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Motivation for this tutorial
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Scientistõs view of a photograph

Photo by Uwe Hermann



Scientistõs view of a photograph

Photo by Uwe Hermann



Image = radiant energy measurement

Simple models of a camera assumes an image is a òquantitative measurementó of scene radiance.

Illumination source

(radiance)

Internal Image Plane

Scene Element

Output (digital) image

Figure from Digital Image Processing, Gonzales/Woods

Imaging System



Simple models of a camera assumes an image is a òquantitative measurementó of scene radiance.

Illumination source

(radiance)

Internal Image Plane

Scene Element

Imaging System

Output (digital) image

Figure from Digital Image Processing, Gonzales/Woods

Camera = light measuring device



Camera

Macro

lens

LED light ring

Broadband visible light and 

selected non-visible 

spectral bands

19mm 

opening

Visible image
Enhanced RGB image 

using a UV spectral band

Medical imaging

explicitly requires 

accurate 

measurements.

Image courtesy ElucidLabs

Camera = light measuring device



Home diagnostic testing 

requires accurate 

measurements across 

different cameras. 

Image courtesy ScanwellHealth

Camera = light measuring device
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Camera = light measuring device?



In-camera photo-finishing is the
òsecret recipeó of a camera

Photographs taken from three different cameras with the same aperture, shutter speed, 

white-balance , ISO, and picture style.
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In-camera photo -finishing

may cause problems for 

scientific applications!

Which one is correct?



Motivation

ÅCameras are the primary tool used to capture digital images.

ÅDigital images are the primary inputs to CV algorithms.

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

ÅThis tutorial aims to provide this basic understanding.



A tutorial in three parts

Part 1: Review of color,  color constancy,  and color spaces
ÅCIE XYZ, chromatic adaption, color temperature, and output color 

spaces

ÅBackground on color is necessary to understand Part 2

Part 2: Overview of a typical camera pipeline (ISP) 
ÅDiscuss the processing steps used by most ISPs

ÅNote that some steps are their own research topic

Part 3: Deep -learning/AI and the ISP 
ÅMachine learning for individual ISP components

ÅReplacing the whole ISP with DNNs 
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Part 1: 
Review of color, color constancy, 

color temperature, and 
color spaces
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Color and color spaces

ÅTo understand your camera, it is important to review how 
humans perceive color in a real environment. 

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

ÅOne of the main roles of the in-camera hardware is to convert 
the sensor image into a standard output-referred color space 
suitable for sharing and display.



Color is perceptual

ÅColor is not a primary physicalproperty of an object.

ÅRed, 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 òcolor sensationsó come from?

A verysmall range of electromagnetic radiation 

Generally wavelengths

from 380 to 720nmare

visible to most individuals
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White light through a prism

Light is separated into òmonochromaticó light at different wave lengths.

450nm 600nm 650nm

òwhite lightó

(broad spectrum)

Refracted light
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Prism

Spectral òcolorsó
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Isaac Newton

1704 - Opticks



Biology of color sensations
Our eye has three receptors (cone cells).  The different cones respond to 

different ranges of the visible light spectrum.

Eye

Short, Medium,

Long Cones Retina

Optical nerve
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Cones and rods

ÅWe have additional light-sensitive cells called rodsthat are not 
responsible for color.  Rods are used in low-light vision.

ÅCone cells are most concentrated around the fovea of the eye.
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Human eye

retina

Fovea

region



Spectral power distribution (SPD)

We rarely see monochromatic light in real world scenes.  Instead, objects reflect a wide 

range of wavelengths.  This can be described by a spectral 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 color (such SPDs are called òmetamersó).

Lettuce SPD 

stimulating

S=0.2, M=0.8, 

L=0.8

Green ink SPD 

stimulating 

S=0.2, M=0.8, 

L=0.8

Lettuce SPD

Green Ink SPD

SPD of òreal lettuceó

SPD of ink in a òpicture of lettuceó

Result in the same

color òsensationó.
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Tristimulus color theory
ÅBefore the biology of cone cells was understood, it was empirically 

known that only three distinct colors (primaries) could be mixed to 
produce other colors.

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

From Harris òThe Natural System of Colours"

Maxwellõs color disks

Early color photography

is attributed to Maxwell.



Tristimulus color theory
Grassmanõs Law states that a source color can be matched by a linear

combination of three independent òprimariesó.  

=
light mixture #1

Three lights (shown as lightbulbs) 

serve as primaries.  Each light has 

intensity, or weights,  R1, G1, B1 to 

match the source light #1 perceived 

color.
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R1 +       G1 +    B1
(10% )                     (80%)                   (5%)

=
light mixture #2

Same three primaries and the 

weights (R2, G2, B2) of each 

primary needed to match the 

source light #2 perceived color

R2              +       G2                  +    B2
(50%)                   ( 2% )                     (50%)

light mixture #3

If we combine source

lights 1 & 2 to get 

a new source light 3 This may seem obvious

now, but discovering

that light obeys the laws

of linear algebra was  a

huge and useful discovery.
= (R1+ R2)        +   (G1+ G2 )         +  (B1+B2)

The amount of  each primary needed to match the new source light 

#3 is the sum of the weights that matched lights sources #1 & #2. 

(60%)                    ( 82% )                (55%)



Radiometry vs. photometry/colorimetry
ÅRadiometry
ÅQuantitative measurements of radiant energy.

ÅOften shown as spectral power distributions (SPD).

ÅMeasures light coming from a source (radiance) or light falling on a surface (irradiance).

ÅPhotometry/ colorimetry
ÅQuantitative measurement of perceived radiant energy based on humanõs sensitivity to 

light.

ÅPerceived in terms of òbrightnessó (photometry) and color (colorimetry).

Wavelength (ʇ)

Radiometry
Photometry/

colorimetry
Tomatoõs SPD

Perception of the

tomatoõs SPD

Object 

25
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Quantifying color
ÅHuman cone photoreceptors (L/M/S) were being characterized well into 

the 2000s.1,2

ÅThe need to quantify color and brightness existed much earlier.

ÅSince SPDs go through a òblack boxó (human visual system), the only way 
to quantify the òblack boxó is to perform a human study.

ÅTwo key experiments
ÅTo quantify perceived òbrightnessó (photometry)
ÅTo quantify perceived òcoloró (colorimetry)
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1{ŎƘƴŀǇŦ Ŝǘ ŀƭΦ ά{ǇŜŎǘǊŀƭ ǎŜƴǎƛǘƛǾƛǘȅ ƻŦ ƘǳƳŀƴ ŎƻƴŜ ǇƘƻǘƻǊŜŎŜǇǘƻǊǎΣέ bŀǘǳǊŜ мфут
2{ǘƻŎƪƳŀƴ ŀƴŘ {ƘŀǊǇŜΦ ά¢ƘŜ ǎǇŜŎǘǊŀƭ ǎŜƴǎƛǘƛǾƛǘƛŜǎ ƻŦ ǘƘŜ ƳƛŘŘƭŜ- and long-wavelength-sensitive cones derived from measurements in
ƻōǎŜǊǾŜǊǎ ƻŦ ƪƴƻǿƴ ƎŜƴƻǘȅǇŜΣέ ±ƛǎƛƻƴ wŜǎŜŀǊŎƘ нллл

(ʇ)
òBlack boxó

Physical SPD



Experiments for photometry

Reference bright light 

with fixed radiant power.

Chromatic source light at

a particular wavelength and

adjustable radiant power. 

Alternate between the source light and reference light 

17 times per second (17 hz). A flicker will be noticeable 

unless the two lights have the same perceived 

òbrightnessó.

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 

determine  the perceived  òbrightnessó of each 

wavelength.  
The òflicker photometryó experiment 

for photopicsensitivity.

+

(Alternating between source and reference @ 17Hz)
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Radiant power

of chromatic light.



Result of the flicker experiments
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Reference light

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 the 550nm.

This means you 

perceive 550nm

brighter than 400nm.

Monochromatic light

Perform the flicker

experiment for

each wavelength.



CIE (1924) Photopic luminosity function

International Commission on Illumination (CIE comes from the French nameCommission internationale

e l'éclairage) was a body established in 1913 as an authority on light, illumination and color . . CIE is still active 

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

The Luminosity Function (written as y(ʇ) or V(ʇ)) shows the eyeõs sensitivity to radiant energy into 
luminous energy (or perceived radiant energy) based on human experiments  (flicker fusion test). 

_
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If we invert the

curve on the 

previous slide, 

we get the 

luminosity function.

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


Radiometric to Photometric

Two SPDs

SPD1

SPD2

Which SDP is 

perceived brighter?

SPD1

Y=0.2989

SPD2

Y=0.2989

Radiometric Photometric

CIE Y gives a way to go from radiometric to photometric!

Now can quantify the perceived brightness of different light.

ὣ ὛὖὈʇώʇ)Ὠʇ

How do we use

CIE Y (or ώʇ))?

SPD1 and SPD2

are clearly different.

Which one will

be perceived brighter

(assuming the same

overall radiant power.)



Radiometric vs. photometric units

Radiant Flux

(watt)

Radiant intensity

(watt per steradian)

Irradiance

(watt per m2ðfalling on surface)

Radiance

(watt per m2 steradian)

Radiometric values

Luminous Intensity

(candela)

Illuminance

(lux)

Luminous Flux

(lumens)

Luminance

(candela per m2)

Photometric values

(Radiometric values weighted

by the Luminosity Function)



Colorimetry

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

= R1*              +       G1*                  +    B1*

Three fixed primary lights.Target color

32



CIE RGB color matching

Test color Matched Color

Red   (700nm)

Green (546nm) 

Blue  (435nm)

+/-

+/-

+/-

òStandard Observeró
(Willing participant with no eye disease)

Human subjects

matched test colors 

by add or subtracting 

three primaries.

Field of view was 2-degrees

(where color cones are most

concentrated)

Same?

2ǓFoV

Experiments carried out by

W. David Wright (Imperial College) and John Guild (National Physical Laboratory, London) ðLate 1920s
33
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CIE RGB color matching

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.

Test color Matched Color

Red   (700nm)

Green (546nm) 

Blue  (435nm)

òStandard observeró
(Willing participant with no eye disease)

Same?

2ǓFoV

+/-

+/-

+/-

34
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Primary is added to the test color!
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CIE RGB results

CIE RGB 2-degree Standard Observer 

(based on Wright/Guildõs data)

Plots are of the mixing

coefficients of each

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.
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Negative values -- the three primaries used did not span 

the full range of perceptual colors. 36

CIE RGB results



CIE 1931 XYZ
ÅIn 1931, the CIE met and approved defining a new canonical basis, termed XYZ that 

would be derived from Wright-Guildõs CIE RGB data.

ÅProperties desired in this conversion:
ÅPositive values only

ÅPure white light (flat SPD) to lie at X=1/3, Y=1/3, Z=1/3

ÅY would be the luminosity function (V(ʇ))

ÅQuite a bit of freedom in selecting the XYZ basis
ÅIn the end, the adopted transform was:

ὢ
ὣ
ὤ

0.48871800.31068030.2006017

0.17620440.81298470.0108109

0.00000000.01020480.9897952

Ὑ
Ὃ
ὄ

Nice article see: Fairman et al òHow the CIE 1931 Color-Matching Functions Were Derived from WrightðGuild Dataó, Color Research 

& Application, 1997 

CIE 1931 RGB
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CIE 1931 XYZ

This shows the mixing coefficients x(ʇ), y(ʇ), z(ʇ) for the CIE 1931 2-degree 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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SPD to CIE XYZ example

Two SPDs

SPD1

SPD2

SPD1

X=0.2841

Y=0.2989

Z=0.3254

SPD2

X=0.2841

Y=0.2989

Z=0.3254

CIE XYZ Values

39

How do we use

CIE XYZ?

SPD1 and SPD2

are clearly different.

Will they be

perceived as the

same color?

ὢ ὛὖὈʇ Ӷὼʇ)Ὠʇ ὣ ὛὖὈʇώʇ)Ὠʇ ὤ ὛὖὈʇ Ӷᾀʇ)Ὠʇ



SPD to CIE XYZ example

Two SPDs

SPD1

SPD2

SPD1

X=0.2841

Y=0.2989

Z=0.3254

SPD2

X=0.2841

Y=0.2989

Z=0.3254

From their CIE XYZ

mappings,  we can 

determine

that these two

SPDs will be 

perceivedas the

same color!

CIE XYZ Values

40

Radiometric Photometric/Colorimetric

CIE XYZ gives a way to go from radiometric to colorimetric.

Imbedded is also the photometric measurement in the Y value.

Now we can 

quantify color!

How do we use

CIE XYZ?

SPD1 and SPD2

are clearly different.

Will they be

perceived as the

same color?



CIE XYZ Plot
It is challenging to visualize the 3D CIE XYZ space.  

We often donõt plot color in this space.  

Image: Gernot HoffmannImage: Joffa



Luminance-chromaticityspace (CIE xyY)

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

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

ÅCIE xyY space is used for this purpose.
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E

Point òEó represents

where X=Y=Z have equal

energy (X=0.33, Y=0.33, Z=0.33)

In the 1930s, CIE had a bad habit of over using the variables X, Y.  Note that x, y are chromaticity coordinates,

x, y (with the bar above) are the matching functions, and X, Y are the imaginary SPDs of CIE XYZ.    
_   _ 43

CIE Yxy chromaticity diagram



Usefulness of CIE 1931 XYZ

ÅCIE XYZ space is a òdevice independentó space ðthe XYZ values are 
not specific to any device.

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

ÅThis provides a canonical space to match between devices (at least in 
theory).
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A caution on CIE xy chromaticity

From Mark D. Fairchildõs book:òColor Appearance Modelsó

òThe use of chromaticity diagrams should be avoided in most circumstances, 
particularly when the phenomena being investigated are highly dependent on 
the three-dimensional nature of color. For example, the display and comparison 
of the color gamuts of imaging devices in chromaticity diagrams is misleading 
to the point of being almost completely erroneous.ó
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Fairchild
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Fast forward 90+ years

ÅCIE 1931 XYZ, CIE 1931 xyY (2-degree standard observer) color 
spaces have stood the test of time.

ÅMany other studies have followed (most notably - CIE 1965 XYZ 10-
degree standard observer), . . . 

ÅBut in the literature (and in this tutorial) youõll find CIE 1931 XYZ 
color space remains the preferred standard.
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What is perhaps most amazing?

Å90+ years of CIE XYZ, and it is all based on the experiments by Guild 
and Wrightõs òstandard observers.ó

ÅHow many standard observers were used?  100, 500, 1000?

A standard observer

47



CIE XYZ is based on 17 (male) standard observers

10 by Wright, 7 by Guild

òThe Standard Observersó
48



Can we talk about cameras now?

49

Sorry, not yet . . . 



An objectõs SPD
In the real world, most objects do not emit an SPD, instead, they reflect an SPD.  
As a result, an objectõs SPD depends on the environmental illumination.

Wavelength (ʇ)

Tomato SPD

Our earlier example

ignored illumination

(we could assume it was pure

white light).

Instead, think of this

of how the object

reflects different

wavelengths

50

Illuminant 1 SPD 

.*

ʇ

Illuminant 2 SPD 

.*

ʇ

Illuminant 3 SPD 

.*

ʇ



Illuminant 1 SPD 

.*

ʇ

Illuminant 2 SPD 

.*

ʇ

Illuminant 3 SPD 

.*

ʇ

Color constancy
Our visual system has an amazing ability to compensate for environmental 
illumination such that objects are perceived as the same color.

Looks the same!
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Chromatic adaptation example

Example from Andrew Stockman (UCL)



Chromatic adaptation example



Color constancy/chromatic adaptation

ÅColor constancy (chromatic adaptation) is the ability of the human visual 
system to adapt to scene illumination.

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

ÅImage sensors do not have this ability!  We will discuss this in 
part 2 . . this is related to the cameraõs white-balance module.
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Color constancy (at its simplest)

ÅThe Von Kries transform

ÅCompensate for L/M/S channel corresponding to the L, M, S response to 
scene illumination.

ὒ

ὓ

Ὓὼ

ρȾὒ π π
π ρȾὓ π
π π ρȾὛ

ὒ
ὓ
Ὓ
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Johannes von Kries

òCorrected colorsó

Long/medium/short

cone response to scene point 

x under some illuminant.

Divide out long/medium/short

cone response to the sceneõs

illuminant.

Long/medium/short

cone response with

illumination òcorrected.ó

ὒȟὓȟὛ

ὒ ȟὓ ȟὛ

ὒȟὓ ȟὛ

L/M/S response to the light source.



Color constancy for printed media

White paper Photo of sunset

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

Scene illumination

The white paper reflectsthe 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.



Display the color

of illumination Photo of sunset

Scene illumination

Color constancy for emissive media

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

The display does not reflect light.

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 òwhite.ó

The displayed image colors will appear

differently than intended, since 

we are adapting to the 

environment illumination.  



Implications of the previous slides

ÅColor is intimately connected to scene illumination.

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

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



Understanding color temperature

ÅIn the photography and display communities, an illuminationõs òcoloró is 
described using a correlated color temperature (CCT).

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

ÅThis is an excellent example of where metamers are used.
ÅRecall ða metamer is when two different SPDs appear visually the same color.
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SPDs of common illuminations 

Figures from Ponce and Forsyth 60



CIE standard illuminants

D, E, and F series images from http://www.image-engineering.de

SPDs for CIE standard illuminant A, B, C SPDs for CIE standard illuminant D50, D55, D65

SPDs for CIE standard illuminant E SPDs for CIE standard illuminants F2, F8, F11
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Color temperature
ÅAs mentioned, illuminants are often described by their òcolor temperature.ó

ÅThis mapping is based on theoretical blackbody radiators that produce SPDs for a given 
temperature expressed in Kelvin (K).

ÅWe map light sources (both real and synthetic) to their closest color temperature.
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Plank's law

Spectral density of electromagnetic

radiation emitted by a blackbody

radiator at a given temperature T.



Visible range of a black body radiator SPD

Consider only the visible 

wavelengths from Plank's 

equation at a certain 

temperature.

Animation credit: Dariusz Kowalczyk

Black body radiator SPD for different color temperatures

wave length 
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Visible range

gamma rays long (radio) waves



Plot visible SPDsin CIE xy chromaticity

64

Plot of color CIE xy locations of SPDs based

on color temperature.

This curve in the CIE xy plot of the 

"PlanckianLocus" of color temperatures. 



Color temperature of an SPDexample

CIE 1931 mapping functions

(1) Find the light sources SPDmapping to CIE XYZ using the CIE 1931 mapping functions.   

(2) Project the CIE xyY 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.

While we often say "color temperature", we should say "correlated color temperature.ó  The 

concept is not always related to the physical temperature of the light source, but its correlation

with the black body radiator's color temperature. 

SPDof a light source



Color temperature

From B&H Photo

Typical description of

color temperature used

in photography & lighting

sources.
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Lighting industry uses color temperature

Usage of correlated color temperature in these ads relate to the perceived color of the bulb's light. The heat output of a typical LED bulb is 

between 60C-100C (~333-373K).



White point
ÅA white point is a color defined in CIE xyY that we want to be 
considered òwhiteó (or achromatic/neutral).

ÅThis is essentially an illuminantõs SPD in terms of CIE XYZ/CIE xyY
ÅThink of it as CIE Yxy value of a white piece of paper under some illumination.
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CIE Illuminants
A, B, C, D65, E in terms of CIE xy

CIE x        ,       y

A 0.44757  ,  0.40745

B 0.34842  ,  0.35161

C 0.31006  ,  0.31616

D65 0.31271  ,  0.32902

E 0.33333  ,   0.33333

C

D65

B

A

E



Quick summary on color constancy

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

ÅCorrelated Color Temperature (CCT) ñ or just color 
temperature ñ is a system used to describe scene illumination. 

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



Color adaptation is not perfect

Mark Fairchild

άwŜƳŜƳōŜǊ ǘƘŀǘ ŀƭƭ ώƳŀǘƘŜƳŀǘƛŎŀƭϐ ƳƻŘŜƭǎ 
are wrong; the practical question is how 
ǿǊƻƴƎ Řƻ ǘƘŜȅ ƘŀǾŜ ǘƻ ōŜ ǘƻ ƴƻǘ ōŜ ǳǎŜŦǳƭΦέ

ά¢ǊǳŜ ŎƻƭƻǊ ŎƻƴǎǘŀƴŎȅΣ ŀƭƳƻǎǘ ƴŜǾŜǊΦ
LƴŎƻƴǎǘŀƴŎȅΣ ƴŜŀǊƭȅ млл҈ ƻŦ ǘƘŜ ǘƛƳŜΦέ

George Box (Statistician pioneer)



Now we are finally done with color?
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Almost . . . 



CIE XYZ and RGB

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

ÅRGB primaries dominate the industry, this is because we can produce 
RGB light sources (LEDs, phosphorus for CRT monitors, filters, etc)

ÅWe are all familiar with the RGB color cube.  

ÅBut is the color cube a color space?

By now, you should realize

that òredó,  ògreenó, and òblueó have no 

quantitative meaning as words.  We need to 

know their corresponding SPDs or

CIE XYZ values.
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Color model versus color space

ÅA color model is a mathematical system for describing a color as a 
tuple of numbers (RGB, HSV, HSL, more. . . )

ÅA color space is a specific range of colors within a color model.  The 
range of color (gamut) can be expressed in CIE XYZ.  Color spaces 
typically also define the viewing environment and, therefore, the òwhite 
pointó of the space.
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Color models (not color spaces)

RGB color model HSV color model HSL color model



Defining a color space with specific RGB values

R

G

B

Color Gamut

The RGB values span a subspace,

of CIE-XYZ to define the devices

gamut.   

We need to define our RGB values.
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R

G

B

RGB 1

RGB 2

RGB 3

RGB values must be specified.  

If not, this is a huge problem for 

color reproduction from one device to 

the next.
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Problem with just a color model. . 

Which RGB primaries

are the right ones?



Standard RGB (sRGB) ðRec. 709

R

G

In 1996, Microsoft and HP  

defined a set of òstandardó 

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).
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sRGB'swhite point
ÅColor spaces intended for display (called display-referred or output-

referred) define a white-point.

ÅRemember to match the assumed illumination in the viewing environment
ÅThe òwhiteó of sRGB (i.e., [1,1,1] ) is displayed at D65 
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CIE XYZ

R

G

+
+

D65

D50

sRGB (D50 whitepoint)

sRGB (D65 whitepoint)
The positions of the white-point locations are exaggerated here.

D50 viewing

D65 viewing

eye is adapting to D50

environment light. 

eye is adapting to D65

environment light. 



Assumed viewing illumination is important

Remember òthe dressó?
Image: Scientific America article explaining

how viewing environment lighting impacted our 

perception of the color.

Viewing

illumination



CIE XYZ to sRGB conversion

Matrix conversion:

ÅD65 is set as the white-point.

ÅThis is the linear sRGB space.

ÅsRGB also specifies a gamma correction of the values (next slide)

ÅThe CIE refers to this as the Recommendation 709 color space ðor 
Rec.709.

Ὑ
Ὃ
ὄ

3.2404542ī1.53713850.4985314

ī0.96926601.87601080.0415560

0.0556434ī0.20402591.0572252

ὢ
ὣ
ὤ

CIE XYZLinearized sRGB (D65)
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sRGB gamma curve

Input linear-sRGB (range 0-1) 

O
u

tp
u

t 
 s

R
G

B
 0
-1

The actual formula is a bit complicated, but effectively this is gamma (Iô= 255ĬI(1/2.2)) where Iôis the output intensity and 

I is the linear sRGB ranged 0-1, with a small linear transfer for linearized sRGB values close to 0 (not shown in this plot). 

This is known as òperceptual encodingó and is intended to allocate more bits based on our nonlinear response to radiant 

power.

This is a close approximation of

the actual sRGB gamma
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(1D transfer curve)



Stevens' power law

ÅPhysical stimulus vs. perceptual sensation 

ÅStevens' Power Law
Ὓ ὯὍ

Human

sensation Constant
Stimulus

intensity

power

exponent
Dr. Stanley Stevens showed 

that most human sensations 

follow a power-law 

relationship between stimuli 

and sensation.

radiometric power ɮ
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e
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 b
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g

h
tn

e
s
s
 
‪

‪ ρπɮȾ

Stevens' model stated that human perception to brightness

followed a power law. 



Stevens' power law

A constant (linear) increase

in perceived brightness. 

The radiant power needs to change exponentially. 

Interpreting the power law.



sRGB gamma

ÅThe sRGB gamma approximates Steven's power-law.

ÅThe reason we apply gamma is that it remaps the linear color to fit better our visual 
systemõs nonlinear response to radiant power.

ÅThere is a misconception in many graphics and image processing textbooks that 
gamma is applied to compensate for displays (CRTs). See a nice writeup about this 
by Poynton.1

1 https://poynton.ca/PDFs/Rehabilitation_of_gamma.pdf

Poynton

radiometric power ɮ
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‪

‪ ρπɮȾ

Stevenõs Ѝσpower-law sRGB gamma



Before (linear sRGB) & after (sRGB)

Linear sRGB Final sRGB

Linear sRGB

F
in

a
l 
s
R

G
B
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Standardization is not new - NTSC/PAL 

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

NTSC

0

0.9

0.6

0.7

0.5

0.4

0.3

0.2

0.1

0.8
CIE XYZ

sRGB

Gamma 

encoding

Primaries of sRGB

Primaries of NTSC

2.2

(2.2)-1

Gamma 

decoding
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Both NTSC and sRGB used gamma encodings.

Most color spaces use some type of perceptual 

encoding.



NTSC/sRGB 
(know your color space!)

Linear-sRGBback to XYZ

Linear-NTSC back to XYZ

It is important to 

known which color space

your image is in.

Many color APIs (e.g., matlab, python) assume the

default color space is NTSC.  Many research papers

use the wrong equations!



An additional fun fact

ÅPhysical stimulus vs. human sensations 

ÅStevens' Power Law
Ὓ ὯὍ

Human

sensation Constant
Stimulus

intensity

power

exponent
Dr. Stanley Stevens

introduced showed that

most human sensations

follow a power-law relationship

between stimuli and sensation.

stimulus intensity ɮ

p
e

rc
e

iv
e

d
 s

e
n

s
a

ti
o

n
 
‪

Stevens also did experiment on the pain sensation of

electrical shock!  Turns out our sensitivity is the opposite

than with radiometric power to brightness.‪ ρπɮȾ

‪ Ȣππρυɮ Ȣ

(curve of pain)

(curve for brightness)



CIE XYZ

CIE XYZ:  The mother color space

CIE LAB sRGB NTSC/PAL

ProPhoto

Adobe RGB
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Display P3



Other common color spaces

89

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.



CIE LAB space

ÅCIE LAB space (also written as CIE 
L*a*b*) was introduced as a perceptually 
uniform color space

ÅWhy?
ÅCIE XYZ provides a means to map between 

a physical SPD(radiometric measurement) to 
a colorimetric measurement (perceptual)

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

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

The ellipses shows the 

range of colors (around the 

center of the ellipse) that 

would be perceived as the 

same.  We can see that CIE 

XYZ this is not uniform.

David MacAdamperformed experiments on color

perception.  This plot is known as the MacAdamellipses.



CIE 1976 LAB 
ÅConsidering the MacAdamexperiments and the Steven's power-law, CIE LAB was 

derived in 1976 by applying various transformations to the CIE XYZ values that 

result in the following:

ÅL* represents a perceptual brightness measure between 0-100

ÅL* is a non-linear (gamma) transformation of the Y component of CIE XYZ.

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

Åa* and b* (often range ±50)

ÅBoth have similar non-linear transformations applied, and represent approximately:

Åa*  values lying along colors related to red and green

Åb*  values lying along colors related to yellow and blue

Åa*=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 Mohamed Cheriet

0 (Black)

100 - White (D65)

-50 +50

-50

+50



CIE LAB

Chromaticity comparison's between CIE LAB and CIE XYX

CIE-L*ab space CIE-xyY space

Image from Bagdasaret al ICSTCC'17



Color error metric ðCIE 2000 Delta E (ɝ%
ÅDelta E is a color metric based on L*ab space.

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

ÅDelta E values have an interpretation as follows.

In general, ÁɝE of 2 or 

less is considered to be 

very good.  It means a 

standard observer could

not tell that two colors 

are different unless they 

observe them very 

closely.

Table from

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

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


Other color spaces to be aware of

ÅAdobe RGB
ÅMedium gamut color space

ÅUsed for photo-editing

ÅDisplay P3
ÅMedium gamut color space

ÅUsed by Apple devices to accommodate better display technology

ÅSimilar to Adobe RGB

ÅProPhoto (ROMM)
ÅDeveloped by Kodak

ÅIntended to encode a wide range of colors and dynamic range

These are known as òoutput referredó color spaces because they are defined for encoding images for display or 

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).



Wide-gamut

Medium-gamut

Small-gamut

CIE Yxy chromaticity 

All visible colors

Color spaceõs gamut

A color spaceõs gamut is the span of colors that can be represented.  The 3D gamutsare plotted in CIE L*ab.



Gamutsexpressed in chromaticity are misleading

AdobeRGBplotted 

in CIE XYZ and

then projected to

2D CIE Yxy chromaticity.

*See slide 44 (Mark Fairchildõs comments) Image: Alp_Er_Tunga



a

L

a

b

Wide-gamut ProPhotoRGB color space

ProPhoto color space

ProPhoto encodes over 90% of surface colors (color from reflected light of a surface, i.e., not emitted light).

It is recommended to use 16-bit values per channel since the gamut is so large.

The white point is D50.



a

a

b

L

Medium-gamut AdobeRGBcolor space.

(Appleõs Display-P3 is very similar). 

Adobe RGB/Display P3 color space

AdobeRGB/Display P3 encodes over ~50% of surface colors.  Display P3 is Appleõs encoding color space.

It is recommended to use 10-bit per channel.

The white point is D65.



a

a

b

L

Small-gamut standard RGB (sRGB) color space

sRGB color space*

*Currently, sRGB is the most common color space (designed for 1990s display technology).

sRGB encodes ~30% of surface colors.

Developed for 8-bit encoding per channel.

The white point is D65.



a

L

a

b

Wide-gamut ProPhotoRGB color space

Displaying different encodings

PowerPoint expects images to be in sRGB.  When encoded in a wider gamut color space, the image may appear dull.

This may seem counter-intuitive 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?
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Yes . . .

But remember that color appearance, measurement, and encoding is its own research 

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!

You

03 Oct  2023

òTutorial on color for cameras.ó
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Part 2: Overview of the 
in-camera rending pipeline
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In-camera rendering

ÅThe image directly captured from the cameraõs sensor needs to be 
processed.

ÅWe can call this process òrendering,ó as the goal is to render a digital 
image suitable for viewing.

Sensor image

Intermediate states of the image being òrenderedó to sRGB.Final rendered 

image in sRGB



Image signal processor (ISP)
ÅAn ISP is dedicated hardware that renders the sensor image to produce 

the final output.

ÅCompanies such as Qualcomm, HiSilicon, Intel (and more) sell ISP chips 
(often as part of a System on a Chip ðSoC).
ÅCompanies can customize the ISP.

ÅMany ISPs now have neural processing units (NPUs).

Huawei Apple Samsung/Pixel/OnePlus/Xiaomi/é.Samsung



A typical color imaging pipeline

106NOTE : This diagram represents the steps applied on a typical consumer camera pipeline.  ISPs may apply these steps in a differentorder or combine them in 

various ways.  A modern camera ISP will undoubtedly be more complex but will almost certainly implement these steps in some manner.

ISO gain and

raw-image 

processing

Sensor with color filter array  (CFA)

(CCD/CMOS)

Noise 

Reduction

RGB

Demoasicing

Color 

Manipulation

(Photo-finishing)

Image Rescaling 

(or up-scaling)

Mapping to 

output color 

space

(e.g., sRGB, P3)

White-Balance & 

Color Space 

Transform

(CIE XYZ)

JPEG/HEIC

Compression
Save to file
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A typical color imaging pipeline

ISO gain and

raw-image 

processing

Sensor with color filter array  (CFA)

(CCD/CMOS)

Noise 

Reduction

RGB

Demoasicing

Color 

Manipulation

(Photo-finishing)

Image Rescaling 

(or up-scaling)

Mapping to 

output color 

space

(e.g., sRGB, P3)

White-Balance & 

Color Space 

Transform

(CIE XYZ)

JPEG/HEIC

Compression
Save to file



Camera sensor

108

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 sensor, 

the better the noise performance as more light can fall on each pixel.   Smart phones have 

small sensors!

Figure from Photo Review website.

CMOS sensor



Camera sensor RGB values
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Sensor

color filter

Sensor

color filter

Sensor

color filter

Micro-lenses are placed over the

diode to help increase

light collection on the sensor
Light

Photodiode

Photons hit the diode

and force out electrons.

This design is similar to 

a solar cell!

Silicon/Circuitry 

Color filters place over

the sensor.  This forms

a Color Filter Array (CFA)

also called a òBayer Patternó

after inventor Bryce Bayer.

Color filter array

or "Bayer" pattern.

Bryce Bayer

(Kodak)

A Near Infrared (NIR) filter 

is often placed before the 

sensor. (This is sometimes 

called a "hot mirror"). This 

is because red filters often 

respond to NIR light.

near infrared filter



Camera RGB sensitivity

ÅThe color filter array (CFA) on the camera filters the light into 
three sensor-specificRGB primaries 

Plotted from camera sensitivity database by Dr. Jinwei Gu from Rochester Institute of Technology (RIT).  Dr. Gu is 

now at SenseTime(USA).    http://www.cis.rit.edu/jwgu/research/camspec/
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http://www.cis.rit.edu/jwgu/research/camspec/


Measuring camera sensitivities 
ÅIt is not easy to get information on a cameraõs spectral sensitivities.
ÅThis process is called camera or sensor characterization.

ÅThe sensitivity needs to factor in the entire camera form factor: lens, NIR filter, and CFA. 

ÅYou need specialized equipment to measure camera spectral sensitivities.
ÅBut 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.image-engineering.de/products/equipment/measurement-devices/588-camspecs-express



Sensor raw-RGB image
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R
G

B

Camera spectral

sensitivities.Remember:  physical world

is measured by  radiometric 

spectral power distributions.
Your camera sensor

RGB filter is sensitive 

to different regions

of the incoming SPD.

raw-RGB represents

the physical world's SPD

"projected" onto the 

sensor's spectral filters.


