The Perception
of Surface Blacks and Whites

What shade of gray a surface appears is related to the perceived
distribution of light and shadow, which in turn depends on the

percetved spatial relation between the surface and its neighbors

onto the retina a two-dimensional
image of the three¢-dimensional
physical world. Partly because the reti-
nal image is two-dimensional most in-
vestigators of color perception have as-
sumned that depth perception has noth-
ing to do with the process by which
the human visual system determines the
color of objects. The experiments I shall
describe here invalidate that assump-
tion. I have found that a change in the
perceived spatial orientation of a sur-
face can change its perceived color from
black to white or from white to black.
Traditional explanations of coler per-
ception assign no special role to the cen-
tral nervous system. Because that sys-
tem governs depth perception my work
assigns it a major role, Traditional in-
vestigations have also largely ignored
the perception of the intensity and color
of the light illuminating surfaces whose
colors are under scrutiny, In my work I

The lens of the human eye projects

have tried to rectify this imbalance, and.

for the sake of simplicity I have dealt
mainly with what are called neutral col-
ors: white, black and gray.

When white light, which consists of a
balanced mixture of all the colors in the
spectrum, strikes a colored surface, the
surface reflects one wavelength (one col-
or) more than it does the others. This
dominant wavelength corresponds to
the physical color of the surface. In gen-
eral the light that illuminates objects in
nature is not white but is an unbalanced
mixture of various colors, A colored
surface reflects some wavelengths in
such a mixture more than others, but
now the dominant wavelengths do not
correspond to the physical color of the
surface. The mixture of wavelengths in
the light the surface reflects to the eye
depends not only on the physical color
of the surface but also on the mixture of
wavelengths in the light that illuminates
the surface. Therefore the visual system
should not be considered an instrument
that measures the wavelength and the
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intensity of reflected light; such mea-
surements would reveal littie about sur-
face color. The visual system has the
remarkable ability to correctly perceive
the physical color of a surface in spite of
wide variations in the mixture of wave-
lengths in the illumination. This is the
phenomenon of color constancy.

Neutral surfaces leave unchanged the
mixture of wavelengths that illuminates
them, but they do alter the intensity of
the light. The shades of gray from white
to black are all neutral, and so they
reflect various degrees of illumination.
Surfaces that reflect between about 80
and 90 percent of the illumination are
called white, whereas those that re-
flect between about 3 and 5 percent are
called black. In short, the lightness, or
perceived grayness, of a neutral sur-
face corresponds to its reflectance: the
percentage of illumination it reflects.
Again, the visnal system has the remark-
able ability to determine the lightness of
a neutral surface in spite of wide var-
iations in the intensity of the illumina-
tion. Such is the phenomenon of light-
ness constancy, which is analogous to
the phenomenon of color constancy for
colored surfaces.

physicist would determine the re-

flectance of a surface by comparing
the intensity of the reflected light with
the intensity of the illumination. The hu-
man visual system also determines re-
flectance, but it does so by comparing
the intensity of the light reflected from a
surface with the intensity of the light
reflected from neighboring surfaces.
For the visual system to make this com-
parison there must be constant relative
displacement between the retinal image
and the retina. This happens naturally
because the eye constantly and involun-
tarily fticks back and forth in tremors
with a frequency of between 30 and 150
cycles per second. K has been found that
the visual field goes blank in one to three
seconds if the relative displacement is

eliminated by artificially stabilizing the
image (using a special apparatus that
causes the image to remain still on the
retina even as the eye moves back and
forth). The eye tremors indicate that the
receptor cells of the retina function only
in the presence of a change of stimula-
tion. Consider what happens to an indi-
vidual receptor cell during the tremors
(assuming that there are no large volun-
tary eye movements). A cell in the interi-
or of a patch of homogeneous stimula-
tion within the retinal image receives no
change of stimulation, whereas a cell at
the boundary of a patch does receive
such a change.

The relevance of all of this for color
vision was elegantly demonstrated by
John Krauskopf of Bell Laboratories.
He built a display that consisted of a
disk of one color, say green, surrounded
by an annulus, or ring, of another color,
say red. He arranged matters so that the
green-red boundary between the disk
and the annulus was stabilized, that is,
moved in such a way as to follow the
tremors. In this way all displacement be-
tween the green-red boundary and the
receptor cells was eliminated. As a re-
sult the retinal boundary disappeared
and the observer simply saw a single
large red disk.

The most straightforward interpreta-
tion of this experiment is that the eye
sends the brain only information about
changes in light across boundaries, with
areas where no change is reported being
filled in by the brain as homogeneous. In
Krauskopf's display. and in the normal
viewing of a large red disk, the eye ex-
tracts infermation from the outer edge.
Since no change is reported within the
boundary, the brain treats the interior
of the disk as homogeneous. Consider
what this implies. Krauskopf’s observ-
ers perceived red even in the center of
the display, even though green light was
striking the corresponding region of the
retina. Hence if the color of the light
(green) striking the disk region of the



PERCEIVED SPATIAL ORIENTATION affects color perception.
In the top photograph it is apparent that the right side of the stairwell
is a white surface in shadow and that the left side is an illuminated
white surface. Because the visual system recognizes that the stairs
turn a corner it correctly perceives that the stairwell is differentially

illuminated. The bottom photograph is a closeup view of the stairwell
corner. Here the two sides appear to form a plane rather than a cor-
ner. The sides are perceived to be illuminated equally, and so the visu-
al system attributes the difference in grayness to the sides themselves.
Hence the shadowed side is not correctly perceived as being white.
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ILLUMINATION EDGES, or illumination differences, are of two
kinds: attached and cast (projected). Attached edges are the result of

hanges in the spatial orientation of surfaces; cast edges are the re-
sult of shadows. In this photograph both kinds of edges are present in

44

bund For ple, there are hed edges where the walls
turn corners to form the indentations that hold the windows. The
b daries of the trapezeidal patches of light projected on the floor
by sunlight streaming through windows are examples of cast edges.

RETINAL RECEPTOR CELLS gather color information by detect-
ing changes in light. To detect such changes there must be constant
relative displacement between the retinal image and the retina, and
so the eye scans a surface by constantly flicking back and forth in
tremors with a frequency of between 30 and 150 cycles per second.
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In the display at the left the boundary between the red ring and the
green disk was moved in such a way as to follow the tremors. That
eliminated all displacement between the boundary and the cells. As a
result retinal boundary disappeared and observer saw a red disk (right),
The experiment was done by John Krauskopf of Bell Laboratories.



retina had nothing to do with the color
(red) that was perceived there, then by
the same token the color of the light
(red) striking the annulus region might
have nothing to do with the color (red)
that was perceived there.

Krauskopf's display suggests that
even under natural conditions the per-
ceived color of a surface depends not on
the light emanating from the surface but
on the change in the light across the
boundary of the surface. The perceived
color of a surface cannot depend solely
on the change in the light at the edge of
the surface because such a change is
strictly relative. The change in the light
at the edge of a surface depends as much
on the color of the background as it
does on the color of the surface.

If perceived color depended only on
the change in the light at the edge of a
surface, the surface would look radical-
ly different in color when seen against
different backgrounds. Conversely, two
surfaces of radically different color
could look the same. For example, the
change in the intensity of reflected light
from a white surface to a middle-gray
background is the same as the change in
the intensity from a middle-gray surface
to a black background. Of course, white
and middle-gray surfaces would not
look the same when they were seen
against these respective backgrounds.
Such changes in background color can
result in what are called contrast effects,
but these effects are not nearly large
enough to make the white surface on the
middle-gray background look the same
as the middle-gray surface on the black
background. It is a remarkable empiri-
cal fact that perceived surface color re-
mains largely constant in spite of chang-
es in the background, which in turn give
rise to changes in the edge information.

The visual system exiracts only rela-
tive information from an edge, and
such information is a small part of what
the visual system needs in order to per-
ceive color, a part that can be properly
interpreted only in the context of the
relative information from many other
edges. There is evidence that the visual
system integrates neural signals ema-
nating from distinct edges. Recording
changes in light and then integrating
them is mathematically equivalent to
keeping a point-by-point record of the
flight. Simply recording the changes,
however, is more efficient and requires
less transmission capacity. Consider an
analogous situation in the stock market.
To draw a graph showing how the price
of a certain stock varies from day to
day, one could either find out the price
of the stock each day or find out the
price only on days when it had changed.
The latter method requires less trans-
mission capacity, and so it might be pre-
ferred if getting the stock quotation re-
quired a transcontinental telephone calt.

Yet the information collected by this

-method could be easily integrated to

give the stock prices for each day. I be-
lieve something similar to this process
of information extraction and integra-
tion is going on in the visual system.
Such a process has also been suggested
by Edwin H. Land of the Polaroid Cor-
poration.

It turns out, however, that the model
of reflectance-edge extraction and inte-
gration is quite limited in its application.
The model works well when the objects
whose colors are under scrutiny are uni-
formly illuminated. It even works when
the illumination is changing uniform-
ly over the entire visual field, because
changes in the overall illumination have
no effect on the relative changes in
the light at the boundary between two
shades of gray. This is just a special
case of the general phenomenon that a
change in illumination does not change
the ratio of the amount of light reflected
off adjacent surfaces of differing reflec-
tance. Fot example, consider two sur-
faces whose reflectances are respective-
ly 25 and 50 percent. The ratio of re-
flected light will remain 1:2 regardiess
of the intensity of the illumination. It
has been demonstrated that the neural
signal generated at an edge in the retinal
image remains the same if the intensity
ratio at the edge remains the same.

The model of reflectance-edge extrac-
tion and integration runs into trouble
when the objects under scrutiny are not
uniformly illuminated. The trouble be-
gins with spatial changes in the illumina-
tion. Such illumination edges are of two
kinds: attached and cast (projected). At-
tached edges arise from changes in the
planarity. or spatial orientation, of sur-
faces. If two walls of the same color
meet at a corner and one wall receives
more illumination than the other, then
there is an attached illumination edge
where they meet. Such edges would also
appear in a white plaster-of-Paris sculp-
ture where irregularities in the sculp-
ture’s shape are clearly visible because
the intensity of the incident illumination
varies as the angle between the light
source and various areas of the sculp-
ture changes. On the other hand. the
boundary of a shadow is a cast illumina-
tion edge. So is the boundary of a spot-
light projected onto a stage and the
boundary of a bright trapezoidal patch
of light projected onto a fioor by sun-
light streaming through a rectangular
window,

The presence of illumination edges in
the retinal image makes the simple mod-
el of reflectance-edge extraction and in-
tegration unworkable. If changes in illu-
mination were extracted and integrated
right along with reflectance changes,
gross errors in perceived lightness
would result. For example, a white sur-
face in shadow might appear as a gray
surface. Nevertheless, the model can be

further developed to eliminate this diffi-
culty. What is necessary is that before
the edges are integrated into an intensi-
ty image they must be classified either
as reflectance changes or as lumina-
tion changes. Once this classification is
made, the visual system could separate-
ly integrate the two Kinds of edge. The
result would be two distinct images: one
representing surface reflectance anq the
other representing surface illumination. ;

My own work has centered on the
conditions under which the visual
system can distinguish reflectance edges
from illumination edges and on how the
distinction might be made. I have been

guided by the belief that the classifica-®-,

tion of edges cannot be carried out at the
level of the retina. The fact is that spa-
tial changes in illumination and changes
in reflectance generate identical edges
on the retina. Some workers have sug-
gested that the retina could classify the
edges based on their sharpness, with re-
flectance edges tending to be sharp and
illumination edges tending to be gradu-
al, This simple explanation does not
work, however, because illumination .
edges (both cast and attached) are often
sharp whercas reflectance edges are
sometimes gradual. And yet the visual
system can correctly identify the two
kinds of edge. Rather than classifying
edges solely on the basis of their sharp-
ness on the retina the visual system must
classify them on the basis of their rela-
tion to all.the other edges in the entire
retinal image. This means that not enly
the eye but also the central nervous sys-
tem play a role in the classification of
edges.

That the central nervous system is in-
volved in color perception is suggested
by a simple phenomenon Irvin Rock of
Rutgers University peinted out to me.
He noted that the shadowed side of a
corner {for example, where two walls
meet) usually seems to be approximate-
ly the same shade of gray as the illumi-
nated side. When the corner is artificial-
ly made to appear flat by viewing it
through a hole, however, the shadowed
side seems to be an extremely dark gray.
often even black. When the corner is
seen this way, no shadow is perceived:;
the darkness is attributed to the surface
itself.

Here is a situation where the edge at
the corner can be perceived as either an
illumiriation edge when it is seen cor-
rectly in depth or as a reflectance edge
when it is made to look fiat. This sug-
gests that the visual system relies on
depth information 1o determine whether
it is the itlumination or the reflectance
that is changing at an edge. Moreover.
the situation seems to challenge the pre-
vailing view that lightness is determined
by intensity ratios between adjacent re-
gions of the retinal image independently
of where these regions are perceived to
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“be'in three-dimensional space. To dem-

ound ‘to have 4 'small ‘effect ‘on'p

onsfraté conclusively that depth percep-
tion (and hence the central nervous sys-
tem) plays a role in color perception, I
tried to reproduce the corner phenome-
non under strict laboratory conditions.

I suspended in midair from a hidden
support two white surfaces that met
to form an outside right-angled corner.
Behind the surfaces I put a uniform

background of medium intensity. One

of the white surfaces received 30 times
more light than the other surface. Ob-
servers viewed the display and indicated
the apparent lightness of each surface
by selecting a matching sample from a
chart of various shades of gray. A sec-
ond group of observers viewed the sur-
faces when they were made to seem flat
by being looked at through a hole with
one eye.

When the two surfaces looked flat, the
difference in intensity was perceived as a
difference inreflectance, as I had expect-
ed. In other words, the illuminated side
(a value of 30) looked white and the
shadowed side (a value of 1) looked
black. To my surprise, however, the ob-
servers saw exactly the same thing when
the surfaces appeared to be at right an-
gles to each other. This is essentially
what earlier investigators had found in
similar circumstances. In a few studies
the perceived spatial pattern had been

ies, including my own, there was no such
effect.

I was so impressed by the strength of
the effect of spatial orientation under
natural conditions that I felt something
significant about the natural context of
the corner must have been lost in my
attempt to reproduce the situation in the
laboratory. I tried in several ways to en-
rich the context of the laboratory dis-
play. For example, I placed objects in
the vicinity of the suspended corner so
as to make the lighting conditions mani-
fest to the observers. All these attempts
failed to change the results.

Finally I found the effect of spatial
orientation when I put a black surface
next to and coplanar with each of the
original white surfaces. As in the origi-
nal display, the 30:1 ratio in intensity
between the white surfaces was seenasa
difference in reflectance when they ap-
peared to be coplanar. When the two
surfaces were seen at right angles to
each other, the same intensity ratio was
perceived as an illumination difference.
In other words, when the surfaces were
seen as being coplanar, the illuminated
surface looked white and the shadowed
surface looked black, but when the sur-
faces were seen as an outside corner, the
shadowed surface was seen correctly as
a white surface in shadow.

STIMULATION OF A RECEPTOR CELL (black dor) changes as the edge of the retinal im-
age moves across the cell when the image shifts from one position (solid rectangle) to another
(broken rectangle) because of the eye tremors, Cells such as the colored one that the boundary
of the retinal image does not move across do not receive a change of stimulation. Since the
green-red boundary in Krauskopf's display did not cross cells, the display appeared to be red.

A'reasonable “interpretation of these © -

ceived lightriess. butinmost other stud=—Tresults—is-thatthe visual systemoper-

ates to account for the entire pattern
of retinal intensities as generated by ei-
ther changes in illumination or changes
in reflectance. The original two-surface
display could be seen as being uniforml,
illuminated because the two intensity
levels (30 and 1) could be treated as re-
sulting from different shades of gray.
namely white (30) and black (1). The

—more complex four-surface display in

volves a 900 : 1 range of intensities. (The
illuminated white surface is 900 times
more intense than the shadowed black
surface.) Since the range in intensity of
shades of gray that can result solely
from reflectance is normally limited to
30:1, the four-surface display also re
quires the perception of some varia-
tions in illumination. Which edges will
be treated as representing illumination
changes and which as representing re-
flectance changes depends on the overall
organization of the scene, particularly
the perceived three-dimensional layout

ext | modified the four-surface dis-

play to rule out the possibility thar
the results were caused by some kind of
contrast effect operating between adja-
cent areas of the two-dimensional reti-
nal image. The horizontal plane of the
modified display consisted of a large
white square attached to a small black
trapezoidal tab that extended outward
toward the observer [see illustration on
page 118]. The vertical plane consisted of
a large black square attached to a small
white tab that extended upward. In oth-
er words, the tabs extended out into
midair from the corner formed by the
two large squares, and so each tab ap-
pears on three sides against a back-
ground that is not in the same plane. As
in the original four-surface display, the
horizontal plane received 30 times more
light than the vertical plane. The tabs
are trapezoidal in order to create an illu-
sion in depth perception.

Seen with both eyes the tabs correctly
appear as trapezoids lying in their actual
planes. In this case the vertical tab ap-
pears to be almost white and the hori-
zontal tab almost black. On the other
hand, seen through an aperture with
only one eye each trapezoidal tab ap-
pears to be a small square lying in the
same plane as the larger square that sur-
rounds it on three sides. In this case the
perceived colors are the reverse: the ver-
tical tab appears to be black and the
horizontal tab appears to be white.

In both cases, however, the retinal im-
age is the same: each tab is seen against a
square background that surrounds it on
three sides. This means that the relation
between the target and its background in
the retinal image is irrelevant to the tar-
get's perceived shade of gray, The shade
of gray turns out to depend on the rela-
tion between the intensity of the target
and the intensity of whatever surface



seems to lie in the same plane, even if
that coplanar surface does not provide
the background of the target in the reti-
nal imagc. Therefore when the display
is seen with both cyes, the shadowed
white vertical tab appears to be copla-
nar with the shadowed black vertical
background, and so the tab appears to

be white. In addition the illuminated

black horizontal tab appears to be co-

_planar with the illuminated white hori-
zontal background, and so the tab looks
black. When the display is seen with
one eye, the shadowed white vertical
tab appears to be coplanar with the illu-
minated white horizontal background,
and so the tab looks black. Moreover,
the illuminated black horizontal tab ap-
pears to be coplanar with the shadowed
black vertical background, and so the
tab looks white.

The model of edge extraction, classifi-
cation and integration was put to a
more direct test in a series of experi-
ments designed to probe what observers
would see if a reflectance edge were mis-
takenly perccived as an illumination
edge or vice versa. The corner experi-
ments I have described showed that a
change in the perceived type of edge re-
sults in a change in the perceived light-
ness of the region bounded by the per-
ceptually altered edge. If perceived
lightness depends on the visual system's
integration of a series of spatially re-
mote edges, then even stranger percep-
tual mistakes will manifest themselves.
For example, if a single reflectance edge
in a complex display is made to appear
as an illumination edge, then in certain
circumstances this ought to have as
great an effect on the perceived lightness
of regions that are rcmote from the al-
tered edge as it has on the regions that
are bounded by the altered edge.

At the State University of New York
at Stony Brook, Stanley Delman and I
designed one such edge-substitution ex-
periment. We studied a familiar display,
known as simultaneous lightness con-
trast, that is often treated in psychology
textbooks. Two middle-gray squares are
placed respectively on adjacent white
and black backgrounds. It turns out that
for some reason the gray square on the
white background looks slightly darker
than the gray square on the black back-
ground. This effect, however, was not
the subject of our experiment. We want-
ed to reproduce the same pattern of re-
flected light that the eye receives from
this display when the boundary between
the white and black backgrounds was
perceived as the boundary between high
and low levels of illumination.

To this end we affixed to a wall a large
rectangular piece of middle-gray paper
that would serve as the immediate back-
ground for both target squares. The dif-
ference in immediate background in-
tensities was created by casting a beam
of light with a sharp edge across half of
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REFLECTANCE OF A SURFACE is the percentage of illumination that the surface reflects.
The top part of the illustration indicates the reflectances of several surfaces in a visual scene.
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ted light. The middle part of the

illustration indicates the kind of information that is generated at edges in the retinal image,
Each vertical line indicates the change in intensity at an edge. The visual system integrates

information-from all the edges in order to reconstruct the original i

the gray rectangle. Part of the beam
also illuminated the background wall on
three sides of the rectangle. The intensi-
ty of the beam was set so that the intensi-
ty ratio of the illuminated half of the

gray rectangle to the shadowed half was

30:1, which is equal to the intensity ra-
tio of white paper to black paper, as was
the case in the original display. Next we
needed to add the target squares. They
could not be the same shade of gray
(that is, have the same reflectance), be-
cause they would then reflect different
amounts of light to the eye owing to
their unequal illumination.

In the original lightness-contrast dis-
play that we were trying to reproduce
the two squares reflected exactly the
same amount of light. It is also true that
in the original display the squarcs had
the same reflectance. That did not con-

y pattern (b ).

cern us, however, because our goal was
to reproduce not all the facets of the
original display but enly the informa-
tion the visual system received: the pat-
tern of light intensities that reached the
cye. To achieve this goal the target
squarc on the shadowed side had to have
a reflectance 30 times as great as the
other target square, which would be re-
ceiving 30 times as much illumination.
Therefore we placed a white square on
the shadowed side and a black square on
the illuminated side,

In this way we thought we had repro-
duced in a logical manner the light
intensities of the original pattern. Now
it was time to test our results photo-
metrically and empirically. Photometric
measurements showed that the targets
reflectcd equal amounts of light, that the
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immediate background on one side re-
flected 30 times more light than the im-
mediate background on the other side
and that on a logarithmic scale the tar-
get intensities were halfway between the
intensities of the two immediate back-
grounds. All of this was true of the origi-
nal display as well. Moreover, the repro-
duction preserved the geometry of the
original.

Empirical considerations also indi-
cated that our reproduction was faith-
ful. Under control conditions observers
viewed our reproduction through a rec-
tangular aperture in a cardboard screen.
The screen limited the observers’ view
so that the only parts of the display that
were visible were the two square targets
and their immediate backgrounds: the
illuminated and shadowed halves of the
gray rectangle. Under these conditions
the display looked just like the original.
The immediate backgrounds looked re-
spectively white and black even though
they were actually a middle gray that
had been differentially illuminated. The
illumination edge between the immedi-
ate backgrounds was perceived as a re-
flectance edge, and the squarc targets
looked middle gray, one slightly darker
than the other.

All of this served merely to assure us
that we had correctly reproduced the
pattern of light reflected by the original
display. The real test came when we had

observers view the display without look-
ing through the confining cardboard
screen, Under these conditions the ob-
servers could clearly see that a beam of
light was illuminating half of the rectan-
gular piece of paper since the beam of
light illuminated the part of the back-
ground wall that was behind this half
of the rectangle. Now the illuminated
target was correctly perceived as black
whereas the shadowed target was cor-
rectly perceived as white.

The perceived lightness of eich target
changed radically from the screened dis-
play to the unscreened one in spite of the
fact that the amount of light each target
reflected remained the same, that the
amount of light each immediate back-
ground reflected remained the same and
hence that the neural signal generated at
the retinal edge of each immediale back-
ground must have remained the same.
This clearly means that coelor perception
is not simply a function of the amount of
light a surface recficcts, of the intensity
ratio of a surface to its immediate back-
ground or of the neural signal generated
at the retinal edge of a surface.

It scems that a much more relativistic
process is going on in the visual sys-
tem. The boundary between each target
square and its immediate background
gives only the relation between the light
reflected by each of these areas. If one
target is to be compared with the oth-

STIMULUS DISPLAY

RETINAL PATTERN
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(LUMINANCE)
TARGET MEDIAN QBSERVER MATCH
ONE EYE ) TWO EYES
RIGHT TAB
LEFT TAB

STIMULUS DISPLAY, consisting of an illuminated horizontal plane and a shadowed vertical
plane, was viewed by observers who looked down at it from an angle of 45 degrees. Because the
targets were trapezoids each seemed to lie in the same plane as one of the larger background
squares when the display was viewed with one eye through an aperture. When the targets were
viewed with both eyes, they were seen in their actual spatial positions, In both cases the retinal
pattern remained the same, although the perceived lightness changed. The chart in this illustra-
tion indicates what the observers saw. The perceived shade of gray turned out to depend on the
relation between the intensity of the target and the intensity of whatever surface appeared to lie
in the same plane, even if that surface was not the background of the target in the retinal image.
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er, the relation between the immedi-
ate backgrounds must be taken into ac-
count. If the immediate backgrounds
are perceived to differ radically in re-
flectance, then this perception, together
with the edges between the targets and
the backgrounds, suggests that the tar-
gets are nearly the same in lightness. If,
on the other hand, the immediate back-
grounds are perceived to differ radical-
ly in illumination, then the targets ap-
pear to lie against the same (reflectance)
background and hence appear to differ
extremely in lightness. c

t is now time to consider how the mod-
el of edge classification incorporates
the above results. In the screened case
where the display looked like the origi-
nal lightness-contrast display the chahig-
es at the edges could simply be extracted
and integrated to form an intensity pro-
file of the display. In the unscreened casc
the same intensity profile would be gen-
erated if the edges were not classified
either as illumination edges or as reflec-
tance edges. If, however, the edges are
classified before the integration, and if
the integration is doene only within ¢ach
class of edges, then two separate profiles
are generated. In that case the reflec-
tance profile of the screened display
should be different from the reflectance
profile of the unscreened one. The dif-
ference is that the middle edge repre-
senting the relation between the imme-
diate backgrounds is present only in the
reflectance profile of the screened dis-
play. This means that in the unscreened
display the targets look sharply differ-
ent in reflectance (namely as white and
as black) rather than appearing to be
two shades of middle gray. Of course,
the edge between the immediate back-
grounds that is missing from the reflec-
tance profile would manifest itself in the
illumination profile. Thus the illumina-
tion profile would show a region of high
illumination next to a region of low illu-
mination. In the screened display the il-
lumination profile would simply be uni-
form.

Alfred Yarbus of the Academy of Sci-
ences of the U.S.S.R. did a similar ex-
periment using the technigque by which
the image on the retina is stabilized even
as the eye moves back and forth. He
placed a white and a black region next to
each other on a red background [see il-
lustration on page 122]. Disk-shaped tar-
gets of the same shade of red as the
background were placed in the center of
both the white and the black region. Un-
der normal viewing conditions the disk
on the white region would look slightly
darker than the disk on the black region.
Yarbus altered the conditions so as to
eliminate the perceptual boundaries be-
tween the white and the black region
and between these regions and the red
background. This he accomplished with
an apparatus that caused the physical
boundaries to move aloeng with the eye,



gz Krautkopl had done with his green
disk and red anowluys Simee the ey reg-
ilcrs only chungexs o light intensicy
when thete 38 constant relative displace-
ment between the retingl g and Lhe
reting, it coybd ol detecl Uhe presence nf
the white and black regions. As a resylt
the disks appeared 10 dland un @ hona-
geteons ted beckground. Yarbus did
nol report his resulis quantitarivaty, bat
he mdicated 1hat ose Jisk (e one vb-
¥slively oo the white reglon) appeared
very dark wherzas the sthee disk ap-
peared very light

Yarbus' rewulls were casentially the
same as mne, Blthongh there were sig-
nificant differences In our fespective
methonds that are worth ciploring. I
Tarbus® cxpariment snd in my un-
screened display the tugete wero malde
to look as though they bad & camron
baikground by removing from the e
Heciance prodile the edge Lhat parti.
fioned the backzoound. As far as per
cewved lightness gocs the efeacty aoe the
garae. What = Fascinaring & thyt Yorbuy
rernanegd the edpe ol the pdint of crirac-
ljon, whereas [ remowved the edge at the
roint of classification. To pod 11 another
WEY. in Y urbus” cxperiment the ap= nay-
er detects the edpe, wheteas in 1y un-
serenned display e cve dutecls it and
ten ¢lassifies it eorrectly ax an illuming-
lon cige. [n Yartus' experimeny there is
na teaann o beleve fhe obeervers maw
Uw lurgsis us being differcntially Ulomi-
nated

Yarbuai' vxperimment gives direclh evi-
dence for 1he validity of the concept
of adze extraciion and integretion. The
v of cach disk did not chanpe; rather,
houndaries that partitoned (he back-
gound disappearad. As with EKraus-
kapfs green divk wnd red snnoluz, the
regmn bounded by the dizssppeering
adge sremead 1o change color. Hers the
white awul black regions of the beck-
ground disappsared, leaving only a kin-
gle unifarrnty coloted buckeround. Yur-
bus' work however, reveals an addition-
al phennmencon: the diske appeared o
change calar vven tlwoggh Lheir bound-
arkes rermusned cansiantly visiblz. The
ohvicus comelusion ie thal informetion
BY OOt EGgCc (home the edpe belween 7
diek and itz immiddiale hackground} is
Integrated o soime way with the nfor-
malizn al a remore edge there the edge
Beaen the immediate background and
the sy eromnding er-hground) before the
color of uny regioe is fnally perceived.

W owould e helpful mt dhiz point Ly
discuss why Ihe vizual sysiem dorer-
mines surface calors by enmparing in-
teasitics of reflected ligtt, As [ have
mentioned, making such u comparizon
invulvey eatracting information from
mdper. Thix smogasts thal it i mare usc-
ful to tumk ol lhe rctinel imegc az &
pattcrn of cdges than it 1% 1o thiok ©f it as
a masaic of codor pawches as (radition-
al accounts of colar perecplion wuuwld
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have it. The edges are of two kinds, and
so the retinal image is actually a dual
image.

The retina is a light-sensitive surface
designed to register gradients in the op-
tic array. There are basically two kinds
of change in the physical world that re-
sult in gradients of stimulation on the
retina: change in surface reflectance and
change in illumination. Each kind of
change is capable by itself of producing
a complex pattern of stimulation on the
retina. From a large expanse of uni-
formly illuminated wallpaper the retina
receives a pattern arising solely from
changes in surface reflectance. On the
other hand, from the rumpled white
sheets of an unmade bed or from a
snow-covered landscape the retina re-
ceives a pattern of stimulation arifing
solely out of changes in illumination.
Normally these two kinds of change are
at work simultaneously. It is as if two
separate patterns have been laid on top
of each other on the retina. The task of
the visual system is to disentangle the
two patterns,

The duality of the retinal image im.
plies that each point in the visual system
has at least two values: a reflectance val-
ue and an illumination value. The per-
ception of iransparency involves a sim-
ilar two-value phenomenon, because
a surface of one color is seen behind
a surface of another color. The same
phenomenon is involved in reflections.
For example, when an observer looks
through a window, the observer sees two
scenes at once: the actual scene outside
the window and another scene reflected
on the inside of the window. As a result
it is possible to see two colors in the
same place.

COnsider an experience I had recent-
ly. A book with ared cover had been
left on top of the dashboard of my car in
such a way that I could see a red reflec-
tion of the book as I looked out through
the windshield. I was surprised to find
that distant objects retained their nor-
mal colors as they were viewed through
the red reflection. Even green objects
seen through the red reflection looked

LIGHTNESS-CONTRAST DISPLAY (a)
gives rise to an intensity pattern () that con-
sists solely of reflectance edges. The two gray
squares are perceived as being almost the
same shade of middle gray. The identical in-
tensity pattern can result from an illumination
difference and an altered display (c). When
observers viewed the display, they could clear-
1y see that a rectangular beam of light was il-
lminating half of it (¢), and so the illumi-
nated target was correctly perceived as being
black and the shadowed target was correctly
perceived as being white (7). When the display
was seen through an aperture that allowed the
observers to view only the gray rectangle, the
visual system did not recogmize that the dis-
play was differentially illuminated, so that
it looked like the original reflectance display.



green. This interested me because I of
course knew that when red and green
light are mixed in isolation, they form
yellow, Then when I held up ray hand to
block the rest of the scene and viewed
just a patch of the red and green through
a small opening between my fingers, 1
did see yellow. The opening in my hand
had imposed the same boundary on the
red and the green light, and so they
mixed to form yellow. In the original
situation, however, the boundary of the
red reftection did not coincide with the
boundary of the green object, As aresult
the red and the green light appeared as
elements of separate images rather than
as yellow. Apparently when one speaks
of mixing colors, one should actually
speak of mixing edges (changes in the
light) rather than of mixing light itself.

Such considerations indicate that the
retina does not act as a photocell in
measuring the intensity and coler at
each point in a scene, Man-made mea-
suring devices are designed to respond
to only one physical quantity at a time.
For example, if a volimeter is sensitive
to resistance or, even worse, to tempera-
ture, the meter is considered to be defec-
tive. To cite such devices as models of
the human sensory system can be ex-
tremely misleading. Unlike man-made
measuring devices, the human visual
system seems capable of processing
multiple variables simultaneously. Ac-
counts of color perception relying on in-
appropriate measuring-device models
maintain that the visual system gains in-
formation about surface refiectance by
sacrificing information about illumina-
tion. Such accounts unnecessarily limit
the visual system to simple situations.
when in fact it can handle complex situ-
ations by extracting information about
changes in reflectance and illumination.

1 have discussed here how the visual
sysiem deals with retinal images com-
posed of both reflectance edges and il-
lumination edges. It is also possible
to study the perception of images that
show only one kind of edge. I wondered
how things would look if all the reflec-
tance edges were missing from a situa-
tion. Alan Jacobsen and I built two min.
iature rooms that consisted entirely of
illumination edges. We furnished each
room identically with the same number
of objects of varying size and shape. We
painted one room, including all its con-
tents, a matte {(nonglossy) white, and we
painted the other matte black. Observ-
ers viewed each room through an aper-
ture in one of its walls, which prevented
them from seeing the light bulb that illu-
minated the room. ‘

It is important to keep in mind that
each of these rooms projects a complex
nonuniform pattern of stimulation on
the retina of the observer. In the room
there are sharp edges at corners and
fuzzier ones across walls and curved
surfaces. Some of the edges are the re-
sult of cast shadows, but all of them are



OBSERVERS viewed the display at the left under conditions where the white and black im-
mediate backgrounds were not perceived because the boundary between them and also the
bo-lﬂubuwmu&dﬁ-nnndhcmmrdhcw'ﬂ-wdhd.@l
forth in such a way that they followed the eye tremors. The target disks then appeared to lie on
| @ homogeneously red background (righs). The boundary of the disk at the right still carried the
 information that the disk was darker than its inmediate background, and so it appeared a very
dark red. The boundary of the disk at the left still carried the information that the disk was
lighter than its immediate background, so that it appeared a very light red. This experiment,
done by Alfred Yarbus of the Academy of Sciences of the U.S.S.R., indicates that a change
in the information at an edge affects regions that are spatially remote from the altered edge.

illumination edges, since we eliminated
the reflectance edges by covering every-
thing with paint of a single reflectance.

In presenting these displays to naive
observers we had a number of questions
in mind. We wondered whether the
edges in the room would be perceived as
changes in reflectance, as prevailing the-
ories of lightness perception would pre-
dict, or as changes in illumination, as the
changes actually were. In other words,
would each room be correctly perceived
as a single shade of gray? And if it was
so perceived, what shade of gray would
it be? Would the black room look black
and the white room white?

It turns out that 22 of our 24 observers
saw each room as being uniform in
lightness. They had correctly attributed
the variations in intensity to variations
in illumination. All of them saw the
white room as white. As for the black
room, all of them saw it as consisting of
only a single shade of gray, although the
perceived shade varied from observer to
observer. The shades ranged from black
to middle gray and averaged to a dark
gray.

The model of edge extraction, classifi-
cation and integration suggested that the
illumination edges in the two rooms
would be perceived as such and hence
that the reflectance of each room would
seem uniform. Yet there is nothing in
the model so far to predict that observ-
ers could identify at least roughly the
correct shade of gray. What information
makes this identification possible? A
plausible hypothesis is that the identifi-
cation is made on the basis of the inten-
sity of the light. In our experiment the
average intensity of the light reflected
from the white room is higher than the
average intensity of the light reflected
from the black room. By modifying our
experiment, however, we invalidated

the hypothesis. We lowered the intensity
of the light source in the white room and
raised the intensity of that in the black
room until every point in the black room
reflected more light than the corre-
sponding point in the white room. The
results were the same: the white room
looked white and the black room looked
dark gray.

We now have a promising lead to
how the visual system determines
the shade of gray in these rooms, al-
though we do not yet have a complete
explanation. (John Rebinson helped me
to develop this lead.) We believe the op-
erative factor is the effect of indirect il-
lumination on the retinal pattern. Every
peoint in our rooms received illumina-
tion from fwo sources: directly from the
light bulb and indirectly from light re-
flected from other surfaces in the room.
In the black roem, which had a reflec-
tance of about 3 percent, there was
scarcely any indirect illumination. Di-
rect light accounted for almost all the
light shining on the various surfaces. Di-
rect light generates sharp edges, and so
the intensity profile of the black room
revealed a wild pattern of up-and-down
swings. Although the relative pattern of
direct illumination turned out to be the
same in the two rooms, there was much
more indirect illumination in the white
room, whose reflectance was about 90
percent. Such abundant indirect light
had the effect of smearing out the sharp
edges resulting from the direct illumina-
tion, so that the intensity profile of the
white room revealed a smoother pattern
of gradual changes.

When we reduced the illumination in
the white room, the shape of the intensi-
ty profile did not change. The profile
merely showed a uniform decrease in
intensity. If the white room were painted



a darker shade of gray, the shape of its
profile would change. Qur work demon-
strates that black rooms have sharper
gradients than white rooms. In some
way the visual system deciphers the
shade of gray of a room from the shape
of the intensity pattern of the room. Our
work in this area is only at the begin-
ning. As we learn more about the infor-
mation stored in the intensity pattern,
we hope to understand the deciphering
process. .

My co-workers and I have begun to
extend our analysis of shades of gray to
the chromatic colors. In one experiment
we compared the observations of sub-
jects who viewed a white room illumi-
nated with blue light with the observa-
tions of those who viewed a blue room
lluminated with white light. All the sub-
jects were able to 1ell whether the blue-
ness came from the surfaces or from the
illumination, in spite of the fact that the
light reflected off corresponding patches
in the two rooms might be identical.
This result clearly indicates that the per-
ception of illumination also plays an im-
portant role in the perception of chro-
matic surface color,

The question of whether or not sur-

face-color perception can be explained
without reference to the perception of
illumination has been debated since the
end of the 19th century, when Hermann
von Helmholtz first proposed that sur-
face color could be determined only
after illumination had been estimated.
Helmholtz, however, was unable to spec-
ify how the illumination is estimated,
50 that most accounts of color percep-
tion have failed to refer to perceived
illumination. The experiments [ have
described here suggest that Helmholtz
was correct in his émphasis on perceived
illumination but incorrect in his ideas
about its relation to perceived surface
color. He assumed incorrectly that the
eye measures light. Current work shows
that the eye compares light by extract-
ing edge information, and so the visuhi,
system acquires information about illu-
mination in exactly the same way that
it acquires information about the col-
ors of the surfaces in a scene. It torns
out that the perception of illumination
and the perception of surface color are
parallel processes in the visual system
involving the decomposition of the ret-
inal image into separate patterns of illu.
mination and surface color.
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INDIRECT ILLUMINATIONS may play a role in bow the visual system determines the gray-
ness of a surface. The top curve depicis the intensity profile of a furnished room that was paint.
ed entirely while; the hattom curve, the same room dimly lighted; the middic curve, an ideatical
room painted entirely black. In the white room abundant indirect illumination smeared out
the sharp intensity edges resulting from the direct illumination, and so the intensity profiles (top
and bottom) are comparatively smooth. In the black room there was very little indirect illumi- -
nation, so that the profile (middle) revealed a pattern of up-and-down swings characteristic of
edges generated by direct illumination, Perceived grayness does not depend on the intensity
of refiected light, since the black room reflected more light than the dimly lighted white room.






