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Logistics

Written assignment 2 is up and is due Sept. 23 11:30 AM.

e Can work in groups of 2.

Grades ot WA1/WADO will be posted soon.



The Roadmap

Human Visual Systems

Eye Anatomy
Spatial Vision

Color Vision

Color science is a vastly interesting and broad
discipline. We can only covering the basics. Dig
(slightly) deeper using our interactive tutorials:
https://www.cs.rochester.edu/courses/572/colorvis/.



https://www.cs.rochester.edu/courses/572/colorvis/

https://www.vice.com/en/article/wnkg5n/this-picture-has-no-red-pixelsso-why-do-the-strawberries-still-look-red ~

Red Without Any Red Pixel



The Dress



https://en.wikipedia.org/wiki/The_dress
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https://en.wikipedia.org/wiki/The_dress

Checker Shadow lllusion

https://en.wikipedia.org/wiki/Color_constancy 6



Checker Shadow lllusion

https://en.wikipedia.org/wiki/Color_constancy 6



Eye Anatomy



Human Eye Anatomy

Human Eye Anatomy
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(lines eyelids and

surface of eye)
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https://garetina.com/patient-education/about-the-eye/ 8



Human Eye Anatomy

Human Eye Anatomy

Contains photoreceptors, which
generate neural signals from light

Ciliary body

Sclera
Choroid

Retina

Highest photoreceptor density
and thus highest visual acuity

Fovea centralis

Optic disc _
(blind spot) 4— No photoreceptor exists

Suspensory Optic nerve‘ Transports neural signals to your
ligament brain, where “color” is interpreted

https://garetina.com/patient-education/about-the-eye/ 9



Blind Spot

Nerve fibers route before the retina in human eyes

Octopus Human
Photoreceptor Bipolar
cells cells
Ciliary
muscle

Lens

Iris

Nerve
Fibers

Optic
ganglion Blind Spot

https://www.reddit.com/r/interestingasfuck/comments/6ifcné/our_similarity_with_cephalopod_eyes_despite_our/ 10



Blind Spot: “See” It For Yourself

Test:
e Cover your LEFT eye and stare at the cross with your RIGHT eye.

* Slowly move towards the computer screen while still staring at the cross with your RIGHT
eye.

e At some point the black circle will disappear.

Blind spot doesn’t appear dark because your brain “makes stuft up”

_|_

https://visionaryeyecare.wordpress.com/2008/08/04/eye-test-find-your-blind-spot-in-each-eye/ 11



Photoreceptors: Cones and Rods

Cells that convert optical signals (lights) to electrical signals (voltage
potentials), which then stimulate biological processes in your brain.

Photopic vision: activated at

Cone @mummmmm  typical light levels; ~6 million
cones. Provides color sensation.

\ Scotopic vision: activated at low

light levels; ~120 million rods.
Provides no color sensation.

—Rod

o AR
=\

Epithelial
cells

5@

https://askabiologist.asu.edu/rods-and-cones 12



Photoreceptor Density Distribution

~ 180,000

- spot \
()
140,000 T Rods

Number of rods or cones per mm

100,000 ::
Uneven. The retina area with the i
. . 60,000 -
highest cone density is called fovea. \ Blind spot
20,000~ A Cones

o . E -
Fovea angle is about 2°. Peripheral ccentricity

vision has very low acuity.

Principles of Digital Image
Synthesis, Glassner
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Foveated Rendering
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https://venturebeat.com/2019/07/30/tobii-spotlight-uses-foveated-rendering-to-cut-vr-graphics-load-by-57/ 14



From Light to
Visual Perception



Light

For the purpose ot understanding color, we consider light as photons.
Lights emit photons. Materials emit, absorb, and/or scatter photons.

Each photon has energy, dictated by its frequency/wavelength.

Speed of
Energy of a A = 500 nm / light (m/s)
photon: ~4 x 10-34 J Energy of
a photon E hf —
Energy of a A =750 nm / \ \ Light
phOton: ~2.7 X 10_34 J Planck constant. nght Wave|ength

~ 6.63%x10-34 J-s frequency

16



Light Spectrum

Most light sources mix photons of different wavelengths.

FE

-

o

= =

Q"’-—"_ N7

— =

i
el

https://waldina.com/2020/01/04/happy-377th-birthday-isaac-newton/  https://www.shutterstock.com/video/clip-369937-prism---light-dispersion-seamless-loop-hd1080p
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Spectral Power Distribution

Daylight Incandescent Fluorescent

intensity

SPD ®(A): the power
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https://www.quora.com/Is-there-a-difference-between-sun-rays-and-normal-bulb-light 18



Spectral Light

Single-wavelength (monochromatic) light are called spectral light.

e SPDs of spectral lights are very narrow spikes.

* Few natural lights are spectral lights. Lasers can generate spectral lights.

19



Cone Responses

Think of this molecule as a
photon-sensitive switch

Carbon
/ Hydrogen
/

Optical
Signal (A)

ON

11-cis
retinal

OFF

Cones

Photon absorption breaks
double bond between 11

and 12, allowing rotation Re I eases
around bond axis .
electrical energy

. _._
Electrical ON

Signal (A)

v

All-trans
retinal O F F

"The Human Eye: Structure and Function", by Clyde W. Oyster (1999) Slide credit: Andrew Stockman 20



What Dictates Photon Absorption?

Optical
Signal (A)

v

Electrical
Signal (A)

Two factors that decide whether a photon is absorbed.

21



What Dictates Photon Absorption?

Optical
Signal (A)

v

Electrical
Signal (A)

Two factors that decide whether a photon is absorbed.

1. Which type of cone a photon hits?
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What Dictates Photon Absorption?

Optical
Signal (A)

v

Electrical
Signal (A)

Two factors that decide whether a photon is absorbed.
1. Which type of cone a photon hits?

2. What's the wavelength of the photon?

21



Three Cone Types

Three types of cone exists
 Long (L), Medium (M), Short (S)
e At 10° fovea: ~63% L, ~31% M, ~6% S

L cone

M cone

S cone

David Williams, UR

- 0000000000000000___]
The arrangement of the

three cone classes in the
living human eye

Austin Roorda*t & David R. Williams*

*Center for Visual Science, University of Rochester, Rochester, New York 14627,
USA

Human colour vision depends on three classes of receptor, the
short- (S), medium- (M), and long- (L) wavelength-sensitive
cones. These cone classes are interleaved in a single mosaic so
that, at each point in the retina, only a single class of cone samples
the retinal image. As a consequence, observers with normal
trichromatic colour vision are necessarily colour blind on a
local spatial scale'. The limits this places on vision depend on
the relative numbers and arrangement of cones. Although the
topography of human S cones is known”’, the human L- and M-
cone submosaics have resisted analysis. Adaptive optics, a tech-
nique used to overcome blur in ground-based telescopes’, can also
overcome blur in the eye, allowing the sharpest images ever taken
of the living retina’. Here we combine adaptive optics and retinal
densitometry® to obtain what are, to our knowledge, the first
images of the arrangement of S, M and L cones in the living human
eye. The proportion of L to M cones is strikingly different in two
male subjects, each of whom has normal colour vision. The

tPresent address: University of Houston, College of Optometry, Houston, Texas 77204-6052, USA

520

A4 © 1999 Macmillan Magazines Ltd

Figure 1 Images of the right eye of subject JW. The mosaic was illuminated with a
4-ms flash (1 degree diameter, ~0.3 wJ) through a 2-mm entrance pupil. Light of
wavelength 550 nm was used to maximize absorptance by L- and M-cone
photopigment. Images were obtained with a 6-mm exit pupil at a retinal
eccentricity of one degree nasal from the foveal centre, which is located to the
left of the image. For each retinal location, about 50 images taken over 5 days were
averaged to increase the signal-to-noise ratio. Fixational eye movements
translate the image from flash to flash, requiring registration with cross-
correlation before averaging. a, A registered sum of 61 images taken after a full
bleach. b-d, Absorptance images of the patch of cones shown in a, defined as 1
minus the ratio of the absorptance of a dark-adapted or selectively bleached
image to the absorptance of the corresponding fully bleached image. Images of
fully bleached retina were obtained following exposure to 550-nm light (70-nm
bandwidth, 37 x 10° troland-seconds). Images of dark-adapted retina were taken
following 5 min of dark adaptation. b, The absorptance image of dark-adapted
cones, revealing a sparse array of S cones which appear dark because of their
low absorptance at 550 nm. ¢, d, Absorptance images following a 470-nm (¢) and
650-nm (d) selective bleach. Bleaching energies were set by calculation and then
modified empirically to achieve the maximum possible difference between M-
and L-photopigment concentration. The absorptance images for both bleaching
conditions have higher pigment density toward the fovea; this is caused by the
increases in the length of the outer segment and in macular pigment, which
reduce bleaching in the 470-nm condition. Scale bar represents 5 arcmin of visual
angle.

NATURE |VOL 397 |11 FEBRUARY 1999 | www.nature.com
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https://aria.cvs.rochester.edu/team/williams/

Spectral Response/Sensitivity of Cones

Absorption probability changes with wavelength, i.e., spectral sensitivity.
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* What's shown here is not raw absorption spectra, but measured cone
sensitivity, which is resulted from but not equivalent to absorption.
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Spectral Response/Sensitivity of Cones

Different cone types have different Medium  Long
spectral sensitivity peaks.
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Spectral Response/Sensitivity of Cones

Different cone types have different Medium  Long
spectral sensitivity peaks.

e |/M/S cones have peak sensitivities at,
informally, long, medium, and short
wavelength, respectively.
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Spectral Response/Sensitivity of Cones

Different cone types have different Medium  Long
spectral sensitivity peaks.

e |/M/S cones have peak sensitivities at,
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Spectral Response/Sensitivity of Cones

Different cone types have different Medium  Long
spectral sensitivity peaks.

e |/M/S cones have peak sensitivities at,
informally, long, medium, and short
wavelength, respectively.
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cone responses (y) is generated.
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e Sometimes called “Cone
Fundamentals”
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Invisible Light

“Invisible”: Lights (electromagnetic waves) not interacting with cones cells.
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https://commons.wikimedia.org/wiki/File:EM_spectrum.svg 25



Invisible Light

Sunlight has invisible components,

. o , , Spectrum of Solar Radiation (Earth)
which don’t interact with retina 25

. . Uv Visible% Infrared »
photoreceptors, but interact with ,\ -
: g “ .
Other klﬂdS Of CeHS NE Sunlight without atmospheric absorption
e Case in point: skin cancer, where Ultra- § L5
Violet (UV) lights interact with skin cells. o 5778K blackbody
g 1 /
© H O Sunlight at sea level
Another example: Infra-Red (IR) E N
1 11 . / t’ 0 50 alzrsnoorspﬁzioer?}gands
cameras can “see” things we can't. - 10 g i
* They use materials that do interact with 750 500 750 1000 1250 1500 1750 2000 2250 2300

IR lights. More in the camera module. Wavelength (nm)

https://en.wikipedia.org/wiki/Sunlight#/media/File:Solar_spectrum_en.svg  http://www.psicorp.com/content/psis-applied-research-activities-0 26


https://en.wikipedia.org/wiki/Sunlight#/media/File:Solar_spectrum_en.svg
http://www.psicorp.com/content/psis-applied-research-activities-0

A Mental Model of Photoreceptors

/X,
ﬁ g

Each photoceptor is a bucket with a small area. It
collects (absorbs) photons that fall within the area
with probability that varies with wavelengths.

Univariance: once a photon is absorbed, the
counter increments by 1, i.e., no difference
between photons after absorption.

When a bucket is full (i.e., saturated), no photons
are collected, and no neural signals are generated.

The photoreceptor becomes insensitive to light.
e Rods are saturated during daylight.

27



Spatial Vision



Retina = Low-Pass Filtering + Spatial Sampling

https://webvision.med.utah.edu/book/part-xvi-anterior-segment/crystalline-lens-and-cataract/ 29



Low-Pass Filtering on Retina
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Low-Pass Filtering on Retina

Compare: convolving with a box filter, whose size is the size of a cone cell.

Retina

31



Low-Pass Filtering on Retina

Compare: convolving with a box filter, whose size is the size of a cone cell.

Retina

31



...Followed by 2D Sampling

Sample at each photoreceptor center

Retina

32



Retina is a Low-Pass Filter

Each photoreceptor has an (small) area, which integrates photons.
This is equivalent to a 2D box filter, whose width is the photoreceptor size.

Photon detection is thus a two-step process:

e Filtering the continuous 2D signal on the retina with a 2D box filter

* Followed by a 2D sampling, one sample at each photoreceptor center

Integrating photons is equivalent because convolution followed by sampling
is equivalent to calculating the convolution only at the sampled points.



2D Sampling on Retina

Period P (distance -
between peaks)

Lens-Retina Distance D»
——————\Viewing Distance D1 =————— "} L.

Choi

Cornea

Suspensory
ligament

Human Photoreceptor Topography, Curcio et al., 1990 https://www.pnas.org/content/116/16/7951 34



2D Sampling on Retina

Period P (distance -
between peaks)

Lens-Retina Distance D»
——————\Viewing Distance D1 =————— "} L.

Choi

Cornea

Optic
Suspensory

ligament

Human Photoreceptor Topography, Curcio et al., 1990 https://www.pnas.org/content/116/16/7951 34



2D Sampling on Retina

Lens-Retina Distance D>
|—Viewing Distance D m————— i

Period P dlstance -
between peaks)

Frequency of signal in the scene: 1/P

Human Photoreceptor Topography, Curcio et al., 1990 https://www.pnas.org/content/116/16/7951 34



2D Sampling on Retina

Lens Retina Distance D2

I—Viewing Distance D4 ——

Period P dlstance
between peaks)

Frequency of signal in the scene: 1/P

Frequency of signal on the retina
(before sampling): D1/(D2 P)

Human Photoreceptor Topography, Curcio et al., 1990 https://www.pnas.org/content/116/16/7951 34



2D Sampling on Retina

Lens-Retina Distance D2
I— Viewing Distance D1 ————""F—mr—— 3w

a8
§\»

<

Period P dlstance -
between peaks)

Cornea

Lens

Suspensory
ligament

Avg. distance

| | between two adjacent
Frequency of signal in the scene: 1/P cone cell centers: L

Frequency of signal on the retina
(before sampling): D1/(D2 P)

Human Photoreceptor Topography, Curcio et al., 1990 https://www.pnas.org/content/116/16/7951 34



2D Sampling on Retina

Lens-Retina Distance D2
I— Viewing Distance D1 ——“""F—mr—n

Iris / W
A

g v
L \‘( | \

Suspensory
ligament

Period P dlstance -
between peaks)

Cornea

Avg. distance
| | between two adjacent
Frequency of signal in the scene: 1/P cone cell centers: L

Frequency of signal on the retina
(before sampling): D1/(D2 P)

Sampling frequency of the retina: 1/L

Human Photoreceptor Topography, Curcio et al., 1990 https://www.pnas.org/content/116/16/7951 34



2D Sampling on Retina

Lens-Retina Distance D2
I— Viewing Distance Dy ——""F—==x

Period P dlstance -
between peaks)

Avg. distance
between two adjacent

Frequency of signal in the scene: 1/P cone cell centers: L
Frequency of signal on the retina 1/L > 2 D1/(D2 P)
(before sampling): D1/(D2 P) —P- for the sine wave to

be percelvable

Sampling frequency of the retina: 1/L

Human Photoreceptor Topography, Curcio et al., 1990 https://www.pnas.org/content/116/16/7951 34



Retinal Sampling Rate

Period P dlstance -
between peaks)

Lens-Retina Distance D2
|—Viewing Distance Dy ————=4ps—n

L ~= 2.5 ym (at fovea) and
Do ~= 16.7 mm (data from

P 2L Visual Ecology Ch 6, 2014).
—_— > —_—
Dy, D,
2L/D2> ~= 0.0003

https://www.pnas.org/content/116/16/7951 35



iPhone 12 Pro Max Example

e—
P
— > 0.0003 T
1
—

iPhone 12 Pro Max iPhone 11 Pro Max

6.7" 6o

iPhone 12 Pro iPhone 11 Pro

6.1" 5.8"

Super Retina XDR Super Retina XDR
display’ display’

https://www.dxomark.com/apple-iphone-12-pro-max-display-review-bigger-and-still-near-the-top/ https://www.dimensions.com/element/apple-iphone-12-pro-14th-gen 36



iPhone 12 Pro Max Example

Display alternative black
and white pixels,

p - basically use square
wave to approximate
> 0.0003 . P sine wave.
|
The highest frequency
- that can be displayed on

this device.

(S

iPhone 12 Pro Max iPhone 11 Pro Max

6.7" 6o

iPhone 12 Pro iPhone 11 Pro

6.1" 5.8"

‘ Super Retina XDR Super Retina XDR
display’ display’

https://www.dxomark.com/apple-iphone-12-pro-max-display-review-bigger-and-still-near-the-top/ https://www.dimensions.com/element/apple-iphone-12-pro-14th-gen 36



iPhone 12 Pro Max Example

Display alternative black
and white pixels,

p - basically use square
wave to approximate
> 0.0003 . P sine wave.
|
The highest frequency
- that can be displayed on

this device.
iPhone 12 Pro Max iPhone 11 Pro Max

o 1284 x 2778 pixels, 6.33 inch height 6.7" 6.5"

iPhone 12 Pro iPhone 11 Pro

6.1" 5.8"

‘ Super Retina XDR Super Retina XDR
display’ display’

https://www.dxomark.com/apple-iphone-12-pro-max-display-review-bigger-and-still-near-the-top/ https://www.dimensions.com/element/apple-iphone-12-pro-14th-gen 36



iPhone 12 Pro Max Example

Display alternative black
and white pixels,

p - basically use square
wave to approximate
> 0.0003 . P sine wave.
|
The highest frequency
- that can be displayed on

this device.
o 1284 x 2778 pixels, 6.33 inch height 37"";:” 35",‘;”
e P=2(6.33"/2778) N .

6.1" 5.8"

‘ Super Retina XDR Super Retina XDR
display’ display’

https://www.dxomark.com/apple-iphone-12-pro-max-display-review-bigger-and-still-near-the-top/ https://www.dimensions.com/element/apple-iphone-12-pro-14th-gen 36



iPhone 12 Pro Max Example

Display alternative black
and white pixels,

p - basically use square
wave to approximate
> 0.0003 . P sine wave.
|
The highest frequency
- that can be displayed on

this device.
o 1284 x 2778 pixels, 6.33 inch height Pé;;,pM gsﬂ,iM
* P = 2 (633” / 2778) iPhone 12 Pro iPhone 11 Pro
e Viewing distance (D4) 12 inches 61" 5.8"

‘ Super Retina XDR Super Retina XDR
display’ display’

https://www.dxomark.com/apple-iphone-12-pro-max-display-review-bigger-and-still-near-the-top/ https://www.dimensions.com/element/apple-iphone-12-pro-14th-gen 36



iPhone 12 Pro Max Example

Display alternative black
and white pixels,

p - basically use square
wave to approximate
> 0.0003 . l P sine wave.
|
The highest frequency
- that can be displayed on

this device.
o 1284 x 2778 pixels, 6.33 inch height Pé;;,pM gsﬂ,F;M
° P — 2 (633” / 2778) iPhone 12 Pro iPhone 11 Pro
e Viewing distance (D4) 12 inches 61" 5.8"
® P/D1 ~ — 0‘00038 ( grsz?;yeetinaxm? (SjiuS[[J)(le;yR:etinaXDR

https://www.dxomark.com/apple-iphone-12-pro-max-display-review-bigger-and-still-near-the-top/ https://www.dimensions.com/element/apple-iphone-12-pro-14th-gen 36



iPhone 12 Pro Max Example

Display alternative black
and white pixels,

p - basically use square
wave to approximate
> 0.0003 . l P sine wave.
|
The highest frequency
- that can be displayed on

this device.
o 1284 x 2778 pixels, 6.33 inch height Pé;;,pM gsﬂ,F;M
° P — 2 (633” / 2778) iPhone 12 Pro iPhone 11 Pro
e Viewing distance (D4) 12 inches 61" 5.8"
® P/D1 ~ — 0‘00038 ( grsz?;yeetinaxm? (SjiuS[[J)(le;yR:etinaXDR

e Just short of being “super retina”

https://www.dxomark.com/apple-iphone-12-pro-max-display-review-bigger-and-still-near-the-top/ https://www.dimensions.com/element/apple-iphone-12-pro-14th-gen 36



MacBook Air (Mid 2012) Example

D,

Display alternative black
and white pixels,

- basically use square
P wave to approximate
— > 0.0003 . P sine wave.
The highest frequency
- that can be displayed on

this device.

1440 x 900 pixels, 8.94 inch height
P=2(8.94"/900)

Viewing distance (D1) 18 inches
P/Dq ~= 0.0011

Much lower spatial frequency. No where close to “retinal resolution”.

https://igotoffer.com/apple/macbook-air-5-2 37



Spatial Resolution Changes with Distance

Period P dlstance
between peaks)

Perceivable
threshold

P 2L
S > S
Dy D,

https://www.pnas.o

Lens-Retina Distance D

rg/content/116/16/7951 38



Spatial Resolution Changes with Distance

Lens-Retina Distance D

Viewing Distance D1 —=4 /\ L.

Period P dlstance
between peaks)

CCCCCC
Lens

Perceivable fomen
threshold Increasing viewing distance reduces perceptibility, because
the spatial frequency on the retina increases
P 2L
I > I
Dl D2

https://www.pnas.org/content/116/16/7951 38



Spatial Resolution Changes with Distance

Lens-Retina Distance D

Viewing Distance D1 —=4 /\ L.

Period P dlstance
between peaks)

CCCCCC
Lens

Perceivable P
threshold Increasing viewing distance reduces perceptibility, because
P 39 the spatial frequency on the retina increases

E > FZ Decreasing view distance increases perceptipility until...

https://www.pnas.org/content/116/16/7951 38



Spatial Resolution Changes with Distance

Lens-Retina Distance Do
Viewing Distance D =i}

Period P dlstance
between peaks)

Perceivable s
threshold Increasing viewing distance reduces perceptibility, because
the spatial frequency on the retina increases

P 2L
E > FZ Decreasing view distance increases perceptibility until...

* the object is too close and the lens lacks the optical power to focus

https://www.pnas.org/content/116/16/7951 38



Color Vision



Total Cone Response

Given a light ®(A), we can calculate the total responses of the L, M, and S
cone cells. The three signals are called the tristimulus values of the light.
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Total Cone Response

Given a light ®(A), we can calculate the total responses of the L, M, and S
cone cells. The three signals are called the tristimulus values of the light.
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Total Cone Response

Given a light ®(A), we can calculate the total responses of the L, M, and S
cone cells. The three signals are called the tristimulus values of the light.
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Total Cone Response

Given a light ®(A), we can calculate the total responses of the L, M, and S
cone cells. The three signals are called the tristimulus values of the light.

780 1

L = 2 d()L)
A=380

In practice both the SPD and the cone
responses are given at discrete intervals.

i
\I
&

Cone sensitivity
o
O

D)

L = J D(N)L(A)d)
A

Stockman and Sharpe (2000)
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Total Cone Response

Any light could be expressed as a <L, M, S> triplet.

730

L = Z O()L)
A=330
730

M = 2 DM
A=3380
730

S= ) DMSA) =

001—<I'I\OOO©CDC\ILO§
A=380

Cone sensitivity

810

< O O 0 O © © O© M~ M~

Stockman and Sharpe (2000)

https://en.wikipedia.org/wiki/CIE_1931_color_space
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Brain Receives Only the LMS Signals, not Light!

Light Spectrum

ion!
Eye A color sensation!
Daylight
. L M, S]
- Signals
g 60"‘ is
8
< 40 |:|I >

N
o O

400 300 600 700
wavelength (nm)

I‘\
-

https://www.eyeworld.org/research-finds-human-visual-cortex-continues-development-mid-30s 42



Brain Receives Only the LMS Signals, not Light!

Light Spectrum

Eye

A color sensation!
Daylight

100

80 | Iris
60 ~
Pupil
40 Il:
20 Cornea
0 ens
400 00 600 700

wavelength (nm)

[L, M, S]
Signals

intensity

.,\‘

A particular LMS combination leads to a particular color sensation.
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Brain Receives Only the LMS Signals, not Light!

, ion!
Light Spectrum Eye A color sensation!
Daylight

[L, M, S]
Signals

intensity

VIS al
Corftex

400 S00 600 700
wavelength (nm)

.\

A particular LMS combination leads to a particular color sensation.

This is a huge dimensionality reduction: the light spectrum is a very high

dimensional vector (numerous wavelengths), but is transtormed by the retina
to only a three-dimensional vector!

https://www.eyeworld.org/research-finds-human-visual-cortex-continues-development-mid-30s 42



Visualizing Spectral Lights in the LMS Color Space

Cone Fundamentals (Stockman & Sharpe, 2000)

L Cone M Cone S Cone Spectral Locus
1.0
0.9
0.8
0.7
0.6
0.5 <r
0.4
425
0.3
| |L Cone: 0.023
0.2 | IM Cone: 0.03
0.1 [ ]S Cone: 0.674
: 28000® —
0 -8 . ‘O“ O
2
Q ) Q s Q 8 Q ) Q \2) Q D) QO \2) QO ) Q D) N ) ) Q O Q s Q 8 Q
DWW PR RS EFELEETEITITEIEETE A AL 060'4|-

Play with an interactive app here: https://www.cs.rochester.edu/courses/572/colorvis/cone2cmf.html
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The LMS Color Space

By expressing any light's color as a <L, M, S> point, we have inherently
detfined a 3D color space, in which every color is a point.

See visualization here: https://www.cs.rochester.edu/courses/5/2/colorvis/
chromaticity.html.

What it we unitformly double the power at each wavelength? How would the
corresponding <L, M, S> change?

44


https://www.cs.rochester.edu/courses/572/colorvis/chromaticity.html
https://www.cs.rochester.edu/courses/572/colorvis/chromaticity.html

Two Fascinating Questions

1. Does any arbitrary point in the LMS space correspond to a color?

2. Will there be multiple lights that correspond to the same point, i.e., color in
the LMS space?
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Recall: Calculating Total Cone Responses

780

L = Z D)L
A=380
780

M = 2 DM
A=380
780

S=2(D(/1)S(’D 928882328888 %

< 0 0w © © O N~
A=380

Stockman and Sharpe (2000)
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Matrix Perspective

780

L = Z D)L
A=380
780

M = 2 DM
A=380
780

S= ) DUSA)

A=380

Lsg0s L3gys 5 Lagg
Msg0, Mgy, -+, Mgy | X

S3SO’ S381’ T S780
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Matrix Perspective

't's an under-determined system
of linear equations. In general, it
has infinitely many solutions.

In general, there are infinitely
many lights that correspond to
the same color. This is called
metamerism. More on this soon.

Ligg, Lagy, 5 Lg . 1
Msgg, Mgy, ++, M7gy | X ?81 = lM]

S3SO’ S381’ T S780 0,
780

The first matrix is known. Given the [L, M, S}
vector, can you solve for the ® vector?
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Matrix Perspective

't's an under-determined system
of linear equations. In general, it
has infinitely many solutions.

In general, there are infinitely
many lights that correspond to
the same color. This is called
metamerism. More on this soon.

An additional constraint: ® must all be non-

negative, since there is no negative power!

Dsq

Lgos Lagys +*+5 Lygg o I
381

Mg, Mgy, +++, Mg | X : = |\M

3380> 93815 ***» 9780 (D° 5
780

The first matrix is known. Given the [L, M, S}
vector, can you solve for the ® vector?
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But Can There Be No Solution?

One scenario: negative L, M, or S responses. All cone responses are physical
quantities, which must be positive.

Another scenario: impossible cone response combinations.

Intuitively, the “color” lies outside the

/ “boundary” of the spectral locus.

Play with an interactive app here: https://www.cs.rochester.edu/courses/572/colorvis/chromaticity.html
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https://www.cs.rochester.edu/courses/572/colorvis/chromaticity.html

Imaginary Color

An impossible cone combination still corresponds to a point (“color”) in the
LMS space. We call it an imaginary color. It's not a color that can be produced
by physical lights; it requires negative power in the light spectrum.

Play with an interactive app here: https://www.cs.rochester.edu/courses/572/colorvis/chromaticity.html
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https://www.cs.rochester.edu/courses/572/colorvis/chromaticity.html

Color Gamut of Human Visual System (HVS)

HVS Color Gamut: the set of all the colors that human can see.

The HVS color gamut encapsulates all the LMS points tfor which the system of
inear equations below has a non-negative solution.

0,

Ligg, Lagys 5 Lg @380 L
Msgg, Mgy, +=+, M7gy | X ?81 = M]
Saens D1, 00, D ' S

380> 9381 780 O
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Two Fascinating Questions

1. Does any arbitrary point in the LMS space correspond to a color?
* No

2. Will there be multiple lights that correspond to the same point, i.e., color in
the LMS space?

* Yes. In fact, there are infinitely many.
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Metamerism



Intuition

Light Spectrum Eye A color sensation!

Daylight

;

L, M, S]

3
1

O~
-
1

intensity

N D
- o o

400 300 600 700
wavelength (nm)

.,\

Lights that produce the same LMS signals are perceived by the brain as the
same “color”, even it their spectra might be totally different!

...because retinal processing is a dramatic dimensionality reduction.

https://www.eyeworld.org/research-finds-human-visual-cortex-continues-development-mid-30s 54



Metamerism

The two lights are metamers ot each other if their LMS responses match.
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Metamerism

The two lights are metamers ot each other if their LMS responses match.

0.75

Cone sensitivity
o
@)

0.25

O O O O O o
Al O 00O ™ < M~
<t < T O 10O W0

© O O O O O O
©C M O O AN 1 o
© © O© O N~ M~ I~

390 |

Stockman and Sharpe (2000)

810

55



Metamerism

The two lights are metamers ot each other if their LMS responses match.
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Metamerism

The two lights are metamers ot each other if their LMS responses match.

D, PDLA) = Y OLHLA)
A A

D, QDM@ = Y, DM
A A

Cone sensitivity

Y DS = Y ©(DS(A)
A A

O O O O O O O O O O O O
O ~ < I O MM © O N 1O 0 v~
< O OO O O © © ©O I~~~ M~ O

Stockman and Sharpe (2000)
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Metamerism

Does metamerism exist? That is, given a spectrum @, can we always find at

least one @’ that is the metamer of ®? Can we find multiple?
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not known until early 20th century.
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Metamerism

Does metamerism exist? That is, given a spectrum @, can we always find at
least one @’ that is the metamer of ®? Can we find multiple?

The answer is yes. We showed earlier how to find metamers by solving system

of linear equations. But that requires knowing L(A), M(A), and S(A), which were
not known until early 20th century.

But people were able to find metamers as early as late 19th century, through
a clever color matching experiment.

Studying color matching experiment will provide us with immense insights.
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Color Matching Experiments

You are given three monochromatic
(spectral) lights with known spectra

Hermann GraBmann
(1809 — 1877)

A

Target light

pointing to the same point.
* They are call the primary lights.

Primary lights

®

Color matching experiment; circa 1835
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Target light

pointing to the same point.
* They are call the primary lights.

You are also given a target light with
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Color matching experiment; circa 1835
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Color Matching Experiments

You are given three monochromatic
(spectral) lights with known spectra :
pointing to the same point. 4

Hermann GraBmann
(1809 — 1877)

AN

Target light

* They are call the primary lights.

You are also given a target light with
unknown spectrum.

Primary lights

Tune each primary light's power so that “
the color of the primary light mix @
matches the color of the target light.

Color matching experiment; circa 1835
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Color Matching Experiments

The three primary lights used in CIE 1931
standard: A=435.8 nm, 546.1 nm, 700

nm; roughly blue, green, and req.

CIE 1931 limited viewing angle to be 2° 435.8A
so that only the fovea gets light. ﬁ

't swept all the spectral lights in the 546.1 2 Target light

visible spectrum as the target light (at a
5-nm interval). @ ..

58




Color Matching Experiments

??
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The Results are the Color Matching Functions

For one unit power of each target light,
how many units of each primary light
are needed to match the color.

0.40 F

-0.10 E.

CIE 1931 2° RGB Color Matching Functions

0.30 F
0.20 F
0.10F

0.00 |

https://en.wikipedia.org/wiki/CIE_1931_color_space
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The Results are the Color Matching Functions

O40F T LB LR R
For one unit power of each target light,

how many units of each primary light 0.30F b&; :
are needed to match the color. R:zg; """"""""""""""""""""

Gisso é --------------------------- "N W
0.10F

Bsso |

010F. L NS 980 L ]

CIE 1931 2° RGB Color Matching Functions

https://en.wikipedia.org/wiki/CIE_1931_color_space 60



The Results are the Color Matching Functions

0.40:' Fee e T : rrrrrrrrr LN LR R
For one unit power of each target light, .
how many units of each primary light 0.30F 12383 :
are needed to match the color. A1 SR I e S N

0.20 F

Gisso é --------------------------- "N W
0.10F

Bsso |

010F. L NS 1980 L ]

If the target light A has a power of dsgp, the 400 500 A 600 700
amounts of the primary lights we need are:
®s50 X Rsso, ®ss0 X Gisso, Psso X Bsso CIE 1931 2° RGB Color Matching Functions

https://en.wikipedia.org/wiki/CIE_1931_color_space 60



The Results are the Color Matching Functions

0.40:' Fee e T : rrrrrrrror [ryrrrr?
For one unit power of each target light, | .
how many units of each primary light 0.30F %83 :
are needed to match the color. R:zg """"""""""""""""""""
The RGB values of a target color are Gsao; ------------------------  SRRLEELE SEE

0.10F E

called the tristimulus values of the color
in the CIE 1931 RGB color space.

Bsso |

010F. L NS 1980 L ]

If the target light A has a power of dsgp, the 400 500 A 600 700
amounts of the primary lights we need are:
®s50 X Rsso, ®ss0 X Gisso, Psso X Bsso CIE 1931 2° RGB Color Matching Functions

https://en.wikipedia.org/wiki/CIE_1931_color_space 60



Spectral Locus in the CIE 1931 RGB Space

A=445 n
0.30 F
[-0.007, 0.004, 0.318] -

0.20 F

-0.085, 0.191, 0.008] 0.10F

—0 0.00
A=525

010F e N D T :
[0.323, 0.026, -0.0002] 400 500 N 600 700

Spectral locus in CIE 1931 RGB CIE 1931 2° RGB Color Matching Functions
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Expressing Arbitrary Light Using CMFs

0.40 F

How much total R, G, and B needed to
match the color of an arbitrary light ®?

0.30 F

Calculate it wavelength-by-wavelength ~ *%;

and sum it up.

R=Z@mw
A

0.10F

0.00 =

G=) 1)) 010F e N
A

B = Z D(1)b(1) CIE 1931 2° RGB Color Matching Functions
A
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Negative Color?

https://en.wikipedia.org/wiki/CIE_1931_color_space

4
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Target light
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Negative Color?

https://en.wikipedia.org/wiki/CIE_1931_color_space

% 700

X

Target light
A=540

0.40 F

-0.10 £

0.30 F
0.20 F
0.10F

0.00 F

llllll

llllll

lllllllll

lllllll

To match color of A=540 nm, we

need a bit of negative red???




Negative Values in Color Matching Functions

No combination of RGB matches the
target light, but adding some R with the

. \ target light matches the color of some
combination ot G and B.
435-8//® @\\700
% Color ot light A=540 nm can’t be
ﬁ T\g ot reproduced by R, G, B. Doesn’t mean
546. arget |i

x=540  A=540 nm doesn't exist; it just can’t be

@ generated from the three chose primary
lights. More later (gamut).



How To Explain Color Matching Experiments?

Why do color matching experiments
work? Can we explain that?

Primary lights

Target light
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How To Explain Color Matching Experiments?

Why do color matching experiments
work? Can we explain that?

Given a target light ®(A) and the primary g
ights, can we calculate the tristimulus
values tor ®(A) without the color
matching experiment?

Primary lights

Target light
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How To Explain Color Matching Experiments?

Why do color matching experiments
work? Can we explain that?

Given a target light ®(A) and the primary g
ights, can we calculate the tristimulus
values tor ®(A) without the color
matching experiment?

Key: the total L, M and S cone responses
of the three primary lights must match the
total cone responses of the target light.

Primary lights

Target light

65



Intu

ition

~

=

N
L cone response of target light = L cone response of primary R

+ L cone response of primary G

+ L cone response of primary B
/

~

=

.
M cone response of target light = M cone response of primary R

+ M cone response of primary G

+ M cone response of primary B
W,

~

-
S cone response of target light = S cone response of primary R

+ S cone response of primary G

+ S cone response of primary B
W,
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Matching L Cone Responses

— 2 D(N)L(A)

The L cone response
of the target light
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Matching

Z R()L(A)

N\

L Cone Responses

Z G(A)LA) Z B(A)L(})

T /

Amount of L cone responses of one
unit of each primary light

- 2 D)L

The L cone response
of the target light
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Matching L Cone Responses

D RAOLA) X r+ Y GALA) x g+ ) BALMA) xb = ) ®A)L()

N\ T /

Amount of L cone responses of one The L cone response
unit of each primary light of the target light
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Matching L Cone Responses

Amount of primary lights needed (unknown)

D RAOLA) X r+ Y GALA) x g+ ) BALMA) xb = ) ®A)L()

N\ T /

Amount of L cone responses of one The L cone response
unit of each primary light of the target light
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Matching All Cone Responses

D RAOLA) X r+ Y GALA) x g+ ) BALMA) x b= ) ®A)LA)
) ROM@)xr+ ) GAOMUA) xg+ ) BAOMU) xb= ) ®AHM)

D RDSA) xr+ ) GHSA) x g+ ) BUSMA) xb =) DA)SA)



Equivalent to Solving a System of Linear Equations

Equivalent to solving the system of linear equations with 3 equations and 3
variables (r, g, b). The system has a unique solution (generally).

2 RAOM@A) 2 GMMQA) 2 BAOMA)| X (8| = | X PADMA)

YRALG) Y GWLGA) Y BALQ) ” Y O(A)L()
SRSA) T GWSA) Y BWSH) | L Y D(1)S(A)



Why Three Primary Colors?

' only two primary colors, the system of equations has two variables with
three equations, which generally doesn’t have a solution, i.e., no way of
finding a match, generally. Over-determined system.

More than three primaries: more variables than equations, so there are
infinitely many ways of combining the primary lights to match the target color.
Under-determined system.

70



Trichromatic Theory of Color

Primary lights

Target light

Conjectured by Thomas Young as early
as 1801, and expanded by Helmholtz
and Maxwell in 1860.

e Color matching experiments empirically
verified it.

e Experimental measurement of cone
sensitivities much later.

Pervasive applications:

e Color reproduction chain: display, print

e Capture color: camera

/1



A Note on "RGB”

There is no one single definition of “red”, “green", and “blue”.

Usually “RGB" is just synonyms for “primary lights", which usually are so
chosen that they look red, green, and blue.

Primary lights don’t have to be monochromatic spectral lights.

YELLOW

380nm 780nm

https://www.freepik.com/vectors/visible-spectrum 72



A RGB Color Space

Given the exact spectra of the “RGB"” primary lights R(A), G(A), and B(A), we

have a color space.

* \What this means is that the color ot any arbitrary light @(A) can be expressed as a point
in that 3D coordinate system.

That is, we can mathematically study colors now — colorimetry.

2 RAOMQA) 2 GMQA) 2 BMOMA)| X (8| = | X PADMA)

YRAWLG) Y GWLGA) Y BALQ) ” Y d(A)L()
SRSA) T GWSA) Y BWSH) | L Y D(1)S(A)
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Geometric Transformation Perspective

So far we've seen two ways to express a color in a 3D space:

2. DL
2. PAOM(A)
2. DAS()
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Geometric Transformation Perspective

So far we've seen two ways to express a color in a 3D space:

* A color can be expressed as its three cone responses (I, m, s)

2. DL
2. PAOM(A)
2. DAS()
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Geometric Transformation Perspective

So far we've seen two ways to express a color in a 3D space:
* A color can be expressed as its three cone responses (I, m, s)

* A color can also be expressed as the amount of primary lights (r, g, b) needed

2. DL
2. PAOM(A)
2. DAS()
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Geometric Transformation Perspective

So far we've seen two ways to express a color in a 3D space:
* A color can be expressed as its three cone responses (I, m, s)

* A color can also be expressed as the amount of primary lights (r, g, b) needed

2 RAOMQA) 2 GMQA) 2 BAMA) | X[{&] = | 2 PDM()

YRAWLGZ) Y GAMLA) ¥ BALA) ” Y O(A)L()
YRISA) T GAHSA) T BMSQ) | LP Y D(1)S(A)
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Geometric Transformation Perspective

So far we've seen two ways to express a color in a 3D space:
* A color can be expressed as its three cone responses (I, m, s)

* A color can also be expressed as the amount of primary lights (r, g, b) needed

How are the two expressions related?

2 RAOMQA) 2 GMQA) 2 BAMA) | X[{&] = | 2 PDM()

YRAWLGZ) Y GAMLA) ¥ BALA) ” Y O(A)L()
YRISA) T GAHSA) T BMSQ) | LP Y D(1)S(A)

74



Geometric Transformation Perspective

Expressing a color from the [l, m, s] coordinates to the [r, g, b] coordinates is a
geometric transtormation.

Or equivalently, it's a transformation of the coordinate systems (color spaces)!

e Because the transformation matrix is constant, metamers in RGB space are metamers in
LMS space too.

YRAOMA) YGHMGZ) Y BOMMN)| x |8&] = | T oM
YRSA) T GAHSA) T BMSQ) | LP Y D(1)S(A)

Y RALA) Y GALA) Y BALWM) ” 2 PALA) H
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CIE 1931 RGB < LMS Spaces

Spectral lights in the CIE 1931 RGB space

[-0.085
0.191
0.008]

[0.323,
2=615 0.026, A=020
-0.0002]

Spectral lights in the LMS space

Data from: http://www.cvrl.org/database/data/cones/linss10e_5.htm
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Color Deticiency & Color
Perception in Animals



Color Deficiency

Normal vision is trichromatic: that is,
there are three kinds of cone cells.

Color blindness: one or two kinds of
cone cells are missing.

Dichromat: missing one cone type
* Protanopia: missing L cones

* Deuteranopia: missing M cones

e Tritanopia: missing S cones.

Fovea cone cell
distribution in a
trichromat vision.

Fovea cone cell distribution of
a Protanopia vision, where L
cones are missing.

https://en.wikipedia.org/wiki/Photoreceptor_cell 78



And with three, we enjoy trichromacy:

Slide credit: Andrew Stockman 9



Protanopia (missing red sensor)

'iy LI .
-t - 3
1

With two, we Ja
are dichromatic:

Tritanopia (missing blue sensor) Deuteranopia (missing
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Simulations from Sharpe, Stockman, Jagle & Nathans, 1999 Slide credit: Andrew Stockman so



Thus, if we had only one photoreceptor, we would be colour-blind...

Examples: night vision (rod achromatopsia)
Slide credit: Andrew Stockman s



Line of Confusion

For a protanope (which lacks L cones), all L

the colors that have the same M and S cone | Another line of
Line of confusion 5 confusion

responses but differ in L would be ' '

perceived as the same color.

® c1

All the colors on a line parallel to the L-axis
are seen as the same color by a protanope.

e C1~C4 are seen as the same color

e C5~C8 are seen as the same, but another color

But which color on a line of confusion does
a protanope actually see?

* This is an orthographic projection
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Isochromes From Unilateral Dichromats

Isochromes: colors that even a dichromat can correctly perceive.

Typically it's impossible to know which colors are isochromes, since one can
never describe/tell one’s color sensation.

Fortunately, there are extremely rare people who are unilateral dichromats:
their one eye has trichromatic vision and the other eye is dichromatic. Color
matching between the two eyes by a unilateral dichromat would allow us to
identity isochromes.

t's believed/hypothesized that all isochromes live on the same plane.
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Isochromes From Unilateral Dichromats

RED-GREEN BLINDNESS CONFINED TO ONE EYE

DoNaLp 1. A. MacLeop
Department of Psvchology, University of California. San Diego, La Jolla, CA 92093, U.SA.

and

PETER LENNIE
Psychological Laboratory, Downing Street, Cambridge CB2 3EB, England

{Received 10 September 1975; accepted 15 September 1975)

Abstract—We report experimental studies of an individual with different types of color vision in his
two eyes. The left eye is typically deuteranomalous, with good wavelength discrimination. The right
eye is typically deuteranopic, both in its wavelength discrimination and in its color matching functions.
Luminosity curves of left and right eyes are indistinguishable, both being within the normal range.
Binocular matches show that the colors seen with the dichromatic eye range from “orange” (610
nm) at long wavelengths to “greenish blue” (473 or 474 nm) at short wavelengths. Possible physiological

and genetic mechanisms are discussed.

INTRODUCTION

The nature of the link between deuteranopia and nor-
mal color vision has been a central problem in color
theory for more than a hundred years, and many ex-
periments have attempted to clarify it. Thanks to the
investigations of Pitt {1935) and others, reviewed by

P Y

Holmgren (1881) and discussed more recently by
Walls and Mathews (1952). Both von Hippel and
Holmgren found evidence of substantially reduced
sensitivity to long wavelengths in the red—green blind
eye, so this observer was probably a unilateral
protanope. A second case of unilateral red-green

hi;ﬁAﬂQCQ MQQ;;\!QI RISy Y | W It  hrnam oot Imer e

Peter Lennie, UR
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https://www.sas.rochester.edu/bcs/people/faculty-emeritus/lennie_peter/index.html

The Geometry of a Dichromatic Vision

See the visualization here: https://

www.cs.rochester.edu/courses/
572/colorvis/colorblind.html.

Intercept the lines of confusion
with the plane of isochromes.

Based on Brettel et al. (1997).

* |t actually used two planes.

e Widely cited but also challenged.

Spectral locus of a
normal trichromat

4.5
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https://www.cs.rochester.edu/courses/572/colorvis/colorblind.html
https://www.cs.rochester.edu/courses/572/colorvis/colorblind.html
https://www.cs.rochester.edu/courses/572/colorvis/colorblind.html
https://www.cs.rochester.edu/courses/572/colorvis/colorblind.html
http://vision.psychol.cam.ac.uk/jdmollon/papers/Dichromat_simulation.pdf

Bee Photoreceptor Sensitivities
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Bee Photoreceptor Sensitivities
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Karl von Frisch (Nobel N\
laureate, 1973) 4

Bees have three photorece 1 e
their sensitivities are shiftec S
lower wavelengths.

So they can see UV lights but can't
distinguish between red and black.

Karl von Frisch, one ot the first to
experimentally show bees see color.
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Mantis Shrimp
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Human Tetrachromacy
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The dimensionality of color vision in carriers
of anomalous trichromacy

Institute of Neuroscience, Newcastle University,

Gabriele Jordan Newcastle upon Tyne, UK DA<

Departments of Medicine and Genome Sciences,

Samir S. Deeb University of Washington, Seattle, USA DA<

Department of Experimental Psychology, University of

Jenny M. Bosten Cambridge, Cambridge, UK DL

Department of Experimental Psychology, University of @
Y

J. D. Mollon Cambridge, Cambridge, UK

Some 12% of women are carriers of the mild, X-linked forms of color vision deficiencies called “anomalous trichromacy.”
Owing to random X chromosome inactivation, their retinae must contain four classes of cone rather than the normal three;
and it has previously been speculated that these female carriers might be tetrachromatic, capable of discriminating spectral
stimuli that are indistinguishable to the normal trichromat. However, the existing evidence is sparse and inconclusive. Here,
we address the question using (a) a forced-choice version of the Rayleigh test, (b) a test using multidimensional scaling to
reveal directly the dimensionality of the participants’ color space, and (c) molecular genetic analyses to estimate the X-linked
cone peak sensitivities of a selected sample of strong candidates for tetrachromacy. Our results suggest that most carriers of
color anomaly do not exhibit four-dimensional color vision, and so we believe that anomalous trichromacy is unlikely to be
maintained by an advantage to the carriers in discriminating colors. However, 1 of 24 obligate carriers of deuteranomaly
exhibited tetrachromatic behavior on all our tests; this participant has three well-separated cone photopigments in the long-
wave spectral region in addition to her short-wave cone. We assess the likelihood that behavioral tetrachromacy exists in the
human population.

The dimensionality of color vision in carriers of anomalous trichromacy. JOV 2010.
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Luminous Efficiency



Luminous Efficiency Function

Informally, quantifies the overall cone

responses under different wavelengths. 1 555
e Given 1 Watt of light at a wavelength, how V(L)
much cone response is generated? > 0.75
e Experimentally measured and then fit as a ¥
weighted sum of the three individual cone 05
. . . . m
sensitivity functions. >
-
£ 0.25
. . -
Human eyes under daylight (photopic =
vision) are most sensitive to green-ish P
O OO0 -~ OO - OO0 < © O v
DT T T T OO OO O OMNMMNMNO

ight (LEF peaks at 555 nm).
CIE 2008 Photoptic LEF

http://cvrl.ioo.ucl.ac.uk/database/text/lum/CIE2008v2.htm 90



Luminous Efficiency Function

It two spectral light A=590 (green-ish) and

490 590
A=490 (blue-ish) have the same power, 1 VOl
the former would look brighter > 0 7s >
® pecause cones are more sensitive to 590 nm §
than to 490 nm. H 05
3
T luminous efficiency is, say, 0.8, it means £ .4 A
. . -
T Watt of spectral light is translated to 0.8 -
Watt of “perceived” power. ) S PO LoWowoOWono®bomo ©
PTITIOOOPRODODODB~NRR &

CIE 2008 Photoptic LEF



Luminous Flux

How would we calculate the “perceived”
power of an arbitrary light?

Luminous Efficiency
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Luminous Flux

Y = 683@ J'CD(/I)V(/I)d/l
W

How would we calculate the “perceived”
power of an arbitrary light?

Luminous Efficiency
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Luminous Flux

[m
Y = 683—J'CI>(/1)V(/I)d/1

W 555
1
How would we calculate the “perceived” . . VM)
power of an arbitrary light? E
u_u: 0.5
Luminous flux’s unit is lumen (Im). 3
e Spectral light A=555 nm emitting 1/683 W § 0.25
power generates 1 lumen. B
R L T LT

CIE 2008 Photoptic LEF
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Matching Brightness

It light A's luminous flux is, say, 5X
higher than that of light B, we can
match light A's brightness by
increasing the power of light B by 5X.

Critically, this does NOT mean light A
is five times brighter than light B!

Luminous Efficiency

V(L)

N

008 Photoptic LEF
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Power vs. Luminous Flux

Lumen

lllla Standard
llll‘ Halogen

IIIIW/, CFL

® - e

https://uvebtech.com/articles/2018/why-is-there-no-standard-unit-similar-to-lighting-products-for-the-radiant-output-of-uv-lamps/ 94
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Power vs. Luminous Flux

Lumen

/ lllla Standard
llll‘ Halogen

What’s the
difference?

\ Illw/, CFL

® - e

https://uvebtech.com/articles/2018/why-is-there-no-standard-unit-similar-to-lighting-products-for-the-radiant-output-of-uv-lamps/ 94
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