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Functional Segregation of Color and Motion
Perception Examined in Motion Nulling
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We examine two hypotheses about the functional segregation of color and motion perception, using
a motion nulling task. The most common interpretation of functional segregation, that motion
perception depends only on one of the three dimensions of color, is rejected. We propose and test an
alternative formulation of functional segregation: that motion perception depends on a univariate
motion signal driven by all three color dimensions, and that the motion signal is determined by the
product of the stimulus contrast and a term that depends only on the relative cone excitations. Two
predictions of this model are confirmed. First, motion nulling is transitive: when two stimuli null a third
they also null another. Second, motion nulling is homogeneous: if two stimuli null one another, they
continue to null one another when their contrasts are scaled equally. We describe how to apply our
formulation of functional segregation to other behavioral and physiological measurements.

Functional segregation Color Motion nulling Motion energy Parallel pathways

INTRODUCTION

A variety of demonstrations and experiments illustrate
that the contrast and color of a moving target influences
its detection threshold, direction discrimination
threshold, direction of movement, and perceived velocity
(Carney, Shadlen & Switkes, 1987; Cavanagh, Tyler &
Favreau, 1984; Cavanagh, MacLeod & Anstis, 1987; Lee
& Stromeyer, 1989; Palmer, Mobley & Teller, 1993;
Ramachandran & Gregory, 1978; Stone, Watson &
Mulligan, 1990; Thompson, 1982). This codependence
suggests a connection between the neural representations
of color and motion. However, the additional psycho-
physical observation that weakening the luminance sig-
nal degrades or eliminates motion perception (Cavanagh
et al., 1984; Ramachandran & Gregory, 1978; Teller &
Lindsey, 1993) has led some theorists to explore the
opposite hypothesis: namely, that anatomically distinct
brain nuclei mediate color and motion perception
(Livingstone & Hubel, 1987; Meadows, 1974; Zeki, 1975,
1990, 1991: Zeki, Watson, Lueck, Friston &
Frackowiack, 1991; Zihl, von Cramon & Mai, 1983).
Zeki refers to this hypothesis as functional segregation.

Two separate difficulties plague attempts to couple
luminance and functional segregation. First, the
degraded motion percept at isoluminance does not
demonstrate that motion perception only depends on
the luminance dimension of color. To test this idea
we must show that the other two dimensions of color
fail to influence motion perception at all luminance
levels.
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Second, the luminance hypothesis needlessly restricts
the idea of functional segregation. The privileged role of
luminance in motion perception has been rejected
(Cavanagh et al., 1984; Cavanagh & Favreau, 1985;
Cavanagh & Anstis, 1991; Derrington & Badcock, 1985;
Kaiser, Vimal, Cowan & Hibino, 1989; Krauskopf &
Farell, 1990; Lindsey & Teller, 1990; Logothetis,
Schiller, Charles & Hurlbert, 1990; Mullen & Baker,
1985; Mullen & Boulton, 1992; Palmer et al., 1993;
Papathomas, Gorea & Julesz, 1991; Saito, Tanaka,
Isono, Yasuda & Mikami, 1989; Webster, Day &
Cassell, 1992). But other psychophysical formulations,
not based on luminance, are consistent with functional
segregation.

In this paper we frame and test hypotheses about the
relationship between motion and the three dimensions of
color. We use a motion nulling task (Cavanagh & Anstis,
1991) that includes a wide range of luminance and
chromatic stimuli. We reject the most common interpret-
ation of functional segregation: that motion nulling
depends only on one of the three dimensions of color.
We propose an alternative formulation of functional
segregation: that the motion signal at each point in the
visual field is a single time-varying number that is a
nonlinear combination of cone signals. Since we require
three variables to represent color, this univariate rep-
resentation segregates motion from color.

Our experimental results are consistent with the exist-
ence of a univariate motion signal. Moreover, we find
that the motion signal depends on the product of two
terms. The first term depends only on the stimulus
contrast; the second term depends only on the stimulus
color, and thus provides a unique color signature for the
motion signal. We discuss how to apply this color
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signature to other behavioral and physiological
measurements.

METHODS
Overview

Observers viewed foveally two vertical gratings drift-
ing in opposite directions, superimposed on a uniform
gray background. We call them the test and nulling
gratings. The gratings had sinusoidal contrast profiles
and different colors. We varied the contrast of the
nulling grating and asked observers to indicate the
perceived direction of motion of the composite stimulus.

We estimated the contrast of the nulling grating at
which the subject was equally likely to report composite
motion in the test or nulling direction. At this contrast,
subjects perceived ambiguous motion or stationary, col-
ored flicker. In this way we obtained a pair of gratings
that each cancelled the motion percept generated by the
other.

Stimuli

Observers sat in a dark room and viewed a color CRT
screen 3m away. The screen occupied 5deg of the
central field of view. Observers fixated a small black spot
at the center of the screen that was present throughout
the experiment. They adapted to a uniform gray screen
of 57 cd/m? for about 1.5 min before beginning the trials.
Following adaptation, pairs of moving, gratings were
presented in a circular region 1.5 deg in diameter in the
center of the uniform field (1.0 deg for subject ES). The
gratings always had a fixed spatial frequency of
1.33 ¢/deg (2 c/deg for subject ES). The gratings drifted
in opposite directions at 2 Hz for 0.5sec before being
replaced by the the uniform gray background. We did
not monitor fixation and we are certain that eye move-
ments occurred during some trials.

We calculate the grating contrast seen by each recep-
tor class (uncorrected for chromatic aberration) from the
spectral composition of the grating and the spectral
sensitivity of the human L, M, and S cones (Schnapf,
Kraft & Baylor, 1987; Smith & Pokorny, 1975). Suppose
the cone excitations at the peak and trough of the
sinusoidal grating are L,,,, and L_,, . The L cone contrast
i8 | = (Lyyy — Lynin)/(Layax + Lonin ). Defining the cone con-
trast for the M and S cones in the same way, we
represent the grating using the cone contrast vector
a = (/, m, s). We define the overall grating contrast as the
magnitude  of the cone contrast  vector,

lall = \/I* + m?+ s. Although this measure of contrast
depends on the color space we use (i.e. the photo-

receptors), our conclusions hold for any color space
within a linear transformation of the receptors.

The color direction of the vector a is the unit length
vector pointing in the same direction, a/||a||. Two vectors
with the same color direction and different contrasts
stimulate the cones in the same ratios.

To establish the contrast for a motion null, subjects
Judged 192 presentations of a test grating with a fixed
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color direction and contrast and a nulling grating with
a different fixed color direction and variable contrast.
The two gratings always moved in opposite directions,
but which grating moved rightward was randomized on
each trial. The subject reported the perceived direction
of motion (left or right) of the composite by pressing a
button. The nulling grating contrast was adjusted using
a double random staircase procedure: when the subject’s
response coincided with the nulling grating direction, the
nulling grating contrast was decreased; otherwise its
contrast was increased. A new trial began shortly after
the subject responded.

When the subject’s judgments of motion direction are
equally likely to follow the test grating a or the nulling
grating b, we say that b nulls a. We use the notation b ~ a
to indicate a pair of stimuli that null one another. We
say that a and b have the same motion nulling strength.

Our experiments included measurements using test
gratings that stimulated all three photoreceptor classes
in many ratios. The nulling gratings in Fig. 3 had zero
S cone contrast, so they can be represented on a graph
that plots the values of the L and M cone contrasts.

In  our notation, the stimuli (/,m,s) and
(=1, —m,—s) represent the same grating in opposite
phases. During a trial, the test and nulling gratings pass
through all relative phases several times. The difference
between (I, m,s) and (—1, —m, —s) is only that they
begin and end the trial shifted by one half cycle with
respect to the test. When we used a nulling stimulus
(I, m,s), we often repeated the measurement using
(=1 —m, —s). Unsurprisingly, we observed that these
stimuli had the same motion nulling strength. Hence,
when we make a measurement at (I, m, s) we also place
a corresponding point at (— /, — m, — s ) on our graphs.

Subjective experience

The staircase procedure kept the test and nulling
contrast near a motion equilibrium. At the equilibrium,
subjects perceived a stimulus that appeared to be flicker-
ing or to have ambiguous motion. Most decisions, based
on stimuli just to one side or the other of the equilibrium,
were easy. But for some subjects and some combinations
of test and nulling grating colors, there was a percept of
two gratings slipping over one another. These conditions
were infrequent but repeatable.

Estimating the nulling contrast

At the ith contrast level ¢; of the nulling grating, the
subject reported motion in the direction of the nulling
grating in »; out of a total of m;, trials. From these data,
we estimated the probability P(c,) of seeing motion in the
direction of the nulling grating at this contrast. We fitted
a cumulative Gaussian function to the values P(c)), with
contrast represented on a log scale, using a maximum
likelihood method (Watson, 1979). From this fit, we
estimated the contrast ¢ of the nulling grating at which
the subject was equally likely to report composite motion
in either direction.

The cumulative Gaussian provided an adequate fit to
the psychometric functions, as illustrated in Fig. 1. Here
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FIGURE 1. Cumulative Gaussian fits to psychometric functions. The probability of seeing motion in the nulling direction is

plotted against the log contrast of the nulling grating. Data from many different experiments are superimposed. The log contrast

axis of each individual data set was shifted and scaled by the mean and standard deviation parameters of the maximum

likelihood cumulative Gaussian fit (Watson, 1979) in order to make different data sets comparable. The cumulative standard
normal distribution is shown superimposed on the transformed data.
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we have superimposed all the psychometric data from
two observers. To make the data from different con-
ditions comparable, we fitted a cumulative Gaussian
to each data set, then used the mean and standard
deviation parameters of the fit to convert the log contrast
axis to standard units. After this manipulation the best-
fitting psychometric function is the cumulative standard
normal, which is shown superimposed on the data.

Equipment

We generated the stimuli and controlled the exper-
iments from a UNIX-based workstation. The worksta-
tion controlled an IBM PC/AT with an NNGS video
card driving a Hitachi HM-4320-D color computer
monitor at 88 Hz, with a spatial resolution of 640 x 480
pixels. We measured the spectral emission of the monitor
phosphors using a PhotoResearch PR-703A Spectral
Scanner, the digital control value to phosphor intensity
relation (gamma curve) using a PhotoResearch 2009
Tele-Photometer, and the spatial intensity profile of the
stimuli using a PhotoResearch PR-719 Spatial Scanner.
Periodic stability checks were done with a hand-held
Minolta ChromaMeter,

Color calibration

Much of the basic color CRT calibration procedure is
described elsewhere (Brainard, 1989). Briefly, we verified
that, to good approximation,

e The shape of the phosphor spectra remained
constant across the screen, and for all phosphor
intensities;

o The relative intensities of the three phosphors
remained constant across the screen;

o The relation between digital control values and
phosphor intensity (gamma curve) remained
constant across the screen;

e The spectrum of any combination of phosphors
at any point was the superposition of the indi-
vidual spectra.

We measured, but did not correct for, overall intensity
variation at different locations on the screen. As with
many high quality monitors, ours showed an intensity
drop-off of between 15 and 25% from the center to the
edges of the screen, though the moving stimuli we used
were confined to a central region where the intensity
drop-off was no more than 5%. We used the phosphor
spectra and the gamma curves measured at the center of
the screen to control our stimuli.

Spatial calibration

Since we used vertically oriented gratings, the intensity
of the electron beam in the monitor was forced to vary
over a substantial fraction of its dynamic range during
the course of each horizontal scan. Probably for this
reason, the actual contrast of a spatial pattern on the
screen was slightly different from the contrast specified
according to the point-by point calibrations described
above.

We measured the stimulus pattern that appeared on
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the screen with the framebuffer values set to specify a
sinusoidal profile of a particular contrast. We verified
that for all phosphor combinations the spatial pattern
remained sinusoidal. We also measured a scale factor
relating the framebuffer contrast to the screen contrast
for all three phosphors. We found that the contrast
profile at the screen was attenuated by a fixed factor
between 0 and 5%, depending on the spatial frequency
of the pattern. We corrected each stimulus using the
factor measured for its spatial frequency. We assumed,
but did not test, that two superimposed moving gratings
each suffered the same contrast attenuation as the static
grating pattern of the same spatial frequency that was
used in the calibration.

Flicker photometry

We used flicker photometry to measure luminance for
each subject. Stationary counterphase gratings with the
same spatial frequencies as the nulling stimuli were
presented for 0.5 sec, flickering at 11 Hz. Each stimulus
was the superposition of two gratings with different
color directions, one with fixed contrast and the other
variable. Subjects set the contrast of the variable con-
trast grating to minimize the apparent flicker of the
composite (method of adjustment). Using a single test
grating and variable gratings of many different color
directions, we estimated the linear combination of L and
M cone signals that best explained the flicker data in the
least-squares sense. We refer to this as luminance for our
subjects.

RESULTS

Functional segregation: motion monochromacy

We begin with the following quantitative formula-
tion of the functional segregation hypothesis: motion
perception is functionally segregated from color if the
motion signal depends on only one of the three dimen-
sions of color information. We call this motion
monochromacy.

Motion monochromacy implies that the visibility or
velocity of a moving object remains unchanged as we
vary the other two color dimensions. For example,
models based on luminance assert that the motion
percept is unaffected by isoluminant stimulus changes.
Monochromacy is a powerful interpretation of func-
tional segregation (Kaiser ez al., 1989; Teller & Lindsey,
1993). If true, it permits us to characterize motion
perception and the motion pathways with a unique
spectral sensitivity, much as we can characterize night-
time vision and the rod photoreceptor pathway by the
scotopic spectral sensitivity.

Consider the implications of motion monochromacy
for a set of stimuli with zero contrast for the S cones.
Since a monochromatic pathway uses only one dimen-
sion of color, stimuli with equal motion nulling strength
should fall along straight lines, as depicted in Fig. 2.
These lines should be perpendicular to the color dimen-
sion responsible for motion perception. For example,
models based on luminance demand that stimuli with
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FIGURE 2. Monochromatic theory predictions. Suppose only one

dimension of color controls motion perception. Then stimuli with

equal motion strength that do not stimulate the S cones should fall on

parallel lines symmetric about the origin, when plotted according to

their L and M cone contrast. The lines are orthogonal to the color
direction responsible for motion perception.

equal motion nulling strength should fall on isoluminant
lines (Teller & Lindsey, 1993).

Figure 3 plots the L and M cone contrasts of many
gratings that all null the same test grating. These gratings
all have the same motion nulling strength. Since the data
do not fall on parallel lines, motion nulling strength does
not depend on a single color dimension. We reject
motion monochromacy in this task.

Functional segregation: Stiles color invariance

Now we consider an alternate formulation of func-
tional segregation. We suppose that the motion signal at
each point in the visual field is a single time-varying
number. Since we require three variables to represent
color, this univariate representation segregates motion
from color. We will see later that our experiments are
consistent with a univariate representation.

We now investigate the specific hypothesis that the
motion signal from a stimulus a is monotonically related
to the product of two terms, the stimulus contrast and
a sensitivity term that depends only on the stimulus color
direction:

lallS(a/llal).

In this case we say that the motion signal obeys Stiles
color invariance.*

Our formulation removes the restriction, which is
plainly too strong, that luminance or any single color
dimension is the sole carrier of the motion signal
(Cavanagh et al, 1984; Cavanagh & Favreau, 1985;

*The brilliant color scientist, W. S, Stiles, used this empirical property
to define the spectral sensitivity of the mechanisms of light adaption
in the human visual system (Stiles, 1939, 1959, 1978).
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Cavanagh & Anstis, 1991; Derrington & Badcock, 1985;
Kaiser et al., 1989; Krauskopf & Farell, 1990; Lindsey
& Teller, 1990; Logothetis et al., 1990; Mullen & Baker,
1985; Mullen & Boulton, 1992; Palmer et al., 1993;
Papathomas et al., 1991; Saito er al., 1989; Webster
et al., 1992). But the univariate signal preserves the
segregation of the color and motion computations.
Finally, Stiles invariance allows us to define the color
direction sensitivity, S, to serve as a color signature for
identifying the motion signal in a variety of contexts.

A test of Stiles invariance: homogeneity

We tested Stiles invariance in motion nulling using the
following logic. Stiles invariance means that the motion
nulling strength of a stimulus, a, depends on the product
of its contrast ||a|, and a color direction sensitivity term,
S(a/||a]l). This implies that if two gratings null one
another, they will continue to null each other when we
scale their contrasts equally. That is, if a~h,
then [a||S(a/[|a]) = [b]lS(b/|bl) so [kalS(ka/|kal) =
lkb||S(kb/|kb||), and ka~ kb. We call this property
homogeneity.

We examined Stiles invariance by testing homogeneity
in motion nulling. We show the results of these tests in
Figs 4 and 5. In each panel of Fig. 4, we plot the contrast
of nulling gratings vs the contrast of test gratings they
nulled. Within a panel the color directions of the test and
nulling gratings are fixed, but different from one
another. Different panels show measurements using var-
ious color directions of the test and nulling gratings.

We summarize our homogeneity tests in Fig. 5. We
have superimposed many data sets like those in Fig. 4
after rescaling the axes of each panel so that the best-
fitting line has unit slope. The points fall close to the
identity lines shown as required by homogeneity.

For subject EC, we used repeated measurements in
four pairs of color directions to test homogeneity statisti-
cally. A y’-test on the residuals failed to reject homogen-
eity (P = 0.31). Our data support homogeneity.

Transitivity

Our experimental analyses are based on the premise
that a ~b means that a and b have the same motion
nulling strength. This inference only makes sense if a ~ b
and b~c implies that a~c. We call this property
transitivity.

To test transitivity, we measured the contrast of
grating b required to null a test grating a, resulting in a
measurement a ~ sb. Similarly we obtained a measure-
ment b~re. From homogeneity, we know that
sb ~ (sr)e, and by transitivity we expect that a ~ (sr)ec.
We tested this prediction by having the subject cancel a
by adjusting the contrast of ¢, yielding a measurement
a ~ gc. Transitivity predicts that the ¢ = sr. Figure 6
contains a histogram of log(g/sr) for many choices of
color directions a, b, and e¢.

The superimposed dotted line shows a Gaussian distri-
bution that we predicted from the variability of repeated
measurements, using the following logic. There are three
measurements for each transitivity test, ¢, r, and s. If
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FIGURE 3. Many gratings that nulled a single test, for three observers. Each point represents the L and M cone contrast
of a nulling grating that cancelled the motion of a standard test grating (S cones contrasts are zero for these nulling gratings).
The cone contrasts of the test gratings for each subject are: BW (0.017, 0.028, 0.159), DH (0.059, 0.097, 0.535), EC (0.024,
0.04, 0.225). Each nulling stimulus is plotted on both sides of the origin, because antipodal points represent stimuli that are
identical up to a phase shift, and have the same effect in motion nulling. The dashed lines are isoluminant lines, measured
using flicker photometry (data not shown). The iso-motion contours and luminance measurements differ between subjects:
subjects do not accept each other’s motion nulls or minimum flicker settings. For two observers the isoluminant line falls nearly
along the M cone axis, indicating little or no M cone contribution to luminance. These observers’ luminance settings fall within
the range of settings made by Gibson and Tyndall’s (1923) observers. Those data define the CIE standard luminous efficiency
function in the wavelength region relevant to our measurements (Wyszecki & Stiles, 1982).
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color directions. Within each panel, the test and nulling color directions are fixed but different. The points depict the measured

contrast of the nulling grating as a function of the test contrast. Homogeneity predicts that all the points in each panel should
lie on a straight line through the origin.

transitivity holds precisely, log(g/sr) = 0. Assuming that
log(s), log(r), and log(g) are each subject to independent
additive noise with variance ¢?% the quantity
log(q/sr) = log(q) — log(s) — log(r) should have vari-
ance 302, We generated an estimate 6% for ¢? from
repeated nulling measurements in many color directions.
The Gaussian distribution superimposed on the data in
Fig. 6 has variance 362 This curve adequately predicts
the measured variability in log(g/sr), consistent with
transitivity. We conclude that our data are consistent
with the existence of a univariate motion strength signal.

The color direction sensitivity
We refer to the closed curve traced out by each

data set in Fig. 3 as an iso-motion contour. Transitivity
and homogeneity together imply that the shape is
independent of the contrast and color direction of the
test stimulus.

To show this, suppose we measure the contrast of
stimulus a required to null stimulus b, resulting in a
measurement ka ~b. How will the set of stimuli that
null a be related to the set of stimuli that null b? If ¢ ~ a,
then by homogeneity ka~ke, and by transitivity,
b ~ ke. This proves that if a ~ ¢, then b ~ k¢. The stimuli
that cancel a and b are the same except for a single scale
factor, k, so the two contours have the same shape.

We tested this prediction directly. Each large panel in
Fig. 7 shows many nulling stimuli that cancelled a single
test stimulus. The test stimuli in the two panels were very
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different: one is a saturated blue—yellow pattern and the
other a moderate white—black. The second test stimulus
produced increased nulling contrast variability in
certain color directions. Still, the iso-motion contours
defined by the average nulling contrasts have the
same shape, as predicted by homogeneity and
transitivity.

This is detailed in the inset panel. For 11 different
nulling color directions, we plot the difference between
the mean log nulling contrast measured with the
blue—yellow and white-black test stimuli. If the two iso-
motion contours have the same shape, these differences
should be the same for all nulling color directions. The
measurements fall near the best-fitting constant value of
0.246.
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DISCUSSION

The shape of the iso-motion contour is the crucial
empirical invariant of a motion signal that obeys Stiles
invariance. Our tests of shape invariance imply Stiles
invariance. As a result, the color direction sensitivity
defined by the iso-motion contour provides a meaningful
chromatic signature for this task (Fig. 3). Note, how-
ever, that the shape will vary with the spatial and
temporal configuration of the stimulus (Cavanagh et al.,
1987).

We now discuss explicit models for the physiological
computation of motion nulling strength. Later we de-
scribe how to measure the color signature of other
behavioral and physiological motion tasks.

Process models

What physiological computation might produce the
motion nulling signal? Our tests of homogeneity
and transitivity require that the motion signal be
Stiles invariant, and thus have meaningful color
direction sensitivity. We will consider models with
elliptical color direction sensitivity because (a) the iso-
motion contours in Fig. 3 are nearly elliptical, and
(b) alternative models of the contours (e.g. Minkowski
metric models with powers > 2) (Chaparro, Stromeyer,
Huang, Kronauer & Eskew, 1993; Cole, Hine &
Mcllhagga, 1993) involve stronger assumptions
about visual mechanisms, but are difficult to distinguish
from ellipsoids (Poirson, Wandell, Varner & Brainard,
1990).
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FIGURE 6. Test of transitivity for one observer. The histogram
summarizes deviations from transitivity for one observer. Each datum
contributing to the histogram is the log of the ratio of a measured
nulling contrast to the contrast predicted from two other measure-
ments, assuming transitivity and homogeneity. The data represent
measurements in 13 different color directions; the large histogram
counts reflect many predictions arising from all combinations of
repeated measurements. The smooth curve is the expected distribution
of the deviations based on the variability of repeated measurements.
See text for details.
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Linear combination of delayed receptor signals. Our
first model is a simple extension of the monochromacy
hypothesis. We assume that motion nulling strength is
the amplitude of the sum of the three delayed sinusoidal
photoreceptor signals. When the delays for the different
receptor classes are identical, this hypothesis is no more
than the failed monochromacy hypothesis. If there is a
relative delay between the different photoreceptor signals
(Cavanagh & Anstis, 1991) then the amplitude of the
combined signal is the square root of a quadratic
function of the amplitudes of the photoreceptor signals
(see Appendix). Therefore, this model predicts elliptical
motion nulling contours whose precise shapes depend on
the relative delays between the photoreceptor signals.

As we show in the Appendix, the delays between the
L and M cone signals required to fit the data from the
three observers in Fig. 3 are 46, 118, and 154 msec. These
delays are comparable to the entire duration of human
cone flash responses (Schnapf, Kraft & Baylor, 1987).

Differential delays of this magnitude between the recep-
tor signals are unlikely (Hamer & Tyler, 1992).

Linear combination of delayed color channels. A
slightly more general model assumes that the photo-
receptor signals are linearly recombined into three color
channels (e.g. color-opponent channels). The outputs of
the color channels are differentially delayed and added.
Motion nulling strength is the amplitude of this sum.

This model also predicts an elliptical iso-motion con-
tour (see Appendix). The dimensions and orientation are
determined by the color transformation and the delays.
We show in the Appendix that the delays and color
transformation are confounded, making it impossible to
assess the plausibility of the delays in this model without
reference to a specific color transformation.

Quadratic combination of color channels. An alterna-
tive model postulates a quadratic combination rule: the
motion nulling strength depends on the weighted sum of
the squared amplitudes of signals in three color channels.
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The sum of motion energies (Adelson & Bergen, 1985)
computed in three color channels is an example. We
show in the Appendix that this model also predicts
homogeneity and elliptical iso-motion contours.

In addition, this model predicts that changing the
relative phase of signals in each color channel should
have no effect on the motion nulling strength. By
contrast, the linear models described above predict that
motion nulling strength depends on this phase relation-
ship.

Unifying behavioral and physiological measurements:
motion matching

Our results support Stiles invariance in one exper-
imental paradigm. The methods we use, however,
provide some guidance about how to pursue the hypoth-
esis in other behavioral and physiological experiments.

Consider how our methods might be applied to a
different behavioral task: wvelocity matching. As
Thompson and Stone (Stone & Thompson, 1992;
Thompson, 1982) have shown, the perceived velocity of
black—white gratings depends on contrast. One could
extend their task by asking observers to set apparent
velocity matches between grating pairs that match in
physical velocity but differ in color (Cavanagh et al.,
1984). Observers would adjust the contrast of the second
grating until the perceived velocity of the two gratings
matched. The set of colored gratings with the same
perceived velocity would sweep out a contour that is
analogous to the iso-motion contour (Fig. 3). We can
test whether the motion signal is Stiles invariant by
asking if two gratings that match in velocity continue to
match when we scale both contrasts equally. If this
quantitative test holds, then we can further ask whether
the contour we derive from the experiment is the same
as the contour we derive from the motion nulling
experiment. The results of Cavanagh et al. (1984) are
inconsistent with ellipsoidal contours, but they do not
test Stiles invariance.

Next, consider how our methods might be applied to
a physiological measurement: responses of single neur-
ons in candidate motion areas. One would measure
response as a function of contrast for many stimulus
color directions, and test whether plots of response vs log
contrast are horizontally shifted replicas. If so, the
neuron’s responses satisfy homogeneity, consistent with
Stiles invariance. The size of the horizontal shift for each
color direction defines a color direction sensitivity for the
neuron analogous to behavioral iso-motion contours.

CONCLUSIONS

How can behavioral measurements address the
physiological hypothesis of functional segregation be-
tween motion and color? We have argued that functional
segregation is not properly tested by searching for a
performance minimum at isoluminance.

Instead, we have considered two alternative formu-
lations of functional segregation. First, we considered
the hypothesis that motion perception is monochro-
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matic; a motion system based purely on luminance is an
example. This seems a very poor design principle for a
motion system, since motion is needlessly blinded to two
of the three color dimensions. In any event, our data
reject monochromacy.

Second, we examined the hypothesis that there is a
univariate motion signal that depends on the product of
contrast and a color direction sensitivity term. In this
design information is combined from all three color
dimensions. Our data are consistent with this formu-
lation of functional segregation.

A theory based on luminance alone once held hope for
a simple description of the color properties of motion
perception. This hypothesis has been discredited. We
have proposed an alternative theory of functional segre-
gation of color and motion: a motion signal that is Stiles
invariant. Our formulation is testable in a broad range
of physiological and behavioral measurements.
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APPENDIX

Linear combination of delayed receptor signals

Ellipsoidal iso-motion contours. Suppose the motion signal strength is
the amplitude of the sum of differentially delayed receptor signals. In
this case, the iso-motion contours are ellipsoidal.

The time-varying excitation patterns of the three photoreceptor
classes in response to a single drifting grating stimulus are given by

L(x,t)=1Isin(x +1)

M(x,t)=msin(x + 1)

S(x, )=ssin(x + 1)
where the vector (/, m, 5) is the color vector we have previously used
to describe the stimulus. For simplicity, we have assumed unit spatial
and temporal frequencies. Suppose the motion strength is the ampli-
tude of the weighted sum of delayed receptor signals:

P = |l sin(x + (t —d)) +w,msin(x +(t —d,)
+ s sin(x + (1 —d,))|

where || denotes the amplitude of the resulting sinusoidal signal.
Applying trigonometric addition formulae and simplifying, we have

Pl= P+ olm®+ ols®+ 2m0, cos(d — d,)m

+ 2m,w, cos(d, — d))sl + 2,0, cos(d,, — d )ms

or
Pr=(l, m, 5)Q(, m, s)
where
w} w,w,, cos(d, — d,)  w,w, cos(d, — d)
Q= | ww,, cos(d,— d,,) o w,, @, cos(d, —d.)|.

o,o;co8(d, —d))  ®,o,cos(d,—d) ?
The motion strength P is the square root of a quadratic form in the
variables /, m, and s. The matrix Q is symmetric and positive
semi-definite; it is positive definite if the delays d,, d,, and d, are
distinct.

Now consider a set of iso-motion stimuli {(/,m,s;)} that all
generate a unit motion signal (the absolute scale of the signal is
unimportant). These are described by the equation

Uy e 5)QUy 1Y = 1

which is the equation for an ellipsoid.
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Note that in the special case where d, =d, =d, (no relative delay
belween receptor signals) each cosine term is 1 and the expression for
P simplifies to :

P =|wd + w,m + w,s|

which is just the monochromatic model we have rejected.
Estimating the relative L and M signal delay. In the case of stimuli
without an S cone component, we can simplify the motion signal:

P =wil* + 2m,0, cosld,— d,)Iim + wim®
= al* + bim + cm*

where a = w}, b = ww,, cos(d,—d,), and ¢ = w?. To fit the data in
Fig. 3 with elliptical contours, we find the parameter estimates 4, #, and
¢ that minimize the squared deviations from the model in which all the
plotted stimulus vectors generate unit motion signal:

2
Z(l —Jal? + blm,+ c"mf) .

7

From these parameter estimates, we calculate the relative delay
|d,—d,,| between the L and M cones by observing that:

|d,— d,,| = cos~'\/b?/4ac.

We estimate delays of 46, 118, and 154 msec between the L and M cone
signals for our three observers.

Linear combination of delaved color channels

Ellipsoidal iso-motion contowrs. Suppose the motion strength is the
amplitude of the sum of delayed signals in three color channels, each
of which is a linear combination of receptor signals. Then the
iso-motion contours plotted in receptor coordinates are also ellip-
soidal.

Define the color channels x, y, and z as

(x, 7 2) =T, m,s)

where T is an invertible 3 x 3 matrix. Writing the delay matrix R for
the color channels analogous to Q above, iso-motion stimuli (x, », z)
are described by a quadratic form:

P?=(x,y, z)R(x, y, 2)".
Expressing this in terms of the receptor signals,
Pr=(i,m,s) (TRT) (I, m, s).

Since T is invertible, and R is symmetric and positive definite, TRT'
is symmetric and positive definite. Hence this model predicts iso-
motion contours that are ellipsoidal when plotted in terms of receptor
signals.

Delays confounded with choice of color channels. We now demon-
strate that choice of delays is confounded with the choice of color
transformation. Specifically, for any set of distinct delays, we can
choose a color transformation to account for the data.

From the previous section, we know the data fall near the ellipsoid
defined by the matrix Q:

(L, m, )QU, m, sy = 1.

Choose three arbitrary distinct delays 4, ,d,, and 4., and construct the
corresponding delay matrix
1 cos(d, — d,)
cos(d, —d,) 1
cos(d. —d,)

cos(d, —d,)
cos(d, —d,) |.
cos(d, —d,) 1

R=

We construct the color transformation, T, as follows. Since Q and R
are symmetric and positive definite, we can write Q=U'U and
R =WW, where U and W are invertible because the delays are
distinct. Let T = W~ 'U, so that the color channels are

Gy, z) =T m, 5) = WU, m, 5).
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Now, the ellipsoid predicted using the delayed color channels is
(x, v, z)R(x, p,z) = 1.
This is identical to the original ellipsoidal description of the data, since
(x, v, 2)R(x, p, z)' =, m, s)T'RT(I, m, s )
=({, m, 5) (W 'UY(WW)(W- U (I, m, s)
=(I, m, s)UU(, m. s)
=(l, m, 5)Q(l, m, s).

Since we selected the delays arbitrarily and derived corresponding
color channels that describe the data, the delays in the model are
confounded with the choice of color channels.

Sum of motion energy in three color channels

We now examine a model in which motion strength is the sum of
motion energy in three color channels. We show that this model also
predicts ellipsoidal motion nulling contours.

Since this model is nonlinear, we need to consider the net motion
signal arising from the superimposed test and nulling gratings simul-
taneously. We represent the rightward drifting grating as a color vector
s® = (s}, s}, s}) and the leftward drifting grating as s* = (s}, 55, s}).
These color vectors refer to the amplitudes of the stimuli in each of the
three color channels. Each color channel is some linear combination
of cone signals. For example, the space-time stimulus seen by the first
color channel in response to the rightward stimulus is s¥sin(x + 7).

We postulate symmetric rightward and leftward preferring motion
energy operators L;, and R, in the ith color channel. These sum to give
the leftward and rightward motion signals L and R respectively.
Motion energy operators (Adelson & Bergen, 1985) sum the squared
responses of pairs of quadrature phase spatio-temporal linear oper-
ators (Fahle & Poggio, 1981; Watson & Ahumada, 1983, 1985;
Adelson & Bergen, 1985; Burr, 1986). We refer to the underlying linear
operators for L, as LY amd L}, and those for R, as R! and R}.

The motion nulling condition is that the leftward and rightward
motion energy signals arising from the superposition of the leftward
and rightward gratings cancel:

L(s® +sb) = R(s® +sb).

For simplicity (and without loss of generality) we assume that the
stimuli begin in the same spatial phase. Then we can write the
responses of the leftward-preferring linear operators to the leftward
and rightward gratings as:

LY(s") = wPshsin (1)

LY(s®) = w?sfsin (1)

L?(sY) = w?Pslcos (1)

LP(E?) =wistcos (1)
where w? and ¢ are the sensitivities of L} and L to gratings of unit
spatial and temporal frequencies moving in the (p)referred and
(o)pposite directions. The direction preference is expressed in the
relation |wf| > |@¢]. Since R? and R¥ are symmetric to LY and LY, an
almost identical set of equations governs their responses, with o? and

w{ interchanged.

The leftward motion signal is given by the sum of the leftward-

preferring energy operators, which in turn sum the squared outputs of
the underlying linear operators:

L +58 =Y L6+
= Z [LY(s" + 8 + [L76" +9)F
= E [LI6Y) + LIEF + [L76Y) + LI
= Z (@] + @] sFYsin’() + cos(1))

=¥ (@5t +opsh
i
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Similarly, Expanding and rearranging,
RE" +s) =Y (0fs) + sty Y@ = (@161 = T (@) = (@ VI
We now show that the iso-motion contours are ellipsoidal‘ Suppose Since the test stimulus s* = (s, st s%) is fixed, we can write the

that the leftward stimulus is the test stimulus; it is described by a fixed right hand side as a constant k. Note that k >0 since |w?| > ||
color vector s*. We seck the stimuli s® that satisfy the nulling condition (cxcluding the case sl = []) S]m]lar]y‘ the constant
L(s® + sY) = R(s® +sb). a; =[(w?) — (w?)]/k is positive. Therefore the iso-motion stimuli

R_ (R (R Ry i . e . ;
Substituting the expressions for L and R above, we have §7=(s1.52,53) lie on an ellipsoid defined by the equation

Ywlst+ofsFP =Y (wPsk +wish? Y asBr=1.



