENGE

* Scaling:
* Important for compact writing of CCM: 3x3 fix matrix

* Physical point of view: absolute scale - classical geometry

* Perception point of view: relative scale - projective geometry?

* To adapt formalism: homogenous coordinates

* Homography as spectral color correction
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CONCLUSION

°* Image sensor industry:

* Use of empirical color correction
* Work in absolute physical units

* Cognitive and mathematical color science:

* Mathematical approach
* Relative scales

* Strong link between domains useful to understand
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