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Subjective Color Perception 

When certain black and white patterned disks, such as 

the one pictured in figure 1, are spun at a rate below the 

fusion frequency, approximately five to fifteen hertz per 

second, various subjective colors are observed. For instance, 

when Behnham's disk is spun in a 

clockwise direction, the lines in 

area 1 appear blue, areas 2 and 3 
'2 
~----appear yellowish-green, and area 

4 appears red. When the disk is 

spun in a counterclockwise 

direction, the colors are 

reversed. 

There have been many 

theories concerning this 

phenomenon. Three major theories 

deal with the physical composition 

of light, the rise and fall of the Figure 1 Benham's Disk 

visual receptors, and modulation 

of currents through the optic 

nerve. 
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PHYSICAL THEORIES 

It was originally believed by scientists such as Sir 

Issac Newton that the black and white patterns on the spinning 

disks actually broke white light into its components physically, 

thus producing color. However, experiments performed by 

H. Pieron in the 1920's and many researchers since have shown 

that when the disks are spun under monochromatic illumination, 

the various colors are still seen by observers (Cohen and 

Gorden, 1949, p.118). Since monochromatic light can not be 

separated into various wavelengths, the presence of color 

in these experiments proves that subjective colors are not 

of a physical nature. 

RISE AND FALL AND MODULATION THEORIES 

Color Vision Background 

The remaining two theories, the rise and fall of the 

color receptors and the modulation of currents through the 

optic nerve, concern the reaction of the receptors and nerves 

of the eye to a black and white patterned stimulus. In order 

to fully understand these theories an understanding of basic 

color vision is required. 

There are three types of receptors in the human eye. 

Experiments show that these cells each detect two opposing 

colors; red/green, blue/yellow, and white/black. These opposing 
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color detectors are arranged in a center/surround pattern 

as shown in figure 2 (Zrenner, 1983, p.199). 

Figure 2 
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Simplified functional diagram, receptive field structure and responses of a colour-opponent ganglion cell (Gc). In this 
cell, the red-sensitive cones in the centre act excitatorily (+), the green-sensitive cones in the surround act inhibitorily (-) via 
interneurons (IN 1 -IN31. Yellow light, which stimulates both red- and green-sensitive cones, produces no modulated response 
to light, since excitation and inhibition cancel each other out. The stimuli, with duration indicated by the bars on the right side, 
cover the entire receptive field. The number of receptors (stippled or filled circles) is arbitrary. The separation of the spectrally 
different receptors at the border of centre and surround is not as abrupt as depicted here for simplification (from Zrenner, 1983). 

The center of the cell may either be excited (turned 

"on") or inh:Lbited (turned "off") by light. Although both 

are possible, "on"-center cells are most common. The surround 

reacts in an opposite manner to the center. For instance, 

when a red-center, green-surround cell is stimulated by a 

red light, the center will turn on the cell and the subject 

will see red. As the subject continues to view the stimulus, 
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the red color will appear less vivid. This is the result 

of the action of the green-surround of the cell. Although 

there is no green in the stimulus, the surround stimulation 

increases so as to lessen the red sensation. These cells 

constantly strive for neutrality which is why the center and 

surround act in this manner. Groups of these center/surround 

cells work together to produce the multitude of colors which 

are perceived by the human eye. 

The Rise and Fall Theory 

The rise and fall theory is based on the different rise 

and fall rates of the receptors in the eye. B. Prevost in 

1826 determined through experimental data that there are 

substances within the receptors of the eye which when stimulated 

combine with the nerves in the retina and give rise to the 

sensations of color (Cohen & Gordon, 1949, p. 99). He also 

found that these substances react at different rates. For 

instance, the red receptor reacts faster than the blue. 

Prevost applied this knowledge to the black and white 

spinning disks and theorized that all three types of receptors 

are stimulated by the white areas of the disk. The color 

sensations are then produced by the various rise and fall 

rates of the three receptors. The specific color which is 

seen by the observer depends on the amount of time which the 

black and wh:te areas of the disk are exposed. The various 
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white/black ratios of each pattern correspond to the rise 

and fall rates of each color which is seen. 

This theory, unlike the physical theories, will account 

for the results of the monochromatic illumination experiment 

mentioned earlier. Each of the receptors in the eye is 

stimulated by a broad band of light frequencies instead of 

a specific color frequency as shown in figure 3 (Zrenner, 

1983, p.201). 

I antagonistic 
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Figure 3 

Action spectra of 8 RIG-opponent (squares), 3 B/l-opponent (triangles) 
and 3 nonantagonistic (circles) tonic ganglion cells, recorded in the presence of 
a white (5500 K) Ganzfeld background (20,000 td); mean., one standard deviation 
as indicated. Open symbols indicate thresholds of excitatory responses, i.e., just 
detectable spike frequency increments in response to increments of the test 
flashes' (15° in diameter) irradiance. Closed symbols indicate thresholds of in
hibitory responses, i.e., just detectable spike frequency decrements in response 
to increments of irradiance. Since the neutral point varies among individual cells 
(see Zrenner and Gouras, 1979 and this volume), the standard deviation increases 
in this neutral zone. Only cells with overt cone opponency were included (modified 
from Zrenner, 1983). 
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Therefore, if a disk is spun before a light of 600 nm, all 

three receptors will be stimulated and the rise and fall theory 

may be followed. 

This theory also accounts for the reversal of colors 

which occurs when the direction of the disk is changed. As 

stated earlier, the blue receptor always lags behind the red; 

therefore, red sensations are the quickest to rise and to 

fall. The o~posite is true for blue sensations. When the 

direction of a spinning disk is reversed, the lines which 

were previously extending past the black area preceed the 

black area. Therefore, the receptors which which caused color 

perception by rising fall and those which caused color perception 

by falling rise which accounts for the reversal in colors. 

The Modulation of the Optic Nerve Theory 

The third theory deals with the action of the spinning 

disk's flickering black and white spaces on the center-surround 

receptors in the retina. The modulation of the optic nerve 

theory, also known as the flicker theory, focuses on the 

phase relationship between the center and surround of each 

cell and the impulses created by this interaction which result 

in color perception. 

This theory in a primitive form was introduced in the 

early 1900's by L.T. Troland. He proposed that "impulses 

passing along a given fiber could be spaced in different 

characteristic ways to represent the various colors, luminosity 



Subjective Color Perception 

still depending upon the total number of pulses per unit time" 

(Cohen and Gcrdon, 1949, p. 125). 

Later, in the 1980's E. Zrenner and others determined 

that the impLlses which Troland spoke of are produced by the 

interaction cf the center and surround of each retinal receptor. 

Zrenner first found through experimental work with the primate 

retina that ~nder the proper conditions all retinal receptors 

may serve as luminance detectors. For instance, when a disk 

is spun at a low flicker frequency (less than 5 hertz), the 

cones which make up the center/surround cells in the retina 

are sensitivE for two opposing color sensations. At high 

frequencies, or the fusion frequency (greater than 30 hertz), 

color-opponency is lost and the sensitivity for each cell 

becomes broad band as shown in figure 4 (Zrenner, 1983, p.203). 
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Action spectra of phasic retinal 
ganglion cells in monkey 
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Figure 4 
- -. Action spectra of 3 phasic ganglion cells; mean,. one standard deviation. 
Photopic relative luminous efficiency function (V,) indicated by solid line. An 
original recording is shown below, parameters as indicated (obtained in collabor
ation with M. Wienrich). 
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At low frequencies the center and surround are approximately 

180 degrees out of phase, meaning they are antagonistic and 

work in the on/off manner which was described earlier. As 

the frequency increases the center and surround begin to 

synchronize. At this point the areas are acting in an on/on 

or off/off relationship. When this happens, individual color 

processing is lost and the cells detect luminance. 

Zrenner then suggests that th~dded stripes in Benham's 

and similar disks produce an additional phase shift in some 

cells. This results in antagonism which gives rise to 

color-opponent processing. The direction, length, position 

and motion of each line determines which color is perceived. 

A diagram which shows the conditions which cause the 

additional phase shift can be seen below in figure 5 

(Zrenner, 19B3, p. 205). 

A!jt(I'e' 5' 

. (Le.ft) Fechner-Benham top in an original version. Rotation of the black 
and white ~Isk at certain frequencies produces the illusion of relatively desaturated 
coloured nngs. 

(Cen.t~e) Simplified ~ech~er-Benham top after von Campenhausen (1968a, b); 
the additional black stnpes In the white field introduce a phrase shift between the 
respons~s o~ the centre and surround in the receptive field and can restore the 
antagonism In colour-opponent cell (indicated by concentric circles) . 

. (RIght) Another type of simplified Fechner-Benham top, introducing phase 
shifts also between centre and-surround, however, in the opposite direction (from 
Zrenner, 1983). 
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When properly positioned, the lines of the spinning 

disk block either the center or surround of each involved 

cell. This blockage causes inhibition in the black areas 

and excitation in the white areas which returns the cell to 

its normal mode of color processing through the on/off 

relationship mentioned earlier. 

This theory, like the rise and fall theory, accounts 

for color perception under monochromatic illumination. Since 

this theory utilizes the same broad band cells as the rise 

and fall theory, they are sensitive to a broad band of 

frequencies and will all be stimulated by a single band of 

light. Sfnce they may be stimulated or inhibited, this theory 

will account for the experimental results. 

Although this theory can not by itself account for the 

specific colors produced in each area of a spinning disk when 

the direction is manipulated, it can explain one factor of 

the colors which the rise and fall theory neglects. The rise 

and fall theory leads to the belief that all colors perceived 

on a spinning disk should be located on the lines. However, 

experiments have shown that all blue sensations are perceived 

outside of each line and red sensations are perceived within 

each line (Gregory, 1968, p. 734). The flicker theory 

satisfactorily explains this aspect as is shown in figure 6. 
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Figure 6 
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The center/sJrround cells may be positioned anywhere in 

relation to the disk; the two ideal positions which produce 

maximum stimulation are pictured. As these disks are rotated, 

certain patterns of stimulation are created within the cells. 

These patterns are shown below the disks; "+" signs represent 

white areas and "_II signs represent black areas. 

In order to interpret these patterns so that the reversal 

of color position may be understood, two facts must be considered: 

first, blue is seen outside of the line and red is seen within 

the line; and second, colors are only perceived in areas where 

the cell is in an antagonistic mode. 

In pattern A, antagonism occurs as the surround is blocked 

and the center remains stimulated. In pattern B, the center 

is blocked while the surround remains stimulated. In both 

cases the antagonistic mode sends positive color messages 

to the brain from areas outside of the black lines. For 

instance, if the cell exposed to pattern A were blue/yellow 

opponent, the yellow surround would be inhibited by the black 

lines while the blue center would remain excited. The brain 

would receive the signal and the subject would perceive a 

blue color outside of the lines, which is consistent with 

what really occurs. 

In pattern C, the mechanism is less obvious than in A 

and B. In this case the focus must be centered around the 

~ area where the entire cell is stimulated. First, the center 

is turned on while the surround remains inhibited. Then. 

while the center remains stimulated, the surround is stimulated. 
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Since the center is stimulated before the entire cell is 

stimulated its signal is weakened by the natural neutralization 

process mentioned earlier. When the surround is stimulated, 

the brain senses a strong surround stimulation and a weak 

center stimulation; therefore, the subject perceives the color 

of the surround which is located on the lines. For example, 

if a red green opponent cell is exposed to this pattern, the 

red center will turn on and begin to diminish before the green 

surround is stimulated. When the surround is stimulated, 

its signal is stronger than that of the center, so the subject 

senses the green surround on the lines. The same logic may 

be applied to pattern 0 and the results will be similar. 

Since any of the center/surround cells may be exposed to any 

of the four patterns, it is beyond the scope of this theory at this time 

to predict why a particular color is produced from a particular 

pattern. However, since the patterns produced by rotating 

a disk clockwise and counterclockwise are different, it is 

understandable that the colors perceived would differ. 

At this time the flicker theory provides the best 

explaination for subjective colors. It explains 

why certain colors are seen off or on the patterned lines. 

This is one aspect for which the physical and rise and fall 

theories can not account. In order to determine if the flicker 

theory explains fully subjective colors, more must be learned 

about how the nerves and the brain sort and mix color signals 

to produce the color which humans perceive. 
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