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Radiometry : Definitions

Light is a radiant energy by which its action on the organs of
vision, enables them to perform their function of sight

Light typically consists waves of different wavelength}p (
The following_definitions apply in general for lightwaves:
» Radiant flux:power propagated as light radiation (W)

» Irradiance: amount of light falling on a unit surface (W/m2)
= Radiance amount of light radiating from a unit surface «
towards a “solid” angle (W/m2 steradian) A
= Radiant exitance (radiosity)amount of light radiating from a

unit surface (W/m2)
= Radiant intensityamount of light radiating towards a “solid”
angle (W/steradian) oM




27.03.2014

These slides are modified from COMP 256 (UNC) Lecture Notes by Prof. Marc Pollefeys EE 584 Lecture Notes by A. Aydin Alatan 2013

Causes of color

The sensation of color is
caused by the brain.

Some ways to get this
sensation include:
- Pressure on the eyelids

- Dreaming, hallucinations,
etc.

Main way to get it is the
response of the visual
system to the
presence/absence of
light at various
wavelengths.

Light could be produced in
different amounts at
different wavelengths

Light could be differentially
reflected (e.g. some
pigments).

It could be differentially
refracted - (e.g. Newton's
prism)

Wavelength dependent
specular reflection - e.g.
shiny copper penny (actually
most metals).

Flourescence - light at

invisible wavelengths is
absorbed and reemitted at
visible wavelengths.
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Black body radiators

+ Construct a hot body with near-zero reflectance (black
body)
- Easiest way to do this is to build a hollow metal object with
a tiny hole in it, and look at the hole.
* The spectral power distribution of light leaving this
object is a simple function of temperature

1) 1
E(4)D UW(exp(hc/ KAT )- 1

v,m 2000 2500 3000
Wavsiongin (nm)

* Incandescent lamps = blackbody r‘adua‘ror‘ at 1500-3000K
* This leads to the notion of color temperature
- femperature of a black body that would look the same
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Spectral power distribution

The power per unit area at each wavelength of a radiant object

# Photons
(per ms.)

A. Ruby Laser B. Gallium Phosphide Crystal

400 500 600 700

Wavelength (nm.)

# Photons
# Photons

400 500 600 700 400 500 600 700
Wavelength (nm.) Wavelength (nm.)

+ Some examples of the
spectra of light sources

C. Tungsten Lightbulb D. Normal Daylight

2 2
S S
2 2
o o
* *
400 500 600 700 400 500 600 700
5 Figure © Stephen E. Palmer, 2002
These slides are modified from COMP 256 (UNC) Lecture Notes by Prof. Marc Pollefeys EE 584 Lecture Notes by A. Aydin Alatan 2013

Spectral power distribution Measurement

Spectroradiometer: separate input light
into its different wavelengths, and
measure the energy at each.

(A) Movable slit

Prism

Lens /\

yid
Source o [] Sensor

6 Foundations of VisionB. Wandell

Lens
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Radiometry vs. Photometry

* Radiometric measurements: Quantitative
description of physical intensity

3y
sammarays |
i

- Photometric measurements: Quantitative
description of perceptual brightness

* Luminous flux (lumen, Im) :

o0 Relative Lum ‘ CIfficiency
F = KmJ‘ C(A )V (A)dﬂ (Human Luminance Sensitivity Function)
0
« K, =685Im/W ‘
_— | distributi ; 7\
pectral power distribution, C(1) AN
+ Relative luminous efficiency, f/ \
V(J), describes the average b / \\
visual sensitivity of the human N ; N
eye to light of different o) B
waveleng‘rhs. V?/l) “Low illum. vs HTgh ilum
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Simplified rendering models:
Reflectance

Often are more interested in relative spectral
composition than in overall intensity, so the
spectral BRDF computation simplifies a
wavelength-by-wavelength multiplication of
relative energies.

BRDF@) = radianceX) / irradiancek)

Bidirectional Reflectance Distribution Func.

Nlumination Reflectance ¥
10 o Color signal
%: 200 % o8 %
S 150 % £ o6 = E®
£ 100 . £ 0a g @
= i Z
< 50 o 2
z % 2 02 g
0
'iﬁ) 5l|lU 6:0 700 400 500 600 700 i 400 500 600 700
avelength (nm) Wavelength (nm) Wavelength (nm)

Foundations of Vision, by Brian Wandell, Sinauer Assoc., 1995

8 slide from T. Darre
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Simplified rendering models:
Transmittance

1 smi g
umination 10 transmittance Color signal
40
Ea 0.8 %
z B
KA £ 06 _ g 30
* £ 04 s 20
£ £
g oz T
£
400 500 600 700 0t 0
4000 500 600 71
Wavelength (nm) 00 400 500 600 700
Wavelength (nm) Wavelength (nm)

Foundations of Vision, by Brian Wandell, Sinauer Assoc., 1995

slide from T. Darre
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Color of the sky

25

slightly cloudy, sun behind a cloud

1.5

cloudy, gray sky

0.5

cloudless sky, sunset

0 cloudless sky, just before suriset i 1 I
400 450 500 550 600 650 700
Violet  Indigo Blue  Green ellow Orange

10 _ ——- 3. Parkkinen and P. Silfsteh
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Color of lightsources

e

_osf i
g Hluminant A
% (100W Tungesten bylb
3 ol lluminant D65 ]
& S~
g /' (Day Ligh}
& | :

04 - -

0 1 1 1 1 1
400 450 500 550 600 650 700
Wavelength in nm

Violet Indigo Blue  Green Yellow Orange Red
11
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1 T T T T T . .
Spectral albedoes for several different /eaves A simplified model for
08k N > .
o ==w="] surface color:
- 1 E(M)=p() S()
L yellow flower i —_— —_ ——
- ' B oo imer spectral  spectralspectral
radiosity  albedo irradiance
8 . white petal
E whil wrer -
e —mee 7] Spectral albedo==
04 / {1 Spectral reflectance
0.3
02
i A Spe_ctral alb_edos are
typically quite smooth
fo0 500 s 50 o0 70 functions.
wavelength in nm i
spectral albedo = color
color 3 spectral albedo -~
12 Measurements by E.Koivisto.
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Why specify color numerically?

Accurate color reproduction

is commercially valuable

- Many products are identified

by color

Few color names are widely
recognized by English
speakers -

- About 10; other languages
have fewer/more, but not
many more.

- It's common to disagree on
appropriate color hames.

EE 584 Lecture Notes by A. Aydin Alatan 2013

Color reproduction

problems increased by

prevalence of digital

imaging - eg. digital

libraries of art.

- How do we ensure that

everyone sees the same
color?

Colorimetry is the
science of

quantitatively
measuring color

These slides are modified from COMP 256 (UNC) Lecture Notes by Prof. Marc Pollefeys

Color matching experiment

(A) Primary
lights : Q
Bipartite
white
screen
Subject
Test light Surround

field

4.‘!0 THE ‘COLOR-MATCHING EXPERIMENT. The observer views a bipartite field and
adjusts the intensities of the three primary lights to match the appearance of the test
light. (A) A top view of the experimental apparatus. (B) The appearance of the stimuli to

the observer. After Judd and Wyszecki, 1975,

Foundations of Vision, by Brian Wandell, Sinauer Assoc., 1995

14

(B)

Surround field
Primary
lights

Test light

EE 584 Lecture Notes by A. Aydin Alatan 2013

slide from T. Darre

27.03.2014



These slides are modified from COMP 256 (UNC) Lecture Notes by Prof. Marc Pollefeys EE 584 Lecture Notes by A. Aydin Alatan 2013

Color matching experiment 1

15 slide from T. Darre
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Color matching experiment 1

P1 P2 P3

16 slide from T. Darre
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Color matching experiment 1

Pt P2 Ps
17 slide from T. Darre
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Color matching experiment 1

The primary color
amounts needed
for a match

& AN

P1 P2 P;

Note that the same experiment should initially be performed for
a reference white color to determine its weights

18 slide from T. Darre

27.03.2014
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Color matching experiment 2

19 slide from T. Darre
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Color matching experiment 2

> N

i_=

P1 P2 P3

20 slide from T. Darre

27.03.2014
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Color matching experiment 2

> AN

ia

P P2 Ps

21 slide from T. Darre
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Color matching experiment 2
The primary color
We say a amounts needed
negative for a match:
amount of p,
was needed to
make the match,
because we
. 2 P
added it to the
test color’s side.
Pi P2 P Pi P2 Ps
22

slide from T. Darre

27.03.2014
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Color names for cartoon spectra

8 g B & 238 2 g
sl =iz l= e =
5 g g &5 |2]|8 &
e b b b e i b
400 500 00 700

=l

Wavelength in nansmelers

=
400 500 600 700 nm - 400 500 600 700 nm
&h 2
E
400 500 600 700 nm _ 400 500 600 700 nm
9 E
= e
400 500 600 700 nm 400 500 600 700 nm
23 slide from T. Darre
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Additive color mixing
When colors combine by
E adding the color spectra.
Examples that follow this
400 500 600 700 nm mixing rule: CRT phosphors,
B - multiple projectors aimed at a
g screen, Polachrome slide film.
3
= Red and green make...
400 500 600 700 nm
[ |
z
=
5 Yellow!
400 500 600 700 nm
[ S |
24 slide from T. Darre

27.03.2014
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Subtractive color mixing

When colors combine by

multiplying the color spectra.

Examples that follow this

400 500 600 700nm  mixing rule: most photographic
B - films, paint, cascaded optical

filters, crayons.

cyan

vellow

Cyan and yellow (in crayons,

400 500 600 700 nm called “blue” and yellow)
B . make...

green

Green!

400 500 600 700 nm
L. |

25

slide from T. Darre

These slides are modified from COMP 256 (UNC) Lecture Notes by Prof. Marc Pollefeys EE 584 Lecture Notes by A. Aydin Alatan 2013

The principle of trichromacy

- Experimental facts Color Matching :

- Three primaries will work for most people, if
we allow subtractive matching
* Exceptional people can match with two or only one

primary.
- This could be caused by a variety of deficiencies.

- Most people make the same matches.

+ There are some anomalous trichromats, who use
three primaries but make different combinations
to match.

26

27.03.2014
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Grassman's Laws

Color matching is (approximately) linear

- symmetry: U=V <=>Vv=U

- transitivity: U=V and V=W => U=W

- proportionality: U=V <=>tuU=tv

- additivity: if any two (or more) of the statements
u=v,
W=X,

(U+W)=(V+X) are true, then so is the third

A color match at one radiance level holds over a wide
range of levels
If we mix 2 test lights, T, & T,

where T, =@ P+, P+ Py & Ty =P +a,P + P
it has been experimentally shown that

D> T +T, = (G + )P+ (G + )P + (@3 + ) B

2> Linearity

27 Here “=" means “matches”.
Color Matching Functions
* Pick a set of 3 primary color lights, Py, P, & P,
+ For a single wavelength (A) unit source, U(J) (i.e.
monochromatic), find experimentally the weight
of each primary to match this source
UA) = (AR +C, (AR + (M) R
color matching functions
* For an arbitrary source, S in order to find the
corresponding weights for each primary :
S=wh + Wk, + Wk,
= ([ S(A)c,(A)dA )F’1 + (J S(A)c,(A)dA )P2 + ([ S(A)c,(A)dA )P3
28 Here “=" means “matches”.

27.03.2014
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Color matching functions for a particular
set of monochromatic primaries

€,(A), ¢, (A),c5(A)

b WP =6452nm
. M ;= 5253 nm
1 ) L [

_E’,‘:m i ;- 4444 nm
g3 — b i Y

4.13 THE COLOR-
MATCHING FUNCTIONS ARE
THE ROWS OF THE COLOR-
MATCHING SYSTEM MATRIX.
The functions measured
by Stiles and Burch (1959)
using a 10-degree bipartite
field and primary lights at
the wavelengths 645.2 nm,
525.3 nm, and 444.4 nm
with unit radiant power are
shown. The three functions in
500 600 700 this figure are called F10(A),
Wavelength (nm) Gro(A), and byg(A).

Primary intensity

Fotmdations S AV B B Wine T SiRauer Assoc. 1993

U(A) =c(DR +C (AR, + (AR

29 slide from T. Darre
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Using the color matching functions to predict
the primary match for a new spectral signal

Store the color matching functions in the rows of the matrix, C

a(4) - dy)
C=lc(4) - c(Ay)
c(4) ()

Let the new spectral signal to be characterized be the vector t.

H(4) ‘ i
- . Then the amounts of each primary needed to
[ = : match t are:
t(Ay) Ct Zq(/li X))
ct = zcz(/]i)[(/]i)
Z(%(/li x()
30 slide from T. Darre

27.03.2014
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How to translate between different primaries?
Forprimariesp,P,, R,
Forunit & singlewavelenspectrakignalJ (A1)
=U () = (AR +C, ()R, + (AR,
Forarbitraryspectrabignal, t =[t(A)]
= QAR+ Y GUNAIR+ D (A NA )P,
=U=wh +wpk, +wP,
Foranothersetof primaries P , P, P;, matcht =[t(A)]
= =R+ WP + GiP
Whatis therelationbetween(,, &, &, Jand(a,, &, @ )?

31 Here “=* means “matches”.

EE 584 Lecture Notes by A. Aydin Alatan 2013

How to translate between different primaries?
Write B in termsof theprimariesk, P, P,
R =w,R+w,P,+wh; whereq, = ZQ (A)P(A)
Similarly write for P} andP} toobtain Here "=" means “matches”.

Pl (W, @, @w,|R
=>|P|=la, @, w|PR
Pl | @, w;|PR

1 W, W, 4|~k
:>f=[a{ a 5‘%] R, =[5‘{ b ajs;] Wy W, y|F
R Wy W, WP

W W W wd
Sincet =wP,+wP,+wP, =|w|=lw, W, u,|
W Wy Wy Wy

32

27.03.2014
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How does it work in the eye?

Human Photoreceptors

© 350
S 300
= 250 3.4 THE SPATIAL MOSAIC OF THE HUMAN
X CONES. Cross sections of the human retina at the
® <0 level of the inner segments showing (A) cones in
£ 150 the fovea, and (B) cones in the periphery, Note the
E 100 size difference (scale bar = 10 ym), and that, as the
3 so

separation between cones grows, the rod receptors fill
in the spaces. (C) Cone density plotted as a function
of distance from the center of the fovea for seven
01 02 03 04 05 pyman retinas; cone density decreases with distance
Eccentricity (mm) from the fovea. Source: Curcio et al., 1990.

Foundations of Vision, by Brian Wandell, Sinauer Assoc., 1995

33
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How does it work in the eye?

Human eye photoreceptor
spectral sensitivities

p. = [a, NSHdA -

=== L-cones
——— M-cones
—— S-cones

3.3 SPECTRAL SENSITIVITIES
OF THE L-, M-, AND §-
CONES in the human eye. The
measurements are based on
a light source at the cornea,
so that the wavelength loss 0.2
due to the cornea, lens, and
other inert pigments of the eye
plays a role in determining the 0.0
sensitivity. Source: Stockman i 700
and Macleod, 1993,

Foundations of Vision, by Brian Wandell, Sinauer Assoc., 1995
34

slide from T. Darre
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Color

 Three primaries are Red,
Green and Blue which have
single wavelengths

Color matching functions for a particular
set of monochromatic primaries

WP - 6452 nm
mEp: = 5253 nm
b= 4444 nm

4.13 THE COLOR.
MATCHING FUNCTIONS ARE
THE ROWS OF THE COLOR-
MATCHING SYSTEM MATRIX.
The functions measured
by Stles and Burch (1959)
using & 10-degree bipartite
field and primary lights at
the wavelengths 645.2 nm,
525.3 nm, and 444.4 nm
e wilh unit radiant power are

= —————— | shown. The three functions in
400 500 a0 700 this figure are called Pro(A),
Wavelength (nm) BrolN), and Bra(A).

otk A BT WiRat S

Magenta

S=wh + W,k + Wk
= ([ sthadrr + ([ sSe,chdrp, + (] she(haa)p

Since some of the color matching functions are tiegiasome colors could
only be obtained by subtractive color matching
Note the similarity between weights and respondmiman eyep, = [0, (1)S(4)dA

35
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Color Spaces : CIE XYZ

Derived from CIE RGB by defining its color » Based on imaginary

4 - primary colors
matching functions « Color matching

function for Y is similar

' o e XY N TANDARD to spectral sensitivity of
1.6 FUNCTIONS. In 1931 the -
—-—=Fpot) CIE standardized a set of cone-M
14 — Fio) 1 color-matching functions for |
—_— 0 image interchange. These
¢ 12 10 color-matching functions
2 are called %(A), (), and
210 2(A). Industrial applications
Bris commonly describe the color
2 properties of a light source
£ 08 using the three primary
A intensities needed to match
08 the light source that can
be computed from the XYZ
0.4 color-matching functions.
0.2
0.0

400 500 600 700 1
Wavelength (nm)

CIE XYZ.: Color matching functions are positive everywhere, but primaries
are imaginary. Usually draw x, y, where x=X/(X+Y+7)
y=Y/(X+Y+7)

Foundations of Vision, by Brian Wandell, Sinauer Assoc., 1995

36 Y is the "luminance”, perceived relative brightness X e from T. Darre

27.03.2014
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Color Spaces : CIE XYZ

¥ 414 THE XYZ STANDARD
COLOR-MATCHING
FUNCTIONS. In 1931 the
CIE standardized a set of
color-matching functions for

‘ image inta«hanfg. These
<olor-matching functions
are called % (A), #(A), and
Z(A). Industrial applications
commonly describe the color
properties of a light source
using the three primary
intensities needed to match
the light source that can
be computed from the XYZ
color-matching functions.

1.6

14

12

10

08

Tristimulus value

0.6

04

02

0.0

‘Wavelength (nm)

CIE XYZ: Color matching functions are positive everywhere, but primaries
are imaginary. Usually draw x, v, where x=X/(X+Y+7)
V=EYAX+YHZ)

Foundations of Vision, by Erian Wandell, Sinauer Assoc., 1995

r= X = Y z= z =1
“Xiv+z YT X3v+z X+Y+Z

—x -y

This normalized color space is called CIE xyY

0.49 0.31 0.20 R
=——— | 0.17697 0.81240 0.01063 G

. 0.17697
7z 0.00 0.01 0.99 B

37
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slide from T. Darre
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the spectral locus

Spectral locus consist

\ Yellow

Saturation increases as

P
= one moves out radially Orange
= 0.4 from white
White
0.2
Indigo
T T T >
02 0.4 0.6 0.8
X axis

38
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A Hue changes as one moves around * Note that br‘igh‘rness is
assumed to constant
(normalized) in CIE (x,y)

of only space.
monochromatic light
0.6 (single wavelength) *A qualitative rendering of
' the CIE (x,)) space.

* The blobby region
represents visible colors.

* There are sets of (x,)
coordinates that do not
represent real colors,

* the primaries are not
real lights

* the color matching
functions could be
positive everywhere

27.03.2014
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CIE x,ycolor space

EE 584 Lecture Notes by A. Aydin Alatan 2013

1 T T T T T T T T
Spectral locus

520 Line of purples

Black-body locus

Sunlight at sunrise

Incandescent 1800K

lighting

(%]
=
o

Daylight
7000K and

. 600
[Numinant C

Sunlight at
noon 4870K

%780

ozr Northwest ]
sky light 25000K Equal energy
01F SpL‘Cll'll m 5
0 1 1 1 1 1 1

Incandescent lighting

40

27.03.2014
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Non-linear color spaces: HSV

* HSV Hue, Saturation, Value are non-linear functions

of XYZ
- hue relations are naturally expressed in a

circle

Hue
(angle)

Magenta Saturation

41
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Non-linear color spaces: HSV

* The Psychophysical Correspondence
- Consider physical spectra as normal distributions
Mean <==> Hue Variance <===> Saturation

# Photons
# Photons

Wavelength
Wavelength

Area <===) Value/Brightness

I* ark
Wavelength

© Stephen E. Palmer, 2002

42

27.03.2014
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Non-linear color spaces: Uniform

* Uniform: equal (small') steps give the same
perceived color changes.

size of the ellipse
represents the
scatter of lights
that the human
observers tested

M

QQ&I\

EE 584 Lecture Notes by A. Aydin Alatan 2013

Ellipses on the
left have been
magnified 10x
for clarity.

would match to
the test color;

Yas ¥ o o "
0 g > wl L
! ek . E
i \ i e
. Vol A
N
Pl & il s L L . L L
0 e ez 83 0¢ 05 s o7 1w es 1
x

* McAdam e///;oses demonstrate that differences
in X,y are a poor guide to differences in color

« Construct color spaces so that differences in

coordinates are a good guide to changes in color.
43
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Non-linear color spaces: CIE u'v’

0.7 T T T

(u,,\/):[ ax._ 9 j%r

X+15Y+3Z X +15Y+3Z

600nm
500nm

+ CIE (U’V’) isa 05
projective

transform of x,y. V' osf
+ We transform x,y
so that ellipses are s}
most like one

oy 700nmn

another. 02
* Figure shows the
transformed Ll
ellipses.
00 0.7
44 o

27.03.2014
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Color constancy

* The spectral radiance (received light power) at the
camera depends on two terms

- surface albedo
- illuminant spectral radiance

the effect is much more pronounced than most people
think (see following slides)

We would like an illuminant invariant description of
the surface

- e.g. some measurements of surface albedo
- need a model of the interactions

45
These slides are modified from COMP 256 (UNC) Lecture Notes by Prof. Marc Pollefeys EE 584 Lecture Notes by A. Aydin Alatan 2013
1 : T : : ; - : . :
Uniform reflectance * The COIOr‘ Of
03F illuminated by #  Metal halide 1 .
N O Sm:l‘i.la:'tll lﬁ«Lulrn:su:nt hth 01' The
X Moon white flourescent .
e o Daylight flourescent 1 camera varies
A Uniform SPD .
o7 with the
Y o8 illuminant color
05 1 .
+ A uniform
- 1 reflectance
03 illuminated by
i five different
y lights, and the
result plotted
% ol1 alz ars c-l: cfs -3‘,5 al7 ols 0?9 1 on CIE xly
X
46
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Blue flower

08F illuminated by =  Metal halide
O  Standard flourescent

08 x  Moon white flourescent
o Daylight tflourescent
& Uniform SPD

03F

02

01f

0 01 02 03 04 05 0.6 07 08 09
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« The color of

light at the
camera varies
with the
illuminant color

A uniform
reflectance
illuminated by
five different
lights, and the
result plotted
on CIE xy
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Lightness Constancy

+ Lightness is defined as the estimate of a surface

reflectance obtained from visual data

+ Lightness constancy

- how "light" is the surface, independent of the

brightness of the illuminant
- issues
+ spatial variation in illumination
+ absolute standard

- Human lightness constancy is very good

+ Assume
- frontal 1D "surface"
- slowly varying illumination

- quickly varying surface reflectance

48
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The received light power, C, on a camera from an illuminated
surface that has a piecewise constant reflectance (albedo), po. ( k;
is the camera gain)

Cx)=k.I1(x)p(x) = logC(x)=Ilogk, +logl(x)+logpo(x)

log p loglI logp
dlog p dlog I dlog p
dx —_
dx dx
49
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Thresholded 08 P
dx
Integrate
This to get
+ How do we choose the
constant of
intfegration?
- average lightness is
grey
- lightest object is
white
50
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Names for colorsby gender (in Turkish) ©

FEMALE

kiraz
targin
garap
erik
patlican
uzim
orkide
lavanta
gsebboy
pembe
bebek
mor
somon
mandalina
kavun
altin
aygigegi
kireg
avokado
defne
Kklorofil
yosun
nane
zumrit

havuz
petrol
gokyuzu
turkuaz

MALE

| kirmizi

mor
pembe

turuncu

i

mavi
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