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Display vs. Lighting



Apparent Color vs. Spectrum
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The two lights have similar 
apparent color, but are 

they the same light?

No! Lights with the 
same apparent color 

could have very 
different spectra.



Assuming these two lights are metamers, which one is better at “revealing the 
color” of the object with the given spectral reflectance?

Do Spectra Ever Matter?

�5https://socratic.org/questions/5a4d3cdb11ef6b02f0bf08c3

Reflectance spectrum 
of the object

https://socratic.org/questions/5a4d3cdb11ef6b02f0bf08c3


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.
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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: 
• A blackbody radiation (some form of incandescent light) when CCT is below 5000K. 

• A standard illuminant D (some form of 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. 

• CRI is defined only for light sources that are approximate white, i.e., the chromaticity 
distance to the Planckian locus is below a threshold.
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https://www.quora.com/Is-there-a-difference-between-sun-rays-and-normal-bulb-light

Calculating Color Rendering Index (CRI)

Pick a set of calibration materials with given 
spectral reflectance. 

For each material, illuminate it with both the 
test light and the reference light. Calculate 
the two sets of xy-chromaticities, apply von 
Kries chromatic adaption, and calculate the 
distance in the xy diagram. 

Take some form of average across the 
samples and normalize to 100.

�9https://en.wikipedia.org/wiki/Color_rendering_index

Reflectance spectra of the 
calibration samples (CIE 1995)

https://www.quora.com/Is-there-a-difference-between-sun-rays-and-normal-bulb-light
https://en.wikipedia.org/wiki/Color_rendering_index


Interpreting CRI

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

Generally, lights with continuous spectra have higher CRIs. 
• A continuous spectrum better integrates across the entire visible range.

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

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?
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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

 

 
Figure 2. The CIE x, y chromaticity diagram, also showing 
the maximum possible luminous efficacy of radiation at 
selected x, y coordinates 
The curved envelope shown in Fig. 2 depicts the x, y 
chromaticity coordinates of all of the individual spectral 
wavelengths, ranging from about 400 nm at the bottom left to 
about 700 nm at the bottom right. Connecting the two ends of 
the spectral points is the so-called purple line segment, 
coordinates that can only be achieved by blending 
monochromatic blue light from one end with monochromatic red 
light from the other. 
The primary significance of this diagram is as follows:  Most 
chromaticity coordinates can be made through mixtures of three 
primary stimuli, the first of which has chromaticity coordinates 
in the red region, the second in the green region, and the third in 
the blue. This is the standard well known concept of additive 
color mixing as used in most electronic image displays [14]. 
But less well known are some key color vision issues associated 
with the choice of additive primaries. One of these relates to the 
trade-off between gamut and efficacy. The numbers shown 
within the colored region of Fig. 2 depict the maximum possible 
luminous efficacy of SPDs with that chromaticity coordinate, 
shown in lumens per watt. (These values were obtained by 
numerically optimizing a source SPD subject to the constraint 
that it have the specified x, y coordinate.)  
The net result is that there is a fundamental trade-off when 
selecting primary stimuli for color displays. We would like them 
to be as far as possible into the “corners”, so as to encompass the 
largest triangle of possible colors. (This is called the “gamut” of 
the display.) However, this would force us to use primaries that 
have low efficacy, thus wasting energy or sacrificing brightness, 
or both.  Therefore a compromise is required. 
Another difficulty with high gamut displays is that they intensify 
natural differences between human observers. The net response 
sensitivity functions for the three cone types in the retina are 
quite similar for people with normal color vision, but there are 
minor variations from one person to another and even over a 
person’s life [15]. As a result, the accuracy with which a blend 
of primaries will match the appearance of a real scene varies 
somewhat from person to person, an effect sometimes called 

metameric error. It is not a large problem, but it can be 
bothersome, and unfortunately the severity of this problem 
intensifies as the gamut area of a display increases. Finally, from 
a practical point of view, it is more difficult to accurately 
reproduce subtle pastel colors if the underlying primaries are 
extremely vivid – greater control precision is then required. For 
these reasons, there has always been a tug of war involved in 
designing primary color stimuli for information displays. 
Now we can take a look at how these factors will become more 
important as the anticipated blending of information display and 
illumination proceeds. 

5. Human Factor Trade-offs as Information 
Displays and Illumination Blend 

As a concrete example, consider Fig. 3, showing a recent night-
time photo of New York’s Times Square, and a graph of the 
SPD of the ambient lighting [16].  

 
Figure 3. New York Times Square, where most of the 
night time light comes from displays, the SPD and the CRI 
of the resulting ambient lighting 
The ambient lighting comes almost entirely from the 
surrounding LED video displays, and its Color Rendering Index 
is only 52, which is unacceptable for conventional lighting. 
Ironically, while the people shown on those screens appear their 
natural color, the people illuminated by the screens may not. 
It is apparent that the challenges of the existing lighting design 
trade-offs will worsen as displays become providers of light as 
well as imagery. The problems fall in three categories: 

x Gamut:  The display industry’s push toward higher 
gamut will cause further problems as displays provide 
illumination, because three-primary high gamut lighting 
has poor color rendering, thus distorting the color 
appearance of familiar illuminated objects. 

x Color balance: Typically, the average chromaticity of the 
light produced by televisions is bluer than the usual 
values for indoor illumination. Unless handled well, this 
can cause color appearance distortion even if the screen 
output light is intrinsically of high color quality. There 
will need to be reasonable limits on the size of the color 
difference between the light output of displays and 
ambient lighting. 

x Emotional and photo-biological effects: It is important to 
understand that color vision is an extremely sophisticated 
sense and our visual experiences, both conscious and 
unconscious, have a profound impact on our sense of 
well-being. We do not yet have a good understanding of 

56.3 / L. A. Whitehead Invited Paper

844  •  SID 2015 DIGEST

https://gissler.com/east-42nd-street-walking-tour-of-beautiful-spaces
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Displays
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Recall: Metamerism
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𝚽1(𝛌)

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

𝚽2(𝛌)

∑
λ

Φ1(λ)L(λ) = ∑
λ

Φ2(λ)L(λ)

∑
λ

Φ1(λ)M(λ) = ∑
λ

Φ2(λ)M(λ)

∑
λ

Φ1(λ)S(λ) = ∑
λ

Φ2(λ)S(λ)



Recall: Trichromatic Theory of Color
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We can match the color of a given 
light by mixing three primary colors. 

• Provided that the primaries are carefully 
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 if our goal is simply to 
produce the desired color.

🔦
🔦

🔦

🔦

👁

Target light
Primary lights

B

R

G



Basic Principle: Spatial Integration

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

iPhone 14 ProiPhone 6



Two Main Display Mechanisms

�17https://www.gsmarena.com/glossary.php3?term=display-type

Emissive Displays 
(e.g., OLED)

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

https://www.gsmarena.com/glossary.php3?term=display-type


Light-Emitting Diodes: Photons From Electrons

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

External power creates potential 
differences that move electrons from the 
n-side (higher energy state) to the p-side 
(lower energy state), releasing photons. 

The photon wavelength depends on the 
energy gap, which depends on material. 

A form of electroluminescence. 
• Variants: OLED, QLED, AMOLED, etc. 

• Two common materials: AlGaInP and InGanN.



Light-Emitting Diodes (LED)
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OLED Pixel
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(a) (b)

g
s

d Id

Vgs

https://learnvisualcomputing.github.io/display-electronics.html

An OLED is a current driven device. 

The luminance is roughly 
proportional to Id. 

Control VData to control Vgs, 
“stored” in Cstorage 

IOLED = Id = k(Vgs − Vth)

Vgs = VDD − VData



OLED Pixel Array (AMOLED)
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VData VData VData

VSelect

VSelect

VDD VDD VDD VDD

VDD VDataVDD VDataVDD



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

Controlling Intensity of LEDs

�22Human Factors in Lighting, 2014, Chapter 1.7.3.9https://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

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
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Current

Power

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

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


OLED Display Power vs. Color
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Power = 233.5 * R + 209.6 * G + 567.7 * B + 983.8 (unit is mW)

Setup: 
• All pixels display the same color. 

• 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.

Wisecoco AMOLED Display (1200x1080)

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

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


Producing White in Emissive Display

Mixing different colored LEDs. 

Trade-off: 
• More primaries means more stable white (one 

primary being off a little doesn’t affect the 
“whiteness” much. 

• More primaries means more LEDs (form factor). 
The luminance efficacy (lumen/watt) might be 
lower depending on what LEDs are used. 

LEDs age at different rates; adjustment.

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

https://www.azom.com/article.aspx?ArticleID=16594


White LED

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

Blue LED (InGaN, 
peaks at 465 nm)

Spectrum emitted from 
YAG yellow phosphor 
under the blue LED.

From my LG LCD monitor

Use a blue LED to light fluorescent 
materials, which generate (usually) 
yellow spectrum. 

• Also called “phosphor-converted 
white LED”.

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


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

Why? 
• Use W in place of R+G+B to improve power 

efficiency 

• Add W to boost brightness (think of it as 
adding power to each of the RGB sub pixels). 
Sacrifice color fidelity; common in projectors.

RGBW Sub-Pixel Structure
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RGBW: good or evil?

Two options:
• Add W for luminance boost (trade 

away color gamut and color 
fidelity, common in projectors)

• Use W in place of RGB (improve 
power efficiency, especially in 
OLED)

SIGGRAPH 2018 © 2018 Michael J. Murdoch  RIT  Color Science 44

Full Color

RGB stripe

RGBW stripe
(W replacement)

RGBW quad
(W replacement)

Murdoch et al., Perfecting the color reproduction of 
RGBW OLED, ICIS 06.
Miller & Murdoch, RGB-to-RGBW conversion with 
current limiting for OLED displays, JSID 2009: 
https://doi.org/10.1889/JSID17.3.19

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

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.

�28https://www.displayspecifications.com/en/model/fc6f10a4; Slide adapted from https://dl.acm.org/doi/pdf/10.1145/3214834.3214840

https://www.displayspecifications.com/en/model/fc6f10a4
https://dl.acm.org/doi/pdf/10.1145/3214834.3214840


Controlling Intensity of LCD Pixels
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LCD: Liquid Crystal Display

• A light valve at each pixel, max attenuation ~1000:1

SIGGRAPH 2018 © 2018 Michael J. Murdoch  RIT  Color Science 18

LI
GH

T

White back light

Selectively absorb 
wavelengths

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

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


Controlling Intensity of LCD Pixels

�30

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

passes through the output polarizer.

When applied electric field, the liquid 
crystal causes no change to light, which 

is blocked by the output polarizer.

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



Controlling Intensity of LCD Pixels
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LCD: Liquid Crystal Display

• A light valve at each pixel, max attenuation ~1000:1

SIGGRAPH 2018 © 2018 Michael J. Murdoch  RIT  Color Science 18

LI
GH

T

Collectively control how much 
light is allowed through.

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

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

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


https://learnvisualcomputing.github.io/display-electronics.html

LCD Pixel
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(a) (b)

g
s

d Id

Vgs

An LC cell is a voltage driven device; 
there is almost no current flowing 
through the LC. 

Same as OLED: store the voltage into 
Cstorage by programming VData.



LCD Pixel Array Circuit
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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
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“Low-Persistent” Displays



Actual Object 
Movement 

(Continuous)

Refresh Rate and Motion Blur
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Eye Pursuit 
(Continuous)



Refresh Rate and Motion Blur
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Displayed 
Frames 

(Discrete)

1/90 s 1/90 s



Refresh Rate and Motion Blur
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Eye Pursuit 
(Continuous)

Displayed 
Frames 

(Discrete)

1/90 s



Refresh Rate and Motion Blur
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Caused by the “sample and hold” nature of 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) 

• 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.
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Sequential Color 
Displays



Field Sequential Color (FSC)

Flash each primary at a high rate. Relies on 
temporal integration in human visual system, 
which fuses successive images into a color picture. 

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

Compared to using color filtering arrays: 
• + 3X higher resolution if nothing else changes. 

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

• + manufacturing cost is lower.

�40

Color 
filter array

Color 
wheel

Mechanisms for Color

Light-filtering displays:
• “White” light source: CCFL, LED (RGB or PC) 

+ Color filter array 
• RGB LEDs, sequential color

Projection: 
• Halogen, Xenon, Laser (RGB or PC) + Color 

filters (separate imagers) OR color filter 
wheel (sequential color) 

• RGB LEDs, sequential color

SIGGRAPH 2018 © 2018 Michael J. Murdoch  RIT  Color Science 40

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

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


CBS FSC TV System

CBS debuted the FSC TV system in 1940. 
• 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. 

• Each B/W pixel encoded brightness. 

24 x 6 = 144 fields/s transmitted.
�41https://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

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

�42Ergonomic evaluation of a field-sequential colour projection system, Displays Volume 29, Issue 2, March 2008, Pages 132-137 https://www.nature.com/articles/nmeth.f.402

The spinning color wheel (only 
1 in the projector) controls the 

color of each pixel.

DMD (created 
by TI at 1987)

Per-pixel mirror controls the brightness of light 
at each pixel. “Off” means the mirror reflects 

light away from the lens. A mirror can be switch 
between on/off thousands of times a second 

and with ~1024 levels (resolution).

https://www.nature.com/articles/nmeth.f.402


�43https://en.wikipedia.org/wiki/Digital_Light_Processing

1998 InFocus LP425z

DMD

Lens 
(projects 

lights)
Color 
wheel

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 
sequentially captured on retina. 

• In spirit similar to motion blur from 
low refresh rate. 

A good explanation here.

�44https://spie.org/news/1254-suppressing-color-breakup-in-lcds?SSO=1 https://onlinelibrary.wiley.com/doi/full/10.1002/msid.1019

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


Things to Take Away

Displays and lighting systems serve fundamentally different purposes. 
• For displays we care about the color reproduction quality. 

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

Displays rely on metamerisms. Two main display types: LCDs and LEDs 
• Low resistant displays 

• Sequential color displays
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