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What if this is not true? Metamers in human
vision would not be metamers in camera
vision: colors appearing different to your eyes
would look the same in photos and vise versa.
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How to Sense Color?

Principle of univariance: once a photon is converted to an electron, we lose
wavelength/color information (there is no red electron vs. blue electron).

How do humans sensor color? We have three types of cones, each has a
different spectral sensitivity to light.

* Light spectrum gets transtormed to three numbers (L, M, S cone responses, or
equivalently the tristimulus values in a color space).

Cameras also need to somehow generate three numbers from light too.

The three values should ideally be the same as the LMS cone responses.

* Or can be converted to tristumulus values in one of the known color spaces.



Sensor Spectral Sensitivity
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https://horizon-lab.org/colorvis/camcolor.html



Sensor Spectral Sensitivity
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How should SSFs look like?

Camera Spectral Sensitivity * |deally: each sensor's SSF

(sensor quantum e
microlens, filters,

mimics LMS and XYZ, since
CMFs in other color space
usually involve negative values
that are physically unrealizable.

e Reality: hard to be exact. SSF
depends on lots of things

ticiency,

manufacturability, etc.).

https://horizon-lab.org/colorvis/camcolor.html



Sensor Spectral Sensitivity
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Sensor Spectral Sensitivity
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Astrophysical Imaging Uses More Filters

Spectral transmittance of the five filters in the first SDSS camera
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Realizing “"Three
Kinds of Sensors”




Take Three Separate Shots and Combined Them
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Sergey Prokudin-Gorsky
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http://www.cs.cmu.edu/afs/cs.cmu.edu/academic/class/15463-f11/www/proj1/www/machongm/
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Use Three Sensors

Use three sensors

(a) e — (b)

Figure 14.3 (a) Three-sensor camera.

b) Sequential colour camera.

The Manual of Photography and Digital Imaging 10ed, Allen and Triantaphillidou

Similar to “three shots” (previous slide)
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Use Three Sensors

Use three sensors

(a) —

Figure 14.3 (a) Three-sensor camera. (b) Sequential colour camera.

https://pro.sony/ue_US/products/handheld-camcorders/pxw-x180  The Manual of Photography and Digital Imaging 10ed, Allen and Triantaphillidou 14
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Multi-Chip Sensing in Astrophysics
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Vertical Stacking

Longer-wavelength light penetrates deeper into silicon.

Sensitivity(B) = Absorption(B) Sensitivity(G) = Transmittance(B) x Absorption(G)

Sensitivity(R) = Transmittance(B) x Transmittance(G) x Absorption(R)

Silicon color absorption Foveon X3 sensor stack
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https://en.wikipedia.org/wiki/Foveon_X3_sensor  https://www.dpreview.com/articles/1431165397/sigma-dp3-merrill-foveon-75mm-equivalent 16
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Bryce Bayer (1929 — 2012)

Color Filtering Array

Bayer Pattern

Incoming light

Filter layer

Sensor array

Resulting pattern

https://en.wikipedia.org/wiki/Bayer_filter 17
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Color Filtering Array

Each filter has a unique spectral transmittance function, which characterizes
the percentage of photons that can get through at each wavelength.
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Filters Dim Lights

Spectral transmittance of

the micro-lenses
D(A
” {:F Ye(x,y) = J ®(1) R(A) IR(Y) M(2) CFAR(A)dA
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Reading Sensor Specification: ONSemi NOII4SM6600A

ELECTRO OPTICAL SPECIFICATIONS

Monochromatic sensor

Spectral Response Curve
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https://www.onsemi.com/pub/Collateral/NOI14SM6600A-D.PDF

Parameter Specification
FPN (local) <0.20%, 2 LSB10  ff———
PRNU (local) <1.5%
Conversion Gain 43 uV/e
Output Signal Amplitude 0.6V
Saturation Charge 21500 e-
Sensitivity (peak) 411 V.m2/W.s
4.83 V/lux.s
Sensitivity (visible) 328 V.m2/W.s
2.01 V/lux.s
Peak QE * FF 25% 44—
Peak Spectral Response 0.13 A/\W
Fill Factor 35%
Dark Current 3.37 mV/s
78 e-/s / %____.
Dark Signal Non Uniformity 8.28 mV/s
191 e-/s
Temporal Noise 24 RMS e- ﬂm—m-
Signal/Noise Ratio 895:1 (40 dB)
Dynamic Range 59 dB
Spectral Sensitivity Range 400 - 1000 nm
Optical Cross Talk 15%
4%
Power Dissipation 225 mW
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Reading Sensor Specification: ONSemi KAF-8300

A RGB sensor

1 Active (CTE Mc

Active Image Area
Effective Image Area
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Figure 2. Block Diagram (Color)

https://www.onsemi.com/pub/Collateral/KAF-8300-D.PDF

Table 6. SPECIFICATIONS

Description Symbol Min. Nom. Max. Unit
ALL DEVICES
Minimum Column MinColumn 575 - - mV
Linear Saturation Signal Ne-SAT 25.5 - - ke
Charge to Voltage Conversion Q-Vv 22.5 23.0 - uV/e
Linearity Error LeLow10 -10 - 10 %
LeLow33 -10 - 10
LeHigh -10 - 10
Dark Signal (Active Area Pixels) AA_ DarkSig - - 200 e’/s
Dark Si 200 e’/s
Readou 15 mV/s
Flush C 90 mV/s
Dark Si ) 3.0 mV p-p
DSNU_Step — 0.14 0.5
DSNU H — 0.40 1.0
Dark Signal Doubling Temperature AT - 5.8 - °C
Dark Reference Difference, DarkStep -3.5 0.15 3.5 mV
Active Area
Total Noise Dfld_noi — - 1.08 mV
Total Sensor Noise N — 16 - e’ rms
Linear Dynamic Range DR - 64.4 - dB
Horizontal Charge Transfer HCTE 0.999990 | 0.999995 - %
Efficiency
Vertical Charge Transfer Efficiency VCTE 0.999997 | 0.999999 - %
Blooming Protection X b 1,000 - - X EgaT
Vertical Bloom on Transfer VBloomF -20 - 20 mV
Horizontal Crosstalk H_Xtalk -20 - 20 mV
Horizontal Overclock Noise Hoclk_noi 0 - 1.08 mV
Output Amplifier Bandwidth f_3dB 88 — 159 MHz
Output Impedance, Amplifier RouTt 100 - 180 Q
Hclk Feedthru VHET — - 70 mV
Reset Feedthru VRET 500 710 1,000 mV
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Reading Sensor Specification: ONSemi KAF-8300

The two green filters have slightly different Having microlenses improves spectral
spectral sensitivities! sensitivities because the FF improves!
KAF-8300 Quantum Efficiency KAF-8300 Quantum Efficiency
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Figure 7. Typical Quantum Efficiency (Color Version) g yp y ( )
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Reading Sensor Specification: Teledyne Prime-95B

Being a scientific image sensor, the
noise performance is much better

Specifications Camera Performance
Sensor GPixel GSense 144 BSI CMOS Gen |V, Grade 1 in imaging area
Active Array Size 1200 x 1200 pixels (1.44 Megapixel)
Pixel Area 11pym x 11pm (121pm?2)
13.2mm x 13.2mm 100

Sensor Area _
18.7mm diagonal

90
Peak QE% >95% ﬂm—-’-‘
_ 1.6e- (Median) — 80
Read Noise 1 8e- (RMS) 4"-—”"“ o%
= > 70
_ 80,000e- (Combined Gain) O
Full-Well Capacity _ _ Z
10,000e- (High Gain) w60
@)
Dynamic Range 50,000:1 (Combined Gain) —
b 50
8t Denth 16-bit (Combined Gain) ;
it De
P 12-bit (High Gain) ) 40
>
Rolling Shutter < 30
Readout Mode _ D)
Effective Global Shutter G 20
Binning 2x2 (on FPGA)
10
Linearity >99.5%
0
Cooling Performance Sensor Temperature Dark Current 200 500 400 >00 600 700 800 900 1000
Air Cooled -202C @ 25°C Ambient 0.55e-/pixel/second ﬁw‘ WAVELENGTH (NM)
Liquid Cooled -25°C @ 25°C Ambient 0.3e-/pixel/second

https://www.photometrics.com/wp-content/uploads/2019/10/Prime-95B-Datasheet-07172020.pdf



