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The magnitude of induced color contrast was measured for tests whose areas, perimeter lengths, and shapes
were independently varied. Test shapes were smoothly contoured, multiple-lobed figures generated from uni-
tary Fourier shape descriptors. The shapes had from 3 to 40 lobes and were equal in area to a disk of diameter
2 deg, with perimeter lengths of 1.25, 1.75, 2.25, and 2.75 times the circumference of a 2-deg disk. The
surround was a 5-deg disk. The surround was modulated sinusoidally along one of the three cardinal direc-
tions of color space around an equal-energy white of 50 cd/m®. The observer nulled the modulation induced
into the test by adjusting the amplitude of real modulation in the test. The amplitude of nulling modulation
was the measure of induction. The main result was that the amount of induction was similar for all tests of
equal area irrespective of the shape or the length of perimeter.

INTRODUCTION

Different objects in the world have different spectral re-
flectances. An observer is able to segment objects in a
visual scene because different reflectances correlate with
the phenomenal experience of different colors. In addi-
tion, different parts of a three-dimensional object reflect
different amounts of ambient light to the eye of an ob-
server. This phenomenon enables an observer to infer the
shape of an object from the relative brightness of different
parts in the two-dimensional retinal image. The compu-
tation of the color of different parts of a visual image thus
serves a number of important functions. It is known that
this computation includes serial and lateral interactions of
the photoreceptor signals evoked by the incident optic
array.’ It has also been shown that perceived color is
not independent of factors such as perceived depth and
transparency.?®

In general it is difficult to measure absolute aspects of
perceived colors quantitatively in a manner conducive to
relating these measurements to properties of theoretical
processes. However, the effects of some of the processes
involved in the computation of perceived color can be iso-
lated and estimated by the measurement of the change in
the color of a test patch that is due to induced contrast
from surrounding colors.! If the color of the surround is
modulated periodically in time, the color of the test also
appears to modulate in time. If the induced modulation
can be nulled by the addition of real modulation to the test
field, then the nulling modulation can be used as a precise
measure of the induced effect. This method was used by
Krauskopf et al.’ to show that the induced modulation in
the test could be nulled by a modulation of the test colors
along the same color line as the surround modulation and
in roughly the same phase. The apparent color of a patch
was thus changed by a surrounding color in the direction
complementary to the inducing color. The nulling method
requires the observer only to signal the absence or pres-
ence of modulation without extracting any subjective
qualities of the test. This is a psychophysical procedure
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that meets the requirements of Brindley’s class A® experi-
ments. The following assumption can be used to link the
psychophysical nulling measurements to the response of
neural mechanisms:

If the visual appearance of a test field corresponds to
the activity of at least some of the neural mecha-
nisms whose receptive fields cover the retinal coordi-
nates of the test, then at the null setting, despite
there being real temporal modulation of the color of
the test, the response of these neural mechanisms
must be below perceptual threshold at some stage of
the visual system and also at subsequent stages.

The results presented by Krauskopf et al.’ show that, at
some stage of the visual system, the mechanisms excited
by the surround alter the response of the neural mecha-
nisms responsible for the appearance of the test patch.
The nulling procedure can thus be used to estimate prop-
erties of the lateral interactions that affect the appear-
ance of colors.

Results of experimental studies have led to a few quali-
tative generalizations about the effects of size of tests and
surrounds and of the distance between them, but critical
tests of the properties of the lateral interactions under-
lying color induction remain to be done. In part, the prob-
lem is that only a small number of spatial configurations
have been tried. Studies that have varied the spatial con-
figuration of test and inducing fields have generally used
circular center-surround configurations or rectangular
tests flanked by rectangular surrounds. The neural
mechanisms responsible for color induction have also not
been identified with any certainty. Despite these limita-
tions, a number of models for the computation of bright-
ness and color, incorporating lateral interactions, have
been proposed.”™ These models can be viewed as al-
gorithmic embodiments of the notion that two types of
process mediate induced color contrast: those that en-
hance contrast across boundaries and those that integrate
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within closed boundaries to give a uniform appearance.
Thus, fitting these models to quantitative data may make
it possible to estimate the parameters of the two pro-
cesses. However, as we discuss below, models of this class
need further mathematical development before they can
be useful for quantitative work. Yund and Armington™
have provided an assumption that can be used to simplify
the predictions made by elemental models. They assume
that, in a display consisting of uniformly colored patches
with sharp edges, the most important lateral interactions
are localized at the edges. That is, in the computation of
color at any point, it is only the position of edges with
respect to the point that is important, with the effect of
edges further away being weighted less. For a spatial
configuration consisting of a circular test of radius Ry,
surrounded by a concentric annulus of outer radius Rg,
the magnitude of induced contrast should be proportional
to

1 1
R Rs 1

An alternative conceptual approach to perceived color is
Helson’s adaptation level theory,'? which suggests that the
color of any point in a display is computed relative to an
adaptation color that is to be regarded as the weighted
mean of all parts of the visual scene. Helson’s theory
does not specify how the adaptation level is to be cal-
culated for any specific stimulus configuration. For a
center—surround arrangement, Yund and Armington
suggest that the induced effect should be proportional to
the log of the ratio of the area of the surround to the area

of the center:
Rsz - RT2
log(—RTz— : )

Yund and Armington' measured induced contrast in a
large number of circular center-surround configurations.
Their data ruled out a number of other models but were
consistent with both formulas (1) and (2). As they point
out, the predictions of formulas (1) and (2) are highly cor-
related for circular center-surround configurations, so
such configurations cannot be used to distinguish be-
tween the two models.

The motivation behind this study was to learn more
about the spatial nature of induced contrast by a separa-
tion of the effects of area, shape, and perimeter on the
change in perceived color of a test patch. The test
patches were multiple-lobed shapes like those in Fig. 1.
The area, the number of lobes, and the lengths of the peri-
meters of these shapes were varied independently. By
varying the number of lobes and the length of the perime-
ter, we varied the average distance from the edge to the
center while keeping the area constant and thus providing
a means of uncorrelating the predictions of the two models
in formulas (1) and (2). There was an additional reason to
vary the length of the perimeter. A sharp edge between a
light and a dark region is an effective stimulus for many
types of neuron in the visual system. A longer perimeter
may excite more of these cells. However, little is known
about the manner in which the outputs of neurons are
combined to give a percept. It is unlikely that the outputs
of neurons at any stage are just summed. Some models
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postulate that the output of each V1 cortical neuron is
normalized by the total output of neurons of different re-
ceptive field sizes and orientations.”® Estimates of the
effect of length of perimeter on the magnitude of contrast
induced into tests of equal area may be useful in under-
standing the pooling process. Similarly, little is known
about the presumed syncytium that fills in the color
within closed boundaries. The set of test shapes used in
this study included subsets with equal area and perimeter
length but a different number of lobes. Estimates of the
effect of shape on induced contrast may provide useful in-
formation about the diffusion or spatial integration stages.

METHOD

Test Stimuli
A center-surround arrangement was used for studying in-
duced color contrast. The novel feature of this study was
the shape of the tests shown in Fig. 1, with the number of
lobes being 3, 4, 5, 6, 7, 8, 9, 10, 20, or 40. The area of
each test was equal to the area of a circle of radius 1 deg,
i.e., equal to IT deg®. The length of the perimeter of a test
was 2.51I, 3.5II, 4.5T1, or 5.5I1 deg. The test field was
surrounded by a disk with an outer diameter of 5 deg.
The purposes of this experiment required tests whose
shapes, areas, and perimeters could be varied indepen-
dently. In addition it was considered desirable to use
shapes with smooth contours and without sharp corners.
The analytic expression for Fourier descriptors provided
by Zahn and Roskies proved to be suitable for generating
the test shapes. Equations (3) and (4) give the position
(X,Y) on the curve as a function of the perimeter I:

L !
X() = X + o Jo cos[-—t + po + do

+ iA,, cos(nt — a,,)]dt, 3)

n=1
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Fig. 1. Unitary Fourier descriptors of equal area, calculated
from Egs. (3) and (4), used as test stimuli in the experiment.
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Red
(0.72, 0.28, 0.02)

Yellow Violet
(0.66, 0.34, 0.003) {0.66, 0.34, 0.037)

White
(0.60, 0.40, 0.02)

Green
(0.66,0.34, 0.02)
Fig. 2. Isoluminant lines of chromatic modulation used in the
induction experiment are shown as the axes of a plane. Triplets
in parentheses correspond to (L, M, S) coordinates of these lights
in the MacLeod-Boynton'’ chromaticity diagram.

v
YD)=Y, + 20 ), sm[—t + po + do
+ > A, cos(nt — a,,)]dt. 4)
n=1

Xo and Y, are the starting X and Y locations, respectively.
L is the total perimeter length. [ varies from O to L. tis
the perimeter parameter. p, is the initial phase of the
descriptor. dj is the initial direction. A, is the magni-
tude of the nth-power descriptor. a, is the phase of the
nth power descriptor.

These equations can generate a large variety of closed
contours with only a limited number of parameters.
Each term in the equation has a parameter that is directly
related to some aspect of the shape of the descriptor. For
example, when A, is nonzero for only one value of n, then
the generated shape has n lobes. All the shapes in Fig. 1
are examples of such unitary descriptors. Fourier de-
scriptors are rotationally invariant; for a unitary descrip-
tor, the orientation depends on the starting location
(Xo,Y5). The total length of the perimeter is easily speci-
fied since the descriptor is generated as a function of its
perimeter L. Intuitively, for a unitary descriptor of n
lobes, L depends on the magnitude of A,. When area is
kept constant, the perimeter length is increased if one
makes the lobes more distinct. The function for the area
of unitary descriptors was calculated from Eq. (6) below.
Because the derivatives of both X(I) and Y(!) with respect
to ! exist, Green’s theorem' was used to simplify the ex-
pression for the area enclosed by a closed curve:

I=L
Area = f xdy = f X() x Y'(D)dl. (5)
I=0

For any choice of parameters, Eq. (6) was used to compute
the area:

I=L L t=21/L
Area = J f sin| —¢ + po + dy
t

1=0 ﬁ =0
had =2
+ X A, cos(nt - a,,)]dt}cos[T + Lo
n=1
+dy + X A, cos(nt — a,,)]dl. (6)
n=1
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Modulation Colors

Induction was measured along the three cardinal direc-
tions of color space.’® The plane formed by the two chro-
matic directions is shown in Fig. 2. The origin and end
points of the plane are described in approximate color
names and in long-wavelength-sensitive (L), medium-
wavelength-sensitive (M), and short-wavelength-sensitive
(S) cone excitations® with the use of the chromaticity co-
ordinates of the MacLeod-Boynton!” diagram. The cen-
ter of the plane was metameric to white at 50 cd/m?. The
third direction was the achromatic light-dark axis along
which the luminance of the white point was modulated
from 0 to 100 cd/m®. Along the light—dark axis, the excita-
tion of the three cone types was modulated proportionally.
Along the green-red axis, the excitation of L and M cones
changed in equal and opposite amounts to keep their sum
constant, and the excitation of S cones was constant.
Along the yellow—violet axis, only the excitation of the S
cones changed. The color names are to be used solely as
mnemonics; the appearance of the lights on the screen
was more desaturated than suggested by the color names.

Measurement Procedure

The modulation-nulling technique introduced by
Krauskopf et al.® was used to measure the amount of in-
duction within the test shape that was surrounded by a
disk with an outer diameter of 5 deg. As is shown in
Fig. 3, the color of the surrounding field was modulated
sinusoidally at 1 Hz around the midwhite point along one
of the three cardinal directions. The modulation of the
surround induced a counterphase modulation into the cen-
tral test. The observer adjusted the amplitude of real
modulation inside the test along the same color line to null
the induced modulation. The amplitude of nulling modu-

Steady midwhite field

test field

~«— Sdegrees —
10 degr

+
v ,_.-“'V'ﬁme
1sec

_ Inducing Stimuli

PR Induced Color

Nulling Modulation

Fig. 3. Basic measurement technique. The top panel shows the
spatial configuration of the inducing and test stimuli. In
the bottom panel the solid curve depicts the variation in time of
the color of the inducing field. The fine dotted curve depicts the
modulated appearance of the test field when it is, in fact, not
modulated. The curve consisting of larger filled circles depicts
the real modulation of the test required to make it appear steady.
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Fig. 4. Amplitude of nulling modulation in the light-dark direc-
tion expressed as a percentage of inducing modulation versus the
length of the perimeter of the test. Each test stimulus is repre-
sented by a number indicating the number of lobes that range
from 3 to 40. Curves connect nulling amplitudes for tests of the
same number of lobes.

NI

lation was used as the estimate of the magnitude of in-
duced contrast.

Equipment and Stimulus Generation

Stimuli were displayed on the screen of a Tektronix 690SR
color monitor run at 120 interlaced frames/s. Stimuli
were generated with an Adage 3000 raster-based frame
buffer generator. 1024 output levels were specifiable for
each gun. As many as 256 colors could be displayed on

the screen in any frame. The color of an image was modu-

lated sinusoidally in time by being cycled through a pre-
computed color array. As many as 240 colors could be
changed during the fly-back interval in a screen refresh.
The 512 x 480 pixel display subtended an angle of

-
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10.67 x 10 deg at the observer’s eye. All stimulus presen-
tation and data collection were done under automatic
computer control.

Equation (6) was used iteratively to determine the am-
plitudes of Fourier descriptors of specified areas, numbers
of lobes, and perimeter lengths. The plotting routine used
a trapezoidal rule® to integrate Eqs. (3) and (4) for the
computation of the outer boundary. The boundary con-
tour was filled in by a simple center-point expansion. The
number of pixels constituting the Fourier shape was nu-
merically counted as a check on the computed area. The
resulting shape was then centered and run-length encoded
to provide a compact and fast loading format for images.
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Fig. 5. Amplitude of nulling modulation in the red-green direc-
tion expressed as a percentage of inducing modulation versus the
length of the perimeter of the test. Each test stimulus is repre-
sented by a number indicating the number of lobes that range
from 3 to 40. Curves connect nulling amplitudes for tests of the
same number of lobes.
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Fig. 6. Amplitude of nulling modulation in the yellow-violet di-
rection expressed as a percentage of inducing modulation versus
the length of the perimeter of the test. Each test stimulus is
represented by a number indicating the number of lobes that
range from 3 to 40. Curves connect nulling amplitudes for tests
of the same number of lobes.

RESULTS

The results for light-dark, red-green, and yellow-violet
induction are shown in Figs. 4, 5, and 6, respectively, for
two color-normal observers. The amplitude of nulling
modulation as a percent of the amplitude of inducing modu-
lation is plotted on the vertical axis against the length of
the perimeter for each Fourier test shape on the horizontal
axis. Each data point is the mean of 30 observations and
is shown as a number representing the number of lobes in
the test shape. The results are simple: The magnitude
of induced contrast does not depend on the length of the
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perimeter of the test. In all six panels the slope of the
best-fitting regression line was not significantly different
from zero. The results have been replotted as the nulling
modulation versus the number of lobes of the test shape in
Figs. 7-9. The filled circles represent shapes of different
perimeter lengths; the open squares represent the mean
nulling modulation. The solid lines are the best-fitting
regression lines. Again the results are simple: The hy-
pothesis that the amount of induced contrast does not de-
pend on the number of lobes of the test shape cannot be
rejected. The regression lines have generally flat slopes.
The best-fitting line in Fig. 9(b) has a negative slope; how-
ever, if the data for tests of 20 and 40 lobes were included
[see Fig. 6(b)], the slope of the line would not be signifi-
cantly different from zero.
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Fig. 7. Amplitude of nulling modulation in the light-dark direc-
tion expressed as a percentage of inducing modulation versus the
number of lobes in the test. Filled circles represent repeated
observations on tests of different perimeter length. Open
squares represent the mean nulling amplitude for all tests of a
particular number of lobes. The line is the best-fitting least-
squares regression line.
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Fig. 8. Amplitude of nulling modulation in the red-green direc-
tion expressed as a percentage of inducing modulation versus the
number of lobes in the test. Filled circles represent repeated
observations on tests of different perimeter length. Open
squares represent the mean nulling amplitude for all tests of a
particular number of lobes. The line is the best-fitting least-
squares regression line.
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DISCUSSION ‘

The results of the present experiment show that, for a
spatially uniform central test and inducing surround, the
magnitude of induced contrast is constant and does not
depend on the shape or perimeter length of the test if the
areas of the center and the surround are kept constant.
Since this was a surprising result and since the test
shapes in Fig. 1 vary considerably in narrowness of lobes,
it was important to check that the amount of stray light
from the surround was not significantly counteracting the
induced effects. For the test shapes in Fig. 1, the amount
of stray light from the surround falling inside the test was
calculated from the light profile of the image of a point
source for a 3-mm pupil tabulated by Vos et al.?* The im-
age consisting of the test Fourier shape and the surround
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was divided into 1-min? pixels. For unit luminance, we
calculated the fraction of light from each pixel of the sur-
round that fell on the pixels inside the test. The fraction
of the surround light falling inside the test, averaged over
the number of test pixels, is expressed as a percentage in
Table 1. The amount of space-averaged stray light is be-
tween 1% and 4% for all test shapes and is therefore not a
significant contaminating factor in the results.
Psychophysical measurements have shown that the
magnitude of induced contrast can be affected by parts of
the visual field 2-3 deg from the center.?! Because infor-
mation about long-range interactions between neurons is
sparse,?? it is difficult to discuss color induction in terms
of the properties of visual neurons. An attempt was
made to relate the results of this study to elemental mod-
els for the computation of perceived color and brightness.
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Fig. 9. Amplitude of nulling modulation in the yellow—violet di-
rection expressed as a percentage of inducing modulation versus
the number of lobes in the test. Filled circles represent repeated
observations on tests of different perimeter length. Open
squares represent the mean nulling amplitude for all tests of a
particular number of lobes. The line is the best-fitting least-
squares regression line.
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Table 1. Space-Averaged Percentage of Stray
Light Falling Within Test Region®

Perimeter Length

Lobes %11 %Il %11 LTl
3 2.2 2.0 1.2 —
4 14 2.3 3.1 —
5 1.0 2.3 2.4 —
6 1.2 2.3 3.2 2.0
7 1.2 2.6 1.9 2.1
8 1.6 2.3 1.5 1.7
9 1.4 2.0 1.9 2.4

“Stray light was calculated from the light profile of the image of a point
source for a 3-mm pupil tabulated by Vos et al.2’

The most developed of this class of models is the one by
Grossberg and Todorovié.® This model uses elements
that qualitatively mimic the spatial receptive field profiles
of ganglion cells and V1 simple cells and sets up networks
of interaction to create a contour-extracting stage fol-
lowed by a filling-in stage. This model may embody some
aspect of the underlying lateral interactions, but it has not
been tested against quantitative data. In its present
state of development it is not obvious how quantitative
predictions could be generated. The final form of the
model consists of a nonlinear diffusion equation for each
point of a syncytium. At equilibrium this set of equa-
tions can be simplified to a set of simultaneous linear
equations, but even then, because there is one equation
per pixel, the solution requires inverting a massive matrix
for a display of any realistic size. No simplifying assump-
tions are provided that could be used to modify the struc-
ture of the matrices so that the inversion can be made
more efficient for special cases. The free parameters in
the model are an additional problem. No scheme is pro-
vided for them to be estimated from empirical results or
from any other considerations. Moreover, no sensitivity
analysis of the model’s equations has been presented, so
it is not clear for what range of parameters the solution
to the diffusion equations will converge in a reasonable
fashion. A number of reasonable combination of parame-
ters were tried without success and indicated the inacces-
sibility of the model to experimental testing.

Even though a mechanistic model is not achievable at
present, models that link empirical results to physical
properties of the stimuli could also prove useful as a guide
to future research. The edge-distance [formula (1)] and
the area-ratio [formula (2)] models of Yund and Arming-
ton' are two such physical models. In the present study
the area of both test and surround was kept constant.
The results showing approximately constant induced con-
trast are therefore consistent with, though not a critical
test of, the area-ratio model. Formula (1) was derived for
a disk-annulus configuration by Yund and Armington
from a more general model." To derive an expression for
a Fourier shape from the more general model would re-
quire that one assume an arbitrary atheoretical function
relating induced contrast to the angle between the edge
and a radial line through the center. As an alternative,
two different measures of proximity between the edge and
elements inside the test were devised. The first measure
was calculated from formula (7), where E was the dis-
tance from the center of the test to the edge along each
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direction:
2n
1
2%
. (7)
211

Since the surround was the same in all conditions, if in-
duced contrast in the test were proportional to the prox-
imity of the edge from the center, the measured nulling
curves would have the form shown in Fig. 10. The hori-
zontal axis shows the length of the perimeter, and the
numbers in the curves refer to the number of lobes. The
vertical axis shows predicted induced contrast in relative
units. The relative magnitude of induced contrast pre-

3

# = number of lobes

25

20

PREDICTED RELATIVE INDUCED CONTRAST

=11 S0 S n
PERIMETER LENGTH
(degrees)

Fig. 10. Predicted induced contrast proportional to average 1/E,
where E is the distance from the center of the test to the edge
along each angle.

o

# = number of lobes
0.3

0.25

0.2 4

PREDICTED RELATIVE INDUCED CONTRAST

[ T T T
3n In 2n Sn
PERIMETER LENGTH

(degrees)

Fig. 11. Predicted induced contrast proportional to average 1/D,
where D is the distance from each text pixel to nearest sur-
round pixel.
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dicted by this model is an increasing function of perime-
ter length, especially for shapes with fewer lobes. The
data in Figs. 4-6 are not consistent with this prediction.
A second measure was calculated from formula (8), where
D was the distance from each test element to the nearest
surrounding element, and N the total number of elements
in the test:

%
N

The relative magnitudes of induced contrast predicted by
this proximity measure are shown in Fig. 11 and again are
not consistent with the data. It is probable that predic-
tions from any edge-distance-based model will be depen-
dent on the shape of the test and will therefore not be
consistent with the data in Figs. 4-9.

In summary, for the spatial configurations tested in
this study, the magnitude of induced contrast was con-
stant when test and surround area were kept constant and
did not depend on the shape or the length of the boundary
between the test and the surround.?® Combinations of
the test shapes used in this study can be used to approxi-
mate a large variety of closed shapes.'* Consequently
the results of this study probably hold true for tests of al-
most any shape. The three color directions used in this
study were chosen to be representative of color space.
Krauskopf et al.’ showed that induction along an arbitrary
color line cannot be predicted by the magnitude of induc-
tion along the cardinal or any other threesome of color
axes. However, because the results are similar for each
of the three cardinal axes, it is likely that the results of
this study are correct for all color directions.
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