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Seeing
Forbidden

Engineers often load a structure with weight 
until it collapses or shake it until it flies 
apart. Like engineers, many scientists also 

have a secret love for destructive testing—the 
more catastrophic the failure, the better. Human 
vision researchers avoid irreversible failures (and 
lawsuits) but find reversible failures fascinating 
and instructive—and sometimes even important, 
as with the devastating spatial disorientations 
and visual blackouts that military pilots can ex-
perience. At the U.S. Air Force Research Labora-
tory, the two of us explore the most catastrophic 
visual failures we can arrange. We create condi-
tions in which people see images flowing like hot 
wax and fragmenting like a shattered mosaic. 
Here, we tell the story of the two most intriguing 
perceptual breakdowns we have studied: forbid-
den colors and biased geometric hallucinations.

Have you ever seen the color bluish yellow? 
We do not mean green. Some greens may appear 
bluish and others may appear yellow-tinged, but 
no green (or any other color) ever appears both 

bluish and yellowish at the same moment. And 
have you ever seen reddish green? We do not 
mean the muddy brown that might come from 
mixing paints, or the yellow that comes from 
combining red and green light, or the texture of 
a pointillist’s field of red and green dots. We 
mean a single color that looks reddish and green-
ish at the same time, in the same place.

By arranging the right conditions, we have 
seen these unimaginable, or “forbidden,” colors, 
as have our experimental subjects. And we have 
found ways to control, or bias, the hallucinatory 
patterns of concentric circles and wheel spokes 
that people can see in rapidly flickering light—
although the bias worked opposite to our expec-
tations. Both these phenomena reveal something 
new about the neural basis of opponency, one of 
the oldest concepts in the science of perception.

Opponency is ubiquitous in physiology. For 
example, to bend your arm, you relax your triceps 
while contracting your biceps; biceps and triceps 
are opponent muscles, in that they act in direct 

perception
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Key conceptS
Red and green are called  ■

opponent colors because 
people normally cannot 
see redness and greenness 
simultaneously in a single 
color. The same is true for 
yellow and blue. 

Researchers have long  ■

regarded color opponency 
to be hardwired in the 
brain, completely forbid-
ding perception of reddish 
green or yellowish blue.

Under special circumstanc- ■

es, though, people can see 
the “forbidden” colors, 
suggesting that color op-
ponency in the brain has  
a softwired stage that  
can be disabled.

In flickering light, people  ■

see a variety of geometric 
hallucinations with prop-
erties suggestive of a geo-
metric opponency that pits 
concentric circles in oppo-
sition to fan shapes.

  —The Editors

opposition to each other. In 1872 German physi-
ologist Ewald Hering suggested that color vision 
was based on opponency between red and green 

and between yellow and blue; at each spot in 
the visual field, the redness and greenness 

muscles, so to speak, opposed each other. 
Perception of redness at a spot precluded 
perception of greenness there, and vice 

versa, just as you cannot simultaneously bend 
and straighten your arm. All the hues that people 
do see could be made by combining red or green 
with yellow or blue. Hering’s theory explained 
why humans can perceive blue and green togeth-
er in turquoise, red and yellow together in or-
ange, and so on, but never red with green or blue 
with yellow in the exact same time and place.

Crazy Colors
The observation that people never see mixtures 
of opponent colors has been one of the most 
secure in cognitive science. Research has suggest-
ed, moreover, that color opponency begins in the 
retina and the midbrain—the first brain region 
involved in vision—with nerves carrying data 
that amount to one color signal subtracted from 
another. The raw color signals originate with 
cone cells in the retina, which detect light in three 
overlapping bands of wavelengths. Other cells 
add and subtract the outputs from the three kinds 
of cone cells, producing signals relating to four 
primary colors—red, green, yellow and blue. But 
it is as if the visual system is wired with two data 
channels for color: a red-minus-green channel (in 
which positive signals represent levels of redness, 
negative signals represent greenness and zero sig-
nal represents neither) and a similarly operating 
yellow-minus-blue channel. Such hardwiring 
enforces Hering’s laws of color opponency.

In 1983, however, Hewitt D. Crane and 
Thomas P. Piantanida of SRI International in 

Menlo Park, Calif., reported a way to dodge the 
perceptual rules that forbid such colors as red-
dish green and yellowish blue. They had their 
subjects look at side-by-side fields of red and 
green or yellow and blue. Their apparatus tracked 
their subjects’ eye positions and moved mirrors 
to keep the color fields stabilized—that is, frozen 
in place on each subject’s retina despite all the 
continual little movements of the eye. Image sta-
bilization can lead to many interesting effects, 
such as an image seeming to break into pieces 
that wax and wane in visibility. Of particular in-
terest to Crane and Piantanida was the propen-
sity for borders to fade in stabilized images.

Indeed, their experimental subjects saw the 
border between the two opponent colors evapo-
rate; the colors flowed and mixed across the van-
ishing border. Some subjects reported seeing the 
forbidden reddish greens and yellowish blues. 
Others saw hallucinatory textures, such as blue 
glitter on a yellow background.

Crane and Piantanida’s article should have 
provoked widespread interest: two highly com-
petent investigators were reporting a major vio-
lation of the best-established psychophysical law. 
Instead the paper became the study that vision 
researchers did not talk about—the Crazy Old 
Aunt in the Attic of Vision.

We think four reasons contributed to this neg-
ligence. First, the result was inconsistent: some 
subjects saw the hallucinatory textures instead of 
forbidden colors. Second, the forbidden colors 
were hard to describe. Crane and Piantanida 
tried to get around this problem by having artists 
describe the colors. It did not help. Third, the ex-
periment was hard to replicate. Crane had in-
vented their special eye tracker, and it was expen-
sive and difficult to use. Finally, researchers had 
no theoretical basis for understanding the result. 
We are convinced this was the crucial obstacle—
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People can be made to see reddish green and  
yellowish blue—colors forbidden by theories of color 
perception. These and other hallucinations provide  
a window into the phenomenon of visual opponency

By Vincent A. Billock And BriAn H. tsou
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things that do not fit into the existing paradigm 
are hard to think about. Crane and Piantanida 
guessed that they had bypassed the part of the vi-
sual system responsible for color opponency and 
activated a perceptual filling-in mechanism, but 
they did not develop the idea.

Our Luminant Idea
Several years ago the two of us had an insight 
into a potential explanation for the varying per-
ceptions of Crane and Piantanida’s observers. We 
knew that, along with image stabilization, one 
other experimental condition leads to a similar 
loss of border strength: namely, when two adja-
cent colors have equal luminance. Luminance is 
similar but not identical to perceived brightness. 
Two colors are equiluminant to an observer if 
switching them very rapidly produces the least 
impression of flickering.

When subjects stare at two adjacent fields 
with equiluminant colors, they see the border be-
tween the colors weaken and disappear, allowing 
the colors to flow into each other—except in the 
case of red-green or yellow-blue pairs. We knew 
that this border-collapse effect is strongest when 
the observer minimizes eye movements. Perhaps 
the effects of equiluminance and stabilization 

would combine synergistically, leading to border 
collapse and color mixing powerful enough to 
happen consistently even with opponent colors. 
To test this idea, we teamed up with our Air 
Force Research Lab colleague Lt. Col. Gerald A. 
Gleason, who studied eye movements. 

We anchored our subjects to Gleason’s eye 
tracker using chinrests or bite bars to minimize 
head movement. We decided not to use artists 
and other laypeople as subjects. For this experi-
ment we wanted vision researchers raised on col-
or theory, skeptical about colors undreamt of in 
Hering’s philosophy, and able to describe their 
observations in a rich shorthand of “visionese”—

important when you are mumbling your obser-
vations through clenched teeth. And we wanted 
credible subjects who could testify to our incred-
ulous colleagues. Thus, we recruited seven vision 
researchers (including Billock and Gleason) with 
normal color vision.

Because people vary in their perceptions of the 
luminance of different colors, we first measured 
our subjects’ responses to red, green, yellow and 
blue. Then we showed each subject side-by-side 
fields of red and green or yellow and blue, with 
the colors customized to appear either equilumi-
nant or strongly nonequiluminant. co
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[The AuThors]

Vincent A. Billock and Brian h. 
Tsou are biophysicists who bring 
the perspective of complexity 
theory to problems in human  
color and spatial vision. They 
conduct research together at 
Wright-Patterson Air Force Base  
in ohio. Billock is a lead scientist 
for General Dynamics in Dayton, 
ohio. Tsou is a principal scientist  
at the u.s. Air Force research 
Laboratory. Tsou never sees red-
dish green—he is red-green color-
blind, a condition that motivated 
him to study color vision.

[CoLor exPerimenT]

Seeing hueS old And new

 Blending various amounts of yellow or blue with red or green 
(a) produces all the hues we see (b). This illustration is modeled 
after one by Ewald Hering, who proposed the theory in 1897. 

●A  ●B  

hoW CoLor oPPonenCy Works
Human color vision seems to be based on two pairs of colors 
known as opponent colors: yellow and blue; red and green. 
Perception of one member of a pair (say, yellow) somewhere 
in the visual field usually precludes perception of the  
opponent color (blue) at that spot at the same time. Hence,  
although people routinely see colors that combine other 
colors—such as purple appearing to mix red and blue—we 
usually cannot see yellowish blue or reddish green. Our visual 
system seems to use two channels for color information (right): 
a yellow-minus-blue channel, which can signal yellowness  
or blueness but not both, and a red-minus-green channel.

The authors showed that the cognitive phenomenon of color opponency (below) can be suspended to allow perception of colors not normally seen (opposite page). 

red-green channel yellow-blue channel

Wavelength (nanometers)

red-green channel yellow-blue channelPositive 
response 
(red and  
yellow)

no response

negative 
response
(blue and 
green)

Visible 
spectrum

400               450                 500                550                 600             650              700

  How the visual system’s two color channels respond to light explains the spectrum’s appearance—
why violet light looks reddish blue, for instance, and why yellow light does not look reddish green.

Visible color below is 
a result of combined 
channel responses  
(in this case, violet)

Red and green 
cancel each other 
out, leaving pure 
yellow perceived, 
not reddish green

© 2010 Scientific American
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The combination of equiluminance and image 
stabilization was remarkably effective. For the 
equiluminant images, six out of our seven ob-
servers saw forbidden colors (the seventh observ-
er’s vision grayed out immediately every time). 
The border between the two colors would van-
ish, and the colors would flow across the border 
and mix. Sometimes the result looked like a gra-
dient that ran from, say, red on the left to green 
on the right, with every possible shade of green-
ish red and reddish green in between. Other 
times we saw red and green fields in the same 
place but at different depths, as if seeing one hue 
through the other without any discoloration of 
either of them. Often we saw a nice, uniform red-
dish green or bluish yellow fill the whole field.

Intriguingly, two subjects reported that, after 
the exercise, they could see reddish green and 
bluish yellow in their imaginations, although this 
ability did not persist. We can thus answer the 
question philosopher David Hume posed in 
1739: Is it possible to perceive a new color? It 
is—but the striking new colors that we saw 
were compounds of familiar colors.

Our observations led us to de-
velop a model of how color op-
ponency could arise in the brain 

without relying on hardwired subtraction. In our 
model, populations of neurons compete for the 
right to fire, just as two animal species compete 
for the same ecological niche—but with the los-
ing neurons going silent, not extinct. A computer 
simulation of this competition reproduces classi-
cal color opponency well—at each wavelength, 
the “red” or “green” neurons may win, but not 
both (and similarly for yellow and blue). Yet if the 
competition is turned off by, say, inhibiting con-
nections between the neural populations, the pre-
viously warring hues can coexist.

Tiger Stripes on the Brain
In our experiment, when the red-green or yellow-
blue fields differed significantly in luminance we 
and our other subjects did not see forbidden col-
ors. Instead we saw textures, such as green glit-
ter on a red field or blue streaks on a yellow field, 
just as Crane and Piantanida reported for some 
of their subjects. They may have used colored 
images that were equiluminant for some subjects 
but markedly nonequiluminant for others.

These illusory speckled and striped patterns 
that we saw were intriguing. The study of these 
kinds of patterns in other contexts has a rich his-
tory. Such patterns arise in certain mixtures of 

Luminance
To see forbidden hues, it helps if 
you perceive the two displayed 
color fields to have equal lumi-
nance, which is similar to bright-
ness. Two colors are equiluminant 
when swapping them very rapidly 
gives you the least sense of 
flickering. Depicting luminance  
on the printed page is difficult 
because people differ in their 
luminance perceptions, and 
printing introduces changes in  
the saturation of colors, along 
with the changes in brightness. 
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hoW To see ForBiDDen CoLors
The authors found unusual conditions that reliably overcame the prohi-
bition against perceiving yellowish blue and reddish green. This result 
implies that color opponency in the brain is not as hardwired as is com-
monly thought. Apparently the opponency mechanism can be disabled. 

Seeing hueS old And new

  in forbidden color experiments an eye tracker monitors subjects’ eye move-
ments to keep the presented color stimuli in a fixed position on the retina.

LuminAnCe

r > G r = G r < G

  When subjects stared at side-by-
side fields of opponent colors 
(here, blue and yellow) and the 
image was motionless on their 
retinas, the boundary between the 
fields seemed to vanish, allowing 
the colors to run together (a). When 
one field was distinctly brighter 
than the other, the mixtures formed 
textures and patterns, such as blue 

dots on a yellow background. 
But for hues of matched 

luminance, most subjects 
saw novel colors (yellow -
ish blues) that are usually 
impossible to perceive—
or to depict accurately (b).

●A  ●B  
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[GeomeTry exPerimenT]

Controlled hallucinations
if you have ridden with your eyes closed in a car driven along a tree-lined 

street, you may have experienced “flicker,” a rapid oscillation of light 
and dark. Flicker in a blank visual field (such as the backs of your eyelids) 
often induces fleeting hallucinations of geometric patterns, including 
concentric circles, spirals and fan shapes like spokes of a wheel. Study of 
brain processes uncovered by these illusions would be aided if researchers 
could stabilize the hallucinations and control which pattern a subject sees.

reacting chemicals in which the chemicals diffuse 
asymmetrically or at different rates. English 
mathematician and computing pioneer Alan Tur-
ing introduced these reaction-diffusion systems 
as mathematical systems worthy of investigation, 
which can model the patterns seen in zebra coats, 
leopard skins and a variety of other biological 
phenomena—and in particular, hallucinations.

Visual hallucinations involving geometric 
patterns are generated by many triggers: drugs, 
migraines, epileptic seizures and—our favorite—

a visual stimulus called empty-field flicker. David 
Brewster (inventor of the kaleidoscope) investi-
gated flicker-induced hallucinations in the 1830s, 
reportedly experiencing them by dashing past a 
high sunlit fence with his eyes closed, which pro-
duced rapid flashes of light and dark (“flicker”) 
on the empty canvas of the backs of his eyelids. 
Today it is easier—and safer—to replicate the ef-
fect by closing your eyes while a passenger in a 
car driven along a tree-lined street or, better yet, 
by looking at a flickering computer monitor.

Common geometric hallucinations produced 
by flicker include fan shapes, concentric circles, 
spirals, webs and honeycombs. In 1979 Jack D. 
Cowan of the University of Chicago and his 
Ph.D. student G. Bard Ermentrout (now at the 
University of Pittsburgh) noticed that all these 
images corresponded to excitation of striped pat-
terns of neurons in the primary visual cortex, a 
region of the brain at the back of the head in-
volved in visual processing. For example, when a 
person looks at an actual image of concentric cir-
cles, vertical stripes of neurons in the primary vi-
sual cortex are activated. A fan-shaped pattern, 
such as spokes of a wheel, excites horizontal rows 
of neurons. Spirals excite slanted stripes.

Thus, Ermentrout and Cowan could account 
for many of the reported geometric hallucina-
tions if the visual cortex could spontaneously 
generate striped patterns of neural activity in re-
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  Clues to the neural basis of flicker 
illusions are provided by the brain’s 
response to real examples of the 
patterns. Many of the patterns 
trigger activity along stripes of 
neurons in the primary visual cortex 
(right). When a person looks at a real 
fan shape, horizontal stripes activate 
(below, a). Concentric circles excite 
vertical stripes (c), and spirals excite 
slanted stripes (b, d). Geometric 
hallucinations presumably arise 
when flicker stimulates the primary 
visual cortex and the excitations 
self-organize into patterns of stripes. 

Primary visual 
cortex
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  To control people’s flick-
er hallucinations, the 
authors showed subjects 
small patterns (black) 
and flickered the light in 
the surrounding blank 
area (top). Sub jects saw 
hallucinations (gray) of 
circles around real fan 
shapes and ro t ating fan 
shapes around real 
circles. Similar effects 
occurred with a flick-
ered blank area inside 
real patterns (bottom). 
These effects are analo-
gous to a red re gion 
making an adjacent 
gray area seem tinted 
green (red’s opponent 
color)—the circles and 
fan shapes act like “op-
ponent” patterns. 
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when the physical pattern surrounded a flicker-
ing empty center. In all cases, the hallucination 
was confined to the flickering area—it extended 
through the physical pattern only if we made the 
physical pattern flicker on and off in synchrony 
with the light in the empty area.

In retrospect this outcome should not have 
been surprising. Fifty years ago Donald M. Mac-
Kay of King’s College London showed that when 
fan shapes are viewed in flickering light, a faint 
pattern of concentric rings can be seen overlay-
ing the fan, and vice versa. MacKay’s result can 
be interpreted as arising from a kind of opponen-
cy. To understand this point, consider what hap-
pens if you see a bright flash of red light: you see 
a green afterimage, green being the opponent col-
or to red. If the visual system processes fan shapes 
and concentric circles as opponent geometric 
shapes, then the faint patterns seen in MacKay’s 
illusion can be geometric afterimages present 
during the dark moments between the flashes.

Our new illusion also has a color analogue: a 
red field can make an adjacent gray field look 
greenish. Under the correct dynamic condi-
tions—our flickering setup—a geometric pattern 
induces the opponent geometric pattern in the 
empty field next to it. Stated another way, Mac-
Kay’s illusion involves geometric opponency sep-
arated in time (that is, the fans and circles are 
present at separate moments), whereas our effect 
is geometric opponency separated in space (the 
fans and circles being in adjacent regions).

Although it may be natural to regard forbid-
den colors and biased geometric hallucinations 
as parlor tricks, they illustrate important points 
about vision and the nature of perceptual op-
ponencies. Forbidden colors reveal that color op-
ponency—which has served as the model for all 
perceptual opponencies—is not as rigid and hard-
wired as psychologists thought. Softwired mech-
anisms such as our competition model may be 
needed to understand fully how the brain han-
dles opponent colors.

Experiments that stabilize geometric halluci-
nations reveal that for all their exotic appear-
ance, these hallucinations behave surprisingly 
like familiar visual effects involving colors. The 
neural nature of geometric opponencies is also 
very interesting. The opponent patterns involve 
perpendicular stripes of excited neurons in the vi-
sual cortex—could this feature be a clue to how 
the neural wiring produces the opponency? To 
answer this and other questions, researchers will 
have to come up with new ways to push the visual 
system to its breaking point and beyond.  ■

sponse to flicker. In 2001 Cowan and other co-
workers extended the model to account for many 
more complicated patterns. These findings, how-
ever, do not offer a recipe for how to induce any 
particular hallucination for detailed study. In-
deed, the patterns induced by flicker are both un-
predictable and unstable, probably because each 
flash disturbs the previously elicited hallucina-
tion. Having a technique to evoke a specific sta-
ble hallucination for extended observation would 
be very helpful. Visual hallucinations and Tur-
ing’s mathematics of pattern formation might 
then provide a window into the dynamics of the 
human visual system.

To try to stabilize the flicker-induced patterns, 
the two of us took inspiration from other spon-
taneous pattern-forming systems that can be 
made predictable by introducing a suitable bias. 
For instance, picture a shallow pan of oil, heated 
from below and cooled from above. If the tem-
perature difference is great enough, the rising hot 
oil and falling cool oil self-organize into a pattern 
of horizontal cylinders, which from above look 
like stripes. Each cylinder rotates on its axis—flu-
id rising on one side and falling on the other. The 
pattern is stable if adjacent cylinders rotate in op-
posite directions, like cogwheels.

Ordinarily the orientation of the cylinders 
(the direction of the “stripes”) is determined by 
chance while the pattern is forming, but if you in-
ject an upwelling of fluid along a particular ori-
entation, then the pattern of cylinders evolves to 
line up with it. Fortuitously misled by this anal-
ogy, we decided to see if presenting a pattern next 
to a flickering blank area would stabilize the hal-
lucination seen by people. In experiments we dis-
played small circular and fan-shaped designs at 
a constant illumination with rapidly flashing 
light in the blank area around them. The physi-
cal patterns would excite stripes of a specific ori-
entation in a person’s visual cortex, and we ex-
pected the excitations induced by the flickering 
area would extend the pattern by adding parallel 
stripes. Thus, we thought our subjects would see 
the circular patterns and the fan shapes extended 
into the surrounding flickering area.

Circles and Fans
Much to our surprise, our subjects saw the oppo-
site effect. The small physical circles were always 
surrounded by illusory fan shapes, which rotated 
at about one revolution per second. Conversely, 
flickering around small physical fan shapes 
evoked hallucinations of circular patterns, which 
occasionally pulsated. Similar results occurred 
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can you see iT?

Binocular vision may provide a 
way to see forbidden colors. Try 
staring intently at these pairs of 
rectangles, allowing your eyes to 
go cross-eyed so that the red and 
green areas overlap (in the lower 
case, make the crosses merge). 
The fused colors compete in a 
patchy, unstable fashion. some 
people get glimpses of forbidden 
reddish green as the patches 
change color, but the method is 
much less reliable than using 
equiluminant stabilized images.
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