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The Yellow Paradox: Why Mixed Red and
Green Light Looks Like Pure Yellow

Introduction

The perception of color is a fascinating interplay between the physics of light and the biology of
human vision. A common point of curiosity arises with the color yellow. Physically, yellow light
corresponds to a specific range of wavelengths within the visible spectrum. However, digital
displays, such as those on computers, smartphones, and televisions, typically lack dedicated
yellow light emitters (sub-pixels). Instead, they generate the sensation of yellow by additively
mixing light from red and green sub-pixels.t This raises a seemingly paradoxical question: how
can a mixture of red and green light, which has a fundamentally different physical composition
(spectral power distribution) than pure, monochromatic yellow light, appear identical to the
human eye? The answer lies in the specific mechanisms of human color vision, particularly the
way our retinal cone cells respond to light and how the brain interprets these signals. This report
delves into the physics of light, the physiology of vision, and the concept of metamerism to

explain why these physically distinct stimuli result in the same perceptual experience of yellow.

The Physics of Yellow: Wavelengths and Displays

Monochromatic Yellow Light

Visible light constitutes a small portion of the electromagnetic spectrum, typically defined as
wavelengths ranging from approximately 380 to 750 nanometers (nm).3 Within this spectrum,
different wavelengths correspond to different perceived colors. Monochromatic yellow light,
meaning yellow light composed of a harrow band of wavelengths, occupies a specific region.
Various sources place this range slightly differently, but it is generally agreed to fall between
approximately 565 nm and 590 nm.3 For instance, some sources define it as 570-585 nm 9, 565-
590 nm 3, 570-590 nm 5, 570-610 nm (including orange) 10, or 570-600 nm (including orange).t
A representative value often cited for spectral yellow is around 570-580 nm.8 This light consists
of photons predominantly within this wavelength range.
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Table 1: Approximate Wavelength Ranges for Visible Colors

Color Wavelength Range (nm) Representative Sources
Violet 380-450 .

Blue 450-495 3 (Ranges vary slightly)
Green 495-570 3 (Ranges vary slightly)
Yellow 570-590 3 (Ranges vary slightly)
Orange 590-620 3 (Ranges vary slightly)
Red 620-750 3 (Ranges vary slightly)

(Note: Boundaries are approximate and vary slightly between sources and individual

perception.)

Yellow Production in Digital Displays

Most modern digital displays, including Liquid Crystal Displays (LCDs) and Organic Light-
Emitting Diode (OLED) displays, operate on the principle of additive color mixing.1 They create a
wide gamut of colors by combining light from primary-colored sub-pixels. The standard
primaries for additive color systems are Red, Green, and Blue (RGB).1 Each pixel on the screen
is typically composed of three sub-pixels: one red, one green, and one blue.2

To produce the sensation of yellow, these displays do not emit monochromatic yellow light.
Instead, they activate the red and green sub-pixels within a pixel simultaneously.t The light
emitted from these sub-pixels mixes additively before reaching the viewer's eye. By controlling
the relative intensities of the red and green sub-pixels, the display can generate various shades
of yellow, orange, and brown.1 When red and green sub-pixels are illuminated at appropriate
relative intensities, the resulting mixture is perceived as yellow.1 This is fundamentally different
from monochromatic yellow light, which consists of wavelengths primarily around 570-590 nm.
The light from the display is a mixture of longer wavelengths (red, ~620-750 nm) and medium
wavelengths (green, ~495-570 nm).

Some OLED technologies might use different approaches, such as using blue and yellow
primary emitters and color filters 18 or using white OLEDs (WOLEDSs) with color filters for red,
green, blue, and sometimes white sub-pixels.20 However, even in these cases, the yellow
perceived on the screen is typically generated through the controlled emission and filtering that

ultimately relies on stimulating the eye's color receptors in a way that mimics pure yellow, often
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involving combinations that heavily rely on red and green components of the light reaching the
eye. The fundamental principle remains that the display generates a spectral power distribution

different from monochromatic yellow light to achieve the same color perception.

The Biology of Human Color Vision

Cone Cells: The Eye's Color Detectors

Human color vision is primarily mediated by specialized photoreceptor cells in the retina called
cone cells.21 These cells function best in bright light conditions (photopic vision) and are
responsible for our ability to perceive color and fine detail.22 Humans normally possess three
types of cone cells, classified based on their peak sensitivity to different wavelengths of light 23:
1. L-cones (Long-wavelength sensitive): Often referred to as "red" cones, although their
peak sensitivity is actually in the yellowish-green part of the spectrum, around 560-565
nm.22 They are most responsive to longer wavelengths.
2. M-cones (Medium-wavelength sensitive): Often referred to as "green" cones, with
peak sensitivity around 530-535 nm.23
3. S-cones (Short-wavelength sensitive): Often referred to as "blue" cones, with peak
sensitivity around 420-445 nm.23
The existence of these three cone types forms the basis of trichromatic theory, which posits that
our perception of color arises from the combined activity levels of these three cone systems.23
The brain interprets the relative strengths of the signals coming from the L, M, and S cones to
distinguish a vast range of colors — estimated up to 1 million different shades in individuals with

normal vision.22

Spectral Sensitivity and Overlap

Crucially, cone cells do not respond exclusively to a single wavelength or color. Each cone type
responds to a broad range of wavelengths, as described by its spectral sensitivity curve.23
These curves show the relative efficiency of light detection at different wavelengths for each
cone type.

A key feature of these curves is the significant overlap between the sensitivities of the L-cones
and M-cones.33 Both L and M cones respond strongly to light in the green, yellow, and orange
parts of the spectrum. Monochromatic yellow light (around 575 nm) stimulates both L-cones and

M-cones quite strongly, but it stimulates L-cones slightly more than M-cones.17 S-cones, on the
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other hand, are minimally stimulated by yellow light.28

This overlap is fundamental to our ability to discriminate between colors in the middle of the
spectrum. The brain determines color in this region by comparing the relative activation levels of
the L and M cones.26

The Perceptual "Trick": Metamerism

Understanding Metamerism

The fact that physically different light spectra can elicit the exact same color perception is known
as metamerism.3® Two light sources are considered metamers if they have different spectral
power distributions but appear identical in color to a human observer under specific viewing
conditions.4! This phenomenon is possible because the human visual system does not analyze
the full spectral composition of incoming light. Instead, it reduces the complex spectral
information into just three values — the levels of excitation in the S, M, and L cone types.22

This is governed by the principle of univariance: an individual photoreceptor's response
depends only on the total number of photons it absorbs, not on their wavelengths (or energy).26
Once a photon is absorbed, all information about its specific wavelength is lost; the cone simply
signals the amount of light absorbed. Consequently, different combinations of wavelengths
(different spectra) can potentially produce the exact same set of responses across the three
cone types.4o If the triplet of cone responses (Lresponse, Mresponse, Sresponse) is identical for
two different light sources, the brain receives the same input signals and perceives the lights as
having the same color.16

Metamerism in Yellow Perception

The perception of yellow provides a classic example of metamerism.

1. Monochromatic Yellow Light (~575 nm): This light directly stimulates both L-cones
and M-cones. Due to their spectral sensitivities, it evokes a specific ratio of response,
let's say Lpure and Mpure, with L-cone response typically being slightly stronger than M-
cone response. The S-cone response (Spure) is negligible.1?

2. Mixture of Red (~650 nm) and Green (~530 nm) Light: Red light strongly stimulates L-
cones and weakly stimulates M-cones. Green light strongly stimulates M-cones and
moderately stimulates L-cones. By carefully adjusting the intensities of the red and green

light sources, it is possible to create a mixture that stimulates the L and M cones to the
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exact same levels as the monochromatic yellow light did.1 That is, the total L-cone
response from the red and green components (Lmix) equals Lpure, and the total M-cone
response (Mmix) equals Mpure. The S-cone response to this mixture (Smix) also
remains negligible, just like Spure.
Because (Lpure, Mpure, Spure) is identical to (Lmix, Mmix, Smix), the brain receives the same
neural signal from both stimuli.16 Consequently, despite the vastly different physical nature of the
light (a single wavelength band vs. a mixture of two separate bands), the perception is identical:
both are seen as yellow.17

Synthesis and Conclusion

The reason why yellow light created by mixing red and green light on a display appears
indistinguishable from pure, monochromatic yellow light stems directly from the trichromatic
nature of human color vision and the principle of univariance.

1. Physics vs. Perception: Physically, monochromatic yellow light (~570-590 nm) and an
additive mixture of red (~650 nm) and green (~530 nm) light are distinct spectral
distributions.

2. Biological Mechanism: Human vision relies on three types of cone cells (L, M, S), each
sensitive to a broad range of wavelengths, with significant overlap between L and M
cone sensitivities.

3. Identical Cone Stimulation: Both monochromatic yellow light and a precisely calibrated
mixture of red and green light stimulate the L and M cones in the same relative
proportions, while minimally stimulating the S cones.?

4. Metamerism: Because the triplet of cone responses is identical for both stimuli, the
principle of univariance dictates that the brain receives the same neural signal.16

5. ldentical Perception: An identical neural signal leads to an identical color perception.44

Therefore, the eye cannot distinguish between these two physically different forms of "yellow"
light. This phenomenon, metamerism, is not a flaw in our vision but rather a fundamental aspect
of how it efficiently processes the infinite complexity of spectral information in the environment
using only three types of color sensors.16 This very principle allows technologies like RGB
displays to recreate a vast spectrum of colors, including yellow, by cleverly mixing just three
primary light colors to elicit the desired responses in our cone cells.1 The "yellow paradox" is
resolved by understanding that color perception is not a direct reading of light's physical

wavelength composition, but rather an interpretation by the brain based on the limited, yet
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remarkably effective, information provided by our three cone types.
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