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Motivation for this tutorial
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Image = radiant energy measurement
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Camera = light measuring device
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Camera = light measuring device

LED light ring Camera

Broadband visible light and
selected norvisible
spectral bands

”

19mm
openin i
pening lens Image courtes¥lucidLabs

S Enhanced RGB image
Visible image using a UV spectral band

Medical imaging
explicitly requires
accurate
measurements.




Camera = light measuring device
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Image éurtesy‘BcanweIHealth

Home diagnostic testing
requires accurate
measurements across
different cameras.




Camera = light measuring devite

User defined
programs
(Custom modes)

Manual program
Diaphragm priority

Shutter speeds
priority

Programmable
automatic program

Fully automatic SAMSt
program
Subject modes
Portrait Mode n Soft Skin Mode ﬂ Transform Mode
— | o8

Self-portrait Mode i Scenery Mode E Panorama Assist Mode | ‘éf
v 4{ Sports Mode *.‘. Night Portrait Mode Night Scenery Mode Snapseed
Food Mode Party Mode BT Candie Light Mode -

Baby Mode 172 Pet Mode [ sunset Mode
n High Sensitivity Mode High-speed Burs! Maode Flash Burst Mode
Starry Sky Mode BAdl Fireworks Mode ! Beach Mode
B Snow Mode Aetial Photo Mode Pin Hole Mode
Film Grain Mode High Dynamic Mode E Photo Frame Made




In-camera photefinishing Is the
osecret reciped of

Nikon

Photographs taken from three different cameras with the same aperture, shutter speed,
white-balance , 1SO, and picture style.
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In-camera photo -finishing
may cause problems for
scientific applications!

Which one is correct?



Motivation

ACameras are the primary tool used to capture digital images.
ADigital images are the primary inputs to CV algorithms.

ACV researchers/engineers should have a basic understanding
how cameras work to inform their algorithms.

AThis tutorial aims to provide this basic understanding.

&




A tutorial in three parts

Part 1: Review of color, color constancy, and color spaces

ACIE XYZ, chromatic adaption, color temperature, and output color
spaces

A Background on color is necessary to understand Part 2

Part 2: Overview of a typical camera pipeline (ISP)
ADiscuss the processing steps used by most ISPs
ANote that some steps are their own research topic

Part 3: Deep -learning/Al and the ISP
AMachine learning for individual ISP components
AReplacing the whole ISP with DNNs



Part 1.
Review of color, color constancy,
color temperature, and
color spaces



Color and color spaces

ATo understand ‘your camera, it Is Important to review how
humans perceive color in a real environment.

AWe must also understand how color is encoded by various
models and color spaces.

AOne of the main roles of the itamera hardware is to convert
the sensor image into a standard outpeferred color space
suitable for sharing and display.



Color Is perceptual

A Color is nota primaryphysicabroperty of an object.
A Red, green, blue, pink, orange, purple, yellow, . . .
- These are words we assign to visual sensations.
- The assignment of words can vary among cultures.

Which is the "true blue"?
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Where do ocol or S ens

A verysmall range of electromagnetic radiation
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Visible spectrum

Generally wavelengths
from 380 to 720nmare
visible to most individuals

Increasmg Wavelength ()») in nm —
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White light through a prism

owhi te | i_g
(broad spectrum)

Spectral ocol ors
_ 2 J \ J
Isaac Newton P
. >
1704- Opticks £
O]
™ 450nm 600nm 650nm

Li ght i s separated into omonochromatico |
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Biology of color sensations

Our eye has three receptors (cone cells). The different cones respond to
different ranges of the visible light spectrum.

Light Response Spectra for Human Light Receptors (Cones)

Short, Medium,
Long Cone

Optical nerve

-==-9 Sensitivity =====P

Eye

400 450 500 550 600 650 700

Wavelength (nm)
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Cones and rods

AWe have additional ligkgensitive cells calleddsthat are not
responsible for color. Rods are used in laight vision.

ACone cells are most concentrated around the fovea of the eye.

retina rods Cone
density

Rod
density

Density in thousands per square mm

| |
-80 -60 -40 =20 0 20 40 60 80
Fovea

Human eye _ Angular separation from fovea (degrees)
region
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Spectral power distribution (SPD)

—
Y

o
()

o
FN

response (normalized)
o
(»))

o
N

o

—

500 600
wavelength (nm)
We rarely see monochromatic light in real world scenes. Instead, objects reflect a wid

range of wavelengths. This can be described fye&tral power distribution (SPD)

shown above. The SPD plot shows the relative amount of each wavelength reflected
over the visible spectrum.
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SPD relation to perceived color Is not unique

Due to the accumulation effect of the cones, two different SPDs can be
perceived as the same col or (s

Lettuce SPD

Lettuce SPD
stimulating

S=0.2, M=0.8,
=0.8 Green ink

400 500 BO0 F0n \ 90
wavelendth fnm) S P D O f O r e a | é
Green Ink SPD
Result in the same

Green ink SPD ’ X .
: . col or O0sensation
stimulating
S=0.2, M=0.8,
L.=0.8

Lettuce

of i nk in a opicture of | ettuce



Tristimulus color theory

ABefore the biology of cone cells was understood, it was empirically
known that only three distinct colors (primaries) could be mixed to
produce other colors.

AMoses Harris (1766), Thomas Young (1803), Johann Wolfgang von Goett
(1810), Hermann Grassman (1853), James Maxwell (1856) all explored
the theory of trichromacy for human vision.

Maxwel | 0s

von Goethe Grassman Maxwell

Harris

Early color photography

_ . Is attributed to Maxwell.
From Harris OThc&olddrg8't ur al System of
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Tristimulus color theory
Gr a s s ma n siades thad avsource color can be matched dnaar

combinati on Of three I nde Iq’h?eenlig(%tse(s,ﬂov’%/n as?ngblHIbel‘,) m

serve as primaries. Each light has
— R1 + G1 + B1 intensity, or weightsR1, G1, Bl to
— (10%) (80%)

(5%) match the source light #1 perceived
light mixture #1 color.

‘ ! ! Same three primaries and the
— Rzg + + B2 weights (R2, G2, B2) of each

| _ (50%) ( 2% (50%) primary needed to match the

light mixture #2 source light #2 perceived color

If we combine source The amount of each primary needed to match the new source light
lights 1 & 2 to get #3 is the sum of the weights that matched lights sources #1 & #2. _ _
a new source light 3 This may seem obvious

now, but discovering

@ that light obeys the laws
— (R1+ R2) + (G1+ G2) + (B1+B2) of linear algebra was a
‘ (60%) (82% ) (55%) huge and useful discovery

light mixture #3
24



Radiometry vs. photometry/colorimetry

ARadiometry
A Quantitative measurements of radiant energy.
A Often shown as spectral power distributions (SPD).
A Measures light coming from a source (radiance) or light falling on a surface (irradiance).

APhotometry/ colorimetry
A Quantitative measurement gierceived r adi ant ener gy based on hu

light.
APerceived in terms of Obrightnessdé (phot ome
Object é

: ™ Photometry/

Radiometry .
colorimetry

Tomat ods SPD oC,O
—J Perception of the
WavelengthX) tomat ods SPD

Physical Psychophysical



Quantifying color

AHuman cone photoreceptors (L/M/S) were being characterized well into
the 2000s.2

AThe need to quantify color and brightness existed much earlier.
ASi nce SPDs go through a obl ack b«
| St «

V4

to quantify the oblack boxo

ATwo key experiments

ATo quantify perceived 0D
ATo quantify perceived Oc

Physical SPD » @ @
(1)

oBl ack boxbé6

Y OKYILW¥ Sd Ffto a{LISOGNIf &aSyaridrgraide 2F Kdz¥ky O2yS LIK2U2NBOSLIIZ2NBEZIZE
0201YHY FYR {KINWS® 4¢KS -andsnguanlerigthserisifiva does deivedir@rimeastirerieritsSn YA RR S
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Experiments for photometry

Relative Power

Chromaticsource light at
a particular wavelength and
adjustable radiant power.

Radiant power '
of chromatic light. |

The oflicker
for photopicsensitivity.

photometryod

Reference bright light

O Reter .
/ with fixed radiant power.

e

O (Alternating between source and reference @ 17Hz)

Alternate between the source light and reference light
17 times per second (1fz). A flicker will be noticeable
unless the two lights have the same perceived
oObrightnesso.

The viewer adjusts the radiant power of the chromatic
light until the flicker disappears (i.e. the lights fuse into a
constant color). The amount of radiant power needed

for this fusion to happen is recorded.

Repeat this flicker fusion test for each wave length in the
source light. This allows method can be used to

fgﬁ[mbﬂﬁ the perceived
wav

elength



|

450nm 600nm 650nm

Relative Power

Monochromatic light

O

Reference light

Perform the flicker
experiment for
each wavelength.

Result of the flicker experiments

Radiant power needed to matakfernecelight

400 500 600 700
wavelength

Amount of radiant
power needed for each
wavelength to make
the reference

light.

You need a lot more
400nmlight to match
the reference than
you do the550nm

This means you
perceive550nm
brighter than400nm



CIE (1924) Photopic luminosity function

1.0

If we invert the 0.8f
curve on the '
previous slide, 0.6F
we get the vy |

luminosity function. (4L

02}

000 . 1.
400 500 i) 600 700

The Luminosity Function (written asly(orM})) s hows the eyeds sensitivity
luminous energy (or perceived radiant energy) based on human experiments (flicker fusion test).

International Commission on lllumination (CIE comes from the French raomemissianternationale
e I'éclairagewas a body established in 1913 as an authority on light, illumination and color .. CIE is still active
today-- http://www.cie.co.at



http://www.cie.co.at/

Radiometric to Photometric

How do we use A Which SDP is
CIEY (or w 1))? T spO o N j perceived brighter?
SPO and SPD2 ‘ o SPD1

are clearly different.

Which one will . Y=0.2989
be perceived brighter YOO wl)Q
(assuming the same SPD?2
overall radiant power.) - —_
n Y=0.2989
Two SPDs
Radiometric Photometric

CIEY gives a way to go from radiometric to photometri¢!
Now can quantify the perceived brightness of different light.




Radiometric vs. photometric units

5 Radi Fl 6 Luminous Flux
adiant Flux (lumens)

(watt)

Radiant intensgt_y Luminous Intensity

W r steradi :
(watt per steradiaf Radiance (candela) ‘ Luminance 2

/kwatt per m? steradiaf /candela pen’)
o [
Irradiance | lluminance
(watt per m?d falling on surface) (lux)
Radiometric values Photometric values
‘ (Radiometric values weighted
S .. i by the Luminosity Function)

3100 lumens colour brightness



Colorimetry

Based on tristimulus color theory, colorimetry attempts to quantify all
visible colors in terms of a standard set of primaries

PO R I

Target color Three fixed primary lights.
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CIE RGB color matching

+/- ‘ Red (700nm)
+/-
‘ Green (546nm)
Test color  Matched Color i‘ Blue (435nm)
Human subjects

matched test colors 2UFoV
by add or subtracting
three primaries.

Relative Power

450nm 600nm 650nm

Field of view was-#Blegrees
(where color cones are most
concentrated)

O

()

Guild

Wright

oStandard Observer"‘

(Willing participant with no eye disease)

Experiments carried out by
W. David Wright (Imperial College) and John Guild (National Physical Laboratory, Loadang 1920s



CIE RGB color matching

Primary is added to the test color!

)

450nm 600nm 650nm

Relative Power

+

e

i‘ Red (700nm)

Test color  pMatched

For some test colors, no mix of the
primaries could give a match ! For

these cases, the subjects were ask to add
primaries to the test color to make the
match.

This was treated as a negative value of the
primary added to the test color.

\ 2UFoV

+/-
‘ Green (546nm)

+/-
Color L‘ Blue (435nm)

oo
oStandard observero
(Willing participant with no eye disease)
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CIE RGB results

0.4

0.0(F

0.3

0.2

0.1

_Oo]_éllllllINIIIIIlllllllllllllllllllllll

lllIIIIIIIIIIIIIIIlllll]lllllllll]lIIIIIIIIIII

T (2) Plots are of the mixing
g () coefficients of each
——— Db Q) primary needed to

produce the corresponding
monochromatic light at
that wavelength.

Note that these functions
have been scaled such
that area of each curve
IS equal.

400 500 A 600 700 3800

CIE RGB Zdegree Standard Observer
(based on Wright/ Guildds dat a



CIE RGB results

0.4C-IIIIIIIllllllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:
: F() :
0-3% g () *
é —— b @) :
0.2(F E
0.1 E
0.0C ;
_OolélllllllNl IIlllllllllllllllllllllllE
400 500  ANG00 700 800

Negative values the three primaries used did not span
the full range of perceptual colors.



CIE 1931 XYZ

Aln 1931, the CIE met and approved defining a new canonical basis, termed XYZ that
would be derived fromWrighlGu i | dos CI E RGB dat a.

AProperties desired in this conversion:

A Positive values only
A Pure white light (flat SPD) to lie &=1/3, Y=1/3, Z=1/3
A'Y would be the luminosity function/( ))

AQuite a bit of freedom in selecting the XYZ basis
A In the end, the adopted transform was:

W 0.488018A0®M38R2ID 017
(i)] 0.176D204842984074(q|184L 0 9
X 0.000@O0 @A O0DOAB IIHD &E2931RGE

Nice article see: Fai r mavatchmg Furactionstere Derivechfrem\Vrightu L B8 1 D&€o h o6r Col o
& Application, 1997



CIE 1931 XYZ

— %)

I yA)

1.5 — Z(A)
1.0+
0.5+

400 500 600 700
A/nm

This shows the mixing coefficients (Y@ ), Z¢ ) for the CIE 1931 Zlegree standard observer XYZ basis
computed from the CIE RGB data. Coefficients are all now positive. Note that the basis XYZ are not physical
SPD like in CIE RGB, but linear combinations defined by the matrix on the previous slide.
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How do we use
CIE XYZ?

SPO and SPD2

are clearly different.

Will they be
perceived as the
same color?

A YO @ of 1)

SPD to CIE XYZ example

SPO

— X1

201
¥y
15F — Z(})
10+
05+
0.0 -
400 50 600 700

0
A/nm

SPD2

600 &80 700 750 &0

Two SPDs

YOO w 1) &)

CIE XYZValues

SPD1

X=0.2841
Y=0.2989
/=0.3254

YO O a[1)Q



How do we use
CIE XYZ?

SPO and SPD2

are clearly different.

Will they be
perceived as the
same color?

Now we can

quantify color! <. g
\ |

SPD to CIE XYZ example

SPO

201

1.5+

— %)
¥y
— )

Radiometric

Two SPDs

CIE XYZValues

SPD1
X=0.2841
Y=0.2989,
/=0.3254

Photometric/Colorimetric

CIE XYZ gives a way to go from radiometric to colorimetric
Imbedded is also the photometric measurement in the Y value.

From their CIE XYZ
mappings, we can
determine

that these two
SPDs will be
perceiveds the
same color!



CIE XYZ Plot

0.12

s B
-0.2

ImageJoffa

It is challenging to visualize the 3D CIE XYZ spage.
often dondot pl ot <cofl or
e I
e \
0.2 K N
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N N
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N f .
9 R
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Luminancechromaticityspace (CIE xyY)

ACIE XYZ describes a color in terms of linear combination of three
primaries (XYZ2).

ASometimes it is useful to discuss color in terms of luminance (perceived
brightness) and chromaticity (we can think of as the-Bairation
combined).

ACIE xyY space is used for this purpose.



CIEYxy chromaticity diagram

0.7+

0.6

500+
(.5

Point OEO6 reprées
where X=Y=Z have equal 0.41
energy (X=0.33,Y=0.33, Z=0.33)

0.37, -

021

0.11

In the 1930s, CIE had a bad habit of over using the variables X,Y. Note that x, y are chromaticity coordinat%%,
X,y (with the bar above) are the matching functions, and X,Y are the imaginary SPDs of CIE XYZ.



Usefulness of CIE 1931 XYZ

ACI E XYZ space is a 0ddheXYZwvauesared e p
not specific to any device.

AElectronic devices (e.g. cameras, flatbed, scanners, printers, displays)
can compute mappings of their device specific values to the
corresponding CIE XYZ values.

AThis provides a canonical space to match between devices (at least in
theory).



45

A caution on CIEy chromaticity

From Mark D. &&@orohi Appdeaban&e Mc

OThe use of chromaticity diagram
particularly when the phenomena being investigated are highly depende
the threalimensional nature of color. For example, the display and compa
of the color gamuts of imaging devices in chromaticity diagrams is mislee
to the point of Dbeing almost com

Fairchild




Fast forward 90+ years

ACIE 1931 XYZ, CIE 1931 xyY {®gree standard observer) color
spaces have stood the test of time.

AMany other studies have followed (most notabiZIE 1965 XYZ 10
degree standard observer), ...

ABut in the literature (and in t
color space remains the preferred standard.



What Is perhaps most amazing?

A90+ years of CIE XYZ, and it is all based on the experiments by Guild
and Wrightos ostandard observer s

AHow many standard observers were used? 100,500, 10007

&

A standard observer



CIE XYZ Is based on 17 (male) standard obsen

10 by Wright, 7 by Guild

| | >

W

oThe Standard Observ48ers



Can we talk about cameras now?

Sorry, not yet . . .



An objectos SPI

In the real world, most objects do not emit an SPD, instead, they reflect an SPD.
As a result, an objectodos SPD depends

Our earlier example

ignored illumination llluminantl SPD llluminant 2 SPD llluminant 3 SPD
(we could assume it was pure
white light). — TN J
Tomato SPD N
é Wavelength)

-

wavelengths

D-e

l Instead, think of this ” /
of how the object
reflects different |

D-e |
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Color constancy

Our visual system has an amazing ability to compensate for environment:
Illumination such that objects are perceived as the same color.

llluminantl SPD llluminant 2 SPD llluminant 3 SPD

* *

@1 éb

é

k




Chromatic adaptation example

Example from Andrew Stockman (UCL)



Chromatic adaptation example




Color constancy/chromatic adaptation

AColor constancy ¢hromatic adaptatjois the ability of the human visual
system to adapt to scene illumination.

AThis ability is not perfect, but it works fairly well.

Almage sensors do not have this ability! We will discuss this in
part 2 . . this 1 s r eibaanceodulea t h



Color constancy (at its simplest)

AThe Von Krieransform

Johannes von Krie

ACompensate for L/M/S channel corresponding to the L, M, S response to

scene illumination.

s M/ /7L
AN

N 0 1'%
L/M/S response to the light source.
oOoCorrected col or s%6 \
B [0 ] [em0 T [0 \
0 T pAU Tt U
Y T T oT'Y Y s
Divide out long/medium/short Long/medium/short
Long/medium/short cone response to t ltanersspoase & 8ckne point
cone response with illuminant. X under some illuminant.

I Il Il umi nati on O0cor

rected. o
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Color constancy for printed media

Printed media (i.e., stuff that reflects light)

White paper

Scene illumination

Photo of sunset

D,

O

The white papereflectsthe light. The
paper is almost a perfect reflector.
Since we are adapting to the
environmental light source,

the paper appears white.

The photo also reflects the light, so
the colors are perceived correctly.



Color constancy for emissive media

Emissive media (e.g., monitor/tablet, smartphone screen)

Scene illumination

Display the color
of illumination Photo of sunset

°o

O

The displayed image colors will appea
differently than intended, since

we are adapting to the

environment illumination.

The display doenot refleclight.
Because we are adapting to the
environmental lighting, we need
the display to match the scene

illumination. If we match the illumination,

the display will appear owhite.o




Implications of the previous slides

AColor is intimately connected to scene illumination.

AEven for emissive displays, we have to consider (or make assumptions)
about the illumination in the viewing environment of the display.

AKeep this in mind because it will play a role when we define color
spaces used to encode our images.



Understanding color temperature

Aln the photography and display c
described using eorrelated color temperat@e|).

A White balance on cameras also often uses color temperature to
describe illumination.

AThis is an excellent example of where metamers are used.
ARecalld a metamer is when two different SPDs appear visually the same color.



SPDs of common illuminations

2.5 T I 1
I | l [ I [ [
— Metal halide =
- _ , 0.9 I~ — - — Standard flourescent
hoglglycoudy, smbehindadend } 0§} R Moon white flourescent
ar g 0.8 — l ------------- Daylight flourescent
N 0.7 g T
LS \ oy 0.6 I i ,/\ o
of 4 pa—
0.5 |- L‘ /
loud K *’ ro \ =
1 | gy o gal y i
slightly cloudy, sun visible 2R —
cloudless sky 03 |- FN
cloudless sky, bright snow .
0.5 - 02 I d -
cloudless sky, sunset cloudless sky, just before sunset 0.1~ ,/;}'j/ —
N — u, w.]j,,; — 0 ~ | | | | | .
400 450 500 550 600 650 700 350 400 450 500 550 600 650 700 750
Figures from Ponce and Forsyth 60



CIE standard illuminants

250
200
150
[
100 B
50 A

400 450 500 550 600 650 YOO o T30

SPDs for CIE standard illuminant A, B,

120
110}
100}
90}
80}
70}
60}

507

40" :
400 450

500

550

600

[—pso]|

650

Dss |
063

700

200

130

50

| =]

A0 450 500 550 G600 G50 F00

SPDs for CIE standard illuminant

E

D, E, and F series images from http://www.imaggineering.de

SPDs for CIE standard illuminant D50, D55, DB5

60

50r

a0t

30t

201

-F2

F8 ||
F11

400 450

500

550

600

650

700

SPDs for CIE standard illuminants F2, F8,

F11
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Color temperature

AAs mentioned, Il Il |l umi nants are often d

AThis mapping is based on theoretibddckbody radiatdist produce SPDs for a given
temperature expressed in Kelvin (K).

AWe map light sources (both real and synthetic) to their closest color temperature.

JF Blackbody Radiation

w10 Spectrum

2hc? 1
£ B)\ (AJ T) — A5 he
2 Plank's law

Spectral density of electromagnetic
radiation emitted by a blackbody
radiator at a given temperatureT.

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 20 22 2.4 26 28
A wavelength nm %1 ,33

Tmin=1000 K T=4000 K Tmax=6000 K A_max = 3000.nm I [J Log scale

O [ O || s O || s =y g W iy U
)
el
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Visible range of a black body radia®PD

Consider only the visible

‘ wavelengths from Plank's

equation at a certain
temperature.

400 S00 [S1H]H] 700

Radiometric power

Visible range

gamma rays wave length long (radio) waves

Black body radiator SPD for different color temperatures

Animation credit: Dariusz Kowalczyk



400

500

g0

Plot visibleSPDan CIExy chromaticity

700

0.9;

0.8

0.71

0.6-

5001
0.51

0.4

hot

520

540

10000

0.21

0.14

Plot of color CIExy locations of SPDs based
on color temperature.

This curve in the Clky plot of the
"Planckiarocus" of color temperatures.

580

2 H'
600

2000 1500°

620

700

():8 64



Color temperature of anSPDexample

SPDof a light source

—

OLED

380 430 480 530 580 630 680 730 780
wavelength (nm)

&3

BT — ()

400 500 600 700

CIE 1931 mapping function

S

—

0.2

(1) Find the light sourceSPDmapping to CIE XYZ using the CIE 1931 mapping functions.
(2) Project the CIExyY value to the Planckian locus line.

Where the projection falls is the Correlated Color Temperature (CCT) of this light source.
So, in this example, the OLED light source is roughly 4500K.

Whil e we often say "color temperature",
concept isnot alwayselated to the physical temperature of the light source, butcigrelation
with the black body radiator's color temperature.



Color temperature

Kelvin Color Temperature Scale

10,000K
o 10,000K +: Blue Sky
9,000K
8,000K
7,000K — |
- |7 7,000K-7,500K: Cool White Seesmart LED
6,000K
il e 6,000K: Cloudy Sky
5,000K — 5,500K-6,000K:Day White Seesmart LED

= 4,800K: Direct Sunlight

4o000K 4,000K-4,5000K: Natural White Seesmart LED
— 4,000K: Clear Metal Halide

30000K a— 3,000K: 100W Halogen
—_ b 2,800K: 100W Incandescent
— 2,700K-3,200K: Warm White Seesmart LED
2,000K 2,200K: High Pressure

- ——— 1,900K: Candle

Typical description of
color temperature used
In photography & lighting
sources.

From B&H Photo
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Lighting industry uses color temperature

LVWIT LED Light Bulbs 60 watt
Equivalent (8.5W) 5000K Daylight
Non-dimmable A19 LED Bulb E26
Screw Base UL-Listed 6-Pack
R XX WY V119

CDN$‘| 999

< <> <>
%) - -
H A
@ @ &

Hyperikon PAR30 LED Bulb, Short
Neck (L: 3.6"), 1T0W (65W
Equivalent), 820lm, 3000K (Soft
White Glow), CRI90+, 40° Beam...

AR RN v57

CDN$4 595 (cpN$ 7.66/Bulbs)

Usage of correlated color temperature in these ads relate to the perceived color of the bulb's light. The heat outpupichbLilD bulb is
between 60GC100C (~333373K).




White point

AA white point is a color defined in CIE/Y that we want to be
consi dered owhited (or achromat |

AThis is essentially an il Ix@mi nan
AThink of it as CIEYxy value of a white piece of paper under some illumination.

0.9
520

CIE llluminants
A, B, C, D65, E in terms of Cigy

0.8{ 28

0.71

0.6 CIE X ’ y

5(32:' A 0.44757 , 0.40745
y B 0.34842 , 0.35161
0.41 C 0.31006 , 0.31616

D65 0.31271 , 0.32902
E 0.33333 , 0.33333
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Quick summary on color constancy

AColor constancy is our ability to adapt to illumination in the
scene.

ACorrelated Color Temperature (CCT)i or just color
temperatureni Is a system used to describe scene illumination.

A Note: we must factor in the scene illumination when capturing
and displaying color images.



Color adaptation Is not perfect

Mark Fairchild George Box (Statistician pioneer)

& ¢ NHzS ta 2NJ O2ydadl yoesz 'k "*M,J u O(yi/SQfSI\UDSNJ OKFG |t
LyO2yaidlyoOes ySINIe wmnx €@  Kewaong, thSptbea:tical question is how
gNRPYy3d R2 (GKSeé KI @S




Now we are finally done with color?

Almost . ..



CIE XYZ and RGB

AWhile CIE XYZ is a canonical color space, images/devices rarely work
directly with XYZ.

ARGB primaries dominate the industry, this is because we can produce
RGB light sources (LEDs, phosphorus for CRT monitors, fil&ts,

AWe are all familiar with the RGB color cube.
ABut is the color cube a color space?

B

. By now, you should realize

255,255,255) that oredo, ogreenod, an
guantitative meaning as words. We need to

know their corresponding SPDs or

CIE XYZ values.




Color model versus color space

AA color model is a mathematical system for describing a color as a

tuple of numbers (RGB, HSV, HSL, more.. .)

AA color space is a specific range of colovethin a color moddlhe
range of color (gamut) can be expressed in CIE XYZ. Color spaces
' t he viewln

al so defi ne

typically
pointo of the space.
RGB color model| | HSV color modell HSL color model|

Color models (not color spaces)

i

“ssauybn > ,-,

anep >




Defining a color space with specific RGB values

lor Gamut

The RGB values span a subspace,
of CIEXYZ to define the devices
gamuit.

We need to define our RGB values.

White
(255,255,255)
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Problem with just a color model. .

1 S\ RGB1 — . —
- T T ] RGB2 Which RGB primaries
: | are the right ones?
RGB3 ----

White
(255,255,255)

RGB values must be specified.
If not, this is ehuge problem for
color reproduction from one device to

the next.
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Standard RGB (sRGB)Rec. 709

In 1996, Microsoft and HP

_520' | defined a set

RGB primaries.

R=CIE xyY (0.64, 0.33, 0.2126)
G=CIE xyY (0.30, 0.60, 0.7153)
B=CIE xyY (0.15, 0.06, 0.0721)

This was considered an RGB
space achievable by most
devices at the time.

The white point was set to the D65
illuminant This is an important
to note. It means sRGB

; : : : '« has built in the assumed
. viewing condition (6500K daylight).

of

tN



SRGB'syhite point
AColor spaces intended for display (called dispéfgrred or output-
referred) define a whitgooint.

ARemember to match the assumed illumination in the viewing environmer
AThe owhi t eo[l,bl] )IsHiSRyed &t D65 . |

D50 viewing

Al
\

eye is adapting t®50
environment light.

—-\ D65 viewing

SRGB D65 whitepoin) cndironment lght.

CIE XYZ

The positions of the whitgoint locations are exaggerated here.



Assumed viewing illumination Is important

Viewing
ilumination

v
ImageScientific Ameriagticle explaining

how viewing environment lighting impacted our
perception of the color.

Remember o0t he dressoo?



CIE XYZ to sRGB conversion

Matrix conversion:

24043433 7D38&3 oB 1 4

[\q [IO 969216.68076001.00843|§‘b1E60
0556143204029 aP<5 2

Linearlzed SRGB (D65) CIE XYZ

ADG5 is set as the whit@oint.
AThis is the linear SRGB space.
AsRGB also specifies a gamma correction of the values (next slide)

AThe CIE refers to this as the Recommendation 709 color sgaoe
Rec.709.



SRGB gamma curve

(1D transfer curve)

1

0.9F
0.8

0.7

o6} 1 This is a close approximation of
05f 1 the actual SRGB gamma

041

0.3F

Output sRGBO-1

0.2

0.1

0

| | | 1 | 1 | | |
0 0.1 0.2 03 04 05 06 07 08 09 1

Input linearsRGB (range-Q)

The actual formula is a bit complicated, but effectively this is gandma ( 12%-8) where| i the output intensity and

| is the linear SRGB rangedlQ with a small linear transfer for linearized sRGB values close to 0 (not shown in this plof
This I s known as operceptual encodingdo and iIs i ntenct
power.



Stevens' power law

APhysical stimulus vs. perceptual sensation

AStevens' Power Law .
“Y ; «— power Dr. Stanley Stevens showed
Human” T exponent that most human sensations
sensation \ follow a powerlaw
Constant SHMUIUS relationship between stimuli
) - and sensation.
) intensity
oy
&)
=
fn Stevens' model stated that human perception to brightness
o followed a power law.
©
o
> ¥
= [ PB
O
]
o

radiometric powerf3



Stevens' power law

Interpreting the power law.

) S
S? mmmmmmmmmmm -":_'j___'j-"'l'

s6 ——————____7/“-

A constant (linear) increase S5 ————»"
in perceived brightness. o4 —

$3
S2

S1
!

S0

0 20 40 60 80 100

|

|

|

A |

| |

| |

| |

I |

| |

| |
T“;\.l “*“**| Al T Al ——— |

I | |

The radiant power needs to change exponentially.



SRGB gamma

1

09
0.8
07

| sSRGB gamma

05

St e v/ poiverlaw -

04

03

Output sRGB 0-1

02

perceived brightness

01

0

L L L 1 L L L L L
0 01 02 03 04 05 06 07 08 09 1

radiometric powerg Input linear-sRGB (range 0-1)

AThe sRGB gamma approximates Stevempewerlaw.

AThe reason we apply gamma is that it remaps the linear color to fit better our visual
systemO0s nonli near response to radian

AThere is a misconception in many graphics and image processing textbooks that
gamma is applied to compensate for displays (CSE®).a nice writeup about this
by Poyntont

Poynton

Lhttps://poynton.ca/PDFs/Rehabilitation_of gamma.pdf



Before (linear sRGB) & after (SRGB)

1

09

08

07

06

05

04

0.3

02

Final sSRGB

01

0 L L L L L L L L L
0 01 02 03 04 05 06 07 08 09 1

Linear sRGB

Linear sRGB Final sSRGB



Standardization i1s not newNTSC/PAL

520

® Primaries of sRGB

0.8 ®>rimaries of NTSC 1
0.1
0.8- Gamma
encoding J
0.6 ,,
0.5 0.6 /
& ’
Y 4
0.4 0.4- y
,/

A 2.2
0.3 02

i decodin

O 02 04 06 08 1

Both NTSC and sRGB used gamma encodings.
Most color spaces use some type of perceptual
encoding.
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NTSC/sRGB

(know your color space!)

LinearsRGBback to XYZ
X 0.4124 0.3576 0.1805] [R

Y| =10.2126 0.7152 0.0722| (G
A 10.0193 0.1192 0.9505| |B

LinearNTSC back to XYZ
X 0.6071 0.1736 0.1995] [R

Y| =10.2990 0.5870 0.1140| (G

known which color space
your image is in.

Many color APIs (e.gnatlah python) assume the
default color space is NTSC. Many research pape

use the wrong equations!



An additional fun fact

APhysical stimulus vs. human sensations

AStevens' Power Law -
“Y ‘ «—— power Dr. Stanley Stevens
Human”” T exponent introduced showed that
sensation \ most human sensations
Constant Stimul follow a powerlaw relationship
/ _ SUmuUUS between stimuli and sensation
/(curve of pain) Intensity

T 8tm P
/

/ Stevens also did experiment on tpain sensation of

. electrical shock! Turns out our sensitivity is the opposite
plg " than with radiometric power to brightness.
(curve for brightness) : S—

Saw ) q
v
i
vy { ]
o ) 4
B il
I D
) £

perceived sensatign

stimulus intensityg




CIE XYZ: The mother color space

ProPhoto 7 CIEI XYz\\

Adobe RGB DiSpIay P3
CIE LAB sRGB NTSC/PAL



Other common color spaces

This tutorial does not go into the details of the mathematical transformations to other
color spaces (we'd need another tutorial for that). You can find the transforms online.

The goal here Is to explain the rationale behind each transform so you understand
why the other color spaces are introduced.



CI E LAB Space The ellipses shows the

range of colors (around th

0.9- center of the ellipse) that
ACIE LAB space (also written as CIE 320 would be perceived as th
L"a’b") was introduced as a perceptually oy Sif?;tx\l’: igannofii i;';?rtnC'E
uniform color space 0.7/ - '
AWhy? el
A CIE XYZ provides a means to map between 5001
a physicaBPD(radiometric measurement) to -

y

a colorimetric measurement (perceptual) ol

A However, a uniform change in CIE XYZ space
does result in an uniform change in perceived 0.31
color difference (see diagram)

ACIE Lab transforms CIE to a new
space where color (and brightness) -
differences are more uniform. 50

0.2

DavidMacAdanperformed experiments on color
perception. This plot is known as tidacAdanellipses




CIE 1976 LAB

A Considering theMlacAdamexperiments and the Steven's powaw, CIE LAB was
derived in 1976 by applying various transformations to the CIE XYZ values that
result in the following:

100- White (D65)

L

AL* represents gerceptual brightness measure between-200

A L* is a nonlinear (gamma) transformation of the Y component of CIE XYZ.

A L is approximately a cube root of Y (directly from Steven's power law)

Aa* and b* (often range50)

A Both have similar nofinear transformations applied, and represent approximately

T R
7 4 WA - " > -~
a*k o il

A a* values lying along colors related to red and green

A b* values lying along colors related to yellow and blue 0 (Black)
A a*=b*=0 represents neutral grey colors

NOTE : CIE LAB requires the white point to be specified for the transformation.
The default white point is D65.

Image from Mohame@heriet



CIE LAB

ClIEL*ab space CIExyY space

Chromaticity comparison's between CIE LAB and &NX

Image fromBagdasaet alICSTCC'17

0.8




Color error metric 0 CIE 2000 Delta E3 %

ADelta E is a color metric based on L*ab space.

ASince L*ab is more uniformly perceptual, distances (e.g., Euclidean
distance) in L*ab have more meaning than in CIE XYZ.

ADelta E values have an interpretation as follows.

DeltaE Perception )
In generalA3E of 2 or

<=1.0 Not perceptible by human eyes. less is considered to be
very good. It means a

1-2 Perceptible through close observation. standard observer could

2-10 Perceptible at a glance. not te_” that two colors
are different unless they

11-49 Colors are more similar than opposite observe them very
closely.

100 Colors are exact opposite

Table from
https://zschuessler.github.io/DeltaE/learn/



https://zschuessler.github.io/DeltaE/learn/

Other color spaces to be aware of
AAdobe RGB

AMedium gamut color space

AUsed for photeediting
ADisplay P3

AMedium gamut color space

AUsed by Apple devices to accommodate better display technology
A Similar to Adobe RGB

AProPhoto (ROMM)
ADeveloped by Kodak
Alntended to encode a wide range of colors and dynamic range

These are known as ooutput referredod color spaces ©b
output devices. The definition of color spaces also states the space's preferred dynamic range and viewing
environment (although we rarely view in such conditions).



Col or spaceoOs g

ProPhoto RGB

Wide-gamut
Adobe RGB 1998

Mediumgamut

SmaHgamut

CIEYXy chromaticity

A color spaceds gamut i s t he s p agamuisafe plottediroCGlIEsL*ab.hat c an



Gamutsexpressed In chromaticity are misleadin

AdobeRGBplotted

in CIE XYZ and

then projected to

2D CIEYxy chromaticity.

ImageAlp_Er_Tunga *See slide 44 (Marl



ProPhoto color space

Wide-gamutProPhotdrGB color space

X 0 g
S

ProPhoto encodes over 90% of surface colors (color from reflected light of a surface, i.e., not emitted light).
It is recommended to use 1Bit values per channel since the gamut is so large.
The white point is D50.



Adobe RGB/Display P3 color space

MediumgamutAdobeRGR:olor space.
( Ap pl e 6RB3iseryssiilag.y

AdobeRGB Di spl ay P3 encodes over ~50% of surface col or
It is recommended to us&0-bit per channel.
The white point is D65.



SRGB color space*

SmaHlgamut standard RGB (sRGB) color s

a

*Currently, SRGB is the most common color space (designed for 1990s display technology).
SRGB encodes ~30% of surface colors.

Developed for 8bit encoding per channel.

The white point is D65.



Displaying different encodings

Wide-gamutProPhotdrGB color space

PowerPoint expects images to be in SRGB. When encoded in a wider gamut color space, the image may appear dull.
This may seem countentuitive because the wider gamut should encode more colors, but this is only possible when
the software and display hardware are aware (and capable) of interpreting the color space correctly.



Now, are we really finally done with color?

Yes ...

But remember that color appearance, measurement, and encoding Is its own researcl
field. My slides provide only a basic introduction. The CV community is bad at
abusing color terminology or not putting in enough effort to understand color fully.



Congratulations!

|l"-.-‘_" ¥ .
@Fﬁf%ﬁﬂfﬁ rf (F:r ﬁf/!*.r";’wfr ¥l

L o
; ;’?"EFJ lf"-'s-"fdj-{r'wr fer £ J,,"Irﬁ*r;ir"m‘r“rf fev
You

o this 03 ey o OCt 2023 EAr T

on f or cameras. o

102



Part2: Overview of the
INn-camera rending pipeline



In-camera rendering

AThe image directly captured from
processed.
AWe can call this process Orender

Image suitable for viewing.

Sensor image

L e

nter medi ate states b

Final rendered o m|
image in SRGB




Image signhal processor (ISP)

AAN ISP is dedicated hardware that renders the sensor image to produce
the final output.

ACompanies such as QualcomriSilicon Intel (and more) sell ISP chips
(often as part of a System on a ChlapoC).
ACompanies can customize the ISP.

AMany ISPs now have neural processing units (NPUS).

Snapdrogon

&

SAMSUNG
EXynos
2200

Samsung Huawei Apple Samsung/ Pi xel / OnePl u



A typical color imaging pipeline

ISO gain and RGB
raw-image ‘ .
J Demoasicing
processing
Sensor with color filter array (CFA)
(CCD/CMOS) l

White-Balance &

Color :

Image Rescaling « Mani : Color Space « Noise

) pulation « Transf .
(or up-scaling) (Photofinishing) ( (I;?IrE]SXOYran) Reduction

apping o - JPEG/HEIC -
output color :
space Compression Save to file

(e.g.,sRGB, P3)

NOTE :This diagram represents the steps applied on a typical consumer camera pipeline. ISPs may apply these steps iom@drftarenmbine them in
various ways. A modern camera ISP will undoubtedly be more complex but will almost certainly implement these steps iarseme m



A typical color imaging pipeline

ISO gain and
raw-image
processing

Sensor with color filter array (CFA)

Image Rescalin
(or up-scaling)

b -

$

Mapping to
output color
space
(e.g., SRGB, P3

)

(CCD/ICMOS)

Color
Manipulation
(Photofinishing)

JPEG/HEIC
Compression

—

RGB
Demoasicing

White-Balance &
Color Space
Transform
(CIE XY2)

§

Save to file

Noise
Reduction
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Camera sensor

Medium format film_—" | _Fujifilm G Format
(70 x 60 mm) (43.8 x 32.9 mm)

35mm format
[ (36 x 24 mm)

APS-C format
(~23.5 x 15.7 mm)

‘Medium format’ sensor
(~53,7 x 40.3 mm) — ]

‘Medium format'sensor
(49 x 36.8 mm) ——— 7T

| Micro Four Thirds

(17.3 x 13.0 mm)
Pentax 645D sensor .
== -1 ~ 1-inch Type
(44.x 33 .mm) ——— (12.8 x 9.6 mm)
~ Smartphone sensor
CMQOS sensor e

Figure from Photo Review website.

Almost all consumer camera sensors are based on complementary metal -
oxide -semiconductor (CMOS) technology.
We generally describe sensors in terms of number of pixels and size.The larger the ser

the better the noise performance as more light can fall on each pixel. Smart phones h:
small sensors!
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Camera sensor RGB values
A Near Infrared (NIR) filter

is often placed before the Micro-lenses are placed over the
sensor. (This is sometimes Light diode to help increase

_called a "hot mlr_ror").Th|s Lo near infrared filter Vs light collection on the sensor

Is because red filters often| ™ l

respond to NIR light.

Color filters place over
the sensor. This forms
a Color Filter Array (CFA)
also called a o
after inventor Bryce Bayer.

=

Color filter array . N
or "Bayer" pattern. Photodiode Silicon/Circuitry

Photons hit the diode
and force out electrons.
This design is similar to

a solar cell!

Bryce Bayer
(Kodak)
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Camera RGB sensitivity

AThe color filter array (CFA) on the camera filters the light into
three sensospecifieRGB primaries

Nikon D3 Canon 1D Mark Il

1r 1¢
- 2
£ 0.8} = 0.8}
@ @
c 0.6} E 0.6
w w
T 0.4} T 0.4
2 2
2 02| 202

£00 500 500 700 $00 500 500 700

Wavelength nm Wavelength nm

Plotted from camera sensitivity database by Dr. Jinwei Gu from Rochester Institute of TechriRldgydr. Gu is
now at SenseTimgUSA). http://www.cis.rit.edu/jwgu/research/camspec/



http://www.cis.rit.edu/jwgu/research/camspec/

Measuring camera sensitivities

Al't is not easy to get information on
A This process is called camera or sensor characterization.
A The sensitivity needs to factor in the entire camera form factor: lens, NIR filter, and CFA.

AYou need specialized equipment to measure camera spectral sensitivities.
A But of course, reviewer 2 will say obtaining sensitivities curves is easy.. ..

Image Engineering GmbH & Co. KG

camSPEC device for measuring
camera spectral sensitivity.

https://www.imagengineering.de/products/equipment/measurengtices/58&amspecexpress



Sensor ranRGB Image

Canon 1D Mark Il

-

o8
% 06
& =
Zos
o0 500 600 700
Wavelength nm
. ; Camera spectral
Remember: physical world sensitivities. raw-RGB represents

IS measured by radiometric
spectral power distributions.

the physical world'SPD
"projected" onto the
sensor's spectral filters.

Your camera sensor
RGB filter is sensitive
to different regions

of the incomingSPD
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