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ception deal with the relation
between the spectral cOmposi-
tion of light—the assoctment of wave-
lengths in it—and the color sensations
it evokes. But thees s a Family of colors
the quality of which does not depend
on wavelength ar cambinations of wave-
lengths, These are the achromatic, or
neutral, colors—white, the various gruyvs
and black—which differ Fram ooe anoth-
er only in degree of lightness or dack-
ness, The scale of lightness, in other
words, is the only dimension of the neu-
tral colors; Althnugh it is one dimension
ialong with hue and satueation) of
the chromatic colors as well. The per-
Lptinn af neuatral colors is therefore
¢ basic problem in wvisual perception
th1t needs to be understood in its
own right and that at the same time
has implications for color vision in gen-
eral.
The fact that lightness does not de-
pend on a property of lght itself is not

J- ast investigations of color per-
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only a semantic paradox but also a major
complication in the study of neutral-calor
perception, Light can appear dim or
bright but not ltE"Lt or dark. It can be blue
or vellow or red but not gray. Lightness
or dirkness is o property of surfuces, and
the investigator of neutral-color percep-
tion must coneern himsell with white o
gray or black surfaces, Now, the physical
property of a surface that corresponds to
a perceived neutral color {5 reflectance. A
surface deserves o Le called white if
it reflects diffusely about 80 per cent
of the visible light of any wavelength
that falls on it, and it is called black
it it reflects only 4 or 3 per cent of the

incident light, The various shades of

gray range between these extreme re-
fectance values. The big problem in un-
derstanding the perception of neutral
colors 5 that the amount of light re-
Hected by a neutral surface depends not
only on its reflectance but also on the
intensity of the illuminating light. As
the illumination varies over a broad

range, the intensity of the light reflected
by a surface of a given neutral eolor will
vary just as much, The light message
that is réceived from a reflacting surface
is therefore an ambiguous clue to its re-
fectance—to its “actual™ colar.

Haw then can one account for the
fact that perceived neutral colors are
usually in good ngreement with the re-
fectance of the surface on which they
appear—that o dark gray object, for ex-
ample, tends to look dark gray in all
socts of licht? This “constancy™ elfect,
a5 pevehologists call i, can be simply
demonstrated by an experiment  that
David Katr, o German psychologist,
devised mare than 30 yvears ago. Two
identical gray samples are fastened to
a white background and o sereen 15 50
placed that it casts a shadow on one of
the samples and on its surround [see
lustration beloew]. The sample in the
shadow does indeed appear to be o
somewhat darker pray than the sam-
ple in direct illumination. That is to sav,
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CONSTANCY of newtrnl evlors is demonstrated by this experi-
ment. When one of two idantical gray samples is p!auxﬂ in shadaw,
it looks to an observer only a little darker than its brightly illu-
minated countesrpart although, as the driwing shows, it reflects
a lot less light {laft). The color of the shadowed sample i3 then

lightened until it looks the same a3 the well-lighted one:
rieflects much less light (right).
work, making the grovs appest muore ¢|'|1|:|| thien the petual light in-
tensities they refleet would-warrant, The drawing reproduces these

o |

it still
In each situntion constancy iz at

netinal light intensities, not the apparest colors of the samples.



bottom left, for example, it appears almost white. BEut if a white
surconnd it placed behind the sample within the lantern beam, the
sumple immediately looks gray again (hotrom right). it stays groy
in zpite of changes in 1he luntern intenzity or room illumination.
The bottom photographs simulate the apparent eolors of the sample.

IMPRESSIVE DEMONSTRATION of constancy ran he given with
thie setup illusteated in the top photograph, A dark gray sample
suzpended hefore a light-colored wall is illuminated by o projec-
tion lantern. When the sample hangs slone; any change in room

iumination or luntern intensity changes its apparent color, At the
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canstancy is not eomplete. But the shad-
owed sample by no means looks as much
darker as the difference in the actual
light intensities reflected by the two
samples would warrant, which is to say
that there i3 a constancy effect. When
the shadowed sample is replaced by a
patch of lighter gray se choszen that the
twa surfaces appear to be the same in
spite of their different illuminations, the
shadowed sample will still reflect a ;_-:-::-nu:l
deal less light than the directly illumi-
nated ane, This difference in the actual
light intensity compatible with apparent
equality of color represents the con-
stancy effect. Any explanation of this
effect must aceount eventually nat only
for its presence hut also for its incom-
pleteness as demonstrated in the first
part of the experiment.

Fm‘ a long time the standard explana-

tion of constancy has been that the
viewer tokes illumination into account
when he evaluates the intensity of the
light reflected by a surface. The diffi-
culty with this iz that illumination is
never given independently. It manifests
itself only by way of the light that the
various surfaces in the visual Reld re-
Heet. One variable, the intensity of the
reflected light, depends on both the
incident illumination and the reflect:
ances of the surfaces—and is in turn the
anly direct clue to bath of these Factors.

The EKatz demonstration had the vie-
tue of simulating the conditions under
which constancy occurs in everyday life,
bt it is not amenable to as mueh manip-
ulation as an experimental  situation
worked out by Adhémar Gelh of the
University of Frankfort, In my labora-
tory at Swarthmore Cellege some 13
vears ago we undertook to explore with
Gelb’s setup some of the inconsistencies
of the orthodox explanation of con-
stancy.

We suspend a dark gray sample some
distance from a light-colored wall and
iluminate it with a projection lantern
so placed that the bright spot formed
where the beam hits the wall {5 con-
cealed behind a doar or curtain, With
the room nearly dark, the dark gray
sample appears brightly luminous, pro-
vided that it is perfectly flat and even-
ly illuminated so that no shiny high
lights: show, As the weneral illumina-
tion—and hence the illumination on the
lizht wall behind the suspended sam-
ple—is raized, the luminous appearance
af the sample disappears and it becomes
a white surface, Remember that the sam-
ple is reelly dark gray; in this situation
constancy is clearly absent. A Ffurther

mcrease in room illumination changes
the appearance of the sample to a light
gray, Obviously the wrong illumination
iz being taken into account! The light
vellected by the dark sample is being
evaluated in terms of the general illumi-
nation on the wally the strong light from
the projectar is being ignored, The rea-
soti for this, propanents of the stand-
ard explanation would say, is that the
strong light from the lantern is visible
on only one object, the dark gray sam-
ple, the surraund of which reflects only
the dimmer gEnm‘u] Mumination; con-
stancy would be restared i the light
from the lantern showed in the surround.
And sa it 5. When a piece of white
cardboard, somewhat larger than the
sample but small enough to fic into
the beam, iz hung hehind the dark
sample, the sample looks dark grav,
The arthodox explanation is that the
white eardboard surround makes it pos-
sible ta take lnte aceount the efect of
the lantern light on the intensity of the
light refleeted by the dark sample.

What happens when we vary the in-
tensity of the lanteen beam? With the
gray sample alone intercepting the beam,
every reduction in the intensity of the
light causes a chonge in the apparent
calor of the sample, which can be al.
tered in this manner all the woy from
white to dack gray. With constancy re-
stored by the addition of the white card-
board, however, the same changes in
light intensity hardly affect the color
of the sample and its surround. The sam-
ple remains dark gray and the surround
white, although the latter looks more
or less strongly luminous aé the lantern
light is varied. This “luminousness” is
a special aspect of neutral-color per-
ception, as will be seen; in so far as the
neutral colors as such are concerned,
however, the combination of dark gray
surface with white surronnd is resistant
to changes in ilumination.

It s difficult to see how this demon-
stration of constancy can be explained
by any mechanism that takes the illumi-
nation into account. The amount of light
the white cardboard reflects, sfter all,
gives information shout the intensity-af
the illumination only when the card-
baard is correctly assumed to be white.
But there is no coe for such an assump-
tiom. What if the cardboard were not
white? As a matter of fact 5 surround
of any other color fails to produce con-
stancy, that iz, to cause a dack ETRY 50Mm-
ple to be perceived as durk gray, If,
with the walls of the room dark, the
white cardboard is replaced by a medi-
um gray ane, the surround again ap-

pears luminously white in the lantery
beam, whereas the dark gray sample
laoks light gray. Although the color is
now incorrectly perceived, the combi-
natiom of sample and surround is 5wl
resistant to illumination changes. The
intensity of the beam can be moved
through a broad range and the sample
remains light gray,

11’ taking illumination into dceount s

not  the n-.xp]:mntion of constancy,
what is? Bume years ago Harry Helson,
then at Bryn Mawr College, proposed an
entirely different appreach, invoking the
mechanism of adaptation by which the
eve adjusts ilself to wide variations in the
amount of light available. To account fo
the faet that constancy prevails when
different illuminations are visible simul-
taneously, he suggested that incoming
light intensities are evaluated in terms
of a "weighted average” of stimulation
in different parts of the retina, the light-
sensitive sereen at the back of the Ve,
It seems to me that there is implicit in
this notion of regional adaptation an as-
sumption af some sort of interaction of
processes arising in different parts of the
reting, and such interaction would ap-
pear to be & requirement in any explana-
tion of constancy. Helson's explanation
was advanced as part of a general theory
of sensation that has been quite success-
Ful, and he did not describe a specific
mechanism for interaction.,

Speculating on the observations just
described, in which the combination of
gray sample and cardboard background
praved resistant to changes in illumina-
tion, I wondered if a ratio effect might
be at the heart of the matter. Since
any neutral surface reflects a constant
fraction of the available illumination,
the light intensities reflected by two dif-
ferent surfaces under the same illumina-
tion should stand in a constant ratio oo
matter how the illumination is chunged
If one could demonstrate that perceived
neutral colars depend on the ratio be-
tween the light intensities reflected from
adjacent regions, all the foregoing ab-
servations, and in fact neutral-color con-
stancy in general, would be explained
The following experiments show that
this is indeed the case.

The first experiment calls for a dack-
ened room, a white screen and two
identical slide projectors the light in-
tensity of which can be altered by
measured amounts. In an otherwise dark
roam one lantern projects a disk of Tight
on the screen and the other lantern a
ving of light that fits closely around the
disk, The light intensity of the disk is
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kept constant; variation of the intensity
of the ring then changes the appearance
of the disk throngh the entire range of
neutral colors. When the ring intensity
i5 hall or a quarter that of the disk,
the disk looks white. When the ring
intensity is higher than that of the disk,
the disk becomes gray. [ts shade deep-
ers from licht to medium to dark gray
as the ring light is made first twice ‘as
intense a8 and then four and eight times
ware intense than the light in the disk.
When the velative intensity of the ring
is raised still Further, the disk even ap-
pears hlack. This experiment shows clear-
Iy that the meutra! color of an area does
not depend on the intensity of the re-
HBected Hght as such, because with the in-
tensity of the illumination of the disk
held constant its  colos

navertheless
white to black as
the intensity of its surround is increased.
f_]-]_n-i-'u-.ailx what matters is the relation of
the intensity of the light refected from
the disk to the intensity of the light
reflected from the surreunding ring,
Anothet experiment demonstrates that
a particular geay is produced largely by
pecific ratio between the intensity of
the ring and that of the disk, A second
pair af lanterns is added to project an
identical ring-and-disk pattern on a sec-
ond sereen. 1f the ring and disk in each
pattern are illuminated with the intensi-
ties in the same ratio but with the abso-
[ute intensity in one pattern reduced to,
say, a third or o quarter of the intensity
in the ather, aimost the same gray 1s per-
r_|:[\:|_:{:| in bath I_'|::!_-i|.-\.'.-'... "-"-"|'|é!'|‘.("-'|2r the in-
tersity of ane of the disks is varied until
the prays af the two disks appear to be
truly '-"-'.“”1- the disk Intensities turn ot
al Fractions of the in-
tensities in their respective rings.

canges all the way from

to be almost equ

Fhe discovery that the wvarious gray

calors depend approximately an the
iutia between light intensities stimulat-
ing adjacent regions of the retine goes
i 1|:--.|::r way toward explaining neatral-
color constancy in general. The ratio
[;-.inr_il'-h- can account for the observed
canstancy in the Katz experiment, where
p sample in shadow is compared with
pna in direct illumination, The combina-
tion of sample and background is resist-
ant to differences In illumination be-
cause the ratio between the intensities
ceflected by sample and background is
constant, Tt will be recalled, however,
that constancy was not complete in
the Katz experiment. A ring-and-disk
demonstration explaing this alsn. The
ratio principle operates best only when
the ring and disk are presented against
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NEUTRALCOLOR PERCEPTION depeesds Iargely on the ratio between twe different

fizht intenzities in adjucent regions, a5 demonsteated with a ring-and-disk pattern prajected
by two lantecns in a dark room. In this experiment the light in the disk is kept constam but
the ring light is incrensed, changing the sppestance of the disk from white to dark gray.
The ring-to-disk ratios are (top o Battom) one to theee, two te one, four to one and eight
to one. These photographs show how the ping amd disk colors appear 1o an ubserver,
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a dark background or when the ring is
enlarged to fill the whole visual field, I,
instead, the ring is surrounded by an
area of still higher intensity, the disk
assumes o darker color. And this is in
essence what happens in the Katz setup:
the gray sample and background in the
shadow correspand to the disk and ring,
and the portion of the background that
remains under direct illumination coe-
responds to the outer region of still high-

er illumination that makes a disk appear
darker, It is largely because the shaded
region and the area under direct illumi-
nztion are adjacent that constancy is in-
complete. Were they widely separated,
as they are in the presentation of two
ring-and-disk patterns, much hetter con-
stancy would result, because the ratio
principle would then operate as nearly
perfectly as it did in the projector ex-
periments.

Although perception of illumination
may nat be wvery accurate and does
not account for the constancy of neutral
colors, it cannot be denied that people
do perceive conditions of illumination,
A room looks generally brighter near the
window than it does far from the win.
dow; there is a bright ares on the wall
near a lighted table lamp and there are
shadows on other walls: one side of the
house across the street appears brightly

RATIO PRINCIPLE is confirmed by projecting a second pat-
tern from two more projectors, The ratio between ring and
disk light intersities is made the same in both patterns bt the abeo-
Iute intensitios i the pattern ot the left are four times geeater than

those ot the right. In spite of the variotion in absolute intensity, the
gravs pereeived in the two disks look remarkably similar 1o an
ohseever. The photograph, however, npproximately reproduces the
true light intensities rather than the apporent disk colors,



illyminated by the sun. How, in view af
the ratio jar[u:.-iplu, is one to necount for
the fact that the shadow on the gray
wall does pot look exactly like o darker
wriy o black Dut has o somewhat trans-
lacent appearinee; that the wall near the
lsmp does not seem to be lighter in
enlor hut mercly looks brighter anel less
upucue; that the sunlit wall of the house
loaks outright luminans? All of these ex-
amples have one thing in cammin: the
bgaical quality ol a sutfoce of neuteal
polor is either completely veplaced by a
luminous appearance or is modificd in
the direetion of what can be considered
W |1:|rl[;|.||_'..' luminous quality. The two-
l]l'l:llrl..,"'l"l.l."ll' i.’!x]'.lf_:'l"..li'lL'l]r._ 5 :'I|.1 L'.'lL]?\.I |'|'C|rl'|.|_
alsn produaces examples of this [ueni-
ponsness aned of o tranghucent guality
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i the grays that is the low-intensity
connterpart of the same effect.

When the intensity of the hzht re-
fected Tram the disk is two to four times
higgher thian the intensity of that reflected
Froun the ring, the disk looks white;
when the intensity of the disk & low-
i than that of the ring, the dizk looks
ey or black depending on the ratio
Listwaeen the btwo intensities. If the in-
tensitics of rng and disk are reversed,
however, the appearance of the ring
is very different from that of the
disk under corresponding canditions.
Under illumination of the higher of
the two intensities, the ring appears
not white but plainly luminous, like
the glass globe of a not too bright

lamp. Under illumination af the low-

LUMINOUS QUALITY is produced by a reduction in the degree of comtact with an area
of contrasting light intensity, In this pattern of bars of alternating high asd low intensity,
the twe outside bors look somewhat lominous to an observer (the effect is not ap-
parent in 8 photograph) because they have only half as much contact with cortrusting bars,
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er intensity the ring does look gray,
but the gray has a peculiar quality. It
lacks the opaqueness of an ordinary
surface: it seems tather to-be somewhat
translucent, as if there were a light
source behind it As o matter of fact it
resembles an extended shadow, which
also facks the opagqueness of a clark sur-
face color, although to a lesser degree,
With the ring eliminated altozether, the
durk region 51|rrr1|51lding the disk does
not Jook like an opaque black surface
but like a dark expanse. The distinction
between the two kinds of darkness
is pointed up vividly when the disk is
eliminated and a ring af light is projected
alone on o dark field, The area inside
the ring has a black surface color quite
different from the dark expanse putside
the ring

Speveril Factors seem to account for
the sensation of luminosity. The larger
of two contrasting areas, in the frst
place, tends to appear honinouws. In our
experiments the ring was usuatly larger
than the disk, With the ring reduced in
width 5o that its area is smaller than
that of the disk, the appearance of lumi-
nosity and translucence transfers to the
disk. The depree of contact hetween bwa
surfaces refecting different light intensi-
ties also plavs a part in this effeck. Sur-
rounded completely by the ring, the disk
tends to look maore like an opague sur-
face. The ring, which tends to nssume
the lwminous quality, is in contact with
the disk an one side only and is hardered
on ity cuter perimeter by the darkmess
of the room, From which there is mini-
pim stimnlation. Lack of contact also
expluins the luminousnessar translucence
ohserved when the disk or the ring is
presented alone,

"'1"'{:- isalate the effect of difference in
contact we have projected two sets of
bars. one From each lantern, so that hars
af high and low intensity alternate in the
11.-.ltu-m an the sereen. The two outside
bars, one white and one gray, appeat
somewhat uminous, wheteas all the
other bars show opague colers, Since the
areas of each bar and of each intensity
are exactly equal, the luminous look ean
only be attributed to the diminished con-
tact of the outer bars with areas of dif-
farent intensities. A speci:d case of re-
dueed contact occurs when an intensity
gradient replaces the sharp border be-
tween two areas of different intensitics,
Such gradients appear in the penumbras
of shadows, where the grays assume the
quality of transtucence that belies the
opacity of the surface under inspection.

Begardless of size or degree of con-
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tact, when the intensity difference be-
comes greater than about four to one,
the area af higher intensity becomes
somewhat !menus as well as white;
with very lacpe differences it loses all
whiteness. An illuminated disk in an
otherwise dark field never looks white
or gray; depending on its intensity, it is
brightly or dimly luminous. The most
familiar illustration of this laboratory
finding is the contrast between the ap-
pearance of the moon by day and by
night, In a bright blue sky the moon
looks white. As the setting of the sun
reduees the intensity of the blue sky the
moon's light becomes relatively more
intense and the moon appears more and
more lwminous, even though the inten-
sity of the light arriving from the direc-
tiom of the moon certainly does nat
increase.

It can be concluded, therefore, that a
repion reflecting the higher of two light
intensities will appear white or luminous,
whereas an adjacent region of lower in-
tensity will appear gray or black: Every
I!]'..ll'.bL" af the L=|h‘:1ﬁ|h rabio cuauses u
change in the color of the wrea of lesser
intensity along the scale of gravs. As
for the area of higher intensity, it ap-
pears white when the intensity ratio s

inousiv white
and fnally lominous as the ratio i in-
creased. I the ean
of difl:

colors beeome less diense

small and becomes lur

3.

ot between surfaces

duced, neatral
Laparque and
even somewhal luminous, The same ef-
feet is seen in a region that is larger than
an adjacent one of different intensity.

It seems to me that these facts can he
explained by considering that stimula-
tion with light gives rise to two different
pereeptual processes. One prooess canses
luminousress and the other produces the

et intensi

5 15 T

various opaque colors. The first process
i threctly dependent on intensity of stim-
ulation nnd the state of adaptation of the

yie, The second isaninteraction process:
an area of the reting that receives o high-
er intensity of stimulation induces a sen-

sation of gr.'.} or black in 0 neighboring
region of lower intensity, with the par.
pendent on the
ratio of the two intensities: cons erseh
tm* region stimulated at a lower intensity

ticutar calor roughly d

wes 4 white color in the region nt
||t|‘:|'1|h.. If the 1nh«|.l.1t\ ratic
i oo high, however, if the telative size
of the indu
the cantact between two regions of dif-
ferent intensities is too small, the in-
tevaction process may five way o
the l'ur:v:n:n that gives rise to the
sensation of lumin osity, or the sensation

r surfaee is too small or it

of color and luminosity may he experi-

CHEOMATIC COLORS also viry in lightness ||r-p-;-r|r|'ir|g on the intensity of the illumina:
tion in an adjacent region. The experiment simulated here shows how the appearance of
a disk of orange light changes with the inténsity of o neuteal surrownd. In this case
increasing the intensity of the ring chonges the appurent color of the disk to brown,

B

encid simultineons
"'I The processes of neotral-color percep-

tion have their counterparts in the
perception of chromatic colors. This is not
surprising; the neutral colors are con.
tinuous with the chromatic colors: for
any sample of & greatly desatorated
chromatic ealor a closely similar gray
con be found, A final experiment with
the two projectars demonstrates that the
lightness of chromatic colors depend:
an # relation between the intensities
of stimulation in neig hboring reg
When a disk of chromatic ]I'-"E'IL is sur-

rounded by a ring of white light, varia-
tion in the intensity of the latter changes
the ]i"-'hln*!.'u'n of the chromatic color in
Ehue: :..le-.. In this way a bright pink, For
example, can be changed to a dark
mafenta. The same E\]‘.H:mrsr.ul per-
lormed with a vellow br orange disk
vields o surprising resule: surrounding
the disk with a ring of high-intensity
white light transforms the disk into o
deep hrown. This serves to demonsteate
thut brown i a dark shade of yellow or
arange. It also dramatizes the point that
the shades and tints of chromatic eolors,
as well as the neotrol colors. are the re-




sult of an interaction process.

Even the luminous appearance that
resylts from stimulation with light from
a neuteal surface has its counterpart in
the sensation of chromatic colors, For
many vears psychologists have distin-
guished 2 rnumber of "modes of ap-
penr.n-.ce" of chromatic colers, ineluding
surfuce colors, expanse colors and aper-
mire colovs. Surface colors are the aparue
eolors of ohjects, the hued counterparts
af the neutral surfoce colors. Expanse
colars, of which the clear blue sky is g
zond example, oceur in extended homo-
geneaus regions and lack the density and
npagueness of surface colees. That s,
expanse colors huve a lumingus appear
ance, which may be caused by a reli-
tively high intensity of stimulation or
becnuse they are greatly extended in re-
lation to an adjacent region of different
intensity. Aperture colors are ohserved

NN NN
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when one looks through a hole in a
sergen at a chrematic surface some dis-
tance beyond the screen. Under these
conditions the surface is transformed
into n seemingly transparent chromatic
flm stretched across the hole.

The aperture made has been attrib-
uted to the peculiarities of the laboratory
arrangement i which it is usually ob-
served, [t can be shown, however, that
this effect too is a product of specific
ratins of stimulstion  intensities. The
“Lransparent film” appears only when the
intensity of the light reflected from the
chiromatic surface seen through the hole
is high in gelation to that of the light re-
Heeted fromr the screen. Raising the il-
limination on the screen transforms thi
Rl ints o surface color, so that the hole
comes to look like a piece of colored pa-
per attached to the soreen,

Such a change can be observed easily

out of doors on a clear morning. Cut a
small hole in a large sheet of white card-
hoard. Hold the sheet up so that the sky
is visible through the hole. The sky will
appear in the hole as a blue transparent
Rl Now tum until the white cardboard
reflects the direct light of the sun. When
the cardboard is brightly illuminated,
the hole seems to be replaced by an
opagque bluish-gray patch, notable for its
lnck of saturation. This transformation
of the strangly saturated expanse color of
the sky inta a surface color of medium
lightness by the provision of a relatively
large surface of contrastingly high light-
intensity shows how desaturated the blue
of the sky really is. It suggests that the
sky looks very blue nat anly because the
hlue wavelengths of sunlight are scat-
tered by the atmosphere but also—and
perhaps largely—because the sky is so
bright.



