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The Roadmap

Human Visual Systems

Color Production



Display vs. Lighting



Apparent Color vs. Spectrum

The two lights have similar

appare
they t

nt color, but are

ne same light?

No! Lights with the
same apparent color
could have very
different spectra.



Do Spectra Ever Matter?

Assuming these two lights are metamers, which one is better at “revealing the
color” ot the object with the given spectral reflectance?
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Do Spectra Ever Matter?

To reveal the “true color” of an object, the light source needs to emit
wavelengths that the object reflects.

Of course there is nothing called “true color”. What's the objective reality is
the reflectance spectrum of the object.

But we do have a common color perception of an object, and that perception
is obtained/formed with respect to a typical lighting under which the object is
usually viewed.



Color Rendering

Color rendering concerns with the ability of a light source to reveal the “true
color” of an object, which is the color of an object under a “reference” light.

 The choice of reference light is somewhat arbitrary, but it's generally white, e.g., daylight.

The reference light is:
e A blackbody radiation (some form of incandescent light) when CCT is below 5000K.
e A standard illuminant D (some form ot daylight) when CCT is above 5000K.
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Color Rendering Index (CRI)

A metric standardized by CIE.

CRI quantifies the coloring rendering capability of a given light source w.r.t., a
reference light under the same correlated color temperature.

e CRIis defined only for light sources that are approximate white, i.e., the chromaticity
distance to the Planckian locus is below a threshold.

Incandescent Daylight
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Calculating Color Rendering Index (CRI)

Pick a set of calibration materials with given

spectral reflectance. e o CECRIES =
0.7 | ] TCS3

For each material, illuminate it with both the o6 | | p—

test light and the reference light. Calculate o5 | —=

the two sets of xy-chromaticities, apply von  **| |

Kries chromatic adaption, and calculate the ™~

distance in the xy diagram. Zj |

Take some form ot average across the " 400 450 500 550 600 650 700 750 800

samples and normalize to 100. Reflectance spectra of the

calibration samples (CIE 1995)

https://en.wikipedia.org/wiki/Color rendering_index https://www.quora.com/Is-there-a-difference-between-sun-rays-and-normal-bulb-light 9
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Interpreting CRI

Lights that are more similar to the reterence lights (incandescent or daylight)
have higher CRIs. Reference lights have a CRI of 100.

Generally, lights with continuous spectra have higher CRls.

* A continuous spectrum better integrates across the entire visible range.

CRI 50-70 CRI =80 CRI = 80

2700K CRI 100 2700K CRI 90 2700K CRI 80 2700K CRI70

/‘ sl

https://www.derunledlights.com/100-fags-about-led-strip-lights/ 10



https://www.derunledlights.com/100-faqs-about-led-strip-lights/

Display vs. Lighting

We directly look at lights from the display.

* Reproducing the color (using metamerism) is key. Spectrum is not important.

We don't directly look at lights. We use a lighting system mostly to light an
object so that we can see the color of the object.

 CRI matters the most. Spectrum becomes important.

What happens when we use displays for lighting?

11



Display vs. Lighting
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New Color Rendering Standards and Implications for Displays that Provide Illumination: The Promise and Peril of Solid State Lighting, L. A. Whitehead, 2015 12
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Displays



Recall: Metamerism

The two lights are metamers of each other if their LMS responses match.
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Recall: Trichromatic Theory of Color

Primary lights

Target light

We can match the color of a given
ight by mixing three primary colors.
* Provided that the primaries are caretully
chosen so that the target color falls within

the gamut of the color space.

For displays, this means we don't
need to produce the exact light

spectrum it our goal is simply to
produce the desired color.

15



Basic Principle: Spatial Integration

Congrats! You are back on track!
¢ o Keep up the great work by completing
a French lesson!

"f’u Graham Clarke Call me when you g... 12mago

iPhone 6 iPhone 14 Pro

https://www.pinterest.com/pin/86694361554535525/ 16



Two Main Display Mechanisms

Emissive Displays Light-Filtering Displays
(e.g., OLED) (e.g., LCD/Projector)
Case

Case

Polarized Filter

Liquid Crystal

Polarized Filter

Cover Glass

|

Rear Glass

Backlight

Color Filter

Cover Glass

https://www.gsmarena.com/glossary.ohp3?term=display-type 17
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Light-Emitting Diodes: Photons From Electrons

+1, - External power creates potential
p differences that move electrons from the
ape —PF— e n-side (higher energy state) to the p-side
0500% 00 * 0 0a® 4% ® (lower energy state), releasing photons.
/o O O O <—¢ o o0 © |
" — The photon wavelength depends on the
light ® 9 ® ® ® ® @ conduction band . .
NANA| | emilevel  @nergy gap, which depends on material.

band gap

e Variants: OLED, QLED, AMOLED, etc.

e Two common materials: AlGalnP and InGanN.

https://en.wikipedia.org/wiki/Light-emitting_diode_physics 18



Light-Emitting Diodes (LED)

Blue InGaN LED (0.14, 0.05)
Green InGaN LED (0.14, 0.70)
Orange AlGalnP LED (0.58, 0.42
Red AlGalnP LED (0.70, 0.30)

0.8f

il N =

0.7

InGaN InGaN AlGalnP AlGalnP 06
462 nm 516 nm 594 nm 630 nm

0.5

0.4

EL Intensity (Normalised)

0.3

400 - 700

Wavelength (nm)
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OLED Pixel Circuit

Vdata Vdd Vdata Vdd Vdata Vdd
\/» \/» \/» Y Y
oLeD \/>-
Vrefresh -
\/>x \/x \/x
Cst
Vrefresh - . .
va va va Switching
OTFT
Driving
OTFT
Vrefresh -

Textile Display with AMOLED Using a Stacked-Pixel Structure on a Polyethylene Terephthalate Fabric Substrate 20



OLED Pixel Circuit

The array is organized much like a
SRAM array.

oLeD \/>-

Each row is refreshed separately.

The capacitor holds the charge betore

Cst
next refresh.
The two thin-film transistors (TFTs) SWC‘)tTC:‘T"g
control the charging of the capacitor ' oriving
and driving the OLED. OTFT

Textile Display with AMOLED Using a Stacked-Pixel Structure on a Polyethylene Terephthalate Fabric Substrate 21



Controlling Intensity of LEDs

The higher is the current of the driver circuit and the lower is the
temperature, the higher is the light output intensity (luminous flux).

Luminous flux versus forward current
Lumens ) Ep Flux 250
2000 = - \easured with 25 °C maintained
= = = Quadratic fitting
200 F Measured with heating effect
— 50°C x 1007
B P
1000 Tj = 110°C ks 3
£ 100}
— 85°C g
500 — 100°C
110°C 50 ® = - 0.000102xF + 0.309x/ + 3.65
OV __ 1 1 | | ] ] ]
O 1 2 3 4 5 6 7 8 . . . 1
. 0 200 400 600 800 1000
DC drive current (A) Forward current (mA)

https://www.researchgate.net/figure/Luminous-flux-output-of-a-typical-commercial-white-LED fig3 318431510
https://www.laserfocusworld.com/test-measurement/research/article/16555223/nonlaser-light-sources-highluminance-leds-target-emerging-automotive-lighting-applications Human Factors in Lighting, 2014, Chapter 1.7.3.9 22



https://www.laserfocusworld.com/test-measurement/research/article/16555223/nonlaser-light-sources-highluminance-leds-target-emerging-automotive-lighting-applications
https://www.researchgate.net/figure/Luminous-flux-output-of-a-typical-commercial-white-LED_fig3_318431510

OLED Display Power vs. Color

Power

Current

Color-Perception-Guided Display Power Reduction for Virtual Reality, SIGGRAPH Asia 2022 23


https://www.cs.rochester.edu/horizon/pubs/sa22.pdf

OLED Display Power vs. Color

Power = 233.5* R + 209.6 * G + 56/.7 * B + 983.8 (unit is mW)

//'
2000 - 1
B ’
£ 1750 -
§ .
o 1500 - .
D_ 4
B /
= 1250 - e
0p]
S
= 1000 - L
// | | | | |
1000 1250 1500 1750 2000

Predicted Power (mW)
Wisecoco AMOLED Display (1200x1080)

I ——

Setup:
e All pixels display the same color.

e R, G, B are linear sRGB values (without
gamma) and in the [0, 1] range.

The intercept (983.8) represents the
circuit power independent of color.

Color-Perception-Guided Display Power Reduction for Virtual Reality, SIGGRAPH Asia 2022 24



https://www.cs.rochester.edu/horizon/pubs/sa22.pdf

Producing White in Emissive Display

y
Mixing different colored LEDs. 0.8}

Blue InGaN LED (0.14, 0.05)
Green InGaN LED (0.14, 0.70)
Orange AlGalnP LED (0.58, 0.42
Red AlGalnP LED (0.70, 0.30)

Ol N =

0.7

Trade-off:
* More primaries means more stable white (one o
orimary being off a little doesn’t aftect the 05

“whiteness” much.
* More primaries means more LEDs (form factor). o B
The luminance efficacy (lumen/watt) might be 0.3

lower depending on what LEDs are used.

| EDs age at different rates; adjustment. 0.1

00 041..02 03 04 05 06 07

https://www.azom.com/article.aspx?ArticlelD=16594  Human Factors in Lighting, 2014, Chapter 1.7.3.9 25
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White LED

Backlight
The backlight is the source of light of the LCD display

panels. The type of backlight determines the image quality W-LED
and the color space of the display. There are various

Blue LED (InGaN, backlights such as CCFL, LED, WLED, RGB-LED, and etc.

peaks at 465 nm) From my LG LCD monitor

GaN or InGaN LED

T Use a blue LED to light fluorescent

Ce:YAG

4000 -

3000 A

| materials, which generate (usually)

\ Spectrum emitted from yeHOW Spectrum.

YAG yellow phosphor )
under the blue LED. e Also called “phosphor-converted

white LED".

N
()]
o
o
<

Intensity (counts)
N
o
o
o
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Wavelength (nanometers)

https://en.wikipedia.org/wiki/Light-emitting_diode 26



https://en.wikipedia.org/wiki/Light-emitting_diode

RGBW Sub-Pixel Structure

Some displays use the RBGW sub-pixel
structure, which adds white sub-pixels.

Why?
e Use W in place of R+G+B to improve power
efficiency
e Add W to boost brightness (think of it as

adding power to each of the RGB sub pixels).
Sacrifice color tidelity; common in projectors.

Slide adapted from https://dl.acm.org/doi/pdt/10.1145/3214834.3214840 27



https://dl.acm.org/doi/pdf/10.1145/3214834.3214840

Light-Filtering Display

White light source is filtered and
attenuated at each pixel to control

color and light intensity.

Used in Liquid Crystal Displays (LCD)
and DLP projectors.

https://www.displayspecifications.com/en/model/fc6110a4; Slide adapted from https://dl.acm.org/doi/pdf/10.1145/3214834.3214840 28
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https://dl.acm.org/doi/pdf/10.1145/3214834.3214840

Controlling Intensity of LCD Pixels

1 —Blue subpixel ———Green subpixel —Red subpixel
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LIGH

— TFT and Electrodes

—— Rear Polarizer

— Backlight

White back light

Planar apparatus for uniformly emitting light with angular color-separation, OE 2015; Slide adapted from https://dl.acm.org/doi/pdf/10.1145/3214834.3214840 29
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Controlling Intensity of LCD Pixels

In natural state, the liquid crystal
rotates light by 90° so that light

When applied electric field, the liquid
passes through the output polarizer.

crystal causes no change to light, which
(a)

is blocked by the output polarizer.

glass plates coated with
transparent electrodes

(b)

rf
—
Q
>
0
o
Q
—
®
2
r-f

@)
©
Q
fo!
c
®
nematic polarizer
molecules (vertical filter)
/ \ ‘ @— ——
color filter polarizer OFF state
(horizontal filter)

ON state

Temporal Properties of Liquid Crystal Displays: Implications for Vision Science Experiments, PLoS One 2012 30



Controlling Intensity of LCD Pixels

é > — Front Polarizer

— Color Filter Array

= ——— Collectively control how much
— Liquid Crystal Cells A/ |Ight s allowed through.

LIGH

— TFT and Electrode

—— Rear Polarizer

— Backlight

Temporal Properties of Liquid Crystal Displays: Implications for Vision Science Experiments, PLoS One 2012
Slide adapted from https://dl.acm.org/doi/pdf/10.1145/3214834.3214840 31
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LCD Pixel Array Circuit

Row activation

lines

2 52 = 1
¢ H N
a (i oz B ARE
_ET 1153 115 _
B T %
L gl o tiirel
i) ol e IRE
sy i =T hin film
. = t «— transistor
d iz 4. ! L
iy = 1§ — E2~—| CD subpixel

Capacitor

Array-like structure, similar to
OLED/SRAM. Each row is

refreshed separately.

The thin film transistor acts as an
access switch. The capacitor

holds the charge before next
refresh.

Fundamentals of Digital Imaging, Trussel and Vrhel 32



“"Low-Persistent” Displays



Refresh Rate and Motion Blur

Actual Object
Movement e}
(Continuous)

Eye Pursuit
(Continuous)

34



Refresh Rate and Motion Blur

Displayed 1/90 s 1/90 s
Frames Pl P
(Discrete)

35



Refresh Rate and Motion Blur

Displayed 1/90 s
Frames —]
(Discrete)

Eye Pursuit
(Continuous)




Refresh Rate and Motion Blur

Caused by the “sample and hold"” nature ot displays. Your eyes tend to
perform smooth pursuit but object appears on display in discrete locations.

The end result is the object smears across your retina — motion blur.

Fixes: reduce the size of the smear

* Increase the refresh rate (cons: power increase)

e Use "low-persistence” mode: for each refresh cycle display the image only for a short
period of time with a black screen for the remaining time before next frame arrives (cons:
lower brightness)

Variable-refresh-rate displays have been investigated.

37



Sequential Color
Displays



Field Sequential Color (FSC)

Flash each primary at a high rate. Relies on

temporal integration in human visual system, | Color
filter array

which fuses successive images into a color picture.

Color filtering array spatially adds colors; FSC
temporally adds color.

Compared to using color filtering arrays: Color

e + 3X higher resolution it nothing else changes. wheel

e + higher luminous efficacy (if not using filters).

 + manufacturing cost is lower.

Slide adapted from https://dl.acm.org/doi/pdt/10.1145/3214834.3214840 39
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CBS FSC TV System

CBS debuted the FSC TV system in 1940.

e Obsolete now. Watch a video demo.

24 rotations per second. Each color is scanned
twice per rotation.

Transmitted images are black and white. Each
image (also called a field) is unique and is in-
sync with the color filter.

e Each B/W pixel encoded brightness.

24 x 6 = 144 tields/s transmitted.

https://labguysworld.com/Goldmark1_001.htm



https://www.youtube.com/watch?v=O5tf6SQjFlQ
https://labguysworld.com/Goldmark1_001.htm

FSC in Digital Light Processing (DLP) Projectors

Mirror ‘on’
\\ —

\ Projection lens
r‘ -

Mirror ‘off’

DMD (created
by Tl at 1987)

\:‘ .'-.i — “H..,A g /
anding substrate
/

Digital micromirror device DMD chip

“J

Screen

Per-pixel mirror controls the brightness of light

at each pixel. “Off" means the mirror retlects

ight away from the lens. A mirror can be switch The spinning color wheel (only / Colour wheel

between on/off thousands of times a second 1 in the projector) controls the Lamp

and with ~1024 levels (resolution). color of each pixel.

LI

The mirror orientation and the color wheel
rotation must be perfectly in-sync. ~10 spin/s.

Ergonomic evaluation of a field-sequential colour projection system, Displays Volume 29, Issue 2, March 2008, Pages 132-137 https://www.nature.com/articles/nmeth.t.402 41
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https://en.wikipedia.org/wiki/Digital_Light Processing


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

Color Breakup in FSC

Are your eyes are tracking a

moving object the three color < ‘
channels of the same object are m

sequentially captured on retina.

Retina Retinal imaage

* |n spirit similar to motion blur from

low refresh rate.

A good explanation here.

1] E—

Viewing
direction of
eyes

https://spie.org/news/1254-suppressing-color-breakup-in-lcds?SSO=1 https://onlinelibrary.wiley.com/doi/full/10.1002/msid.1019 43



https://en.wikipedia.org/wiki/Digital_Light_Processing#The_color_wheel_%22rainbow_effect%22
https://spie.org/news/1254-suppressing-color-breakup-in-lcds?SSO=1
https://onlinelibrary.wiley.com/doi/full/10.1002/msid.1019

“Intensity” and
Dynamic Range



Intuition

-
-

From London and Upton

So far we have been using power to
describe light's intensity.

e Power is all the light energy received/
emitted per unit time

But there are other more specitic
metrics we care about:

45



Intuition

From London and Upton

So tar we have been using power to

describe light's intensity.

e Power is all the light energy received/

emitted per unit time

But there are other more specitic

metrics we care about:

e Light emitted/received at a sing

e |Light emitted/received at a sing
along a single ray?

e point?

e point

46



* Note: just like power is wavelength dependent,

Irradlance VS. Radlance so are irradiance and radiance. We will generally

omit the wavelength symbol for simplicity.

So far we have been using power to
describe light's intensity.

e Power is all the light energy received/
emitted per unit time

But there are other more specitic

metrics we care about:

Irradiance: power per unit area e — @ Light emitted/received at a single point?

_w * Light emitted/received at a single point

Radiance: power per unit |
along a single ray?

area per “direction”

47



Power vs. Luminous Flux

LEF: inversely proportional to the power

needed at each wavelength to produce 1 995
same level of neural response (brightness). V(L)
e The constant 683 is to normalize to historical 0.75
standards.
0.5
Power (unit: watt) weighted by LEF is called
luminous tlux (unit: lumen). 0.25
[m ;
P,(4) = 683 @AV
Luminous flux Power (radiant flux) CIE 2008 Photoptic LEF

Unit: Im Unit: W



Irradiance = Power Per Unit Area (W/m?)

dD,
E =
dA

Irradiance Power (radiant flux)
Unit: W/m?2 Unit: W
@ @ Weighted by LEF
llluminance Luminous flux
Unit: lux = Im/m?2 Unit; Im

High Dynamic Range Imaging Acquisition, Display, and Image-Based Lighting 2ed, Reinhard et al. 49



Irradiance Falls Off With Incident Angle

A

) dd,
Ee 1 —
T dA
A
dd, dd,cosl
: Lpp = — = i
| ~ dA, dA,
A, A

Intuition is that the incident photons get smeared across a larger area as
incident angle increases. Extreme case: incident light is parallel to the surtface,
in which case the surface irradiance is O.

50



That's Why We Have Seasons!

[[IeH ©211uald uosiesad :1paJd abewl]

[ Rotation axis Sun ; [ Rotation axis
/ : South_ Pole / South‘ Pole
Summer Winter
(Northern hemisphere) (Northern hemisphere)

Earth’'s axis of rotation: ~23.5° off axis

Slide credit: Ren Ng 51



Irradiance Falls Off With Distance

D, D,
Ee,l — 4 > E€,2 — >
1K drrs

Irradiance falls off quadratically with respect
to distance.

Intuition: the same amount of photons

emitted from the light source gets smearead

across a larger surface area as distance
INcreases.

52



How to Describe Direction?

Angles and Solid Angles

Angle: ratio of subtended arc length on l

circle to radius 7

[
o ) = —

-
® Circle has 27 radians

Solid angle: ratio of subtended area on

>

sphere to radius squared g
P ) g //
7’?

® Sphere has 47 steradians

Slide credit: Ren Ng 53



Radiance = Irradiance Per Unit Solid Angle

* radiance is defined at
the projected area

q dA-L, rather than dA. |
dA™

ﬁ ‘ dA i

A

€ € €
Solid angle dw L —

" do  do dAL  do dAcos®

- dA

Radiance {> Luminance
Unit: W/(sr m?2) Unit: nit = Im/(sr m2) = cd/m?2

Weighted by LEF

https://pbr-book.org/3ed-2018/Color_and_Radiometry/Radiometry High Dynamic Range Imaging Acquisition, Display, and Image-Based Lighting 2ed, Reinhard et al. 54



Radiometry Units

Weighted by LEF

Photometry Units

Power (radiant flux)
Unit: W

v

Luminous flux
Unit: Im

Radiometry vs. Photometry

Irradiance
Unit: W/m?2

v

Illuminance
Unit: lux = Im/m?2

Radiance
Unit: W/(sr m?2)

v

Luminance
Unit: nit = Im/(sr m2) = cd/m?2

55



Radiance is Usually What We Care About

Radiance

Each point on the display is emitting lights to the entire hemisphere, but only
a small bundle of rays from each pixel actually enter our eyes/camera system.

e From radiance and the angle subtended by the eye we can calculate the irradiance of
any point on the retina and the power of any photoreceptor/pixel given its area.




Display Luminance

LG 27UK850-W (LCD): 350 nits

Tuesday, September 13

7:02

iIPhone 14 (OLED): 1000 nits
(2000 nits max)

Pixel 7 (OLED): 600 nits
(1,000 nits max)

57



Luminance in Natural Scenes

Range of Visible Luminance in Candellas per Meter Squared (cd/m’) Log Scale

.01 A 1 10 100 1000 10,000 100,000

Scene D ynamic Ran ge

10,000 cd/m?

2,000 cd/m’

¢ 30,000 cd/nm’

7
¢4
4
..
7
"/;4
= .
f«“ -

60 cd/m’
300 cd/m’

Rendering the Print: the Art of Photography 58



Dynamic Range = Max Luminance / Min Luminance

100,000 -

1,000 HVS

Luminance cd/m 2

0.001

0.00001

Slide adapted from https://dl.acm.org/doi/pdf/10.1145/3214834.3214840 59
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Automatic Brightness

3:55

{ Settings Accessibility

LTEm

Accessibility features help you customise

your iPhone to your individual needs.

VISION

VoiceOver Off >
Zoom Off >
( Display & Text Size 9
@ Motion >
Spoken Content >
Q Audio Descriptions Off >
PHYSICAL AND MOTOR

u Touch >
@ Face ID & Attention >
A switch-eomror——  Off >

https://www.howtoisolve.com/why-does-the-brightness-on-my-iphone-change-by-itself/ Ambient Light Control for Mobile Displays, SID 2008 60

3:55

LE =

{ Back Display & Text Size

Smart Invert reverses the colours of the
display, except for images, media, and some
apps that use dark colour styles.

o

Classic Invert

Classic Invert reverses the colours of
the display.

Colour Filters Off >

Colour filters can be used to differentiate
colours by users who are colour blind and aid
users who have difficulty reading text on the
display.

o —

>

D)

Reduce White Point

Reduce the intensity of bright colours.

Guto-Brightness

Turning off auto-brightness may affect
battery life and long-term display
performance.

When external illumination is high, increase the display
luminance because: 1) unwanted reflectance from display is

high and 2) your eye “exposure time"” is shorter.

350

300

N
h
Q

200

Display Luminance (cd/m2)

-
-
-

50

ALC: sun(70K lux) - shadow(1K lux), 0.5Hz

2 log decay, 1 sec to black
2 log decay, 2 sec to black
2 log decay, 2sec to L-shadow

SUN (70K lux)

@ =flicker threshold

Dimming slope 263 Nit |
= 233 Nit
SHADOW (1K lux) \\‘*\ 81 Nit |
\\
N
\ —
AN
N
N\
N
A
| N | C |
500 1000 1500 2000 2500

Time (msec)



Related: Apple TrueTone

TrueTone adjusts the white point of the display. It's related to chromatic adaption of
human visual system and camera white balance. More later in the class.
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RIDE IN STYLE RIDE IN STYLE

TIRES AND RIMS SEATPOST AND SADDLE TIRES AND RIMS SEATPOSTY AND SADDLE

CHAIN PIDALS CHAIN PEDALS
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Things to Take Away

Displays and lighting systems serve fundamentally difterent purposes.

e For displays we care about the color reproduction quality.

e For lighting systems we care about its “color rendering” quality.

Displays rely on metamerisms. Two main display types: LCDs and LEDs

* |ow resistant displays

e Sequential color displays

Radiometry vs. Photometry
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