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Nonlinearity in color space
measured by apparent motion
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We used an apparent motion technique to examine the intensity coding along the three cardinal axes
of color space: achromatic (L + M + S), L-M cone, and S cone axes. Two horizontal bars of different
colors were alternated to produce a vertical displacement. The color of the background was a mixture
varied between the colors of the two bars. When the background color was close to either of the test
colors, only the bar that was more salient appeared to jump. Observers adjusted the color of the back-
ground until they saw either the two bars moved equally frequently or both bars moved at once. If the
color difference in a linear cone excitation space controls this apparent motion, the setting should be
midway between the two colors. All of the three cardinal axes showed some deviation from linear be-
havior. The nonlinearity was less extreme than a logarithmic function for both the achromatic and
S cone axes and could be attributed to a small compressive nonlinearity, possibly at the level of cone
responses. However, the L-M stimuli showed a more extreme departure from linearity, which sug-
gested a nonlinearity at an opponent site. A test of perceived contrast judgments did not show this non-

linearity for L-M axis, suggesting that it is specific to the L-M contribution to apparent motion.

What level of gray falls midway between black and
white? In an early experiment, Plateau (1872) asked sev-
eral painters to mix the mid-gray that they felt lay half-
way between a black and a white paint. The gray chosen
by the painters was much darker than the gray made by
mixing equal parts of the black and white paints. In other
words, it was not the arithmetic mean of the two intensi-
ties. If anything, it was more like the geometric mean, a
value that makes the ratio between mid-gray and black
equal to the ratio between white and mid-gray. Other stud-
ies in the 19th century came to similar conclusions (Del-
boeuf, 1883; Fechner, 1860/1966; Lehmann, 1886). One
interpretation of this equal-ratio property is that there is
an underlying logarithmic response to intensity, as pointed
out by Fechner for his equal sensation scales and, much
later, by Anstis and Mather (1985). However, another in-
terpretation is that responses vary linearly with the dif-
ference but are scaled by the mean or adaptation level.
This response relative to the mean will also lead to an
equal-ratio property in the bisection task in which the
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three stimuli are compared two at a time leading to differ-
ent mean levels in the two pairs. Other tasks, such as light-
ness scaling, have also shown a similar influence of the
background level (Kaneko, 1964; Wyszecki & Stiles, 1982).

Anstis and Mather (1985) introduced a new technique
that made it possible to make the bisection judgment
using all three values (light, dark, and mid-gray) at once.
Their study revealed an underlying, almost linear re-
sponse: The mid-gray fell at the arithmetic mean of black
and white. In their procedure, two bars of different lumi-
nance (Figure 1) were displayed on a background of an
intermediate value. When the two bars exchanged posi-
tions, only one of the bars appeared to move, even though,
in fact, both bars had traded places. On a dim background,
for example, only the lighter bar appeared to move; the
black bar appeared as a fixed background region that was
being covered and uncovered by the moving white bar. It
was the bar that was most dissimilar to the background,
which appeared to move (Figure 2). In Anstis and Mather’s
experiment, the luminance of the background was varied
to determine the point at which neither bar appeared
moving. Both bars evoke equal responses at that point. If
the response is linear, the crossover point should occur
when the background luminance is the arithmetic aver-
age of the luminance of the two bars. Anstis and Mather
found that the equal response point was well predicted
by linearity.

We extended their test to examine whether a linear
contrast function was found along the two color axes and
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Figure 1. The stimulus configuration for the apparent-meotion test. The colors of the two central horizontal

bars exchanged location at 1 Hz.

to reevaluate the linearity of Anstis and Mather’s (1985)
results along the achromatic axis. The color of the back-
ground was the mixture of the two colors with variable
ratios. Typically, when the bars exchanged position, the
bar with the color that was least like the background color
was seen to move. The mixture ratio in the background
was changed to determine the equal response point where

(2)

either the two bars moved equally frequently or both bars
moved at once. This point of equal motion should occur
when the background is at the arithmetic midpoint be-
tween the two colors if the motion response to the differ-
ent color values is linear.

We used cone excitation color space to represent our
stimuli (Boynton, 1986; Derrington, Krauskopf, & Len-

(b)

Figure 2. Although the two bars exchanged colors, for most settings, only one bar appeared to
move as depicted here. When the background was dark, the white bar appeared to move (a),
whereas when the background was lighter, the dark bar appeared to move (b).
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nie, 1984; Flanagan, Cavanagh, & Favreau, 1990; Mac-
Leod & Boynton, 1979). The cone excitation color space
used here is a three-dimensional linear space with coor-
dinates of the sum of L, M, and S cone excitation (L+M+$
or achromatic), the difference of L and M cone excita-
tion (L-M) and S cone excitation (Flanagan et al., 1990).
The linearity of the color scaling in this space was the
question of the present study. Nonlinear scaling was ex-
pected because the cone response is known to have a
compressive nonlinearity (Boynton & Whitten 1970;
Naka & Rushton, 1966; Valeton & van Norren, 1983),
and equal perceived color steps in Munsell color space
are not linearly related to the cone responses.

Finally, we ran a second experiment requiring observers
to set the background of the two bars so that both bars
had equal perceived contrast relative to the background.
The purpose of this contrast judgment was to determine
whether any nonlinearities we might find in the motion
setting were specific to the apparent motion response.

EXPERIMENT 1

Principle

The linearity of the motion response to color can be
tested by determining whether the mean of two colors
lies halfway between them. Two bars of different colors
(C,, Cy) are presented on a background of a mixture color
(Cyy) formed by the equation Cyy = (k — 1) - C, + k- Cy,
where k varies between 0 and 1. If the response is linear,
the difference in output (or response) between each of the
bars and the background will be equal when the back-
ground color is midway between C, and C,, (k = .5). For
anonlinear response, on the other hand, equal difference
occurs for unequal mixtures of C, and C,. For example,
if the system has a compressive nonlinearity and, say, C, is
greater than C, along the axis, then C,;_has to be closer
to C, (k<.5) to obtain equal output differences.

This method can be used to determine the input—output
relation along any axis in the color space (L-M, S cone,
or achromatic) using an incremental procedure like that
used in bisection methods (Wyszecki & Stiles, 1982). First,
C, and C,, are assigned normalized values of 0% and
100%, respectively. Then, the value of & for providing
equal contrast against C, and C, is labeled Csy, since it
gives the midpoint response between C, and C,. Then,
using Csgq; as one of the bar colors and either C, or C,,
as the other, the background color for equal amplitude
against C, or C,, can be determined. They are labeled C,s,,
and C;sy,. These colors are then used as one of the bar
colors in the next step. Obtaining C, 5o, C37 5055 Ce3 5955
and so on, by this method gives input—output function over
the range between C, and C,.

Method

Stimuli were presented on a 19-in. Conrac 5411 RGB monitor,
controlled by a Grinnell 270 color graphics system with 512 X 480
pixels spatial resolution, 256 intensity levels per color, and a 30-Hz
interlaced raster. Internal look-up tables in the Grinnell linearized
the luminance output of each phosphor. The red, green, and blue

phosphors of the monitor were determined by spectroradiometry to
have CIE x and y coordinates of .611 and .344 , .301 and .607, and
.151 and .074, respectively. The screen was viewed from a distance
of 90 cm and subtended a visual angle of 17° X 17°. The stimulus
covered only a small area of the screen, 3.2° X 2.1°, to minimize the
possible effect of screen inhomogeneity. Each horizontal bar was
2.2°long and 0.4° high, and the two bars were located at 0.4° above
and below the center (Figure 1). The outside of the stimulus field
(17° X 17°) was filled with a uniform gray of 60 cd/m2, separated
from the stimulus field by a 0.2° black gap.

The color pair was black of 7.0 cd/m? and white of 120 c¢d/m2 for
the achromatic axis. CIE x and y coordinates of the color pair for the
L-M cone axis were .247 and .370 (desaturated cyan) and .401 and
.294 (desaturated magenta), and those for the S cone axis were .298
and .255 (purple) and .396 and .458 (greenish yellow). The lumi-
nance level for equiluminant color axes was 60 cd/m2. After the lin-
earization, the minimum step of the color change along each axis
within the regions we were testing was less than 1% of the distance
between the two colors at the ends of each axis. The L-M direction
in the color plane is the direction specified by CIE coordinates and
the Smith—Pokorny functions (Boynton, 1986). To set the equilu-
minant plane, each observer adjusted the luminance for red and blue
phosphors by heterochromatic flicker photometry so that the desat-
urated magenta and purple had the same effective luminance for the
observer as the desaturated cyan, which was maintained at 60 cd/m?2.
Minimum flicker was set using the same two bars of the main experi-
ment with the colors alternated at 15 Hz. The background was fixed
at white of 60 cd/m2. The observers performed the setting by ad-
justing the individual contrast setting for the red and blue phosphors
prior to each experimental session.

The bars exchanged positions periodically at 1 Hz (500 msec for
each position) while the observers adjusted the color of the back-
ground using a joystick. The adjustment was made to determine the
point at which either the two bars move equally frequently or both
bars move at once. The initial background color was arbitrarily set
by the observers to produce a clear impression of apparent motion
of only one bar. The observers viewed monocularly with the right
eye, with natural pupil. No correction for chromatic aberration was
made. Two observers with corrected-to-normal acuity participated
in the experiment.

Results

Achromatic axis. Figure 3 shows the results for the
achromatic axis (i.e., the black and white color pair). The
horizontal axis indicates background luminance, and the
vertical axis shows the normalized response (as is the con-
vention for the bisection method): The response for black
(7.0 cd/m?) is defined as 0%, and that for white (120 cd/
m?) is defined as 100%. The axis for each relative cone
excitation is also shown. Those for the L and M cones
were normalized so that the excitation of the L cone was
0.67 and that of the M cone was 0.33 for the neutral gray
of 60 cd/m? (this corresponds to the equal energy white
point in the cone excitation color diagram). That for the
S cone was arbitrarily normalized so that the excitation
of the S cone for the 60 cd/m? gray was unity. Each point
was from a single session, showing the average of five set-
tings. The results of the 2 observers were very similar.

The input—output function along the achromatic axis
was closer to a linear function (solid line) than to a log-
arithmic function (thin line), as Anstis and Mather (1985)
reported. The logarithmic line was defined so that the
two points of (7,0) and (120,100) were connected in log-
arithmic fashion: R = 81 - log(/) — 68, where R is nor-



Relative M cone excitation
0.1 02 03 04 05 0.6 0.7

f T T T T T T T
Relative L cone excitation

02 04 06 08 10 12 14

CB
100
80 L

Logl
60 L

7. 697

Normalized Response (%)

40
20 [ ] 7 Session 1
O Session 2
0 + Session3
1 i
0.0 50 100

Luminance (cdlmz)

l 1 "1 i L 1 | 1 1 i 1 1

0.0 1.0 20

Relative S cone excitation

COLOR NONLINEARITIES 1185

Relative M cone excitation
01 02 03 04 05 06 07
I T T T T T T T ]
Relative L cone excitation

02 04 06 08 10 12 14

T T T T T T T
100
80 |
60 |
40 +
20 1 ® Session 1
O Session 2
0 + Session 3
1 |
0.0 50 100
Luminance (cd/mz)
I S S T [ 1 |
0.0 1.0 20

Relative S cone excitation

Figure 3. The background luminance of settings (horizontal axis) for seven values of relative response (vertical axis) for the
achromatic axis condition. The points for 0% and 160% correspond to the black and white of the color pair. The horizontal axis
for each cone excitation is also shown (see text). The thick line shows the linear function connecting the black and white values, and
the thin line shows the logarithmic function connecting the two points. The broken line is the function proposed by Valeton and
van Norren (1983) for cone responses based on physiological responses in monkey.

malized response and / is luminance. However, the data
points were consistently to the left of the linear function
for both observers over all sessions. This suggests that
the input—output function has a small compressive non-
linearity. Indeed, this pattern was also evident in Anstis
and Mather. Their luminance bisection data tended to fall
below the arithmetic mean of the two bars (see their Fig-
ure 4), consistent with a compressive nonlinearity. The
nonlinearity is clearly small, however, and we will address
its nature in more detail later.

S cone axis. Figure 4 shows the results for S cone vari-
ations (greenish yellow and purple color pair). The hor-
izontal axis indicates S cone excitation, and the vertical
axis shows the normalized response: The response for
the greenish yellow is defined as 0%, and that for the pur-
ple is defined as 100%. The settings lie to the left of the
linear function as in the achromatic axis condition. If we
assume no compressive nonlinearity in the color-opponent
processes for the yellow/blue color mechanism, the re-
sults can be accommodated by a small compressive non-
linearity of the S cone response.

LM cone axis. Figure 5 shows the result for the equi-
luminant L-M axis (desaturated cyan and magenta color
pair). The horizontal axes indicate L cone and M cone

excitation, and the vertical axis shows the normalized re-
sponse: The response for desaturated cyan is defined as
0%, and that for desaturated magenta is defined as 100%.
The horizontal axes show that the sum of L and M cone
responses is always equal to 1.0, and the excitation of L
cone and M cone for white is 0.67 and 0.33, respectively.

The settings lie rightward of the linear function, al-
though the interobserver differences were larger than in
previous conditions. The results indicate that more L cone
excitation is required in the background to achieve equal
effective contrasts of the cyan and magenta bars against
the background. It should be noted that the cone modu-
lation for this condition was about six times less than that
for achromatic axis (compare the horizontal axis of Fig-
ure 3 and that of Figure 5). Therefore, the departure from
linearity shown here is in absolute terms much greater
than that shown in Figure 3.

'

NONLINEARITY OF CONE RESPONSE

The nonlinearities seen for the achromatic and S cone
functions may reflect the compressive cone nonlinearity
(Boynton & Whitten, 1970; Naka & Rushton, 1966; Vale-
ton & van Norren, 1983). This is often represented by
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Figure 4. The relative S cone excitation of settings (horizontal axis) for seven values of relative response (vertical axis) for the
S cone axis condition. The points for 0% and 100% correspond to the greenish yellow and purple of the color pair, respectively.
The broken line is the function proposed by Valeton and van Norren (1983).

the Naka—Rushton power function, which can also ex-
plain results from human psychophysics (Hood, Finkel-
stein, & Buckingham, 1979). The dashed line in Figure 3
shows the function that Valeton and van Norren derived
to predict the monkey cone response: RIR,, = I"/(I" +
o"), where [ is retinal illuminance in trolands, ¢is haif
saturation illuminance, #, the exponent, is a free param-
eter adjusted to fit the data and usually lying between 0.7
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and 1 (0.74 in their case), R,,, is maximum possible cone
response, and R is cone response (but not the normalized
response between 0 and 100 plotted in Figures 3, 4, and 5).

To apply the cone response model of Valeton and van
Norren (1983), we assumed that the adaptation level of
their experiment was equivalent to our large surround.
The test bars alternated between two fixed values in any
given session while the level of the large surround was
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Figure 5. The relative L cone excitation of settings (horizontal axis) for seven values of relative response (vertical axis) for the L-M
cone axis condition. The points for 0% and 100% correspond to the desaturated magenta and desaturated cyan of the color pair, re-
spectively. M cone excitation is also shown at the top (M = 1 — L for color changes at equiluminance). The broken line is a prediction
of the L-M process based on the function of Valeton and van Norren (1983).



varied to find the point of equal response to the two tests.
Since the two tests held the same value over a session, they
could not contribute to any change in adaptation level.
On the other hand, Valeton and van Norren used a steady,
spatially overlapped background for controlling the adap-
tation states, so our assumption needs to be examined
carefully. Favoring our assumption is the fact that the
slight compressive nonlinear characteristics of cone re-
sponses are similar at different adaptation levels as long
as the stimulus luminance does not differ greatly from the
adaptation luminance.

We estimated the retinal illuminance for each of our ob-
servers by measuring the pupil size (Wyszecki & Stiles,
1982) as a first approximation: The adaptation field lu-
minance of 60 cd/m? corresponds to 380 td for Ob-
server C.B. and 770 td for Observer S.S. Accordingly,
7 ¢d/m? (black) corresponds to 44 td for C.B. and 89 td
for S.S., and 120 cd/m2 (white) corresponds to 760 td for
C.B. and 1,530 td for S.S. We estimated the half satura-
tion illuminance as 5,370 for C.B. and 7,080 for S.S. by
interpolating between the data for 100-td and 1,000-td
backgrounds of Valeton and van Norren’s (1983) exper-
iment. We transformed the values of the Naka—Rushton
function to match our normalized response values at the
lowest and highest values: Ry, = [R(/) = Ry ]/ (Rhice
= Ryjae) X 100, where R(J) is cone response for lumi-
nance /, Ry, is the response for black bar luminance, and
R it 18 the response for white bar luminance. R, corre-
sponds to the coordinate value in our plots. The best fit-
ting exponent, n, was chosen by a least-mean-square pro-
cedure minimizing the difference between the predictions
and the data for each observer: 0.7 for C.B. and 0.91 for
S.S. The value was similar to the value used in previous
studies (Boynton & Whitten, 1970; Naka & Rushton,
1966; Valeton & van Norren, 1983). The dashed line in
Figure 3 shows the transformed Naka—Rushton function.

The Naka—Rushton functions approximate our achro-
matic results fairly well, showing less nonlinearity than
the logarithmic function. To confirm this, we calculated
the average background settings for the 2 observers once
their data were transformed to the output values of the
linear Naka-Rushton and logarithmic functions. The func-
tion that best captures the response properties should lin-
earize the output and therefore give an average of 0.5 for
the mid value. The average settings for linear, compres-
sive (Naka-Rushton), and logarithmic functions, respec-
tively, were 0.43, 0.49, and 0.57 for C.B. and 0.47, 0.51,
and 0.61 for S.S. The compressive model had the best
prediction, and a ¢ test (with Holm’s correction for multi-
ple testing) showed that the average was significantly dif-
ferent from 0.5 for linear and logarithmic functions, but
not so for the cone compressive function.

To extend the discussion to the L-M and S cone axes,
we assumed first that the nonlinearity for the three type
of cones is identical and second that the response level
(or adaptation level) of the three types of cones is the
same at the equal energy white. The first assumption is
tentative because the S cone may be different from the
other two (e.g., Mollon, 1982). Nevertheless, we use the

COLOR NONLINEARITIES 1187

same nonlinearity for the S cone as for L and M cones,
simply because we do not have much knowledge of the
S cone nonlinearity. The second assumption is supported
by the invariance of unique white over a large range of
stimulus intensity (Walraven & Werner, 1991). This in-
variance requires that the outputs of the three cone classes
maintain the same relative proportions as luminance
varies, suggesting that all cone responses have a similar
nonlinearity (or no nonlinearity). The assumptions pro-
vide that 380 td (C.B.) or 770 td (S.S.) corresponds to cone
excitation of 1.0 for S cones, 0.67 for L cones, and 0.33 for
M cones. Using these relations, cone excitations for the
color pairs used provide the corresponding retinal illumi-
nance values, and, thus, the R., value for each cone can
be derived in the same manner as for the achromatic axis.

The dashed line in Figure 4 shows the calculated re-
sponse of S cone under these assumptions. The cone re-
sponse function resembles the experimental result, as it
did for the achromatic axis. This suggests that the non-
linearity of the S cone is indeed similar to that for the L
and M cones, as we assumed. The nonlinearity for the
S cone axis appears smaller than that for achromatic axis
(compare Figures 3 and 4). This is, however, a graphical
consequence of the smaller range of cone excitations for
the S cone axis. The S cone excitation for the achromatic
axis has a range approximately 1.4 times as large as it
does for the S cone axis, and both sets of data are fairly
well predicted by the same function. However, the data
for S.S. show consistently larger nonlinearity than the cone
response function. This was not likely due to the differ-
ence of S cone from the others. Although the use of differ-
ent value of exponent, n, for S cone improved the fit, the
value of » for the best fit was too small for a cone response
function (0.47 and 0.41 for C.B. and S.S., respectively).
An additional nonlinearity, perhaps from opponent mech-
anism, may be required to explain the result of S.S.

The same cone nonlinearity was next applied to the
analysis of the L-M cone axis. We subtracted the excita-
tion of the M cone from that of L cone after the Naka—
Rushton compression. Since the response level of L and
M cones are assumed to be the same at the equal energy
white, this anchors the L-M value for the neutral gray at
zero. The model showed only a slight difference from
linearity on the scale of the graph (the dashed line in Fig-
ure 5). This was first, because the nonlinearities of L and
M cones partially cancel each other and, second, because
the range of cone excitation is so narrow that the effect
of the Naka—Rushton nonlinearity over this range is small.
Clearly, the Naka—Rushton cone nonlinearity falls far
short of explaining the empirical nonlinearity seen along
the L-M axis. This suggests that a nonlinearity at a sec-
ond or later (opponent-color) stage is also contributing
to the response.

EXPERIMENT 2
We conducted Experiment 2 to compare the midpoint

settings found with the apparent motion method used in
Experiment 1 with the midpoint setting based on judging
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contrast directly. If the contrast judgments provide dif-
ferent results, we may be able to differentiate between early
nonlinearities that must be common to both tasks and later
nonlinearities that could be specific to the contrast or the
motion system.

Method

Experimental conditions were chosen to be similar to those in
Experiment 1 except that only the first midpoint setting between
the two extremes of each axis was made. No further divisions of the
axes followed. Stimuli were presented on a 17-in. RGB monitor (Sony
Multiscan 17GS), controlled by a video controller (Cambridge Re-
search Systems VSG2/3) with 640 X 480 pixels spatial resolution,
12-bit intensity levels per color, and a 120-Hz noninterlaced raster.
The red, green, and blue phosphors of the monitor were determined
by spectroradiometry to have CIE x and y coordinates of .623 and
342,286 and .605, and .149 and .065, respectively. The screen
was viewed from a distance of 80 cm and subtended a visual angle
of 21° X 16°. The stimulus configuration was identical to that in
Experiment 1 (Figure 1). The outside of the stimulus field (21° X
16°) was filled with a uniform gray of 45 c¢d/m2.

The color pair for the achromatic axis was black of 0.15 ¢d/m?2
and white of 90 cd/m2. CIE x and y coordinates of the color pair for
the L-M cone axis were .291 and .354 (desaturated cyan) and .374
and .313 (desaturated magenta), and those for the S cone axis were
.289 and .237 (purple) and .394 and .455 (greenish yellow). The lu-
minance level for equiluminant color axes was 45 cd/m2. The min-
imum step of the color change along each axis was limited by the
reading of the mouse movement in this experiment, which was 640
steps for each color pair. The equiluminant plane was set by each
observer by heterochromatic flicker photometry, as in Experiment 1,
but only once before the experimental sessions.

The bars exchanged positions periodically at 1 Hz (500 msec for
each position) while the observers adjusted the color of the back-
ground using a mouse. Two different criteria were used: one based
on motion perception, and the other based on apparent contrast of
the two bars in the identical stimulation. The first criterion was
identical to that in Experiment 1. For the second criterion, the ad-
justment was made to determine the point at which the two bars ap-
peared to have the same contrast compared to the background. The
observers viewed binocularly with natural pupil. Four sessions of
five settings in each condition were run by each observer, with ran-
domized order of the conditions. Nine observers with corrected-to-
normal acuity participated in the experiment. One of them was one
of the authors, who had visual field loss in periphery due to glaucoma
developed by the time of the second experiment. We included his data
for the analysis since his data were similar to those of the others.

Results

Table 1 shows the average midpoint settings of the
9 observers with the standard error of the mean for the
two criteria for each axis separately. The average within-

Table 1
Settings of Equal Motion and of Equal Apparent Contrast in
Experiment 2 With the Within-Observer Difference Between
Them (Averages and Standard Errors Over 9 Observers)

Difference
Motion Contrast (Motion — Contrast)
Average SE  Average SE Average SE
Achromatic 415 019 440 019 —.026 .009
L-M cone 577 .014 516  .011 .061 018
S cone 467 010 450 .008 .019 .007

observer differences for the two criteria are also shown.
The values are in terms of the percentage of the separa-
tion between the colors of the two bars, with 0% taken as
the darker bar, the greenish yellow bar, and the cyan bar
for the achromatic, S cone, and L-M cone axes, respec-
tively. Midpoint settings falling below 0.5 indicate that
less physical contrast of the darker bar, the greenish yel-
low bar, or the cyan bar against the background was re-
quired to match the effective contrast of the other bar.
The results for the motion criterion were consistent with
the results of Experiment 1. First, a compressive nonlin-
earity was found for achromatic and S cone axes. The
midpoint gray, for example, required less luminance than
the arithmetic mean of the light and dark bars. Second,
for the L-M axis, more L cone excitation was required
(less contrast between the magenta bar and background)
in the background to achieve equal effective contrasts of
the cyan and magenta bars. This was the same result as
found in Experiment 1.

The results for the perceived contrast criterion show
departures from linear midpoint settings for the achro-
matic and S cone axes, which were similar in magnitude
and direction to those for the motion criterion. However,
the results for the LM cone axis were much closer to
0.5, the linear midpoint. A ¢ test with Holm’s correction
for multiple testing showed that all the settings except
this one differed significantly from 0.5. The difference
between the motion and contrast criteria was largest for
the L-M settings. A ¢ test with Holm’s correction for paired
comparisons of settings between motion and contrast also
showed significant difference only for the L-M axis. This
suggests that the nonlinearity for the L-M axis seen in
Experiment 1 and here with the motion criterion is specific
to apparent motion or transient mechanism(s), whereas
that for the other axes is likely a general characteristic of
the early visual system.

DISCUSSION

The Anstis and Mather (1985) apparent-motion tech-
nique revealed nonlinear coding for all three axes: achro-
matic, S cone, and L-M. The slight nonlinearities of the
achromatic and S cone axes are well modeled by a com-
pressive nonlinearity of cone response (Boynton & Whit-
ten, 1970; Naka & Rushton, 1966; Valeton & van Norren,
1983). A much stronger nonlinearity, possibly arising in
the color-opponent processes, is necessary to explain the
results for L-M cone axis. Experiment 2 demonstrated
that this nonlinearity was specific to the L-M contribu-
tion to apparent motion. A logarithmic nonlinearity was
not appropriate for any axis, being too severe for the
achromatic and S cone axes and insufficient for the L-M
cone axis.

In this section, we discuss motion responses to color,
responses in the different axes, the differences in results
between the S cone axis and the L.-M cone axis, the ef-
fect of nonlinearity of contrast coding, and, finally, the
possible effects of light adaptation and color adaptation.

v



The results for the S cone axis, like those for the achro-
matic stimuli, could be predicted by the Naka—Rushton
nonlinearity of cone responses. Our S cone axis results re-
flect the combined nonlinearities from higher level mech-
anisms as well as cones. Our results therefore suggest that
the nonlinearities that might be occurring in the blue/
yellow color-opponent mechanism are largely outweighed
by the nonlinearity of S cone responses. Along the L-M
cone axis, however, the effect of the Naka—Rushton cone
nonlinearity is far less than the observed nonlinearity, and
an additional nonlinearity at the level of the red/green con-
tribution to motion mechanisms must be considered.

These results do not rule out the contribution of cone
nonlinearities to the L-M cone stimuli nor that of the
nonlinearity of opponent-color processes to S cone stim-
uli. First, the experimental results along the L-M cone
axis undoubtedly include the same cone nonlinearity
measured for these cones in the achromatic condition. It
is simply overwhelmed by the larger subsequent nonlin-
earity at the next level in the motion pathway. Second, a
close look at the results along the S cone axis (Figure 4)
reveals that the experimental data do possibly show a
slightly larger nonlinearity than that predicted by cone
nonlinearity. This may indicate a small nonlinear contri-
bution at the opponent Jevel for the S cone axis, although
the nonlinearity is much smaller than that for L—M cone
axis (remember the large difference between the two con-
ditions in cone contrast). Since our task involves motion
perception, the S cone or S cone pathway (Wisowaty &
Boynton, 1980) may not have the temporal resolution to
respond to the stimulus. However, our stimulus was con-
structed to differentially modulate only S cones, and com-
pelling motion was seen, with no obvious qualitative dif-
ferences compared with the other stimuli. Moreover,
psychophysical evidence suggests that the temporal res-
olution for S cone is actually not unlike that for L and M
cones (Stockman, MacLeod, & DePriest, 1991). Temporal
impulse functions measured for hue substitution also re-
vealed that there is little difference for different directions
of hue shift (Uchikawa & Ikeda, 1986). These results sug-
gest that there is not much difference either among the tem-
poral properties of three types of cones or among the
temporal properties of the red/green and blue/yellow
mechanisms. Our finding of a much smaller nonlinearity
for the S cone secondary processes relative to the L-M
cone secondary processes is therefore puzzling.

It is interesting to compare our results with those of
tests of linearity in color space with other techniques. In
particular, the degree of nonlinearity is often assumed to
be larger for the yellow/blue system than for the red/
green system, on the basis of results in hue cancellation
experiments (e.g., Ayama & Tkeda, 1989). The chromatic
valence functions derived from these results can be ex-
pressed by a linear sum of cone outputs for the red/green
but not for the yellow/blue mechanism. In contrast, in
our study, we found a more substantial nonlinearity for
the L-M axis, which is closely related to the red/green
color opponent system, than for the S cone axis. However,
the nonlinearity we report for the L-M axis is prominent
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only when motion criterion was used. There was little
deviation from linearity when the observers matched the
apparent contrast of the two bars. We suggest that our
L~M nonlinearity is specific to motion or transient mech-
anisms.

On the other hand, if we consider the Munsell system
(2 uniform color space), it is nonlinear in CIE x,y coor-
dinates in all directions (Wyszecki & Stiles, 1982), and
this holds in cone excitation coordinates as well because
they are a linear transformation of CIE x,y coordinates.
To see the amount of deviation from linearity, we calcu-
lated the coordinates of 64 Munsell chips of Munsell
Value 6 in the cone excitation diagram with a hypotheti-
cal equal energy white illuminant. These chips were cho-
sen to cover the lightness plane of Value 6 (even-number
chromas for 20 hues). Equal chroma contours were drawn
in the cone excitation diagram, from which chroma ver-
sus L or S cone excitation function was obtained. The func-
tions show that the deviation is slight and the amount of
the nonlinearity is similar for the L-M and S cone axes
in the range of the colors used in our experiments. This
suggests that the larger nonlinearity that we found for the
L—-M cone axis is not directly related to the perception of
color per se. This again agrees with the results in Exper-
iment 2 in which the large nonlinearity for L-M cone
axis for motion task was not found in the contrast task.

In addition to the cone nonlinearity, there is also a well-
established nonlinearity of contrast coding around the
adapting value. Specifically, the sensitivity for discrim-
ination of contrast differences is higher when the test
stimuli are similar to the background, an effect that is
called crispening (Kaneko, 1964; Legge & Kersten, 1983;
Takasaki, 1966; Whittle, 1986, 1992). This effect corre-
sponds to a local increase of the slope in the input—output
function, with the steepest slope at the background level.
We did not find any indication of this sigmoid shape in
our data. This is, perhaps, because the technique used in
our experiment cannot evaluate the linearity in the con-
trast domain. Comparison was made between the two bars
of opposite contrasts against the background in the tech-
nique, and, therefore, no effect was expected due to the
nonlinearity found using stimuli of the same polarity
with different contrasts.

Finally, we do not feel that adaptation is the source of
the larger L-M effect. We used a large adaptation field
of constant luminance and chromaticity that surrounded
the test field to minimize the change of adaptation states
of luminance and chrominance of the test field. However,
there are well-known, rapid, local adaptation effects in
the visual system (MacLeod & He, 1993; MacLeod, Wil-
liams, & Makous, 1992) in addition to classical slow adap-
tation effects. A 500-msec flash of light, for example, is
long enough to produce an adaptation effect even with a
large uniform surround. The time course of the response
in the experiment of Valeton and van Norren (1983), for
example, shows that response stabilizes less than 100 msec
after the onset of 150-msec presentation of the stimulus
(their Figure 2a). These rapid adaptation effects are
therefore present in the measurements of cone responses,




1190 SHIOIRI AND CAVANAGH

including those we used to model the nonlinearity in our
achromatic and S cone results. Our data, therefore, in-
clude the appropriate local adaptation effect.

Conclusion

In the apparent-motion task, all of the cardinal color
axes showed some deviation from linearity. For the S cone
and achromatic stimuli, the nonlinearity was small and
was adequately predicted by the Naka—Rushton compres-
sive nonlinearity of cone responses. The small deviations
from linearity demonstrate both that the early nonlinear-
ities are clearly not logarithmic and that the motion re-
sponse for these two axes can be described as a reasonably
linear response to contrast modulation along their axes.

However, the nonlinearity for the L-M axis color pair
was substantially larger than the combined effects of the
two small cone nonlinearities. We therefore suggested a
contribution of a strong nonlinearity at a second, color-
opponent site that becomes noticeable only at higher tem-
poral rates or perhaps only for apparent-motion analyses.
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