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We describe a family of stimuli consisting of colored bars of different orientations, which, when presented in rapid
succession, may elicit unambiguous motion perception. These stimuli permitted the isolation of directional
spatiotemporal information extracted from oriented luminance clues, from nonoriented chromatic-plus-luminance
clues, or, when the stimuli were presented under equiluminant conditions, from pure chromatic clues. As a general
rule, matching of orientation induces weaker motion-detection performances than does matching of color. When
the orientation clues are in competition with the chromatic ones, motion perception based on the former is always
overridden by motion perception based on the latter. We indirectly isolated an oriented chromatic mechanism that
also contributes to motion perception. We finally showed that, under equiluminant conditions, matching of
orientation across different colors is inefficient in eliciting motion perception, either because motion information is
extracted poorly across different chromatic channels or because such channels show little orientational selectivity.
Because motion strength determined by each of the manipulated attributes follows different functions with the
displacement (or velocity) of the stimuli, we propose the existence of three underlying mechanisms, a luminance
mechanism, a chromatic-plus-luminance mechanism, and a pure chromatic mechanism, each of which provides

motion information.

INTRODUCTION

It has been reported repeatedly that, relative to luminance-
modulated stimuli, equiluminous chromatic patterns pro-
vide weak motion output.!® The main theoretical issue
related to this chromatic-luminance motion imbalance con-
cerns the processing of chromatic and luminance informa-
tion by the motion-analyzing system(s). It has been pro-
posed that chromatic and luminance channels share a com-
mon motion pathway with weaker input from the chromatic
channels.*® The common-motion-pathway hypothesis was
based on the demonstration of chromatic-motion cancella-
tion by a luminance-modulated moving stimulus,3* of chro-
matic movement aftereffects that transfer to achromatic
stimuli,® etc. These same arguments were used to discard
other possibilities, whereby chromatic and motion-process-
ing channels might be distinct” or whereby chromatic mo-
tion might be accounted for by residual noise in the lumi-

nance channel.45 However, taken together, the neuroana-

tomical and neurophysiological literatures strongly favor a
partition between motion and color pathways as well as
between color and form pathways, all of which do, however,
interact and show luminance-related activity.8-10

The present study is concerned with providing additional
evidence in favor of or against (1) the common-motion-path-
way hypothesis and (2) the putative separation between
color and form (i.e., orientation) in motion processing. To
do so, we start with the quite reasonable assumptions that
(a) motion information is processed in both the chromatic
and achromatic units,!! (b) chromatic as well as luminance
motion pathways consist of both orientation-selective and
orientation-nonselective cell populations!l-18 (albeit orien-
tation selectivity appears to be underrepresented in the
chromatic pathways!®-2!), and (c) whether within the chro-
matic or luminance pathways, the inputs to a Reichardt-
type motion unit?2-24 are of the same type, namely, from

0740-3232/89/040590-13$02.00

units with similar characterizing selectivities.25-30 We refer
to this last assumption as the homogeneity hypothesis. We
then ask the question, is the observed chromatic-luminance
motion imbalance due to a general imbalance or to a specific
imbalance across the chromatic and luminance channels?

In the process of attempting to answer this question, we
show that assumptions (a) and (b) are correct, namely, that
motion processing does indeed take place in both chromatic
and achromatic pathways and that the addition of orienta-
tional clues to a chromatically defined moving stimulus im-
proves movement-detection performances. The homogene-
ity hypothesis has a particular status in the sense that what
is physically inhomogeneous may be homogeneous for a giv-
en population of processing units. For example, a stimulus
that is not spatiotemporally matched for orientation will
nonetheless be homogeneous for nonoriented motion units.
The same may apply for nonmatched colors if one assumes
the existence of chromatic units responding to any chromat-
ic contrast. For the sake of clarity, in the analysis developed
below we assume that such units do not exist. However, we
discuss this point in more detail when introducing experi-
ments 4 and 5.

RATIONALE OF THE EXPERIMENTS

The psychophysical demonstration of the color-luminance
motion imbalance has always been achieved through indi-
rect techniques. These techniques involved a change in the
experimental conditions designed to elicit color- and lumi-
nance-related motion, whether the task of the observer was
to extract shape out of motion! or to estimate the strength
(i.e., speed) of motion per se35 or of its aftereffects.? Inmost
of these experiments, characteristics of chromatic equilu-
minant motion were compared with and expressed in terms
of characteristics of achromatic nonequiluminant motion.
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This relative chromatic motion characterization is
straightforward only to the extent that equiluminant and
nonequiluminant stimuli can be represented within equiva-
lent sensitivity spaces, which is not necessarily the case. For
example, the matching of the chromatic contrast of an equi-
luminant stimulus to the luminance contrast of an achro-
matic stimulus in order to make them equally visible (i.e., set
at a constant ratio relative to their respective thresholds) is
problematic in several respects. In order for this procedure
to be meaningful, one must ensure that matching across
dimensions implies.equal output in the respective channels;
that this output is directly relevant to the feature under
study (i.e., shape, direction, or speed sensitivity); and that, if
the matching is used as a cancellation technique, the two
stimuli under study (i.e., chromatic and achromatic) do not
interact. These conditions are difficult, if not impossible, to
satisfy simultaneously. Moreover, the question of how
chromatic contrast should be measured is still debatable.3!

Although finding a universal cross-dimensional metric re-
mains a basic psychophysical problem that is not yet ready
to be solved (see, e.g., Ref. 32), the problem of cross-dimen-
sional comparisons related to stimulus differences across
experimental conditions can be eliminated altogether by
avoiding such intercondition differences. In an effort to
achieve this objective, we created a new family of stimuli
whose constituent elements are strictly identical across ex-
perimental conditions but that, depending on their spatio-
temporal configuration, can elicit motion perception within
color or luminance pathways or both. Such stimuli cannot
be equiluminant, but, as explained below, they may isolate
specific color and luminance motion-detection mechanisms
whose outputs can be compared directly.

Isolation of Chromatic and Achromatic Motion-Detection
Mechanisms

When a set of identical, equally spaced elements displayed
on a black background (such that they differ from it both in
color and in luminance) is shifted coherently from one frame
to another by a displacement equal to half of the interele-
ment spacing, its spatiotemporal Fourier spectrum presents
equal energy components within opposite velocity bands?4
and is therefore drift balanced.33 Because such stimuli do
not elicit any dominant perception of drift, they cannot be
used to isolate any specific motion mechanism.

The perceptual drift balance can, however, be resolved if
the individual elements are matched from frame to frame
according to one (or more) of their attributes (such as orien-
tation, spatial frequency, or color?5-3%). The stimulus, how-
ever, loses its drift-balance property only for mechanisms
sensitive to the critical attribute. The manipulation of one
(or more) critical attribute(s) permits the isolation of orient-
ed and nonoriented chromatic and luminance motion-sensi-
tive mechanisms even though the individual elements com-
posing the stimulus are discriminable from the background
in both color and luminance.

Theoretical Decomposition of Five Spatiotemporal
Stimulus Types

Figure 1 illustrates schematically five stimulus configura-
tions that are designed to induce motion perception depen-
dent on the spatiotemporal matching of the color, the orien-
tation, or both the color and the orientation of the individual
elements. In each panel the abscissa represents space and

Vol. 6, No. 4/April 1989/J. Opt. Soc. Am. A 591

STIMULUS DECOMPOSITION

ORIENTED | orltaTED

1
Frame— | <7 /| CHROMATIC
S - CHANNELS
’ s
[ Y A
. LUMINANCE
1 [ CHANNELS
»”3
rl B
Fay. CHROMATIC
Pl =l CHANNELS
/' "l B v
Lmm LUMINANCE
CHANNELS
f:x~7
- A CHROMATIC
4 AN CHANNELS
/ ’,
/N, C
" 'S
1 i (AMBIGUOUS) LUMINANCE
- CHANNELS
R
P ," CHROMATIC
S CHANNELS
'/l 't, D
- LUMINANCE
CHANNELS
Pl
| A | CHROMATIC
A0 CHANNELS
S '/' E
1 LUMINANCE
] ] CHANNELS

SPACE

TIME

Fig. 1. (Left-hand column) Schematic representation of the five
stimuli used in the present study. The horizontal dimension repre-
sents space, and the vertical dimension represents time. One row in
each diagram represents one image frame. Different shadings of
individual bars represent different but equiluminant colors. Three
equiluminant colors, three orientations, and four rows per image
frame were used in the actual stimuli. The gray background, as
represented, was in fact either completely dark or set at the equilu-
minance point with respect to the individual bars. Dashed ellipses
show the spatiotemporal matching of the color attributes (A), the
orientation attributes (B), or both the color and the orientation
attributes (C), (D), (E) determining the perceived direction of mo-
tion. For stimulus C the two attributes are matched in a conflicting
way (see the text). (Right-hand column) Hypothetical analysis of
the mechanisms presumably activated by each of the five stimuli.
A b represents a balanced stimulation (i.e., in both directions),
empty spaces indicate no activation, and arrows indicate the mecha-
nisms that are stimulated in an unambiguous way. These last
mechanisms presumably determine the perceived direction of mo-
tion (i.e., the ellipses in the left-hand column). This decomposition
is valid only for individual elements that differ from the background
in both color and luminance. For stimuli with an equiluminant
background, all luminance channels have zero activity (see the text
for more details).
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the ordinate represents time such that each row in a panel
represents one image frame. The darker and lighter ele-
ments refer to two different colors (say, red and green),
which in the actual experiment were always equiluminant.
The gray background was in fact either dark (nonequilumin-
ant conditions) or set at the equiluminant point relative to
the bar elements (equiluminant conditions).

The configuration of Fig. 1A is such that the individual
elements are matched from frame to frame in color but not in
orientation. The reverse is true for the configuration dis-
played in Fig. 1B. Figure 1C illustrates the combined case
in which color matching induces motion to the left and
orientation matching induces motion to the right. Finally,
the stimuli illustrated in Figs. 1D and 1E are such that both
color and orientation are matched to induce motion in the
same direction.

Under the assumption that chromatic information and
luminance information are processed through parallel path-
ways89:3435 consisting of orientation-selective (O) and orien-
tation-nonselective (nO) units and that these pathways are
motion sensitive, the stimuli illustrated in Fig. 1 can be
shown to activate the following types of units.

Stimulus A

In stimulus A the matched attribute is color but not orienta-
tion. This stimulus unambiguously stimulates the nO chro-
matic channels. Because the luminance clues are matched
along opposite directions of drift, the stimulus induces drift-
balanced activity in the nO luminance channels, which can-
not therefore contribute to a stable motion perception. The
O luminance channels are not stimulated at all. It follows
that, if such a stimulus elicits stable motion perception,3®
then this perception should be attributed exclusively to the
activation of the nO chromatic channels.

Stimulus B

In stimulus B the matched attribute is orientation but not
color. According to the homogeneity hypothesis this stimu-
lus should not stimulate any of the motion chromatic chan-
nels (see, however, experiment 5 and the Discussion section
below), and it should induce drift-balanced activity in the
nO luminance channels. Only the O luminance channels
will be stimulated unambiguously.

Stimulus C

Stimulus C combines the spatiotemporal properties of stim-
uli A and B in a conflicting manner. It unambiguously
activates the nO chromatic channels and the O luminance
channels tuned to opposite directions of movement, induces
drift-balanced activity in the nO luminance channels, and
does not activate the O chromatic channels at all. It should
be stressed at this point that the competition under scrutiny
is not between color and orientation as it would be tempting
to assume, given the spatiotemporal structure of the stimu-
lus. In a general sense, orientation cannot be opposed to
color or to luminance, since it is defined necessarily within
one of these two dimensions. For this reason, the measure-
ment of the dominant motion perception elicited by stimu-
lus C will teach us something about the relative strength of
the chromatic and luminance motion sensors in a situation
of conflicting stimulation.
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Stimuli D and E

Stimuli D and E combine the matching of color and orienta-
tion in a nonconflicting manner. In conjunction with stimu-
li B and A, respectively, they permit the indirect isolation of
the O chromatic channels. This is explained in more detail
in the discussion of experiments 6 and 7.

For stimuli A-C, the values of one attribute (color or
orientation or both) are matched across the different values
of the other attribute. For stimuli D and E, the values of
either of the two attributes are matched within the given
values of the other attribute. Whereas matching-within
conditions were used extensively in previous apparent-mo-
tion studies,25-30 matching-across conditions are, to our
knowledge, without precedent in the literature.

Two additional experiments run with stimuli A and B
under equiluminant conditions make possible the evalua-
tion of the estimated motion chromatic output in the pres-
ence of luminance clues relative to a pure chromatic motion
output. A full description of the equiluminant experiments
is given in a separate paper.3’

Note that the principle used here to isolate oriented-
nonoriented, chromatic-achromatic motion mechanisms
can be used for the isolation of any other specific motion
mechanism. Size (or spatial frequency) and depth attri-
butes are of particular interest.383° Also note that our defi-
nition of a channel or mechanism is generic of any neuro-
physiological or psychophysical entity characterized by its
selectivity for a particular attribute within a given sensory
space.

METHOD

Stimuli

Stimuli were red, green, and blue bars oriented at 50°, 170°,
and 290° and displayed on a Sony Trinitron color video
monitor (PVM-1270Q) driven by an Adage RDS3000 raster
display under the control of a VAX 11/750 computer. The
CIE x and y coordinates of the monitor (as measured with a
Minolta Color Analyzer II, TV/2130) were (0.65, 0.31) for
red, (0.29, 0.59) for green, and (0.14, 0.05) for blue.*® The
three colors were adjusted for equiluminance (see below)
near a mean of ~3.5 cd/m2. The phosphor type was P22
(persistence is 62.5 usec).

The bars were 23 arcmin long and 5 arcmin wide. The
distances between two adjacent bars measured at their mid-
points subtended 0.50, 1.00, 1.44, and 2.00 deg, depending on
the experimental condition. These distances corresponded
to spatial displacements from frame to frame of 0.25, 0.50,
0.72, and 1.00 deg, respectively. For a stimulus duration of
33.33 msec/frame with no temporal interval between frames
(i.e., 30 Hz), the four given displacements correspond to
velocities of 7.6, 15.2, 21.8, and 30.4 deg/sec. In afew cases a
displacement of 0.37 deg (11.2 deg/sec) was also used.

Four (instead of one, as schematically represented in Fig.
1) element rows were displayed in each frame. The average
vertical spacing between rows was 0.50°. The vertical posi-
tion of each individual element in a row was jittered random-
ly by £7 arcmin, and the horizontal offset of each row also
was randomized within a range corresponding to 0.37 deg
plus twice the horizontal distance between the individual
elements. The randomization of the (x, y) coordinates of
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the individual elements permitted the construction of a
stimulus array with no obvious spatial structure. The ran-
domization of one image frame entirely determined the spa-
tial structure of the remaining frames. The stimulus array
was surrounded by a dark background and subtended 6.5
deg horizontally and 2 deg vertically with a central fixation
point intended to minimize eye movements. It was viewed
in binocular vision with natural pupils at a distance of 120
cm. -

The equiluminance settings were obtained with a modi-
fied flicker-photometry procedure. A magenta background
[CIE (x, y) coordinates (0.25, 0.14)] was chosen in such a way
as approximately to equalize its chromatic contrast with
each of the three target colors. The stimulus array as used
in the main experiment but with all bar elements of the same
color (see stimulus D in Fig. 1) was then presented on the
magenta background set at a luminance of 3.5 cd/m2. The
colors of the individual elements and of the background were
interswitched at a rate of 30 Hz. After each six-cycle pre-
sentation, the observer adjusted the luminances of the
monochromatic lights so as to minimize his flicker percep-
tion. At least five settings were produced by each observer
and for each color combination. In a second set of trials
each target color was readjusted for equiluminance with
respect to the two remaining target colors by using the same
procedure. In this case the reference color was set at its
equiluminant point with respect to the magenta background
as determined previously. The equiluminant points for
each color were independent of the specific color pair used
for the bar elements and for the background (i.e., they
obeyed the rule of equivalence among lights4!).

The mean equiluminant points varied by no more than
10% among observers and had a standard deviation of at
most 1.7%. The largest variabilities were observed for the
adjustments of the blue target color irrespective of the back-
ground color.

Procedure

The two authors and a naive observer served in all experi-
ments. A two-alternative forced-choice procedure was used
in all cases. The spatiotemporal matching of the individual
elements was changed randomly from trial to trial to pro-
duce leftward or rightward motion, and the observer decided
on the perceived direction of motion. No feedback was
provided. For the particular case in which leftward and
rightward motion components were simultaneously present
(Fig. 1C), the observer was instructed to choose what he
thought to be the dominant direction of motion.

Performance was measured as a function of the number of
displayed frames, i.e., two (67 msec), three (100 msec), four
(133 msec), and five (167 msec) frames. Because even the
longest stimulus presentation did not exceed the latency of a
typical eye movement, oculomotor behavior cannot be in-
voked as an interfering factor in these experiments.

One session consisted of 200 trials, 50 per frame number.
The number of frames was randomized across trials. Stimu-
lus configuration and displacement size were randomized
across sessions. Each experimental condition was repeated
at least three times so that each percentage of correct re-
sponses was computed from at least 150 trials. With the
exception of the ambiguous stimulus (i.e., Fig. 1C), all ex-
perimental conditions produced stable performances.
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RESULTS

Experiments 1-3: Equiluminant Bars on a Dark
Background

Figures 2 and 3 display percentages of correct responses for
stimulus configurations A and B (see Fig. 1) for the three
observers. The pattern of results is remarkably stable
across observers. The standard error of the mean percent-
age pooled across the three or more repetitions was typically
less than +4%.
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Fig. 2. Percentages of correct detection of direction of motion as a
function of the number of displayed frames for the three observers
with stimulus displacement as a parameter: O, O, A, and V repre-
sent results for displacements of 0.25, 0.50, 0.72, and 1 deg, respec-
tively. Each datum point is computed from at least 150 trials. The
chance level is at 50% (dashed horizontal line). A, color matching
(sitmulus A). B, orientation matching (stimulus B). Asterisks and
bold curves represent results averaged across stimulus displace-
ments. The bold curves have been adjusted by eye.
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Fig. 3. The results of Fig. 2 redrawn as a function of stimulus
displacement with the number of frames as a parameter. The
symbols O, O, A, and ¥V represent results for two, three, four, and
five frames, respectively. A, color matching; B, orientation match-
ing. Asterisks and bold curves represent the results averaged across
the number of frames. The bold curves have been adjusted by eye.
Dashed lines indicate 50%-correct response levels.

Figure 2 shows performance as a function of the number of
frames with stimulus displacement as a parameter. As a
general rule, performance increases with the number of
frames and decreases with displacement (or velocity). For
short displacements (0.25 deg, open circles) performance is
almost perfect (>90%) for both chromatic (nonoriented) mo-
tion (stimulus A, Fig. 2A) and luminance (oriented) motion
(stimulus B, Fig. 2B). As displacement increases, lumi-
nance motion is impaired progressively more than chromatic
motion is, so that by a displacement of 1 deg (30.4 deg/sec,
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inverted triangles) luminance motion is almost nonexistent
(performance is close to the chance level) while chromatic
motion is still quite strong (performance is 70%; see also Fig.
3). When the results are pooled across the four displace-
ment conditions (asterisks and bold -eurves), it appears
clearly that motion perception, which presumably is deter-
mined by the chromatic channels, is substantially stronger
than motion perception, which presumably is determined by
the luminance channels: performance obtained with stimu-
lus A starts at ~73% for the two-frame presentation and
reaches ~90% for the five-frame presentation, whereas for
stimulus B performance starts at ~64% and reaches ~75%
for the equivalent conditions (x;2 = 320, p « 0.001). Also
note that, whereas performance for stimulus A keeps in-
creasing for as many as five frames, performance for stimu-
lus B appears to saturate for more than four frames. This
suggests that chromatic (nonoriented) motion presents a
longer integration stage than does luminance (oriented) mo-
tion.

Figure 3 presents the same data displayed as a function of
stimulus displacement with the number of frames as a pa-
rameter. As one would expect from Fig. 2, chromatic-mo-
tion performances are systematically higher than lumi-
nance-motion performances for each number of frames con-
dition and for each observer. When averaged across the
number of frames (asterisks and bold curves), chromatic-
motion performance (Fig. 3A) stays quite high for displace-
ments of as much as 0.5 deg (15.2 deg/sec) and levels off
beyond this limit at ~70%. Luminance-motion perfor-
mance (Fig. 3B) is degraded dramatically for displacements
larger than 0.25 deg (7.6 deg/sec) and approaches the chance
level for displacements of 0.72 deg (21.8 deg/sec).

Taken altogether, the data indicate that motion percep-
tion elicited by stimuli A and B follows highly discriminable
functions of both the number of frames (Fig. 2) and the
displacement (or velocity; see Fig. 3) variables. This differ-
ence cannot be attributed to a ceiling effect at the shortest
displacements and for the largest number of frames, since it
is preserved for those conditions for which performances are
significantly lower than 100%, i.e., for the 1-deg-displace-
ment condition (inverted triangles in Fig. 2) and for the two-
frame condition (circles in Fig. 3). Itis therefore reasonable
to assume that stimuli A and B activate distinct mechanisms
for which chromatic and luminance labels seem quite appro-
priate.

Figure 4 displays percentages of color-related direction-
of-motion choices for stimuli in which color and orientation
matchings induced antagonistic directions of motion (stimu-
lus C). Performances were averaged across observers and
are displayed as a function of the number of frames (with
displacement as a parameter; see Fig. 4A) and as a function
of displacement (with the number of frames as a parameter;
see Fig. 4B). Asterisks and bold curves show means pooled
either across the number of frames or across displacements.
If the observers did not show any matching preference (i.e.,
for color or for orientation) all datum points would be lying
on the 50% dashed line. Performances higher than 50%
indicate a color-matching preference.

The large standard errors obtained for the shortest dis-
placements are essentially due to the responses of observer
AG, for whom the attribute matching determining his per-
ceived direction of motion in this range varied substantially
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Fig. 4. Percentages of cases in which color matching is preferred to orientation matching in the conflicting situation induced by stimulus C.
The results have been averaged across observers and are displayed as a function of the number of frames with stimulus displacement as a
parameter in A (O, 0, A, and V represent results for displacements of 0.25, 0.50, 0.72, and 1 deg, respectively) and as a function of stimulus dis-
placement with the number of frames as a parameter in B (O, O, A, and V represent results for two, three, four, and five frames, respectively).
Vertical bars represent +1 standard error. Asterisks and bold curves represent the results averaged across stimulus displacements in A and

across number of frames in B.

from session to session. With this exception, chromatic
motion was dominant for all observers and for all experimen-
tal conditions.

The chromatic-motion takeover phenomenon increases
monotonically with the number of displayed framesbut is an
inverted-U-shaped function of stimulus displacement (or
velocity) with a peak of ~87% for stimulus displacements of
0.5deg. When estimated independently, chromatic-motion
and luminance-motion strengths show the largest difference
(~17%) for both 0.5- and 0.72-deg displacements. The
sharp decrease of the chromatic-motion takeover for 0.72-
deg displacements in the combined condition suggests the
existence of interactions between the chromatic and lumi-
nance motion mechanisms.4243

Taken together, the results obtained with stimulus config-
urations A, B, and C indicate that, contrary to the general
idea conveyed by the psychophysical literature, the chro-
matic pathways not only are capable of processing motion
information but appear to have stronger motion outputs
than the luminance pathways. This statement should, how-
ever, be modulated by two observations, the second of which
is developed in the Discussion section.

First, according to our stimulus decomposition (see the
right-hand side of Fig. 1 and the Rationale of the Experi-
ments section), the luminance motion isolated by stimulus B
is due exclusively to the activation of the oriented luminance
channels, whereas the chromatic motion elicited by stimulus
A is related to the activation of the nonoriented chromatic
channels. It may be that the oriented luminance units are

less numerous than the nonoriented chromatic ones, which
might account for the weaker motion perception elicited by
the activation of the former.

Second, and most important, the relative strengths of the
two types of motion must depend somehow on the specific
values chosen for each attribute. It is clear that if the red,
green, and blue colors were replaced by any other triplet of
less-discriminable colors, chromatic motion would have
been correspondingly weaker. Similarly, luminance-orient-
ed motion would have been even weaker if the three chosen
orientations had been closer to one another. The color and
orientation values that we have chosen are the most differ-
ent ones within the respective sensory (and, for orientation,
physical) spaces. For the time being, we shall limit our
conclusion concerning the relative strength of the chromat-
ic- and luminance-motion percepts to these extreme condi-
tions.

Experiments 4 and 5: Equiluminant Bars on an
Equiluminant Background

If taken literally, the conclusion above and the stimulus
decomposition described in the Rationale of the Experi-
ments section are subject to an important restriction. It
relates to what one means by the term chromatic channels.
In a strict sense, a chromatic unit should be selective to
wavelength (or to color as perceived by the human observ-
er*t) and insensitive to any luminance modulation. Howev-
er, a large majority of chromatic cells also respond to lumi-
nance contrast.!14546 If this neurophysiological fact has (as
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it should) a psychophysical counterpart, then motion-detec-
tion performances measured with stimulus A (see Figs. 2A
and 3A) need not be equivalent to those that would be
obtained with the same stimulus but under equiluminant
conditions (i.e., with a background of the same luminance as
the bar elements). The equiluminant bars presented on a
dark background would jointly stimulate chromatic units
that are also responsive to luminance and pure chromatic
units, whereas the equiluminant stimulus would mainly acti-
vate pure chromatic units.

Figure 5 displays motion-detection percentages obtained
with stimulus A under equiluminant conditions as a function
of stimulus displacement (or velocity) for the three observ-
ers. The results are averaged across the number of dis-
played frames. Asterisks and dashed lines are redrawn for
comparison from Fig. 3A (stimulus A with a dark back-
ground).

For displacements of 0.25 deg (or smaller), motion-detec-
tion performances under equiluminant conditions (i.e., equi-
luminant background) are as high (close to 100%) as under
the nonequiluminant conditions (i.e., dark background) for
the three observers. We take this as direct proof of highly
efficient motion processing within the pure chromatic path-
way. However, for displacements larger than 0.25 deg (ob-
servers AG and TVP) or larger than 0.72 deg (observer DD),
motion-detection performance obtained under equilumin-
ant conditions drops practically to the chance level. This
dramatic difference between the nonequiluminant and equi-
luminant conditions cannot be attributed to a ceiling effect
at the shortest displacements (for which performances are
close to 100%), since it is preserved even when only the two-
frame equiluminant and nonequiluminant conditions (for
which performances are decreased globally) are compared.
For the same reason, it is unlikely that it may result from a
horizontal shift of one function with respect to the other and
related to a difference in the effective contrast of the equilu-
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minant and nonequiluminant stimuli. It follows that the
reported difference is indicative of the existence either of
two types of chromatic pathway (i.e., a pure chromatic path-
way and a chromatic-plus-luminance one) or of a facilitatory
effect on the luminance output induced by a chromatic in-
put.4243 The second alternative, however, is not supported
by electrophysiological data.46:47

The theoretical analysis developed in the Rationale of the
Experiments section is based on the principle that motion
perception elicited by our stimulus configurations is depen-
dent on the spatiotemporal matching of color and luminance
or of luminance alone, regardless of whether the orientation
of the individual elements to be matched is kept constant
from frame to frame. In the former case, motion would be
processed both by O and nO units, whereas in the latter case
only the nO units would be active. Under these assump-
tions, motion perception should not be elicited by an equilu-
minant stimulus whose individual elements are not matched
for color. In other words, our motion analysis implies that
chromatic motion cannot be extracted across chromatic
channels regardless of whether the spatial attributes of the
individual elements (e.g., orientation) are kept constant.
We referred to this assumption as to the homogeneity hy-
pothesis (see the Introduction). The homogeneity hypothe-
sis leads to the prediction that, if presented under equilu-
minant conditions, stimulus B should not elicit any motion
perception because, in the absence of any luminance clues,
orientation could not be matched across distinct chromatic
channels. This should be true, however, only to the extent
that motion perception cannot be processed by multiple-
color cells that are known to respond to any chromatic con-
trast.45:46

Figure 6 displays the motion-detection performances ob-
tained by the three observers with stimulus B under equilu-
minant conditions. The results have been averaged across
the number of frames and are displayed as a function of

| 1 ] L ! | 1 |
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Fig. 5. Motion-detection performances obtained with stimulus A (color matching) under equiluminant conditions as a function of stimulus
displacement. The results are averaged across the number of frames for each observer. Asterisks and dashed lines are redrawn from Fig. 3A.
Vertical bars represent +1 standard error, computed over the three (or more) sessions of 200 trials each.
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Fig. 6. Motion-detection performances obtained with stimulus B (orientation matching) under equiluminant conditions as a function of
stimulus displacement. The results are averaged across the number of frames for each observer. Asterisks and dashed lines are redrawn from

Fig. 3B. Vertical bars represent standard errors computed as in Fig. 5.

stimulus displacement (velocity). For comparison, perfor-
mances obtained with the same stimulus under nonequilu-
minant conditions are redrawn from Fig. 3B (asterisks and
dashed lines).

For the shortest displacement, the responses of observers
AG and DD are ~68% correct, and those of observer TVP are
81% correct. For the same displacement but under non-
equiluminant conditions all observers gave close to 100%-
correct responses. At a displacement of 0.5°, motion per-
ception under equiluminant conditions is at the chance level
for all observers, whereas it stays at an average of 74% under
nonequiluminant conditions. Overall, the drop in motion-
detection performances for stimulus configuration B pre-
sented under equiluminant conditions is significantly sharp-
er than for stimulus A (x;2 = 2695, p < 0.001).

Performances above the chance level may be due to spuri-
ous luminance clues that could not be eliminated completely
with our (or any other) equiluminance-setting proce-
dure.548-51 Ifso, our hypothesis is verified globally: motion
information cannot be extracted across chromatic channels.
The possibility remains that motion perception under these
conditions is at least partly due to the activation of multiple-
color units. However, in order for these units to respond in
an unambiguous way, they must be O. It follows then either
that such multiple-color units have weak, if any, motion
output or that they lack orientational selectivity. Inarelat-
ed series of experiments3”:38 we showed that orientation se-
lectivity is present in pure chromatic channels. Another
possibility is that multiple-color units are sensitive only to
short stimulus displacements, which have not been studied
here.

Up to this point, the results of our experiments provide
strong evidence that both chromatic (stimulus A) and orien-
tational (stimulus B) clues are strong motion carriers, that
(at least under our stimulus conditions) the chromatic clues
show a marked advantage over the orientational clues, and
that, when presented in a conflicting situation (stimulus C),

motion perception carried by the former takes over motion
perception carried by the latter. On the basis of our stimu-
lus decomposition (see the Rationale of the Experiments
section), which is contingent on the assumption (supported
by experiment 5 (see Fig. 6) that motion information cannot
be extracted, or is extracted only weakly from, different
chromatic inputs in the absence of luminance clues (the
homogeneity assumption), we can be positive in asserting
that we have isolated a chromatic nonoriented motion path-
way and a luminance-oriented motion pathway. Moreover,
given the different performance-versus-displacement func-
tions obtained under the dark- and equiluminant-back-
ground conditions (see Figs. 5 and 6), we also speculated on a
distinction between a pure chromatic and a chromatic-plus-
luminance nonoriented motion pathway. We are now inter-
ested in determining the contribution of an oriented chro-
matic pathway to motion perception.

Experiments 6 and 7: Additional Equiluminant-Bars-
Dark-Background Stimuli

As is discussed in the Introduction, orientation selectivity
appears to be underrepresented in the color pathway, al-
though this matter is still under debate.!® It has been shown
in psychophysical experiments that the detection of an ori-
entation—color conjunction requires some additional pro-
cessing time that would not be needed if these two attributes
were processed by a unique pathway (see Refs. 52 and 53, but
also cf. Ref. 54).

Comparing the motion-detection performances obtained
with stimuli A and B with those obtained with stimuli E and
D, respectively (see Fig. 1) allows us to estimate the contri-
bution of the O chromatic channels to motion perception. A
null contribution could be interpreted as evidence for either
the nonexistence of such channels or their insensitivity to
motion. On the other hand, any significant contribution
will be taken as evidence that such units do exist and that
they provide motion information.
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Fig.7. Motion-detection performances obtained with (A) stimulus
E and (B) stimulus D for the three observers as a function of
stimulus displacement and averaged across the number of frames.
In both stimuli, color and orientaion are matched in a nonconflicting
manner (see Fig. 1). Asterisks and dashed lines are redrawn from
Figs. 3A and 3B. Vertical bars represent standard errors computed
as for Fig. 5.
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Stimulus D (see Fig. 10) is a one-color stimulus (consisting
of red, green, or blue individual elements) with orientation
matched spatiotemporally. It is supposed to activate the O
chromatic and luminance channels and to induce drift-bal-
anced activity within the remaining ones. Because stimulus
B isolates only the O luminance channel, a comparison of the
performances obtained with these two stimuli should permit
the estimation of the contribution of the O chromatic path-
ways to motion perception.

Stimulus E (see Fig. 1) is a one-orientation stimulus (indi-
vidual elements oriented at 50, 120, or 290 deg) with color
matched spatiotemporally. It is supposed to activate all the
chromatic pathways, and therefore it differs from stimulus A
in that it activates the O chromatic channels. The compari-
son of performances obtained with stimuli A and E is thus

equivalent to that made of performances obtained with .

stimuli B and D to'the extent that each of the described
pathways behaves as an independent channel.

Figure 7A displays the motion-detection performances
obtained with stimulus E for the three observers and as a
function of stimulus displacement (velocity). Performances
are averaged across the number of frames. Performances
are also averaged across the red, green, and blue conditions,
for which the pattern of results was quite similar. The
results obtained with stimulus D (pooled across the number
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of frames and the orientations) are displayed in a similar way
inFig. 7B. For comparison, the results obtained with stimu-
li A and B (redrawn from Figs. 3A and 3B, respectively) also
are shown (asterisks and dashed lines).

Taken together, motion-detection performances obtained
with stimuli E and D are better than those obtained with
stimulus A (x;2 = 128.6, p « 0.001) and with stimulus B (x;2
=55.2, p <0.001), respectively. This is clear evidence that,
on one hand, O chromatic channels do exist and that, on the
other hand, they contribute substantially to motion percep-
tion. This conclusion is supported by additional experi-
ments in which the use of stimulus D with an equiluminant
background allowed us to isolate directly the contribution of
the oriented chromatic channels to motion perception.37:38
That these channels are insensitive to large displacements
(or high velocities or both) is suggested by the fact that the
difference in performances obtained for the two sets of ex-
perimental conditions tends to decrease (its reversal being
necessarily due to experimental error) with an increase in
displacement (for observers DD and TVP only). These
results do not, however, permit us to infer whether the puta-
tive O chromatic channels behave differently when stimulat-
ed jointly with the nO chromatic channels (stimulus E) and
with the O luminance channels (stimulus D).

DISCUSSION

In this study we have created a family of stimuli capable of
isolating directional spatiotemporal information extracted
from oriented luminance clues, from nonoriented chromatic-
plus-luminance clues, or from pure chromatic clues. The
general finding of our study is that motion perception can be
elicited by any of these clues and that, under our experimen-
tal conditions and contrary to expectations, motion percep-
tion elicited by nonoriented chromatic clues is stronger than
(and, in a situation of competing clues, overrides) motion
perception elicited by oriented luminance clues. We have
isolated an oriented chromatic channel indirectly and shown
that it also contributes to motion perception. We have also
shown that, under equiluminant conditions, motion infor-
mation is extracted only poorly, if at all, across different -
colors. This results might imply (1) that multiple-color
units do not process motion information, (2) that they have
weak orientational selectivity, or (3) that they respond only
to small displacements.

Finally, an interesting aspect of our data concerns the
difference between performances obtained for color match-
ing with a dark background and with an equiluminant back-
ground (see Fig. 5). We argue in the Results section that a
ceiling effect at short displacements is unlikely to account
for this difference and that the two performance-versus-
displacement functions cannot therefore be just horizontally
displaced versions of each other. Alternatively, we suggest-
ed that the two experimental conditions might have isolated
a chromatic-plus-luminance pathway and a pure chromatic
pathway or that the joint stimulation of the luminance and
chromatic pathways might produce facilitatory effects on
the chromatic pathway. In view of the literature,!1:42:43,46,51
both interpretations are plausible. However, because the
two functions are not just shifted versions of each other, the
facilitation argument implies the existence of strong interac-
tions between the type of motion carrier and the displace-
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ment (or velocity) of the stimuli. Since this kind of interac-
tion is rather unusual, in the remainder of this paper we
maintain the distinction between chromatic and chromatic-
plus-luminance pathways and show that it agrees with previ-
ous data.

One possible problem with our experiments might arise
from the retinal inhomogeneity of the blue cones that pro-
duces inhomogeneous sensitivity to blue light “not only in-
side versus outside the 2° macular area but within the macu-
la as well.”#8 Because of this inhomogeneity (our inspection
field covered a 6.5 deg X 2 deg retinal area), the contribution
of the blue bars to motion perception could not have been
matched, over the whole inspection field, to that of the red
and the green bars.

In response to these remarks we offer the following em-
pirical observations.

When measured independently for only red, only green,
and only blue bars (experiment 6, stimulus D), motion-de-
tection performances did not show any systematic depen-
dence on color. This permitted us to average performances
across colors and supported the idea that the red, green, and
blue stimuli provided approximately equal inputs to the
putative chromatic-plus-luminance channels.

As mentioned in the Method section, the equiluminous
settings produced very small variations among observers (at
most a 10% difference; precisely 10% for the blue bars),
which we take as evidence supporting the efficiency of our
method. Even if, despite this consistency, perfect equilu-
minance could not be achieved, the attenuation of the lumi-
nance clues was strong enough to produce a significant inter-
action between the effect of equiluminant and nonequilu-
minant conditions, on one hand, and the effect of the nature
of the attribute (color or orientation) to be matched spatio-
temporally (see Figs. 5 and 6), on the other hand. Because
of this strong interaction effect, we did not consider that
chromatic aberration and accommodation effects4350 were
sufficiently critical to be taken into account. We thus con-
clude that the choice of our three colors in interaction with
the size of our inspection field did not produce disruptive
effects strong enough to prevent us from generalizing our
results to a representative population of putative pure chro-
matic, chromatic-plus-luminance, and luminance motion-
processing pathways.

A second problem relates to the metric underlying our
comparison between motion strengths as determined by
chromatic and orientation clues. Because large within-di-
mension differences, in general, and color differences, in
particular, cannot be measured in terms of a times-thresh-
old-based metric (see Refs. 32 and 40), the interdimensional
metric problem remains to be solved. Our only contribution
in this respect was to offer a general class of stimuli permit-
ting interdimensional comparisons that are not subject to
stimulus differences across experimental conditions. While
our results do not permit a generalization of our conclusion
concerning the relative strength in motion perception of
chromatic and orientational clues to other color and orienta-
tion triplets with smaller intervalue differences, we can,
however, extend it to pairs with larger intervalue differ-
ences. In aseries of control experiments run with stimuli A,
B, and C and consisting of £45-deg red and green bars, we
confirmed that color clues elicit stronger motion than do

-orientational ones. Because in this series of experiments
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the orientation but not the color difference between bars was
increased relative to the triplet experiments (90 deg instead
of 60 deg), we could have expected stronger orientation-
based motion detection (which presumably was reinforced)
than color-based motion detecting. This was not the case.

The weaker motion detection induced by orientational
matching may be related to the fact that motion is processed
optimally at spatial scales larger than those fitted for the
processing of the orientation of the individual elements.5®
This might account for the steeper performance drop for
orientation matching with an increase in displacement (i.e.,
when the spatial density of stimuli is decreased). It re-
mains, however, that oriented and nonoriented motion-de-
tection mechanisms might have different spatiotemporal
properties.

We shall now briefly discuss our results along three lines of
interest: (1) their relevance with respect to motion percep-
tion in general; (2) their agreement with the psychophysical
literature addressing similar questions, and (3) their possi-
ble neurophysiological correlates.

(1) It is not as yet clear how the present results may be
related to the dichotomy introduced by Braddick5® between
short-range and long-range motion mechanisms. Because
the smallest displacement used in this study was 0.25°, our
stimuli should have activated mainly, according to this dis-
tinction, the long-range mechanism. On the other hand and
according to the same distinction, the zero interframe inter-
val that we have used should have favored the activation of
the short-range mechanism.5? In fact, these spatial and
temporal limiting conditions for the activation of the two
mechanisms have been shown to depend on many factors
such as the size of the overall display and of the individual
elements, their density, and the number of displayed
frames.58-6! In principle, all these factors may be accounted
for in terms of the window-of-visibility concept? and thus
may be related to an energy-based motion analysis.2¢ If so,
the short-range-long-range distinction would be related to
the spatiotemporal filtering properties of the relevant mo-
tion-analyzing systems. For that matter our findings (and
any others) obtained with sampled motion should be gener-
alizable to continuous motion.

There is substantial evidence that the spatiotemporal sen-
sitivity envelope for chromatic stimuli is more low pass and
presents a lower high-frequency cutoff2863-65 than that ob-
tained with achromatic gratings. Since in the present study
temporal frequency was kept constant while displacement
(and therefore velocity) was varied, the higher sensitivity to
motion of the putative (nonoriented) chromatic-plus-lumi-
nance channel relative to the (oriented) luminance channel
may be directly explainable in terms of their respective spa-
tial-frequency filtering characteristics. However, our re-
sults obtained with equiluminant backgrounds indicate,
along the same line of argument, that the putative pure
chromatic channel is quite insensitive to low spatial frequen-
cies. It follows that a more coherent interpretation of our
results obtained with pure chromatic and with chromatic-
plus-luminance stimuli is that, in contrast to the chromatic-
plus-luminance channel, the pure chromatic channel is in-
sensitive to high velocities (see also Ref. 66 and below).

(2) If restricted to equiluminant stimuli, the present re-
sults are not, as they might seem, in contradiction with the
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results of Ramachandran and Gregory! and Livingstone and
Hubel® or those of Cavanagh and co-workers3* The first
group of authors reported vanishing motion perception at
the equiluminant point with an experimental setup in which
the extraction of global shape from random-dot cinemato-
grams either was a prerequisite for motion perception! or
represented the dependent variable itself.6?” It has since
been argued® that equiluminance may introduce positional
errors into the image, thereby degrading shape perception
based on the computation of spatiotemporal correlations.
The difficulty of extracting shape information under such
experimental conditions would then explain the correlative
loss of directional information.

The most plausible explanation, however, of the different
conclusions reached by previous authors who used apparent-
motion paradigms is that chromatic-motion perception van-
ishes for displacements larger than ~0.5 deg. Ramachan-
dran and Gregory! and Livingstone and Hubel” reported the
absence of chromatic motion for displacements larger than
this limit.

Cavanagh and co-workers®4 never actually advanced the
theory that the chromatic pathway is motion blind. Their
results simply show that the perceived velocity of an equilu-
minant grating is smaller than the perceived velocity of an
equivalent luminance-modulated grating. Our observers
did not seem to experience a drop in the perceived velocity
under the present equiluminant conditions. However, the
sharper decrease in the percent-correct directional reports
for the equiluminant stimuli (relative to those for the none-
quiluminant ones; see Figs. 3 and 5) is correlated positively
with the Cavanagh-Favreau* perceived-velocity estimates
as a function of the objective velocity of their adapting stim-
uli (see Figs. 3 and 4 of Ref. 4) and similar to more-recent
results obtained with equiluminant random-dot cinemato-
grams.%¢ All in all, results of recent studies do agree that
pure chromatic information is fed into a motion-detection
mechanism,49:50,66,68,69

A question for debate is whether the chromatic and lumi-
nance pathways share the same motion-detection mecha-
nism. Cavanagh and co-workers favor the first alternative,
whereas we suggest that motion processing is specific to each
of the (pure chromatic, chromatic-plus-luminance, and lu-
minance) isolated pathways. The cancellation of chromatic
motion by a luminance-defined stimulus drifting in the op-
posite direction and the transfer of motion aftereffects in-
duced by luminance-modulated stimuli to wavelength-mod-
ulated stimuli (or the reverse?) both would take place within
the chromatic-plus-luminance channel, which is sensitive to
chromatic and luminance clues. .

According to our interpretation, the chromatic-plus-lumi-
nance channel is not equivalent to a common motion-detec-
tion pathway, which, as defined, requires that chromatic
information and luminance information be processed within
converging pathways, at least one of which (in fact, the
chromatic one) should show poor motion processing. The
observation that the addition of color to a low-luminance-
contrast stimulus reduces the motion aftereffect (in terms of
the required velocity needed to cancel it) contingent on a
stationary chromatic stimulus? can easily be accounted for in
terms of inhibitory interactions among these channels4243
and/or be related to the response of some pure chomatic cells
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that reduce their activity in the presence of a luminance
gradient.46:47

In fact, evidence against the existence of a common mo-
tion-detection pathway comes from our experiment with
equiluminant stimuli in which orientation, but not color, was
matched spatiotemporally (see Fig. 6). Since such a com-
mon motion-detection pathway is not supposed to discrimi-
nate between luminance and chromatic inputs, it should not
discriminate among different chromatic inputs either. It
follows that a common motion-detection pathway should be
able to match spatial attributes across color channels. Our
results show, however, that this is not the case: motion
perception is weak for the spatiotemporal matching of the
orientations of differently colored bars. Whereas the re-
maining motion perception obtained under these conditions
might be attributed at least partly to the multiple-color
units described by De Valois and De Valois,*> these multi-
ple-color units cannot be a reasonable candidate for a com-
mon motion-detection pathway since, according to our re-
sults, they must either have a weak motion output or be
shape (orientation) insensitive.

(3) There is ample evidence in the neurophysiological
literature that, starting with its earlier processing stages, the
visual cortex contains at least three types of neuron that are
discriminable with respect to their response to wavelength:
(a) cells that respond to luminance modulation but are in-
sensitive to chromatic modulation; (b) spectrally opponent
cells responding to more-or-less narrow spectral bands, most
(but not all) of which also respond to white light; and (c)
pure chromatic cells (which may or may not show dual spec-
trally opponent characteristic) that respond preferentially
to color contrast but show a weak response or no response to
luminance modulation. All these three types of cell popula-
tion were described in area 17 of the monkey visual cortex by
Hubel and Wiesel!2 and have been studied extensively since.
The literature is, however, unclear about their relative num-
bers in different visual areas.

According to Thorell et al.,* for example, 53% of the
striate cells respond equally well to color and to luminance,
21% prefer achromatic stimuli, and 26% prefer pure chro-
matic stimuli. These three types of neural population are
obvious candidates for the underlying mechanisms of the
luminance, chromatic-plus-luminance, and pure chromatic
channels postulated in this study to the extent that they do
show motion (i.e., direction) sensitivity. The task of estab-
lishing cell distributions on the basis of their responses to
two physical dimensions, such as color and motion, is more
difficult. This difficulty is, of course, increased when a third
dimension (e.g., shape or orientation) is taken into account.
In fact, most of the authors did not test for all these selectivi-
ties at one time, or, if they did, they either used different
response and/or classification criteria or recorded from dif-
ferent visual areas. Practically all possible combinations of
color, motion, and orientation sensitivities are present in the
monkey striate cortex.!1:70-73 The fact that these attributes
appear to be more and more dissociated at higher visual-
processing stages®? does not preclude the possibility that
perceptual experience relies in part on the activity of the
lower processing levels.

We conclude that, despite the increasing neurophysiologi-
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cal evidence for a separation of visual functions at the higher
stages of visual processing, our results indicate that color,
motion, and shape (orientation) are processed simulta-
neously at some lower stages.
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