Available online at www.sciencedirect.com

ScienceDirect

Vision
Research

ELSEVIER Vision Research 47 (2007) 1893-1906

www.elsevier.com/locate/visres

Effects of spatial attention and salience cues on chromatic
and achromatic motion processing

Karen R. Dobkins ** Amy A. Rezec *, Bart Krekelberg °

& Department of Psychology, University of California, San Diego, La Jolla, CA 92093, USA
® Center for Molecular and Behavioral Neuroscience, Rutgers University, USA

Received 27 August 2006; received in revised form 15 December 2006

Abstract

While several previous psychophysical and neurophysiological studies have demonstrated chromatic (red/green) input to motion
processing, the nature of this input is still a matter of debate. In particular, there exists controversy as to whether chromatic motion
processing is mediated by low-level motion mechanisms versus higher-level, attention- or salience-based mechanisms. To address the
role of attention, in Experiment 1, we asked whether spatial attention exerts larger effects on chromatic (red/green), as compared to
achromatic, motion. To this end, we employed a motion after-effect (MAE) paradigm, and measured attention effects by comparing
MAE duration between conditions where subjects attended to the adapting moving grating stimulus versus ignored that stimulus
because they were required to perform an attentionally demanding vowel detection task at the center of gaze. The results from these
experiments revealed equal effects of spatial attention on chromatic and achromatic motion processing, which were essentially constant
(roughly 1.4-fold) across a wide range of stimulus contrasts (3.2-25% cone contrast). These findings suggest that chromatic motion
processing is not affected disproportionally by higher-level spatial attention mechanisms. To address the role of salience, in Experi-
ment 2, we investigated the effects of bottom—up salience cues on the strength of chromatic and achromatic motion, as measured with
the MAE. Salience was manipulated by varying the relationship between the moving gratings and the background color. The results
of these experiments revealed small and insignificant effects of salience cues on chromatic and achromatic motion processing. These
findings suggest that mechanisms sensitive to feature salience do not influence low-level chromatic motion mechanisms mediating the
motion after-effect.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Numerous psychophysical studies have demonstrated
that the primate motion system can use chromatic (red/
green) information to discern direction of motion (see
Cropper & Wuerger, 2005; Dobkins & Albright, 2003;
Gegenfurtner & Hawken, 1996a for reviews). However,
the mechanisms underlying chromatic motion processing
are still under debate, with some researchers suggesting
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contribution from low-level motion mechanisms, and oth-
ers suggesting contribution and/or reliance on higher-level
mechanisms. Perhaps the strongest psychophysical evi-
dence for mediation by low-level mechanisms comes from
studies demonstrating a clear motion after-effect (MAE)
for isoluminant chromatic (red/green) gratings (Cavanagh
& Favreau, 1985; Derrington & Badcock, 1985; Mullen
& Baker, 1985; Webster, Day, & Cassell, 1992). Because
the MAE is thought to be mediated by adaptation in
low-level motion areas, specifically in neurons of the
middle temporal (MT) area or earlier (see Kohn & Movs-
hon, 2003; Tootell et al.,, 1995; Van Wezel & Britten,
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2002 for evidence obtained using achromatic stimuli), these
chromatic MAE results suggest mediation of chromatic
motion by low-level mechanisms. In addition to demon-
strating a chromatic MAE, some of the above-mentioned
studies tested for and found cross-adaptation between
chromatic (red/green) and achromatic (light/dark) grat-
ings, i.e., adaptation to a moving chromatic grating can
produce an MAE when the test grating is achromatic,
and vice versa. These cross-adaptation findings suggest a
common low-level mechanism for chromatic and achro-
matic motion. This suggestion is further supported by stud-
ies showing that performance on chromatic motion, but
not on chromatic detection, tasks is impaired when chro-
matic stimuli are masked by achromatic noise (Cropper,
2005; Mullen, Yoshizawa, & Baker, 2003; Yoshizawa,
Mullen, & Baker, 2003).

In addition to the evidence for low-level contribution,
there also exists evidence that, compared to achromatic
motion processing, chromatic motion processing relies
more on higher-level processes, including (1) attentive
tracking of select features and/or (2) motion correspon-
dence based on salience differences. Evidence for chromatic
motion relying on attentive feature tracking comes from a
study by Cavanagh (1992), in which subjects were required
to attentively track moving features in an “opposed motion
stimulus”, consisting of two radial gratings—one red/green
chromatic, the other achromatic—superimposed and mov-
ing in opposite directions. When subjects were required to
track the position of a red or green stripe in the moving
chromatic grating, they could do so with ease, even under
conditions when the global percept of motion was in the
opposite direction (i.e., in the direction of the achromatic
grating). By contrast, subjects were poor at tracking the
position of a light or dark stripe in the moving achromatic
grating that dominated the global percept. These results led
Cavanagh to conclude that motion of achromatic gratings
is mediated by low-level (presumably pre-attentive) mecha-
nisms, while motion of chromatic gratings is mediated by
higher-level, attentional tracking of select local features.
In further support of this notion, a recent review of the
chromatic motion literature (Cropper & Wuerger, 2005)
concludes that chromatic motion is easiest to detect under
conditions in which the stimulus features can potentially be
attentively tracked; for example, when stimuli are pre-
sented foveally, at slow speeds, low spatial frequencies,
and/or for long durations. This notion makes ecological
sense since color is an object feature that can be used effec-
tively for tracking object position over time. By contrast,
because objects move in and out of shadows, lightness is
a relatively unreliable featural cue for tracking object
position.

The other high-level account of chromatic motion
processing has come from work by Lu, Lesmes, and
Sperling (1999a, 1999b), who suggest that chromatic
motion is mediated by a “feature-salience” mechanism.
Although salience is somewhat difficult to define, features
perceived as foreground are typically considered of higher

salience than the background (and in complementary
fashion, features of higher salience tend to be perceived
as foreground). According to the “feature-salience” model,
motion correspondences are made between features of
similar salience value (i.e. high versus low salience),
without regard for the features themselves. Lu et al. argue
that chromatic (red/green) motion is detected exclusively
by this higher-level feature-salience mechanism. Accord-
ingly, they propose that chromatic motion is best detected
under conditions in which the red and green stripes differ in
salience. In support of this notion, it has been shown that
chromatic motion strength is enhanced substantially when
salience differences are obtained by (1) bottom—up
differences in salience between the red and green stripes
of the grating, which can be created by presenting
red/green gratings on a green background, thereby making
the red stripes appear as foreground, and thus more salient
than the green stripes (Lu et al., 1999a) or (2) top—down
differences in salience between the red and green stripes
of the grating, which can be attained by asking subjects
to attend to “red” (Blaser, Sperling, & Lu, 1999). In sum,
the results of these studies suggest that feature salience
may play an important role in chromatic motion
processing.

To investigate the mechanisms underlying chromatic
motion further, in the current study we asked whether
the effects of top—down attention (Experiment 1) and bot-
tom-up salience cues (Experiment 2) were relatively greater
for chromatic, than for achromatic, motion. In Experiment
1, we measured spatial attention effects by employing a
motion after-effect (MAE) paradigm, and comparing
MAE duration between two conditions: full-attention, sub-
jects were instructed to pay attention to the adapting mov-
ing grating stimulus, and poor-attention, subjects were
required to perform a difficult vowel detection task at the
center of gaze and therefore largely ignore the adapting
motion stimulus. We (Rezec, Krekelberg, & Dobkins,
2004) and others (Chaudhuri, 1990; Lankheet & Verstra-
ten, 1995; Shulman, 1993) have used this MAE paradigm
to investigate the effects of attention on achromatic
motion, whereas the current study compared attention
effects between achromatic and chromatic motion. In addi-
tion, the current study investigated the effects of attention
across a wide range of stimulus contrasts. The MAE para-
digm of the current study is critically different from the
motion nulling paradigm we previously employed to test
the effects of spatial attention on chromatic versus achro-
matic motion (Thiele, Rezec, & Dobkins, 2002). In this pre-
vious study, we found that “equivalent luminance contrast
(EqLC)”, i.e., the amount of luminance contrast in an ach-
romatic grating needed to null the motion of a chromatic
grating, was the same under full versus poor attention con-
ditions, a result suggesting equal effects of spatial attention
on chromatic and achromatic motion. Unfortunately, this
motion nulling paradigm was limited by the fact that (1)
it did not allow the effects of attention on chromatic and
achromatic motion to be tested separately, and (2) the
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effects of attention could not be tested as a function of
stimulus contrast.

In Experiment 2, we used the MAE paradigm to mea-
sure effects of bottom—up salience cues on the strength of
chromatic and achromatic motion. These experiments were
designed to test the “feature-salience” model of Lu et al.
(1999a, 1999b). Salience effects were measured by compar-
ing MAE duration between a condition where the two
stripes in a grating were of equal salience, and thus neither
was seen as foreground versus a condition where the rela-
tionship between the grating and the background was
manipulated to create a salience difference between the
two stripes, such that one was perceived as foreground.

The results of our attention experiments revealed equal
attention effects on chromatic and achromatic motion
processing, which were essentially constant (roughly 1.4-
fold) across a wide range of stimulus contrasts. By compar-
ison, our salience experiments revealed negligible effects of
salience cues on chromatic or achromatic motion
processing.

2. Methods

Two main experiments were conducted, both of which used the dura-
tion of the motion after-effect (MAE) as a measure of the strength of
motion processing (see Pantle, 1998). In Experiment 1, we investigated
the effects of spatial attention on MAE duration. In Experiment 2, we
investigated the effects of bottom—up salience cues on MAE duration. We
first describe the methods that were common to both experiments, and
then the details that differed between the two.

2.1. Apparatus

Visual stimuli were generated with in-house OpenGL software using
an ATI Radeon 8500 graphics board (1280 x 1024 pixel resolution) resid-
ing in an AMD Athlon processor based PC. The stimuli were displayed on
a 20” analog RGB monitor (Sony GDM 2000TC, 75 Hz, non-interlaced).
The voltage/luminance relationship was linearized independently for each
of the three guns in the monitor using a PR-650 photometer (PhotoRe-
search), using a square patch of the same size and at the same position
as the stimuli in the experiments. The PR-650 was also used for photomet-
ric measurements to standardize to V/, isoluminance, as well as for spectro-
radiometric measurements to compute long-wavelength-selective (L) and
medium-wavelength-selective (M) cone contrasts produced by our visual
stimuli.

2.2. Stimuli

Stimuli consisted of horizontal sinusoidal gratings, with a spatial fre-
quency of 0.4 cpd, and a temporal frequency of 2.5 Hz. Gratings either
moved (at 6.2°/s) or counterphase-reversed (in a temporal sinusoidal fash-
ion). The gratings subtended 10° x 10°, and were centered on a black fix-
ation square (0.9°x0.9°). Gratings were one of three types: (1)
“Achromatic”, which varied in luminance only. These were created by
sinusoidally modulating the red and green guns in phase. The individual
red and green sinusoids that made up the achromatic grating were of
the same mean luminance and of equal luminance contrast. (2) “Chro-
matic”, which varied in red/green chromaticity only, i.e., were “isolumi-
nant”. These stimuli were identical to the achromatic gratings, except
that the red and green guns were modulated 180° out of phase. (3)
“Mixed”, which varied in both chromaticity and luminance. Here, the
individual red and green sinusoids were 180° out of phase, but of unequal
luminance contrast [Note that achromatic and chromatic stimuli are some-

times referred to as L + M (i.e., producing in phase modulation of L- and
M-cones) and L — M (i.e., producing out of phase modulation of L- and
M-cones), respectively (e.g., Gunther & Dobkins, 2002).]. The mean lumi-
nance of all gratings was 7.0 cd/m>2. With the exception of one condition in
Experiment 2B (see below), the mean chromaticity of all gratings had CIE
coordinates' of x = 0.4, y = 0.40. The background was either the same
mean luminance/chromaticity as the gratings (Experiment 1: Effects of
Spatial Attention) or different (Experiment 2. Effects of Salience).

For all stimuli, contrast is specified in terms of L- and M-cone
contrast, which describes the percent response modulation in the L- and
M-cone photoreceptors produced by the grating stimulus. Because our
stimuli produced negligible S-cone activation, cone contrast calculations
did not consider S-cones'. The benefit of converting to a cone contrast
metric is that it standardizes across apparatus and laboratories, and allows
for the expression of chromatic and luminance contrast in comparable
units (e.g., Chaparro, Stromeyer, Huang, Kronauer, & Eskew, 1993;
Lennie & D’Zmura, 1988; Mullen, 1985). For chromatic and mixed
gratings, cone modulations were computed by determining L- and
M- cone excitations produced by the “red” and “green” peaks of the chro-
matic gratings, which were obtained by integrating the cross-product of
stimulus spectral output of these stimuli by the Stockman and Sharpe
(2000) cone fundamentals (see Gunther & Dobkins, 2002 for details). As
a final step, root mean square cone contrast was determined (r.m.s. = sqrt
{((AM/M)*+ (AL/L)*)/2}). In our set-up, a maximum value of 25% cone
contrast was attainable for chromatic gratings at photometric (V)
isoluminance. For achromatic gratings, r.m.s. cone contrast values directly
correspond to the conventional Michelson contrast: [(Lumy,,, — Lump,;,)/
(Lummax + Lummin)]~

2.3. Determining redlgreen isoluminance

Before beginning our MAE experiments, for each subject, red/green
isoluminance in the chromatic gratings was determined via a minimal
motion technique, which relies on the fact that motion is impoverished,
slow or jerky at subjective isoluminance (Cavanagh, Tyler, & Favreau,
1984; Dobkins & Teller, 1996; Moreland, 1982). Subjects were tested in
a dark room, viewed the video display binocularly from a chin rest
57 cm away, and were instructed to maintain fixation on the central fixa-
tion square. On each trial, a moving red/green grating producing 25%
cone contrast appeared centered on the fixation square. This grating had
the same size, spatial and temporal frequency as in the MAE experiments.
The subject adjusted the relative luminance between the red and the green
phases until the perceived motion strength was minimal. The isoluminance
point was determined from the mean setting across 20 trials. These isolu-
minance settings were used in the main experiment so that each subject
was tested at his/her individual isoluminance point.

Note that in Experiment 2A and 2B, where red/green gratings were
presented on different background colors, we obtained isoluminance
points for the different background conditions (yellow, red, green, see
below). Data from our five subjects showed that while isoluminance points
varied across subjects, within each subject, isoluminance points varied
negligibly across the different background conditions (1-factor ANOVA,
p = .86). For this reason, for each subject we averaged the isoluminance
values across the different background conditions and used that mean
value for all conditions in the MAE experiments. This lack of a back-
ground color effect on isoluminance points may seem surprising, as previ-
ous studies have demonstrated that background colors can alter the

' The purpose of modulating through yellow (rather than white) was
two-fold. First, it allowed us to test higher cone contrasts in long-
wavelength-selective (L) and medium-wavelength-selective (M) cones.
Second, stimuli modulated through yellow produce extremely low short-
wavelength-selective (S) cone activation (approximately 0.001 units in
MacLeod-Boynton, MacLeod & Boynton (1979). Chromaticity diagram
showing cone excitation by stimuli of equal luminance. Journal of the
Optical Society of America, 69(8), 1183-1186. chromaticity space), and
thus the contribution of S-cones to our results is expected to be negligible.
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adaptation state, and in turn the relative weightings, of the L- and M-cones
(see Eisner & Macleod, 1981; Stromeyer, Chaparro, Tolias, & Kronauer,
1997). An important difference, however, is that the “background” in these
previous studies was physically added on top of the test stimuli, whereas the
“background” of the current study only surrounded the test stimuli (and
thus presumably had negligible effects on adaptation state).

2.4. Motion after-effect (MAE) paradigm

Subjects were instructed to maintain fixation on the central fixation
square. They began each trial with a key press, after which a moving grat-
ing stimulus, the “adaptation” stimulus, appeared for 30s. The grating
moved either upward or downward (randomized across trials). After the
adaptation phase, the “test” stimulus appeared. It consisted of a grating
whose parameters were identical to those of the adaptation stimulus
(i.e., same stimulus type, same contrast, same spatial and temporal fre-
quency) except that it counterphase-reversed (in a temporal sinusoidal
fashion) rather than moved. Note that we employed counterphase test
gratings because in pilot studies we found that most subjects were able
to perceive a chromatic MAE when the test stimulus was counterphased,
but not when it was static. This lack of a chromatic MAE for static test
stimuli might be explained by the fact that counterphase gratings have
more positional uncertainty than static gratings (see Cropper & Hammett,
1997 and see Nishida, Ashida, & Sato, 1997 for results demonstrating dif-
ferences in the characteristics of the achromatic MAE for static versus
dynamic test stimuli). Also, note that our reason for keeping the contrast
of the adapting and test stimuli the same (as we have done previously,
Rezec et al., 2004) is based on evidence that perceived speed varies with
contrast and stimulus type (Thompson, Kossut, & Blakemore, 1983; Haw-
ken, Gegenfurtner, & Tang, 1994; Gegenfurtner & Hawken, 1996b). In
addition, keeping the adapting and test contrast the same is expected to
maximize the duration/strength of the MAE (see Nishida et al., 1997).

During the test phase, subjects perceived an MAE, i.e., the test stimu-
lus appeared to move in the direction opposite to that of the adaptation
stimulus. Subjects were required to signal (with a key press) when the
MAE ended. Subjects were also given the option of reporting “no
MAE” with a separate key press. Each trial was followed by a 20 second
period in which subjects rested and were allowed to move their eyes. This
period also allowed motion mechanisms to return to a pre-MAE baseline
level of activity (e.g., van der Smagt & Stoner, 2002). A timeline depicting
the course of a single trial is presented in Fig. 1.

2.5. Monitoring eye position
For each subject, eye position was monitored using an infrared cam-

era with variable focus (12.5-75 mm) lens (Model #Fc62, Image Sen-
sor), focused on the left eye of the subject. The subject’s face was lit

with an infrared illuminator and an enlarged image of the eye was
viewed on a 12” monitor outside the testing room. Before beginning
each block of trials, subjects were instructed to fixate a black fixation
square (0.9°x0.9°) in the center of the video display, and the outline
of the pupil was drawn on transparency film that covered the monitor.
Previous experiments in our laboratory have shown that this set-up
allows for the easy detection of saccadic eye movements and eye drift
within +2 degrees of fixation (Dobkins & Bosworth, 2001). Subjects
were instructed to maintain fixation throughout the experiment and
were informed that the experiment would be temporarily interrupted
if eye movements or eye drift were detected. Thus, subjects were highly
discouraged from breaking fixation, and the experiment never needed to
be interrupted.

2.6. Data analysis

For each subject, mean MAE durations were obtained by averaging
data across trials, separately for the different stimulus conditions. For tri-
als in which a subject reported “no MAE”, the MAE duration was set to a
value of 0 s before averaging across trials. This “no MAE” response was
relatively rare, occurring on 2.3% and 9% of trials in Experiments 1 and 2,
respectively (averaged across all subjects). We then took the logarithm of
individual subject means to be used in all statistical analyses and data
plots. The reason for using logs is that subject data conform to normal dis-
tributions when log-transformed. In addition, the use of logs allows for
easy visual comparison and interpretation of MAE duration data plotted
for different conditions, as the linear distance between the means of differ-
ent conditions represents the ratio of MAE duration for one condition ver-
sus another. However, in all figures, we plot the linear equivalent of the log
mean, i.e., the geometric mean, because linear values of duration are easier
to understand.

2.7. Experiment 1: Effects of spatial attention

In this experiment, we tested the effects of spatial attention on the
MAE duration. In Experiment 1A, we examined attention effects on mov-
ing chromatic and achromatic gratings across a range of cone contrasts. In
Experiment 1B, we examined attention effects on moving chromatic, ach-
romatic, and mixed gratings presented at a single contrast.

2.7.1. Subjects

In Experiment 1A, a total of seven subjects participated (age
range = 20 to 28 years). In Experiment 1B, a total of five subjects partic-
ipated (age range = 18 to 20 years), and these were the same five subjects
who participated in Experiment 2B (below). All had normal or corrected-
to-normal vision, normal color vision (as assessed by the Ishihara color

Time Course of a Single Trial

= E

Key Press
MAE no longer
perceived

Moving Counterphase-Reversing Return to
g Adaptation Stlmulus M Test Stimulus . Baseline '
f 30 sec ¥ MAE perceived = XX sec ¥ 20 sec b
TIME

Fig. 1. Time course of a single trial. Subjects began each trial with a key press, after which the moving adaptation stimulus appeared for 30 s (moving
upward or downward). This was followed by the presentation of the counterphase-reversing test stimulus, during which the motion after-effect (MAE) was
perceived, i.e., motion in the direction opposite to that of the adaptation direction. Subjects were required to signal (with a key press) when the MAE
ended (labeled XX sec). This was followed by a 20 s rest/recovery period. The adaptation and test stimulus were of the same type (i.e., chromatic or
achromatic) and contrast. To study attention effects (Experiments 1A and 1B), an RSVP stimulus consisting of letters appeared on the central black
fixation square during the adaptation phase (only one letter shown here). In our studies of salience effects (Experiments 2A and 2B) the RSVP stimulus was

not present. See text for further details.
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plates) and no family history of color abnormalities. With the exception of
one subject (the second author), all were naive to the purpose of the
experiment.

2.7.2. Stimuli and paradigm

In Experiment 1A, moving chromatic and achromatic gratings were
presented at eight cone contrasts, ranging in equal log steps from 3.22%
to 25.0%. In Experiment 1B, we likewise investigated the effects of atten-
tion on moving chromatic and achromatic gratings, but in addition, com-
pared these effects to those observed for a third stimulus, mixed gratings.
Our reason for adding this mixed grating condition was based on our pre-
vious findings obtained using an equivalent luminance contrast (EqLC)
motion nulling paradigm (Thiele et al., 2002, see Section 1). In that study
we found that attention effects differed between conditions that employed
mixed gratings (i.e., red/green gratings containing 25% luminance con-
trast) versus chromatic (isoluminant) red/green gratings. The three stimu-
lus types were tested at a single cone contrast, which was roughly the same
across the stimulus types (25% - 30%), as follows. Chromatic gratings were
set to 25% cone contrast. Mixed gratings were created by adding 25%
luminance contrast to the chromatic gratings (such that red was more
luminous than green). Note that, based on inter-subject differences in
red/green isoluminance points, this made for small differences in the cone
contrast produced by the mixed grating stimulus across subjects (ranging
from 27.2% to 30.3%). Achromatic gratings were created to produce the
same amount of cone contrast as the mixed gratings. In both Experiment
1A and 1B, the mean luminance and chromaticity of the gratings were
identical to the background.

MAE duration was obtained under “full” versus ““poor” attention con-
ditions. In both conditions, a rapid serial visual presentation (RSVP) of
white letters (subtending 0.6° x 0.6°) was presented within the fixation
square during the adaptation phase. A total of 160 letters was presented
with the letter changing every 0.08 s. All letters of the alphabet were pre-
sented. The frequency of a vowel appearing (A, E, I, O, U) was set to
~10% (~15 to 20 out of 160). The RSVP stimuli disappeared during the
test phase. In the “full-attention” condition, subjects were instructed to
simply attend to the moving stimulus in the 30 s adaptation phase, ignor-
ing the (irrelevant) stream of letters at the center of gaze. Note that, as in
our previous study measuring the effects of attention on the achromatic
MAE (Rezec et al., 2004), we did not explicitly monitor attention in the
full-attention condition. Although this could result in variation across tri-
als (or subjects) in the amount of attention devoted to the moving adapt-
ing stimulus, such variation (if it existed) would not affect comparisons
made between the different stimulus types or contrasts, since stimulus con-
ditions were carefully randomized across trials (see below). In the “poor-
attention” condition, subjects attended away from the motion stimulus
during the adaptation phase, because they were required to perform an
attentionally demanding task on the RSVP stimuli appearing at the fixa-
tion spot; they were required to press a key each time a vowel appeared.
Note that, in both the full- and poor-attention conditions, subjects were
required to fully attend to the test stimulus since they were required to
report the duration of the MAE produced by this test stimulus.

The two attention conditions were interleaved in blocks of eight trials,
with the different stimulus types and contrasts varied randomly across tri-
als within each block. The purpose of interleaving was to avoid differential
practice/criterion effects in reporting the duration of MAE between the
two attention conditions. In Experiment 1A, there were 32 total condi-
tions: 2 attention conditions (full versus poor), 2 stimulus types (chromatic
versus achromatic), 8 contrasts, and 10 trials were obtained for each (total
trials = 320). In Experiment 1B, there were 6 total conditions: 2 attention
conditions (full versus poor), 3 stimulus types (chromatic, achromatic,
mixed), and 10 trials were obtained for each (total trials = 60).

After each poor-attention block, subjects were provided with feed-
back regarding their RSVP performance on that block. Performance
was computed as the percentage of correct detections minus the percent-
age of false alarms, with a correct detection considered a key press
within 0.8 seconds after a vowel presentation and a false alarm consid-
ered any key press outside this time window. Before beginning this
experiment, subjects received ample practice on the vowel-task alone

and were required to reach asymptotic performance before commencing
the main experiment. Note that the overall RSVP performance (averaged
across all stimulus types/conditions) was at least as high during the
MAE experiment (Experiment 1A: 78.8% 4 9.1%, Experiment 1B:
782+ 6.9%) as during the last practice session (Experiment 1A:
62.4 £+ 12.7%, Experiment 1B: 71.5 + 7.8%), and there was no significant
difference between the two (Experiment 1A: p =.20, Experiment 1B,
p =.16, two-tailed correlated ¢-tests). This confirms that, in the main
experiment, the presence of the motion stimulus did not lessen the
amount of attention paid to the RSVP task, and thus we can be assured
that subjects adequately ignored the motion stimulus in the poor-atten-
tion condition. In addition to computing overall performance on the
RSVP task, we also computed performance separately for each stimulus
type (Experiment 1A: chromatic and achromatic, Experiment 1B: chro-
matic, achromatic, mixed). And, in experiment 1A, performance was
analyzed for the different contrasts employed. In experiment 1A, a 2-fac-
tor ANOVA (stimulus type x contrast) revealed no effect of stimulus type
(chromatic versus achromatic) or contrast (p =.77) on RSVP task per-
formance. Likewise, in experiment 1B, there was no effect of stimulus
type on RSVP task performance (p=.99). This suggests that any
observed difference in MAE duration across the different stimulus
types/contrasts in the poor-attention condition cannot be attributed to
variations in the amount of attention placed on the RSVP task.

2.8. Experiment 2: Effects of salience

Although salience is not a straightforward property to define, it is
generally believed that features perceived as foreground are more salient
than the background (and in complementary fashion, that salient fea-
tures tend to be perceived as foreground). In Experiment 2, we investi-
gated the effects of bottom—up salience cues on MAE duration. After
Lu et al., 1999a, 1999b, we attempted to make one of the two stripes
in a grating (for example, the green stripes in a red/green chromatic grat-
ing) appear as foreground (and therefore more salient than the other
stripe), by varying the relationship between the grating and its back-
ground color. In Experiment 2A, this was achieved by keeping the grat-
ing stimulus the same, but varying the background color. In Experiment
2B, we compared this with a salience manipulation in which the back-
ground was kept the same, but one of the stripe colors in the grating
was changed (after Lu et al., 1999a). In both Experiment 2A and 2B,
the grating stimulus appeared as stripes of only one color that moved
across a background. It was our subjective experience, as well as that
of our subjects, that these stripes appeared as foreground and had a
higher salience than the background (and thus we refer to this stimulus
as “‘enhanced salience”). By comparison, for gratings where the two
stripe colors were equally different in chromaticity from the background,
the two grating stripes appeared equally salient with one another, and
thus neither stripe appeared as foreground (and thus we refer to this
stimulus as “isosalient’’). Note that salience is unrelated to the contrast
of the stimulus; even at high contrasts, if the two stripes are equally dif-
ferent from the background, the stimulus is considered “‘isosalient”.
Table 1 presents all the conditions used in both Experiments 2A and 2B.

Table 1
Stimuli used to measure the effects of salience in Experiments 2A and 2B

Grating Background color

R G Y Light-Y
Chromatic: red/green G>R R>G R=G
Achromatic: light/dark D=L D>L
Chromatic: red/yellow R>Y

Shown are the different grating stimuli that were presented on different
background colors. The resulting percepts for the different combinations
are labeled in each cell. The symbol ‘=" denotes isosalience and ‘>
denotes enhanced salience, with one stripe containing higher salience than
the other. R, red; G, green; Y, yellow; D, dark; L, light.
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2.8.1. Subjects

In Experiment 2A, a total of five subjects (two of whom were also in
Experiment 1A) participated (age range =21 to 27 years). One subject
did not experience an MAE for chromatic stimuli under any condition,
and thus her data were not included. In Experiment 2B, a total of five sub-
jects participated (age range = 18 to 20 years), and these were the same
five subjects who participated in Experiment 1B (above). All had normal
or corrected-to-normal vision, normal color vision (as assessed by the Ishi-
hara color plates) and no family history of color abnormalities. All were
naive to the purpose of the experiment.

2.8.2. Stimuli and paradigm

All data were obtained under full-attention conditions (no RSVP stim-
uli were presented). In Experiment 2A, MAE data were obtained for chro-
matic and achromatic gratings at three different cone contrasts (4.3%,
10.4%, and 25.0%),%). Chromatic gratings were presented on three different
backgrounds. The first was a yellow background that matched the mean
luminance and chromaticity of the chromatic grating (as in Experiment
1A and 1B). We refer to this as the ‘“‘isosalience-chromatic” condition,
or ‘R = G’ for short. The second was a red background that had the same
chromaticity and luminance as the peak of the red stripe in the chromatic
grating. Here, the grating no longer appeared to have any red stripes, only
green foreground stripes on a red background. We refer to this as the
‘G > R’ condition. Note that the >’ sign in this notation refers to the sal-
ience, not the luminance: all chromatic stimuli were isoluminant. The third
was a green background that had the same chromaticity and luminance as
the peak of the green stripe in the chromatic grating. Here, the grating no
longer appeared to have any green stripes, only red foreground stripes on a
green background. We refer to this as the ‘R > G’ condition.

For achromatic gratings, we used two backgrounds to manipulate the
salience. The first was a mean yellow background that matched the mean
luminance and chromaticity of the achromatic grating (as employed in
Experiment 1A and 1B). We refer to this as the “isosalience-achromatic”
condition, or ‘D = L’ for short. The second was a light yellow background
that had the same luminance and chromaticity as the peak of the light
stripe in the achromatic grating. Here, the grating no longer appeared
to have any light stripes, only dark foreground stripes on a light back-
ground. This condition is referred to as ‘D> L.

In Experiment 2B, we asked whether salience effects differ between
conditions where enhanced salience is created by keeping the grating stim-
ulus constant but changing the background color (as in Experiment 2A)
and conditions where enhanced salience is created by keeping the back-
ground constant but changing the makeup of the grating stimulus (as in
Lu et al., 1999a, 1999b). To this end, MAE data were obtained for three
different chromatic stimulus conditions. The first two, R =G, and R > G
(cone contrast of gratings =25%), were identical to the conditions
employed in Experiment 2A. In the third condition, which was modeled
after the stimuli used by Lu et al. (1999a), the grating was red/yellow (cone
contrast = 14.8%) presented on a yellow background. This condition was
created by modulating the green gun from 0 to 0.5 and the red gun from
0.5 to 1, where the gun activity is expressed in fractions of the total lumi-
nance of a given monitor gun. In this stimulus, the green gun contribution
was reduced to the point where the grating no longer appeared to have any
green stripes, only red foreground stripes on a yellow background. This
condition is referred to as ‘R >Y’.

The different stimulus types, contrasts and backgrounds were varied
randomly across trials within a block. In Experiment 2A, there were 15
total conditions. Nine of these were chromatic conditions: three back-
ground colors (yellow, red, green) by three contrasts. Six of these were
achromatic conditions: two backgrounds (mean yellow, light yellow) by
three contrasts. Six trials were obtained per condition (total trials = 90).
In Experiment 2B, there were 3 conditions, and 10 trials obtained per con-
dition (total trials = 30).

2 One subject was tested over a slightly different range of chromatic
contrasts (13.9%, 18.7%, 25.0% since she had trouble perceiving an MAE
at low chromatic contrasts.

3. Results
3.1. Experiment 1. Effects of spatial attention

3.1.1. Experiment 14

Fig. 2 presents data from Experiment 1A, in which
MAE duration (seconds, s) was measured for achromatic
gratings (a and c) and chromatic gratings (b and d), under
both full-attention (filled squares, solid curve) and poor-
attention (open squares, dashed curve) conditions, across a
range of cone contrasts. The upper panels (a and b) present
data from one representative subject (CY). The bottom
panels (c and d) present group mean data (n = 7). For both
achromatic and chromatic gratings, mean MAE durations
were found to be significantly greater than 0 for all con-
trasts and both attention conditions (achromatic:
p <.0001 for all conditions, chromatic: p <.018 for all con-
ditions). With respect to contrast effects, for achromatic
gratings, MAE duration was found to increase with
increasing contrast, asymptoting at roughly 6-8% (in both
attention conditions). Over the contrast range tested, this
increase in MAE duration was roughly 1.4-fold. This effect
of contrast was confirmed statistically in a 2-factor
ANOVA (attention condition x stimulus contrast), which
revealed a significant main effect of contrast (p =.003),
and is in line with results from previous MAE studies
(Nishida et al., 1997; Rezec et al., 2004). Unlike the achro-
matic stimuli, there was no main effect of contrast on MAE
duration for chromatic stimuli (p = .5). However, there was
a tendency for the chromatic MAE duration to increase,
then decrease, with increasing contrast. The decrease at
high contrast, which is particularly evident in the example
data of subject CY, was also observed in Experiment 2A
(see below).

These data also allow us to address whether MAE dura-
tion is longer for achromatic or chromatic gratings when
the two stimulus types are equated for cone contrast. The
results of a 3-factor ANOVA (stimulus type X attention
condition x stimulus contrast), revealed a main effect of
stimulus type (p =.05), with longer MAE durations for
the achromatic condition.

To more directly examine attention effects, for each
subject, we obtained the log ratio of MAE duration in
the full-attention condition divided by that in the poor-
attention condition, and then averaged across subjects
(n = 7). Group mean attention ratios are plotted as a func-
tion of cone contrast in Fig. 3, for achromatic gratings
(open squares) and chromatic gratings (open circles). For
both the achromatic and chromatic data, there was an
effect of attention on the MAE; MAE was longer in the
full- versus the poor-attention condition. This was con-
firmed in the results of the 2-factor ANOVAs (above),
which revealed a significant main effect of attention condi-
tion for the achromatic data (p = .007), and a marginally
significant effect for the chromatic condition (p =.075).
We believe the marginal statistic for the chromatic data is
a result of MAE duration data being somewhat noisy.
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Fig. 2. Attention effects: Experiment 1A. MAE duration data plotted as a function of cone contrast for (a and ¢) achromatic (light/dark) gratings and
(b and d) chromatic (red/green) gratings, under both full-attention (filled squares, solid curve) and poor-attention (open squares, dashed curve) conditions.
The upper panels (a and b) present data from one representative subject (CY). The bottom panels (¢ and d) present group mean data (n = 7). For
achromatic gratings, MAE duration asymptoted by 10% contrast. For chromatic gratings, there was a tendency for MAE duration to increase, and then
decrease, as contrast increased. MAEs were significantly longer for achromatic than for chromatic stimuli. Error bars denote standard errors of the means.
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Fig. 3. Attention effects: Experiment | A. Group mean attention ratios (full-
divided by poor-attention) plotted as a function of stimulus contrast for
achromatic gratings (open squares) and chromatic gratings (open circles).
The attention effect was equal for chromatic and achromatic gratings and
roughly constant across the range of contrasts tested. At all contrasts except
the lowest tested, the attention effect was significantly greater than 1.0 (see
text for details). Error bars denote standard errors of the means.

The attention ratios of Fig. 3 also reveal a constant effect of
attention across a wide range of cone contrasts (3.22-
25.0%), which includes contrasts where MAE duration had
asymptoted (achromatic data) or peaked (chromatic data).
This is supported statistically by 1-factor ANOVAs showing
no effect of contrast on attention ratios (achromatic: p = .57,
chromatic, p = .81). However, the effect of contrast should
not be considered entirely constant, since for the lowest con-
trast tested (3.22%), the attention ratio was not different
from 1.0 (chromatic =1.05, p = .46, achromatic =1.17,
p = .13, one-tailed correlated ¢-test). Averaged across all
contrasts, attention ratios were 1.39 and 1.48 for the achro-
matic and chromatic conditions, respectively.

Last, the data in Fig. 3 also reveal markedly similar
attention ratios for achromatic and chromatic gratings,
across all cone contrasts. This was confirmed statistically
in a 2-factor ANOVA (contrast X stimulus type), where
the main effect of stimulus type on attention ratios was
not significant (p = .64). And, as expected from the ANO-
VAs performed separately on chromatic and achromatic
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Fig. 4. Attention effects: Experiment 1B. Data obtained for achromatic, chromatic and mixed gratings, all of which produced between 27-30% cone
contrast (see Section 2). (a) Group mean MAE duration plotted for full-attention (filled squares) and poor-attention (open squares) conditions. (b) Group
mean attention ratios (full- divided by poor-attention) for the three stimulus types: achromatic (open square), chromatic (open circle) and mixed (open
triangle). The attention effect was not significantly different across the three conditions, although only for the achromatic condition was the attention effect
significantly greater than 1.0 (*). Error bars denote standard errors of the means.

data, the 2-factor ANOVA revealed no main effect of con-
trast on attention ratios (p = .63). These results thus sug-
gest that spatial attention has nearly identical effects on
achromatic and chromatic motion processing across a wide
range of cone contrasts.

3.1.2. Experiment 1B

Data from Experiment 1B are presented in Fig. 4. Plot-
ted in Fig. 4a are group mean MAE durations for achro-
matic, chromatic and mixed gratings (all of which
produced between 27-30% cone contrast, see Section 2)
for both the full-attention (filled squares) and poor-atten-
tion (open squares) conditions (n =5). The results of a 2-
factor ANOVA (stimulus type X attention condition)
revealed a marginally significant main effect of attention
condition (p = .10) and there was no significant interaction
(p = .65), i.e., the attention effect did not vary across the
three stimulus types. Group mean attention ratios for the
three different conditions are plotted in Fig. 4b. As can
be seen in this figure, the attention ratio was highest for
the achromatic condition, and only for the achromatic
condition was the log attention ratio significantly greater
than 1.0 (achromatic = 1.31, p =.014, chromatic = 1.14,
p =.23, mixed = 1.13, p = .20, one-tailed correlated z-tests).
We note that the small and insignificant attention effect for
the chromatic gratings in Experiment 1B is a bit surprising
given that in Experiment 1A chromatic gratings of the
same cone contrast (25%) yielded a significant (p = .046)
and larger (1.44-fold) attention effect (see Fig. 3, open cir-
cles). We assume that this difference between Experiment
1A and 1B is due to the fact that different subjects partici-
pated in the two experiments (as well as due to noise in the
data). More importantly, the results of Experiment 1B
clearly suggest that attention effects for the mixed condi-
tion are no greater than that observed for the chromatic
and/or achromatic conditions; if anything, the mixed
gratings yielded smaller attention effects. This finding is

somewhat contradictory to that observed in our previous
study (Thiele et al., 2002). Using a motion nulling
paradigm, we found that attention boosted the strength
of chromatic motion processing more so for mixed gratings
than for isoluminant chromatic gratings. We return to a
possible explanation for the discrepancy between studies
in Section 4.

3.2. Experiment 2: Effects of salience

3.2.1. Experiment 24

Group mean MAE durations from Experiment 2A, in
which salience differences between the stripes of the moving
grating were created by keeping the grating stimulus the
same but varying the background color, are presented in
Fig. 5 (n = 4). Plotted are data for (A) achromatic gratings
and (B) chromatic (red/green) gratings, at three different
cone contrasts (4.3%, 10.4% and 25%), for both the
enhanced salience (filled squares, solid curve) and isosa-
lience (open squares, dashed curve) conditions (see Section
2 and Table 1 for details of stimulus conditions). Because
the data for the two different “enhanced salience-chro-
matic” conditions (R > G and G > R) were not signifi-
cantly different from one another (p = .28), data for the
two were collapsed into one “enhanced salience-chro-
matic” condition. The results of a 2-factor ANOVA (sal-
ience condition X contrast) revealed no effects of salience
condition for either chromatic gratings (p = .63) or achro-
matic gratings (p =.13). In fact, for achromatic gratings,
there was a trend for results in the direction opposite to
that predicted, i.e., MAE duration was slightly longer in
the isosalience condition.

With regard to contrast effects, only for the chromatic
data did MAE duration vary significantly with contrast
(chromatic: p = .006; achromatic, p = .68). This effect of
contrast for the chromatic condition was driven by the
decrease in MAE duration at the highest cone contrast
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Fig. 5. Salience effects: Experiment 2A. Group mean MAE duration data plotted as a function of contrast for (a) achromatic gratings and (b) chromatic
gratings. Data are shown for both the enhanced salience (filled squares, solid curve) and isosalience (open squares, dashed curve) conditions. For chromatic
gratings, there was a clear decrease in MAE duration at high contrast. Error bars denote standard errors of the means.

tested, 25%, which mirrors the trend observed in the chro-
matic data of Experiment 1A (see Fig. 2). This adverse
effect of increasing chromatic contrast is reminiscent of pre-
vious results demonstrating that adding chromatic contrast
to a moving achromatic grating slows perceived motion
(Cavanagh et al., 1984) and lessens the effectiveness of
the MAE (Cavanagh & Favreau, 1985). These previous
findings and those of the current study might be explained
by greater contribution of color-opponent mechanisms at
high chromatic contrast, since color-opponent mechanisms
have been suggested to hamper motion correspondence
because of potential mismatches between color selectivity
of inputs to motion detectors (see Derrington & Badcock,
1985 for discussion).

In sum, the data from Experiment 2A demonstrate
small and insignificant salience effects on MAE duration
across a wide range of cone contrasts. One could argue
that this null result reflects a failure to create a strong
enough salience cue rather than a failure to show effects
of salience on motion per se. However, it was our subjec-
tive impression, as well as that of our subjects, that plac-
ing red/green gratings on a green or red background did,
in fact, create a clear salience difference between the red
and green stripes. Still, our null result is surprising given
that Lu et al. (1999a, 1999b) have previously employed a
similar manipulation to create a salience difference
between the stripes in a chromatic grating and reported
positive findings, i.e., increased motion strength. There
are at least two reasons for the differences between the
Lu et al. results and ours. First, Lu et al. used subjective
ratings of motion strength, while we used MAE duration
to quantify motion strength. It may be that our MAE
duration paradigm is either too noisy to pick up salience
effects, or that salience effects, by virtue of working at a
higher-level, do not affect the MAE, which presumably

relies on low-level motion mechanisms. The second possi-
bility concerns an obvious stimulus difference between the
two studies; our Experiment 2A kept the grating stimulus
constant and changed the background, while Lu et al.
kept the background constant and changed the grating
stimulus. To address whether this stimulus difference
could explain the different results between the two studies,
Experiment 2B was conducted.

3.2.2. Experiment 2B

In this experiment, we compared the MAE duration
produced by isosalient red/green gratings (25% cone con-
trast) on a yellow background (R = G) with two different
enhanced salience conditions (see Section 2 and Table 1).
One enhanced salience condition used red/green gratings
(25% cone contrast) on a green background (i.e., R> G,
as in Experiment 2A), the other used red/yellow gratings
(14.8% cone contrast) on a yellow background (R >Y,
modeled after Lu et al., 1999b). Group mean MAE dura-
tions from this experiment are presented in Fig. 6 (n =5).
The results from this experiment revealed no difference in
MAE duration between the R > G and R = G conditions
(p = .48, one-tailed correlated z-test), thus confirming the
results of Experiment 2A. By contrast, the MAE duration
in the R >Y condition was significantly longer (on aver-
age, by 1.24-fold) than that in the R =G condition
(p = .01, one-tailed correlated z-test).

To more directly examine the influence of salience on
MAE duration in Experiments 2A and 2B, for each subject
we obtained a salience ratio, MAE duration in the
enhanced salience condition divided by that in the isosa-
lience condition, and then averaged across subjects. Group
mean salience ratios are plotted in Fig. 7 as a function of
cone contrast, for achromatic gratings (Experiment 2A,
D > L condition; open squares) and red/green chromatic
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Fig. 6. Salience effects: Experiment 2B. Group mean MAE duration data
plotted for three conditions: Isosalience (R = G), enhanced salience
(R > G) and enhanced salience (R >Y). The R =G and R > G stimuli
were identical to those used in Experiment 2A. The R > 'Y condition was
modeled after the stimulus conditions of Lu et al. (1999a, 1999b). MAE
duration was significantly longer (1.24-fold) in the R >Y condition as
compared to the R = G condition (*). Error bars denote standard errors
of the means.
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Fig. 7. Salience Ratios from Experiment 2A and 2B. Group mean salience
ratios (enhanced salience divided by isosalience) plotted as a function of
cone contrast, for achromatic gratings (Experiment 2A, D > L condition;
open squares) and red/green chromatic gratings (Experiment 2A, R > G
and G > R conditions combined; open circles, Experiment 2B, R > G
condition; filled circle). The filled triangle represents the salience ratio for
the R > Y chromatic grating condition of Experiment 2B, modeled after
Lu et al. (1999a, 1999b). Note that the contrast at which this R > Y data
point is plotted (14.8%) is somewhat arbitrary, since the cone contrast of
the red/yellow grating in the enhanced salience condition was 14.8%, while
that of the red/green grating in the isosalience condition was 25%. We
address the relevance of this difference in cone contrast in Section 4.
Values greater than 1.0 reflect longer MAE durations for conditions of
enhanced salience. Significant salience effects were found only for the
R > Y stimulus condition of Lu et al. (*). Error bars denote standard
errors of the means.

gratings (Experiment 2A, R > G and G > R conditions
combined; open circles, Experiment 2B, R > G condition;
filled circle). The filled triangle represents the salience ratio

for the R > Y chromatic grating condition of Experiment
2B, modeled after Lu et al. As would be expected based
on the MAE data presented in Figs. 5 and 6, the salience
ratio was significantly above 1.0 only when enhanced sal-
ience was created in the R >Y condition. These results
show that our MAE duration paradigm is sensitive enough
to measure the effects reported by Lu et al. What remains
to be explained, however, is the discrepancy in results for
the case where salience is manipulated by changing only
the background versus changing only the grating stimulus,
which we address in Section 4.

4. Discussion

The results of our study demonstrate equal effects of
spatial attention on chromatic and achromatic motion
processing (assessed by measuring the duration of the
motion after-effect, MAE), and the attention effects are
relatively constant across a wide range of cone contrasts
(3.22 — 25%)). In this discussion, we first address the psycho-
physical evidence for chromatic motion processing being
mediated, at least in part, by low-level motion mechanisms,
as well as discuss potential neural substrates. Second, we
discuss whether chromatic motion processing relies more
on attentional mechanisms than does achromatic motion
processing. We argue that while featural attention may
favor chromatic motion, spatial attention does not. Third,
we discuss whether salience cues affect chromatic motion
processing, addressing the discrepancy between results
obtained in the current versus previous studies.

4.1. Evidence for mediation of chromatic motion processing
by low-level mechanisms

As discussed in Section 1, because the MAE is thought
to be mediated by adaptation in low-level motion mecha-
nisms, the finding that moving chromatic gratings produce
an MAE (observed in the current and previous studies)
suggests mediation by low-level mechanisms. There are sev-
eral reasons to believe that the MAE reflects low-level
motion processes. First, in the MAE paradigm, subjects
passively view the moving adaptation stimulus (i.e., there
is no task), and thus the motion of this stimulus is unlikely
to be processed by higher-level attentive tracking mecha-
nisms. This is in contrast to motion paradigms that require
subjects to actively report the direction of a moving stimu-
lus; here, it is far more likely that attentive tracking mech-
anisms are involved. Second, monkey neurophysiological
studies in area MT, which is considered a low-level motion
area, have demonstrated adaptation effects that are likely
to underlic the MAE (Van Wezel & Britten, 2002; Kohn
& Movshon, 2003; Krekelberg, Boynton, & van Wezel,
2006; see Krekelberg, van Wezel, & Albright, 2006 for
review). To some extent, the MAE may, in fact, originate
as early as in primary visual cortex (V1), which feeds area
MT. This notion is supported by the lack of spatial transfer
of adaptation at the scale of an MT receptive field (Kohn &
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Movshon, 2003). Although the above-mentioned adapta-
tion studies in MT employed achromatic stimuli, it is likely
that moving chromatic stimuli would produce the same
pattern of results, since it is well documented that area
MT neurons respond to moving chromatic stimuli (see
Dobkins & Albright, 2003 for review).

The current study demonstrated significant chromatic
MAEs (i.e., MAE durations significantly greater than
0s) when subjects ignored the adapting motion stimulus
because they were required to perform an RSVP task at
the center of gaze. This finding in the poor-attention con-
dition is in line with that of our previous study (Thiele
et al., 2002), which measured the strength of chromatic
motion using an equivalent luminance contrast (EqLC)
motion nulling paradigm and demonstrated strong chro-
matic motion processing in the poor-attention condition.
These previous and current findings of substantial chro-
matic motion processing in the near absence of spatial
attention thus support the notion that chromatic motion
is mediated, at least in part, by low-level (pre-attentive)
mechanisms.

In another one of our previous studies, which examined
the effects of spatial attention on the duration of the achro-
matic MAE only (Rezec et al., 2004), like the current study,
we found constant effects of attention across a wide range
of contrasts (3% — 80%). We accounted for these results by
proposing that attention directly enhances adaptation, by a
mechanism we referred to as “adaptation gain”. Specifi-
cally, our results suggested that attending to an adapting
motion stimulus shifts the Csy of the contrast response
function of directionally selective mechanisms roughly
1.4-fold more to the right than does ignoring that same
stimulus. Note that because attention effects were observed
even at contrasts where MAE duration had asymptoted
(seen in both the current and previous study), the results
reject an alternative hypothesis supposing that attention
increases effective contrast, which in turn, leads to greater
adaptation effects (see Ling & Carrasco, 2006). The results
of the current study, which show constant effects of atten-
tion across contrast for both chromatic and achromatic
stimuli, therefore suggest that adaptation gain mechanisms
exist, and are of equal magnitude, for both chromatic and
achromatic motion.

On a related note, there is reason to believe that the
low-level mechanisms involved in processing chromatic
motion overlap with those involved in processing achro-
matic motion. As described in Section 1, this notion
comes from psychophysical studies showing cross-adapta-
tion effects in the MAE paradigm between chromatic and
achromatic gratings and from studies showing that
performance on chromatic motion, but not on chromatic
detection, tasks is impaired when chromatic stimuli are
masked by achromatic noise. We would further suggest
that the finding of equal effects of attention on chromatic
and achromatic motion observed in the current study is
also consistent with the notion of a common mechanism
for the two.

With regard to potential neural substrates for a common
mechanism, we have in the past argued that the signals for
both chromatic and achromatic motion processing may
originate within the magnocellular (M) subcortical division
of the visual system (Dobkins & Albright, 1994; Thiele,
Dobkins, & Albright, 1999). This argument is based on
the finding that M neurons respond to both red/green chro-
matic and achromatic contrast (although they are more
sensitive to the latter, see Lee, Martin, & Valberg, 1989b;
Lee, Pokorny, Smith, Martin, & Valberg, 1990; Lee, Mar-
tin, Valberg, & Kremers, 1993), in conjunction with the
fact that the M division is known to provide strong input
to motion area MT (Maunsell, Nealey, & DePriest,
1990). The red/green chromatic response in M neurons
has been attributed to a non-linearity in, and/or phase
shifts between, the L- and M-cone inputs to this pathway
(Lee, Martin, & Valberg, 1989a; Stromeyer, Kronauer,
Ryu, Chaparro, & Eskew, 1995). However, neurons of
the parvocellular (P) subcortical division also respond to
both red/green chromatic and achromatic contrast
(although they are more sensitive to the former, see Lee
et al.,, 1989b; Lee et al., 1990; Lee et al., 1993). And,
recently, it has been demonstrated that the P division
may supply substantial input to motion processing areas
like MT (see Nassi, Lyon, & Callaway, 2006). This leaves
open the possibility that the neural substrate for the com-
mon mechanism for chromatic and achromatic motion
processing originates within the P division. An alternative
possibility is that the common mechanism is created within
MT itself, with the P division providing the chromatic sig-
nal, and the M division providing the achromatic signal.

4.2. Does attention favor chromatic motion processing?

Although our current and previous studies have shown
that spatial attention affects chromatic and achromatic
motion processing equally, results from other studies sug-
gest that chromatic motion might rely more on feature
attention than does achromatic motion. Using the
“opposed motion stimulus”, Cavanagh (1992) showed that
subjects were much better at attentively tracking the posi-
tion of a red or green stripe in the moving chromatic grat-
ing than a light or dark stripe in the moving achromatic
grating, even when the achromatic grating dominated the
global motion percept. Such findings suggest that atten-
tional tracking of selected features favors chromatic stim-
uli. In a similar vein, Blaser et al. (1999) showed that the
strength of the motion percept produced by a chromatic
grating is significantly increased by having subjects simply
attend to a feature, namely one of the two colors (red or
green) of the grating. These authors explained their results
by suggesting that attention increases the salience of the
attended feature, creating a salience difference between
the stripes in the grating, which is then used to establish
motion correspondence by a “feature-salience” mechanism
(sometimes referred to as a third-order motion mechanism,
see Lu & Sperling, 2001).
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The degree to which chromatic motion processing
relies on feature tracking is likely to depend on how
trackable the chromatic stimulus is (see Section 1) as well
as the task at hand (i.e., a task that requires reporting
direction is more likely to invoke tracking mechanisms
than is the MAE paradigm where subjects passively view
and adapt to a moving stimulus). Differences in task
might account for the discrepant results obtained with
mixed gratings in the current study versus our previous
study (Thiele et al., 2002). In Experiment 1B of the cur-
rent study, we observed equal effects of spatial attention
on all three stimulus types; chromatic, achromatic and
mixed moving gratings. This result is not surprising given
that chromatic and achromatic motion are processed by
a common mechanism. However, in Thiele et al., which
employed an EqLC motion nulling task (see above), we
found that attention boosted chromatic motion strength
more so for mixed gratings than for isoluminant chro-
matic gratings or achromatic gratings. As discussed in
Thiele et al., this could arise from subjects using atten-
tive feature tracking to report direction in the EqLC
task, in conjunction with the possibility that mixed stim-
uli are particularly easy to track. Tracking would not be
expected in the current study, where subjects passively
viewed the adapting motion stimulus.

In sum, the results of the current and previous studies
suggest that while attentive tracking may favor chromatic
motion (and perhaps even more so when chromatic stimuli
contain luminance contrast), spatial attention amplifies
motion signals in a cue-invariant fashion.

4.3. Effects of salience cues on chromatic motion processing

As described above, Blaser et al. (1999) hypothesized
that attending to red in a moving red/green grating
increases the salience of the red stripes, thus creating a
salience difference between the red and green stripes that
can be used as a correspondence cue within a ‘“feature-sal-
ience” motion mechanism. In addition to creating “top-
down” salience differences, in a different set of studies this
research group created salience differences in a “bottom—
up”’ fashion, by making one of the two colors in a chro-
matic grating appear as foreground and thus have higher
salience (Lu et al., 1999a, 1999b). To test bottom—up sal-
ience effects, they compared subjective ratings of motion
strength between two conditions: Isosalience Red/green
chromatic gratings presented on a grey background.
Enhanced salience Red/grey gratings presented on the
same grey background. Lu et al. reported that perceived
motion strength was greater in the enhanced salience con-
dition, which they attributed to this condition providing a
strong bottom—up signal to their proposed feature-sal-
ience mechanism.

In the current MAE study, we likewise investigated the
possible effects of salience by making one of the two colors
in the chromatic grating appear as foreground and thus
have higher salience. We created enhanced salience condi-

tions in two ways. (1) We kept the red/green grating unal-
tered, but replaced the yellow background with the color of
either the green or red stripes, referred to as ‘R > G’ or
‘G > R’. This salience manipulation did not affect the dura-
tion of the MAE (see salience ratios in Fig. 7, open and
filled circles). (2) Following Lu et al. (1999a, 1999b), we
changed the red/green grating stimulus, replacing the green
stripes with the yellow background, which produced red/
yellow gratings on a yellow background, referred to as
‘R>Y’. In this R > Y condition, we replicated Lu et al.
by finding stronger MAEs (see Fig. 7, filled triangle). If sal-
ience—defined as the propensity of a feature to be associ-
ated with the foreground—determined the motion
strength of these stimuli, then both the R>Y and the
R > G enhanced salience conditions should have yielded
a stronger motion signal, and hence longer MAE duration,
than the isosalience condition (R = G).

We believe there might be a simple explanation for the
different findings. In the conditions corresponding to
those of Lu et al., the cone contrast produced by the
red/yellow gratings in the enhanced salience condition
(R>Y) will necessarily be substantially lower than that
produced by the red/green gratings in the isosalience
condition (R = G). In the current study, the cone con-
trast for the two gratings was 25% and 14.8%, respec-
tively. While a larger cone contrast might be expected
to produce a greater motion signal, our chromatic
MAE data reveal the opposite trend. That is, MAE
durations were found to decrease at cone contrasts past
~10% (see Figs. 2 and 5). This adverse effect of higher
chromatic contrast could explain why enhanced salience
gratings (R >Y) produced a stronger MAE than isosa-
lience (R = G) gratings. In other words, the strength of
the motion signal in the R >Y condition increased not
because of a salience difference between the red and yel-
low stripes, but because the cone contrast of the grating
was reduced to a value that is more optimal for chro-
matic motion processing. This contrast explanation for
the positive results obtained in the R >Y condition, in
conjunction with the null results obtained in the R> G
and G > R conditions, leads us to suggest that bottom-—
up salience cues do not alter the strength of motion sig-
nals within low-level chromatic motion mechanisms. This
need not challenge the existence of a feature-salience
mechanism, per se; it may be that such a mechanism
receives only top—down inputs, and/or that this mecha-
nism exists at a relatively high level of motion processing
(i.e., past the level that mediates motion adaptation
effects).

In conclusion, the psychophysical data of the current
study show that attention increases the motion aftereffect
duration equally (by about a factor of 1.4) for both chro-
matic and achromatic stimuli, and that the effect is inde-
pendent of contrast. Such findings suggest that chromatic
motion processing is not affected disproportionally by
higher-level spatial attention mechanisms. Our salience
studies suggest negligible effects of salience on the strength
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of motion signals within low-level motion mechanisms, for
either chromatic or achromatic motion.
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