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Anatomy of the Human Eye
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Color
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Color perception
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Rods vs. Cones

* Rods

* Far more numerous than cones (¥120 million rods vs. ~6 million cones per retina).
Extremely sensitive to light, allowing us to see in dim or night conditions (scotopic vision).
Do not detect color—only shades of gray.
Poor spatial resolution (not good at fine detail).

Concentrated in the peripheral retina, which is why your peripheral vision is more light-
sensitive but less color-rich.

* Cones
* Work best in bright light (photopic vision).
* Provide color vision and fine detail.
* Concentrated in the fovea (the center of the retina), giving sharp central vision.

* Summary
* Cones = color & detail, daytime vision.
* Rods = sensitivity, grayscale, nighttime vision.



Sensitivity of Cones
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Eye vs. camera
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The modern photography pipeline
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The modern photography pipeline
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6. Uber einen
die Erzeugung und Verwandlung des Lichtes
betreffenden heuristischen Gesichtspunkt;
von A, Einstein.

Zwischen den theoretischen Vorstellungen, welche sich die
Physiker ber die Gase und andere ponderable Kdrper ge-
bildet haben, und der Maxwellschen Theorie der elektro-
magnetischen Prozesse im sogenannten leeren Raume besteht
ein tiefgreifender formaler Unterschied. Wilhrend wir uns
nimlich den Zustand eines Kdrpers durch die Lagen und Ge-
schwindigkeiten einer zwar sehr groBen, jedoch endlichen An-
zahl von Atomen und Elektronen fur vollkommen bestimmt
ansehen, bedienen wir uns zur Bestimmung des elektromagne-
tischen Zustandes eines Raumes kontinuierlicher riumlicher
Funktionen, so daf also eine endliche Anzahl von GrdBen
nicht als geniigend anzusehen ist zur vollstiindigen Festlegung
des elektromagnetischen Zustandes eines Raumes. Nach der
Maxwellschen Theorie ist bei allen rein elektromaguetischen
Erscheinungen, also anch beim Licht, die Energie als konti-
nujerliche Raumfunktion aufzufassen, wihrend die Energie
eines ponderaubeln Korpers nach der gegenwiirtigen Auffassung
der Physiker als eine iiber die Atome und Elektronen er-
streckte Summe darzustellen ist. Die Epergie eines ponderabeln
Korpers kann nicht in beliebig viele, beliebig kleine Teile zer-
fallen, wiihrend sich die Energie eines von einer punktfdrmigen
Lichtquelle susgesandten Lichtstrahles nach ‘der Maxwell-
schen Theorie (oder 2llgemeiner nach jeder Undulationstheorie)
des Lichtes auf ein stets wachsendes Volumen sich kontinuier-
lich verteilt.

Die mit kontinuierlichen Raumfunktionen operierende Un-
dulationstheorie des Lichtes hat sich zur Darstellung der rein
optischen Phinomene vortrefilich bewihrt und wird wohl nie
durch eine andere Theorie ersetat werden. Es ist jedoch im
Auge zu behalten. daB sich die optischen Beobachtungen auf
zeitliche Mittelwerte, nicbt aber auf Momentanwerte beziehen,
und es ist trotz der vollstindigen Bestitigung der Theorie der
Beugung, Reflexion, Brechung, Dispersion ete. durch das

Faisal Qureshi - CSCl 3240U
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Photo-Electric Effect

Emitted electrons
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Einstein’s Nobel Prize in Physics in
1921, “for his services to
Theoretical Physics, and especially
for his discovery of the law of
photoelectric effect.”
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Role of an imaging sensor

Camera shutter opens

!

Exposure begins
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Array of photon buckets

\ 4

Photon buckets begin to
store photons

|

Camera shutter closes and
“stored photons” are
converted to intensity values

Faisal Qureshi
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Basic Imaging Sensor Design

Photosite
Microlens Made from silicon. Emits electrons from photons

Color filter

Potential well
Stores emitted electrons

Silicon circuitry for read-out

Canon 6D sensor
(20.2 MP, Full-Frame)

Faisal Qureshi - CSCI 3240U
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Quantum efficiency of Photosite (QE)

* How many incident photons will the photosite convert to electrons

H#Helectrons

~ #photons

* Fundamental optical performance metric of imaging sensors
* But not the only one



Photosite response

* The photosite response is mostly linear; however, it is non-linear under
e Saturation (too many photons, potential well is full before exposure ends); and
* Under-exposure (too few photons, sensor noise or thermal noise)

Under-exposure

>

Saturation = A(#electrons) /
QE = A(#photons)

Saturation

Number of electrons

>

Under-exposure Number of photons

Faisal Qureshi - CSCl 3240U 22



Photosite full-well capacity

* How many electrons can a
photosite stores before
saturation?

* Important optical performance
metric of imaging sensor
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Pixel pitch and fill factor

Pitch
Size of one side of a square pixel

1-20 micrometers

g Photosite
I

S

Microlens

Color filter

|
|
|
|
Potential well

Silicon circuitry for read-out

Fill factor
Percentage of pixel area taken by the photo-sensitive material

Faisal Qureshi - CSCI 3240U
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Microlenses

* Microlenses increase the effective fill area by bending light towards the
photosite

e These are sometimes called /enslets

* Microlenses implement a pixel-sized 2d rect filter and act as spatial low-
pass filter, thus preventing anti-aliasing

Microlens

25
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Optical Low-Pass Filter (OLPF)

e Oftentimes an optional low-pass filter is placed in front of the sensor
e Sensors have a separate glass sheet in front of the sensor, which acts as OPLF

* Improves pre-filter
* Prevents anti-aliasing

Without Antialiasing With Antialiasing

Figure from GeeksforGeeks

Faisal Qureshi - CSCl 3240U 27



Anti-aliasing

Figure from https://blog.codinghorror.com/fast-approximate-anti-aliasing-fxaa/

Faisal Qureshi- CSCl 3240U 28



Optical Low-Pass Filter (OLPF)

* Two birefringent layers

 Split one ray to four rays, implementing a four-tap discrete convolutional
filter

Birefringence

ScienceDirect Birefringence in a calcite crystal

Faisal Qureshi - CSCI 3240U
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Optical Low-Pass Filter (OLPF)

* The OLPF means you also lose resolution.

* Nowadays, due the large number of pixels, OLPF are becoming

unnecessary.
* Photographers often hack their cameras to remove the OLPF, to avoid the loss of
resolution (“hot rodding”).
e Camera manufacturers offer camera versions with and
without an OLPF.
* The OLPF can be problematic also when working with

coherent light
* Coherent light is electromagnetic radiation that has a certain
wavelength (think, lasers)

Faisal Qureshi - CSCl 3240U
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Optical Low-Pass Filter (OLPF)

CSCI 3240U - Faisal Z. Qureshi 31



Optical Low-Pass Filter (OLPF)
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Optical Low-Pass Filter (OLPF)

 Camera companies offer identical models with and without OLPF

Nikon D800 Nikon D80OOE

Faisal Qureshi - CSCI 3240U
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How to take color
ohotographs?



Retina

Photoreceptors _
Ganglion  Bipolar Retinal Sclera _
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Color Filter Arrays (CFA)

* Mimics cone cells of human vision system
* Allow us to measure color with a digital sensor
» “Pixels” with different filters, each have their own spectral sensitivity

Color filter

Faisal Qureshi - CSCI 3240U
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Which color filters to use?

* Which spectral sensitivity functions f (1) to use for each color filter?
* Do not necessarily match human color perception
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Color space

0.9

0.8

* CIE 1931 color spaces

* International Commission on lllumincation e
(C|E) 500

e Experiments by William David Wright and John yO'S-
Guild in 1920s "4

0.31

0.7

* Links the distribution of wavelengths in the
electromagnetic visible spectrum and
physiologically perceived colors in human
color vision Y

0.21

0.1

Gamut of the CIE RGB primaries and
location of primaries on the CIE 1931 xy
chromaticity diagram. (Wikipedia)
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Which color filters to use?

* Which Spectral Sensitivity Functions (SSF) to use for each color filter?
* Do not necessarily match human color perception

* How to spatially arrange different color filters?
* Looks like a mosaic

Bayer mosaic by
Bryce Bayer at KODAK

Faisal Qureshi - CSCI 3240U
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Which color filters to use?

* Which Spectral Sensitivity Functions (SSF) to use for each color filter?
* Do not necessarily match human color perception

* How to spatially arrange different color filters?
* Looks like a mosaic

* Bayer mosaic

* Why more green pixels than red or
blue pixels?

Bayer mosaic by
Bryce Bayer at KODAK

Faisal Qureshi - CSCI 3240U
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Which color filters to use?

* Which Spectral Sensitivity Functions (SSF) to use for each color filter?
* Do not necessarily match human color perception

* How to spatially arrange different color filters?
* Looks like a mosaic

* Bayer mosaic

* Why more green pixels than red or
blue pixels?

e Because human eye is more
sensitive to green colors

Bayer mosaic by
Bryce Bayer at KODAK

Faisal Qureshi - CSCI 3240U
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Many other options for CFA

* Many other options

RGBE

Sony Cyber-shot

CYGM

Canon IXUS, Powershot

* Find the best CFA is an active area of

research

43
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Many different spectral sensitivity functions

* Each camera has its more or less unique, and most of the time secret, SSF.

* Makes it very difficult to correctly reproduce the color of sensor
measurements.

Identical scene captured
with three cameras

CSCl 3240U - Faisal Z. Qureshi 44



Other ways for capturing color

blue sensor

green
sensor

wikipedia

red sensor Foveon X3

Sequential Multiple sensors Vertically Stacked

CSCI 3240U - Faisal Z. Qureshi
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Other ways of capturing color

* Interferential Photography

* Also called Lippmann Photography

e Gabriel Lippmann was awarded the Nobel
Prize in Physics in 1908 for his discovery of
interference photography

Lippmann Self-Portrait

Faisal Qureshi - CSCl 3240U

Lippmann photograph by Neuhauss,
recorded in 1899
(Collection: Royal Photographic Society)
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Lippman Photography

* Setup
* A glass plate is coated with a very fine-grained emulsion of silver halide crystals.
* Behind this emulsion, a thin layer of mercury (acting as a perfect mirror) is placed in optical contact.

* Recording the image

. I\/Vhen light from the subject hits the emulsion, it passes through and reflects back from the mercury
ayer.

* Theincident light and the reflected light form standing waves inside the emulsion.

* The |c|)e_aks and troughs of these standing waves cause variations in exposure at precise depths in the
emulsion.

* Development

* After chemical development, these microscopic exposed layers form a structure of Bragg reflectors
inside the emulsion.

e Each layer reflects only the wavelength (color) of light that created it.

* The result is a photographic plate that, when viewed under white light, reconstructs the original
colors by wave interference, not by pigments or dyes.



Lippman Photography

* Additive, physical process: No dyes or filters—colors arise directly from
optical interference.

* Extremely accurate color reproduction (spectrally precise).

e Drawbacks:

* Very long exposure times (because the emulsion needed to be extremely fine-
grained).

* Viewing required special conditions (direct reflection).
* Not practical for everyday photography, but revolutionary as a proof of principle.



ln-camera Image processing
pipeline




ln-camera Image processing
pipeline

The sequence of image processing operations needed to convert a raw image to a
conventional image

Faisal Qureshi - CSCl 3240U
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The (in-camera) image processing pipeline

Analog Front-
i end -

Raw image
mosaiced,

linear, 12-bit

_[ Denoising ] - [ CFA. . ] - [ White balance ]<
Demosaicing

reproduction non-linear, 8-bit

Tone . Final RGB image
3 | Color transforms | =———> — Compression ——
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The (in-camera) image processing pipeline

Analog Front-
i end -

Raw image
mosaiced,

linear, 12-bit

_[ Denoising ] - [ CFA. . ] - [ White balance ]<
Demosaicing

reproduction non-linear, 8-bit

Tone . Final RGB image
3 | Color transforms | =———> — Compression ——

CSCl 3240U - Faisal Z. Qureshi 54



Raw Image
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The (in-camera) image processing pipeline

Analog Front-
i end -

CFA. . ] - [ White balance ]<
Demosaicing

——— [Color transforms] — [

Tone _ ] —)[ Compression ]——)
reproduction

Rendering

CSCl 3240U - Faisal Z. Qureshi

Raw image
mosaiced,
linear, 12-bit

Final RGB image
non-linear, 8-bit
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The (in-camera) image processing pipeline

|Il

* The process of converting a RAW image to a “conventiona
sometimes called rendering
* Not the same rendering that you see in computer graphics

image is

* The inverse process of going from a “conventional” RGB image back to a
RAW image is called derendering



White balance



The (in-camera) image processing pipeline

Analog Front-
i end -

Raw image
mosaiced,

linear, 12-bit

_[ Denoising ] - [ CFA. . ] - [ White balance ]<
Demosaicing

reproduction non-linear, 8-bit

Tone . Final RGB image
3 | Color transforms | =———> — Compression ——

CSCl 3240U - Faisal Z. Qureshi 59



[Picture credit: Todd Zickler] CSCI 3240U - Faisal Z. Qureshi




White balancing

 Human visual system has chromatic adaptation

* We can perceive white (and other colors) correctly under different light sources.

[Slide credit: Todd Zickler]
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White balancing

 Human visual system has chromatic adaptation

* We can perceive white (and other colors) correctly under different light sources
e Retinal vs. perceived color
* Cameras cannot do it, since these do not have perception

~2700 K
60 W Incandescent 3500 K
‘ 13 WWiEluorescent
. 5500 K
different whites image captured image white-balanced
under fluorescent to daylight

CSCl 3240U - Faisal Z. Qureshi
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White balancing

* The process of removing color casts so that colors that we would perceive as
white are rendered as white in final image.

~2700 K
60 W Incandescent 3500 K
‘ 13 WWiEluorescent
. 5500 K
different whites image captured image white- balanced
under fluorescent to daylight

CSCl 3240U - Faisal Z. Qureshi 64



White balancing presets

e Cameras nowadays come with a large number of presets: You can select
which light you are taking images under, and the appropriate white balancing
is applied.

WB SETTINGS COLOR TEMPERATURE LIGHT SOURCES
10000 - 15000 K Clear Blue Sky
. ﬁ% 6000 - 8000 K Cloudy Sky / Shade
e 6000 - 7000 K MNoon Sunlight
K 5500 - 6500 K Average Daylight
‘5' 2000 - 5500 K Electronic Flash
v 4000 - 5000 K Fluorescent Light
3000 - 4000 K Farly AM / Late PM
e 5 2500 - 3000 K Domestic Lightning
EEE—— 1000 - 2000 K Candle Flame

CSCl 3240U - Faisal Z. Qureshi 65



What type of lighting do we have?

Ecosmart LED A19 E26 100W Equivalent A-Line Light Bulb Non-
Dimmable Daylight (5000K+) (3-Pack) $1 4-97 / each

Model # A7A19A100WULO3 | Store SKU # 1001049130

Choose Your Options
YA A *kJ (1731) | Write a Review = Q&A (43)

Quantity per Pack: 3

Q s | [ s art LED A19 E26 100W Eqg

le Daylight (5000K+) (3-Pac
A19A100WULO3 | Store SKU # 1

Vv 74 in stock at Leaside | A

@ Delivery

Delivery options for M4G 4H9 74 at Leas
Arrives by Sept 13 FREE As soon a
Order by 11:30 AM

Need it within 3 hours?
Order before 4:00 PM. View
cart for more delivery options
starting at $12.97

Dates and fees are estimates. See exact dates and fees during chec

Faisal Qureshi- CSCl 3240U



Manual vs. automatic white balancing

* Manual
e Select a camera preset based on lighting.
* Manually select object in photograph that is color-neutral and use it to
normalize.

* Automatic
* Grey world assumption: force average color of scene to be grey.
* White world assumption: force brightest object in scene to be white.
» Sophisticated histogram-based algorithms (what most modern
cameras do).

CSCl 3240U - Faisal Z. Qureshi 67



Automatic white balancing

* Grey world assumption

Rave — Gave — Bave

e Fix the intensities

: R’ _Gavg/Ravg 0 0 R
white- o = 0 1 0 G <— sensor RGB
balanced RGB 1
B 0 0 Gavg/Bavg_ B

e Doesn’t hold for all scenes
e Dominant colors
* Lighting effects



Automatic white balancing

* “White world assumption” assumes that there should be some white

object present in the scene

. R’
white- q'| =
balanced RGB B’

* Doesn’t hold for all scenes

_Gmax /Rmax

0
0

e Containing very bright colored lights

0
1
0

0
0

| R

Gmax / Bmax_

G

B.

<— sensor RGB



Automatic white balancing example

input image grey world

CSCl 3240U - Faisal Z. Qureshi

white world
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CFA Demosaicing



The (in-camera) image processing pipeline

Analog Front-
i end -

Raw image
mosaiced,

linear, 12-bit

_[ Denoising ] ) [ CFA. : ] ) [ White balance ]<
Demosaicing

reproduction non-linear, 8-bit

Tone . Final RGB image
3 | Color transforms | =———> — Compression ——

CSCl 3240U - Faisal Z. Qureshi 72



CFA demosaicing

* Produce full RGB image from mosaiced sensor output.

* Interpolate from neighbors
 Bilinearinterpolation (needs 4 neighbors)
 Bicubic interpolation (needs more neighbors, may overblur).
* Edge-aware interpolation (more on this later).

CSCl 3240U - Faisal Z. Qureshi
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Demosaicing via Downsampling

Faisal Qureshi - CSCI 3240U

(a+b)/2

74



Demosaicing by bilinear interpolation

Bilinear interpolation: Simply average your 4 neighbors.

- -+-+-+-
4

Neighborhood changes for different channels:

i
Ihl

CSCl 3240U - Faisal Z. Qureshi
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The (in-camera) image processing pipeline

Analog Front-
i end -

Raw image
mosaiced,

linear, 12-bit

_[ Denoising ] - [ CFA. . ] - [ White balance ]<
Demosaicing

reproduction non-linear, 8-bit

Tone . Final RGB image
3 | Color transforms | =———> — Compression ——
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Color transform



Color Transform

Cameras often offer means to convert raw sensor readings to CIE XYZ Color Space.

* This color space was introduced by the CIE in 1931
* The name "XYZ" refers to the three tristimulus values that describe how the human eye

responds to light of different wavelen%;chs. Essentially, X, Y, and Z are values that
represent the response of an average human observer to light across the visible
spectrum.

* The XYZ color space encompasses all the colors that the average human can see, making

it a device-independent color space. This means it's not tied to the color capabilities of
any particular device, such as a camera, monitor, or printer.

Because XYZ values can be somewhat unintuitive, they are often normalized into
chromaticity values, denoted as x and y, which are more commonly used to represent
color in many applications. This chromaticity representation is two-dimensional, making
it easier to visualize.

We can then transform from XYZ to an appropriate RGB color space for display
purposes.



Color Transform

* The following matrix converts from sRGB to XYZ
SRGB_to_XYZ = np.array([[0.4124564, 0.3575761, 0.1804375],

0.2126729, 0.7151522, 0.07217501,
0.0193339, 0.1191920, 0.95030411], dtype=np.double)

* How do use this matrix to go from XYZ to sRGB color space?
* Use matrix inversion

Faisal Qureshi - CSCl 3240U
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Denoising



The (in-camera) image processing pipeline

Analog Front-
i end -

Raw image
mosaiced,

linear, 12-bit

_[ Denoising ] - [ CFA. . ] ) [ White balance ]<
Demosaicing

reproduction non-linear, 8-bit

Tone . Final RGB image
3 | Color transforms | =———> — Compression ——
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Noise In Images

* Can be very pronounced in low-light images.
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Three types of sensor noise

* (Photon) shot noise

* Photon arrival rates are a random process (Poisson distribution).
* The brighter the scene, the larger the variance of the distribution.

* Dark-shot noise
* Emitted electrons due to thermal activity (becomes worse as sensor gets hotter.)

* Read noise
» Caused by read-out and AFE electronics (e.g., gain, A/D converter).
* Bright scene and large pixels: photon shot noise is the main noise source.



How to denoise?

Look at the neighborhood around
youl.

 Mean filtering (take average):

_ EINE

 Median filtering (take median):

i
I

— = meOIian(-,_|2\, 3 |,
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Tone mapping



The (in-camera) image processing pipeline

Analog Front-
i end -

CFA. . ] - [ White balance ]<
Demosaicing

——— [Color transforms] — [

Tone . ] —)[ Compression ]——)
reproduction
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Raw image
mosaiced,
linear, 12-bit

Final RGB image
non-linear, 8-bit
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Perceived vs. Measured Brightness in Human Eye

* Sensor response is mostly linear Camera

* Human-eye response (measured
brightness) is also linear

* Human-eye perception (perceived
brightness) is non-linear
* More sensitive to darker tones

* Approximately equal to the square-root
function
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Perceived vs. Measured Brightness in Human Eye

* Gamma curve VES Camera

L—Yy\

Perceived intensity Intensity Gamma value

* Typically, y = 2—12
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INPUT: Actual Luminance
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Gamma encoding

» After this stage, we perform compression, which includes changing from 12 to 8 bits.

* Apply non-linear curve to use available bits to better encode the information human vision is more
sensitive to.
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Demonstration

original (8-bits, 256 tones)

Can you predict what will happen if we linearly encode this tone range with only 5 bits?

Can you predict what will happen if we gamma encode this tone range with only 5 bits?

CSCl 3240U - Faisal Z. Qureshi
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Demonstration

original (8-bits, 256 tones)

linear encoding (5-bits, 32 tones)

— i

all of this range gets mapped all of these tones
to just one tone look the same

Can you predict what will happen if we gamma encode this tone range with only 5 bits?
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Demonstration

original (8-bits, 256 tones)

linear encoding (5-bits, 32 tones)

— i

all of this range gets mapped all of these tones
to just one tone look the same

gamma encoding (5-bits, 32 tones)

Y
tone encoding becomes a lot more perceptually uniform
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Tone reproduction pipeline

sensor: ISP: concave display: convex net effect: linear
linear curve gamma curve gamma curve curve

gamma encoding gamma correction
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Tone reproduction pipeline

human visual
system: concave
gamma curve

image a human
would see at
different stages of
CSCI 3240U - Faisal Z. Qureshi 7 1 the pipeline




RAW pipeline

display still applies
gamma correction!

gamma encoding
is skipped!

human visual
system: concave
gamma curve

RAW image appears very
dark! (Unless you are
using a RAW viewer)

image a human
would see at
different stages of
the pipeline
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Historical note

* CRT displays used to have a response curve that was (almost) exactly equal
to the inverse of the human sensitivity curve. Therefore, displays could skip
gamma correction and display directly the gamma-encoded images.

* It is sometimes mentioned that gamma encoding is done to undo the
response curve of a display. This used to (?) be correct, but it is not true
nowadays. Gamma encoding is performed to ensure a more perceptually-
uniform use of the final image’s 8 bits.



Gamma encoding curves

* The exact gamma encoding curve depends on the camera.
» Often well approximated as LY, for different values of the power y (“gamma”).
* A good defaultisy =1/2.2 (approximately the square root).

4 y E % s Kodak Ektachrome-100plus Green i— Cannon Optura
Kodak Ektachrome-64 Green —| Kodak DCS 315 Green
Agfachrome CTPrecisal00 Green —| ; : Sony DXC-950
y Agfachrome RSX2 050 Blue —¥ = = 0.8 g
—. v~ , , Agfacolor Futura 100 Green — ? 0.7 E
-y Agfacolor HDC 100 plus Green —} 3
WA e Agfacolor Ultra 050 plus Green — 2
= W Agfapan APX 025 — z
| ‘ Agfa Scala 200x —f dag
Fuji F400 Green -1}/ 35
Fuji F125 Green ||/, L, 2

Kodak Max Zoom 800 Green gamma curve, ¥ =0.6
01 gamma curve, Y=1.0

Kodak KAI0372 CCD
gamma curve, Y =1.4

f = 1 2 2 L 2 2 " " 0
Kodak KAF2001 CCD = =0 =0 =004 05 06 07 08 09 —T— gamma curve,y=18
Normalized Irradiance

before gamma after gamma
Warning: Our values are no longer linear
relative to scene radiance! CSCl 3240U - Faisal Z. Qureshi



Should | use raw files?



Do | ever need to use RAW?

* Emphatic yes!
* Every time you use a physics-based computer vision algorithm, you need

linear measurements of radiance.

 Examples: photometric stereo, shape from shading, image-based relighting,
illumination estimation, anything to do with light transport and inverse rendering,

etc.
* Applying the algorithms on non-linear (i.e., not RAW) images will produce

completely invalid results.

* Even when physics is not your concern, you may want to still use raw

* If you like re-finishing your photos (e.g., on Photoshop), RAW makes your life much
easier and your edits much more flexible.



Are there any downsides to using RAW?

* Image files are a /ot bigger.
* You burn through multiple memory cards.
* Your camera will buffer more often when shooting in burst mode.
* Your computer needs to have sufficient memory to process RAW images.



s it even possible to get access to RAW images?

* Quite often yes!
* Most high-end cameras provide an option to store RAW image files
e Certain phone cameras allow, directly or indirectly, access to RAW.

 Sometimes, it may not be “fully” RAW.
* The Lightroom app provides images after demosaicing but before tone reproduction.



| forgot to set my camera to RAW, can | still get the
RAW file?

* Nope, tough luck.

* The image processing pipeline is lossy: After all the steps, information about the original
image is lost.

 Sometimes we may be able to reverse a camera’s image processing pipeline if we
know exactly what it does (e.g., by using information from other similar RAW
images).

* The conversion of PNG/JPG back to RAW is known as “derendering” and is an active
research area.



Take Home Message

* The values of pixels in a photograph and the values output by your camera’s
sensor are two very different things.

* The relationship between the two is complicated and unknown.



Important to remember

 What | described today is an “idealized” version of what we think

commercial cameras do.
* Almost all of the steps in both the sensor and image processing pipeline | described
earlier are camera-dependent.

* Even if we know the basic steps, the implementation details are proprietary
information that companies actively try to keep secret.



Serious inhibition for research

* Very difficult to get access to ground-truth data at intermediate stages of
the pipeline.

* Very difficult to evaluate effect of new algorithms for specific pipeline
stages.






s this the best image processing pipeline?

* It depends on how you define “best.” This definition is task-dependent.

* The standard image processing pipeline is designed to create “nice-looking”
Images.

* If you want to do physics-based vision, the best image processing pipeline is
no pipeline at all (use RAW).

* What if you want to use images for, e.g., object recognition? Tracking?
Robotics SLAM? Face identification? Forensics?

* Developing task-adaptive image processing pipelines is an active area of
research.



How do we open a raw file in Python?

* Python rawpy package



Ssummary

* From photons to pixel values

 Digital imaging pipeline
* White balance
* Demosaicing
Denoising
Color transformation
Tone reproduction (gamma correction)
Compression (quantization)
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