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Motion perception over long interstimulus intervals

PETER J. BEX and CURTIS L. BAKER, JR.
MeGill University, Montreal, Quebec, Canada

Recent studies using moving arrays of textured micropatterns have suggested that motion percep-
tion can be supported by two mechanisms, one quasilinear and sensitive to the motion of luminance-
defined local texture, the other nonlinear and coding motion of contrast-defined envelopes of texture
(Baker & Hess, 1998; Boulton & Baker, 1993b). Here we used similar patterns to study motion percep-
tion under conditions previously shown to isolate the nonlinear mechanism (low micropattern densi-
ties and positive interstimulus intervals [ISIs]). We measured direction discrimination for two-flash ap-
parent motion over a much larger range of ISIs, and susceptibility to masking by incoherently moving
“distractor” micropatterns. The results suggest that two nonlinear mechanisms can support motion
perception under these conditions. One operates only for relatively short ISIs (less than c. 100 msec),
is sensitive to small spatial displacements, and is relatively insensitive to distractor masking. The other
operates over much longer ISIs, is insensitive to small spatial displacements, and is highly disrupted
by distractor masking. These results are in line with previous studies suggesting that three mechanisms

support motion perception.

Although the perception of movement might be thought
to be mediated by an appreciation of the displacement of
identifiable objects to novel positions at successive times,
motion perception is now largely understood to be me-
diated by low-level neural mechanisms (for review, see
Nakayama, 1985). This belief is supported by findings
as diverse as the motion aftereffect, neurophysiological
direction selectivity of single neurons, and the specific im-
pairment of motion perception following brain damage
(Zihl, Von Cramon, & Mai, 1983). Recent psychophysi-
cal evidence favors the existence of two motion detection
systems, one based on linear spatiotemporal summation
that responds to “first-order” (or “Fourier”) motion of
luminance-defined contours, and the other (“second-
order,” or “non-Fourier”) based on a nonlinear extraction
of overall envelopes of other stimulus attributes, such as
local contrast (Chubb & Sperling, 1988). Low-level linear
models of motion detection (e.g., Adelson & Bergen,
1985; van Santen & Sperling, 1985; Watson & Ahumada,
1985) employ local motion analyzers selective for a par-
ticular spatial and temporal frequency of motion. Such
“motion energy” detectors respond to the displacements
of a variety of images but are incapable of signaling mo-
tion of certain second-order or non-Fourier motion stim-
uli that human observers reliably see as moving (Chubb
& Sperling, 1988).

It is possible that the motion of non-Fourier stimuli
could be detected by a high-level “feature-tracking™ mech-
anism that calculates the positional changes over time of

We are grateful to | hal for observing. We also thank
Michael Moskovich and Ken Charles for contributions to computer
prog ing. This r h was supported by Canadian NSERC
Grant OGPOOO1978 to C.L.B. Corresp should be add d
to P. J. Bex, Department of Psychology, University of Essex, Wi
Park, Colchester C04 35Q, England (¢-mail: bex@psy.gla.ac.uk).

Copyright 1999 Psychonomic Society, Inc.

salient features in a stimulus (see, e.g., Palmer, 1986;
Ullman, 1979). However, physiological recordings from
primates (Albright, 1992) and cats (Zhou & Baker, 1993)
and psychophysical evidence that motion aftereffects may
be elicited by adaptation to non-Fourier motion stimuli
(Ledgeway & Smith, 1995; Nishida & Sato, 1995) sup-
port the notion that second-order motion is analyzed by
low-level motion detectors, Nishida (1993) has shown that
reversed-phi motion occurs for non-Fourier stimuli, sug-
gesting low-level detection, while Smith (1994) has ar-
gued that non-Fourier motion is detected by a low-level
mechanism in some circumstances and by feature track-
ing in others. Several psychophysical studies (e.g., Lu &
Sperling, 1995a, 1995b; Mather & West, 1993; Nishida,
Ledgeway, & Edwards, 1997) suggest that the nonlinear
low-level mechanism is not the same as that which de-
tects first-order or Fourier motion. Thus, there appear to
be three motion mechanisms in total, two low level and
one high level. Several models have been proposed in
which motion can be detected by conventional motion
energy detectors after a nonlinear transformation of the
image (e.g., Chubb & Sperling, 1988; Werkhoven, Sper-
ling, & Chubb, 1993; Wilson, Ferrara, & Yo, 1992). The
nonlinear stage typically follows initial band-pass spatial
frequency filtering and utilizes an intensive nonlinearity
such as full-wave or half-wave rectification.

Support for distinct quasilinear and nonlinear motion
mechanisms has come from studies using random kine-
matograms in which a field of pseudorandomly positioned
micropatterns (Figure 1A) are abruptly shifted between
two or more presentations of the stimulus (Baker & Hess,
1998; Boulton & Baker, 1993a, 1993b, 1994). The micro-
patterns are Gabor functions (small patches of sine wave
“carrier” grating, each enclosed in a smooth Gaussian
envelope), whose construction allows independent ma-
nipulation of spatial frequency and density. The spatio-
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Figure 1. Spatiotemporal depictions of stimulus and actions of p ive
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A: Spatial layout of stimulus, consisting of two rows of pseudorandomly placed Gabor micropatterns,
placed in strips above and below a central fixation cross. B: Example of a space—time diagram for a
spatial profile through a single row of Gabor micropatterns, graphed with time running downward,
showing an apparent motion presentation with flashes each 80 msec, and interstimulus interval
(ISI) = 0. C: Space—time diagram for a single micropattern (ISI = 0), with a superimposed ellipse to
schematically illustrate the linear summation area of a spatiotemporally oriented filter; the net sum-
mation will be relatively large, giving a good motion signal. D: As for C, but for larger ISI (40 msec)
and larger displacement, in which net summation will be very small. E: As for D, but with full-wave
rectification, now producing large summation. F: As for E, but at larger ISI, now producing poor sum-

mation.

temporal nature of the stimulus can be illustrated in a
“space—time diagram” in which a spatial luminance pro-
file is graphed as a function of time (ordinate); the gray
level indicates the luminance of the stimulus at each point
in space and time. Figure 1B shows such a space-time
diagram for one example in which three Gabor functions
are presented for 80 msec at each position, with ISI = 0.

On the basis of psychophysical performance in direction
discrimination using such stimuli, Boulton and Baker
(1993b) interpreted their results in terms of two hypothet-
ical mechanisms of motion detection: a quasilinear
mechanism with a half-cycle displacement limit operat-
ing at high element densities and short stimulus onset
asynchronies (SOAs), which preserves and is limited by
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the fine-grain texture of the micropattern carrier; and a
nonlinear mechanism isolated at lower element densities
and long SOAs, which responds to motion of the en-
velopes while discarding carrier information.

For a theoretical overview of motion mechanisms in
the context of this paper, it is useful to consider a space—
time diagram of such an apparent motion stimulus, for
clarity illustrating only a single Gabor micropattern.
Figure 1C shows such a plot for an ISI = 0 (SOA =
80 msec), in which the micropattern is displaced on the
second presentation by one quarter of a cycle of the car-
rier sine wave. Superimposed on the stimulus is a tilted
ellipse, schematically illustrating part of a “space—time
oriented filter” (Adelson & Bergen, 1985), which linearly
summates local luminances with a time lag whose extent
varies with spatial position; in this example such a filter
would give a strong directional response (compared with
an identical filter, tilted in the opposite direction of mo-
tion), because like-signed parts of the stimulus add syn-
ergistically within its summation region. However, at
larger temporal and spatial displacements (Figure 1D,
ISI = 40 msec), the stimulus no longer aligns in so fa-
vorable a manner with the filter, and linear summation of
positive and negative regions produces little or no re-
sponse. Thus such a quasilinear motion model predicts
best performance at smaller spatial and temporal sepa-
rations, with a maximum displacement, d,,,,, approxi-
mately equal to one-half cycle of the carrier sine wave
grating—the “half-cycle limit” of motion energy detectors
(Bischof & Di Lollo, 1991). A typical nonlinear model
of motion detection utilizes an intensive nonlinearity prior
to the motion detection operation; for example, Fig-
ure 1E shows a full-wave rectification (absolute value
operation), which extracts the overall envelope of the
Gabor micropattern while discarding information about
the fine texture of the carrier waveform. This model al-
lows stimulus regions, which are now like-signed, to sum-
mate in a subsequent linear space-time oriented filter.
Such a model predicts a d,,,, that is much greater than a
spatial scale of the sine wave carrier, instead dependent
on the density of micropattern envelopes. Although such
a nonlinear motion mechanism evidently uses space—
time filters tuned to larger temporal separations (Boulton
& Baker, 1993a), nevertheless at still larger time separa-
tions (Figure 1F, ISI = 140 msec) such a nonlinear mo-
tion energy mechanism would be expected to fail. Details
of computer simulations of how such linear and nonlin-
ear motion energy models respond to two-flash Gabor
kinematograms can be found in Bex and Baker (1997).

In pilot studies, we noticed that it was possible to report
correctly the direction of displacement of low-density,
random Gabor kinematograms over exceptionally long
ISIs (e.g., 1,000 msec or more). Unlike at the shorter ISIs
previously studied, these stimuli do not always provide a
genuine subjective sensation of “motion,” but instead may
appear at different identifiable positions at successive

times. For example, in the limiting case it is possible to in-
dicate the direction of displacement of a single patch that
has been shifted from the left edge of the display to the
right as long as the observer can remember that the patch
was originally on the left, but this is not necessarily ac-
companied by the subjective appearance of movement.
Here we report measurements of direction discrimina-
tion performance for low-density random Gabor kinemato-
grams over a much greater range of ISIs than previously
explored. To test the idea that performance at very long
ISIs could be mediated by a high-level feature-tracking
operation (Ullman, 1979) or a perceived change of posi-
tion (Palmer, 1986), rather than by a low-level motion de-
tection mechanism, we measured the impact of adding
“distractor” micropatterns that are identical in spatial
structure to the targets, but were not coherently displaced.
Performance of a low-level, nonlinear, energy-based
(second-order) mechanism should be only moderately
degraded by distractor masking, as in Bex and Baker
(1997), whereas a high-level recognition of positional
change would be severely disrupted by the ambiguity of
correspondence introduced by the distractors. Smith
(1994) used the same logic in the context of periodic non-
Fourier patterns and found that a masking pattern dis-
rupted performance for long but not short ISIs.

GENERAL METHOD

Stimuli were generated using a VSG 2/1 graphics card (Cam-
bridge Research Systems) in a host PC microcomputer (386-
33 MHz), and were presented on a Nanao Flexscan 6500 monitor
with P4 phosphor and a frame rate of 118 Hz. The image was 512 X
428 pixels, which subtended 16.0° X 13.4° at the viewing distance
of 118 em. The mean luminance of the display was 32 c¢d/m? and
luminance was calibrated with a United Detector Technology, S370
photometer. The luminance z-nonlinearity of the display was lin-
earized with pseudo-12-bit resolution (Pelli & Zhang, 1991) by re-
sistively adding the color video signals with an ISR Video Attenuator
(Institute for Sensory Research, Syracuse University, Syracuse, NY)
and using VideoToolbox (©1996) software (Pelli, 1997) adapted
for use on a PC. Pseudo-12-bit resolution in this case allowed the
presentation of 2% gray levels from a possible range of 22 levels.

Stimuli

The stimuli were composed of arrays of Gabor function micro-
patterns; each Gabor was a one-dimensional sine wave grating (car-
rier), multiplied by a two-dimensional Gaussian envelope:

Ly = Lo{1+C oy [~23/202+y2/267] * sin(2mx/A)}

where L; = mean luminance; C = contrast; o = width parameter
of Gaussian envelope; A = spatial wavelength (reciprocal of carrier
spatial frequency). The spatial frequency of the sine wave carrier
was 2.0 ¢/deg (A = 0.5%) and o = 0.75 A. The carrier was always in
sine phase to ensure that mean luminance of the Gabor was identi-
cal to the background. The contrast of the Gabors, defined as (L,
= Lo M(Lpax + Ly ) Was 25% in all conditions. The micropatterns
were placed in two strips across the top and bottom of the stimulus
field (Figures 1A and 4A), approximately 2° above and below the
fixation cross, to confine the stimulus in eccentricity and to prevent
the observers from paying attention to a fortuitous stimulus “fea-



ture” close to the fixation point (e.g., a relatively isolated micro-
pattern). Within each of these strips, the micropatterns were placed
in such a way as to ensure a relatively uniform distribution, while
avoiding periodicity or clustering; this was achieved by defining a
notional grid of equally spaced locations along two rows in each
strip. The location of each micropattern in each row was randomly
shifted horizontally and vertically within £1.2° and the whole row
was then shifted within +8° horizontally. The micropatttern loca-
tions were rerandomized every trial. Wrap-around was employed at
the display boundaries.

We used stimulus parameters shown in previous work (Boulton
& Baker, 1993a, 1993b) to preclude quasilinear motion detection,
while allowing motion based on the micropattern envelopes (i.e., a
nonlinear mechanism): low target density, relatively long SOA, and
displacement greater than the spatial scale of the micropattern car-
rier. In the present experiments, the exposure of each flash was
80 msec in all cases and an ISI of variable duration was presented
between flashes. During the ISI, as well as the intertrial intervals,
the screen was a blank field at the mean luminance (L) of the dis-
play. The element density was three targets per row (12 per flash)
so that a small number of extra micropatterns could be added with-
out producing too high a density for nonlinear behavior.

Procedure

Observers were seated at the required viewing distance and were
instructed to fixate a small spot in the center of the screen. The
screen was a blank field of mean luminance at all times except dur-
ing stimulus presentations. Observers pressed response keys to ini-
tiate a two-flash apparent motion sequence and to indicate the direc-
tion of motion, left or right. Before the beginning of data collection,
observers practiced the task with visual feedback; during data col-
lection there was no feedback. Direction discrimination was measured
for a range of displacements that were set according to a method of
constant stimuli to cover the range from fewest to most errors. There
were five levels, each presented 10 times in random order on each
run, with four runs for each condition. All observers had normal or
corrected-to-normal acuity and viewed the display binocularly.

EXPERIMENT 1
Upper and Lower Displacement Limits
as a Function of ISI

We first measured two simple indicators of motion per-
formance, the maximum displacement (d,,, ) and the min-
imum displacement (d,,;,,) for accurate direction discrim-
ination, as a function of ISI. For the measurements of
d s @ vertical orientation of the carrier grating in the
Gabor micropatterns was used. In pilot studies it was found
that the orientation did not affect the results, which is
consistent with the proposal that a nonlinear motion
mechanism responds to the micropattern envelope rather
than the oriented sinusoidal carrier. In order to ensure
that the estimate of d,;,, was based on the displacement
of the envelope and not the carrier, the Gabor micropat-
terns were aligned orthogonal to the axis of motion (i.e.,
they had a horizontally oriented carrier). A psychometric
function (Weibull, 1951) was fitted to the data for each
of the four blocks of trials for each ISI, and d,, and d;,
were inferred as the displacements, giving 20% errors.
Means and standard errors of these estimates were then
calculated across the trial blocks.
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Figure 2. d,,,,, as a function of interstimulus interval (ISI) for 2
observers. d,,,, was calculated from direction discrimination er-
rors in a two-flash apparent motion sequence and was estimated
as the displacement at which there were 20% errors.

Results

Figure 2 shows d,,, as a function of ISI for 2 ob-
servers. For Observer P.B. there was a gradual decrease
ind,,, with ISI, but for Observer .M., there was a slight
increase. Taken together, the 2 observers’ data did not in-
dicate any consistent dependence of d,,,,, on IS, in spite
of the quite different subjective percept at large ISIs. This
result is likely to be due to the constraints imposed by the
geometry of stimulus construction rather than limitations
of visual processing: The estimates of d,,, were around
half the mean interpattern separation of the micropat-
terns, 2.7°.

Figure 3 shows d;, as a function of ISI for 2 observers.
While the absolute values of d,,;, differed somewhat be-
tween the observers, the pattern of dependence on ISI
was similar. For both observers, d,;, was approximately
invariant at relatively short ISIs (up to around 100 msec),
but when the ISI exceeded about 100 msec, there was a
steady increase in d;,. This break correlated with the ob-
servers’ subjective percept of the stimulus, giving a strong
sensation of movement at shorter but not at longer ISls.
Unlike d,,, , dpiy Was not constrained by the geometry of
the stimulus.

EXPERIMENT 2
The Effect of Distractor Elements
on Direction Discrimination

In Experiment 2, we measured the effects of masking
on direction discrimination. Method was as described in
the General Method section, except that masking “distrac-
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Figure 3. d,,,;,, as a function of interstimulus interval (ISI) for 2
observers. d,;, was calculated as for d,,, (see text and Figure 2)
and was again estimated as the displacement at which there were
20% errors.

tor” micropatterns (3 per row, 12 per flash) were added
to one or both flashes. An illustration of the appearance
of one frame of the display containing distractors together
with targets is shown in Figure 4B. The distractors were
randomly positioned in the stimulus areas of the display,
but were not displaced coherently with the target micro-
patterns. If present on both flashes, the distractors were
either in the same position on the second flash (static dis-
tractors) or were plotted to a new random location on the
second flash (dynamic distractors). In a separate condi-
tion, the distractors were presented on only one flash.
This ensured that the distractors (particularly when sta-
tic) could not be used as static reference points from
which to determine the displacement of the targets. There
were three targets (coherently displaced micropatterns)
per row, which were displaced between flashes by one
quarter of the mean interpattern separation (1.3°). This
displacement resulted in fewest errors in direction dis-
crimination across a range of ISIs when no distractors
were present. The number of direction discrimination er-
rors was recorded as a function of ISI.

Results

Direction discrimination errors are shown as a func-
tion of ISI for both observers in Figures 5 and 6. In Fig-
ure 5, the distractors were present on both flashes,
whereas in Figure 6 the distractors were present on only
one flash. When there were no distractors (open trian-
gles, broken lines), observers were able to indicate the
direction of displacement for a very broad range of ISIs
up to about 500 msec, after which the error rate began to
rise slightly. However, in all conditions when distractors
were present, the pattern of results was different. For ISIs

shorter than approximately 100 msec, there were few er-
rors, but for longer ISIs, the error rate rose steadily and
direction discrimination fell rapidly to chance levels.
This trend was independent of whether the distractors
were present on both flashes or only one flash, showing
that the distractors did not serve as reference points from
which to judge the direction of motion. The results dem-
onstrate that distractors selectively interfere with, or
mask, direction discrimination at larger ISIs, but not for
ISIs below about 100 msec. It is unlikely that this result
is a “floor effect” at low ISIs because error rates were
slightly above zero even at ISIs between 8 and 100 msec.

EXPERIMENT 3
The Effect of Distractor Density
on Direction Discrimination

The results of Experiments 1 and 2, showing a dis-
continuity in psychophysical performance at an ISI of
about 100 msec, indicate that the nature of direction dis-
crimination performance is categorically different for
ISIs below and above 100 msec. In Experiment 3, we
measured the effects of varying distractor density at two
values of ISI, on either side of this cutoff. Errors in direc-
tion discrimination were recorded as described in the Gen-
eral Method section for an ISI of either 40 or 500 msec.
There were three target micropatterns per row and the
number of distractors was varied. An illustration of the
appearance of one frame of the display containing tar-
gets together with three, six, or nine distractors per row
is shown in Figure 4B—4D. Distractors were either dy-
namic (i.e., they were randomly repositioned between
flashes) or static (i.e., they were presented in the same lo-
cation on both flashes). The target micropatterns were
again displaced between flashes by one quarter of the
mean interpattern separation.

Results

Direction discrimination errors are presented as a func-
tion of distractor density for both observers in Figure 7.
It can be seen that once again the behavior at short and
long ISIs was different. At a long ISI (open symbols), di-
rection discrimination climbed steeply to chance levels
with the introduction of even a few distractors and was
at nearly chance levels when the number of distractors
exceeded the number of targets. The effect was indepen-
dent of whether the distractors were dynamic or static.
At a short ISI (closed symbols), distractors also degraded
direction discrimination, but in a much more gradual man-
ner. For dynamic distractors, direction discrimination
was well above chance even when there were three or four
times as many distractors as targets. When the distractors
were static, for 1 observer (P.B.) there was a slight increase
in errors (to about 15% for any number of distractors),
but this error rate was constant for all distractor densities
measured (up to 48 = 12 per row). For the 2nd observer
(I.M.), the error rate rose gradually with distractor den-
sity for both static and dynamic distractors. Despite the
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Figure 4. Spatial layout of the stimulus containing target and distractor micropatterns. Two rows of
pseudorandomly placed Gabor micropatterns were placed in strips above and below a central fixation
point. A: Three target micropatterns per row, no distractors. B: Three distractors per row have been
added to the display, according to the same pseudorandom rules. In C, six distractors and in D, nine

distractors have been added.

variability between subjects, the dependence on distrac-
tor density is manifestly different at short and long ISIs.

GENERAL DISCUSSION

The results show that direction discrimination is pos-
sible when even very long ISIs are introduced in the dis-
placement of a two-flash apparent motion kinematogram.
In Experiment 1, it was found that the upper displace-
ment limit of motion, d,,,, was relatively unaffected by
ISI. However, the lower displacement limit, d_;,, was
greatly dependent on ISI: For ISIs shorter than about
100 msec, observers were sensitive to small displacements,
but rapidly became less sensitive with further increases
in ISL. In Experiments 2 and 3, the addition of randomly
placed masking elements (distractors) was found to not
affect performance when the ISI was below about
100 msec, but at longer ISIs, performance fell rapidly to
chance levels. Furthermore, at a short ISI (40 msec), mo-
tion perception was relatively insensitive to distractors,
but at a longer ISI (500 msec), direction discrimination
fell to chance levels with the addition of verv few distrac-

tors. Note that the ISI at which the transition occurred
(100 msec) was consistent across observers and between
the two somewhat different tasks of minimum displace-
ment detection in Experiment 1 and direction discrimi-
nation in the presence of static or dynamic distractors in
Experiment 2.

Collectively these results suggest that motion percep-
tion is supported by categorically distinct processes at
short and long ISIs and that the transition between them
occurs when the ISI exceeds approximately 100 msec.
At short ISIs, motion detection is sensitive to small spa-
tial displacements and is relatively insensitive to distrac-
tor masking, but at long ISIs motion detection is insensi-
tive to small spatial displacements and highly vulnerable
to distractors. The lack of effect of distractors at short ISIs
suggests that this mechanism is energy based at some
stage because distractor micropatterns have only a limited
effect on the net orientation of motion energy (Bex &
Baker, 1997). At longer ISIs, however, distractor micro-
patterns seriously disrupt motion perception, suggesting
that the distractors present false correspondences between
targets on the two flashes of abparent motion. consistent
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Figure 5. Direction discrimination in a two-flash apparent mo-
tion display in which there were randomly positioned distractors
present on both flashes in addition to the target micropatterns.
The data for the 2 observers is shown separately in panels A (P.B.)
and B (LM.). There were three targets and three distractors per
row (12 each per flash). Each data point is the mean of at least 40
observations.

(msec)

with a high-level strategy based on, for example, nearest-
neighbor feature matching (Ullman, 1979) or a perceived
change of remembered position (Palmer, 1986).

Relation to Previous Studies

Two studies have shown that the apparent direction of
compound gratings can vary with the introduction of a
long ISI (Georgeson & Harris, 1990; Smith, 1994). Both
Georgeson and Harris and Smith designed stimuli whose
features moved in the opposite direction to the motion
energy (at a particular spatial scale in the stimulus) with
a quarter-cycle shift of the image. The patterns were either

a missing fundamental grating (Georgeson & Harris,
1990) or a beat at the difference frequency between two
contrast-modulated gratings (in this case, motion energy
was present only after a nonlinear rectification stage,
Smith, 1994). Both studies showed that without an ISI,
the perceived direction was consistent with the analysis
of motion energy (after rectification for the second-order
case), but with an ISI greater than about 50 msec, the
perceived direction was consistent with the shortest dis-
placement between features in the compound gratings.
These results were taken as evidence that at short ISIs,
motion perception is supported by energy-based mecha-
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% errors
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—O— Distractors on Flash1

-=7x= No Distractors

50 -

% errors

10 100
ISl

(msec)

Figure 6. Direction discrimination in a two-flash apparent mo-
tion display in which there were randomly positioned distractors
present on only one flash. The data for the 2 observers are shown
separately in panels A (P.B.) and B (I.M.). There were three tar-
gets and three distractors per row (12 each per flash). Each data
point is the mean of at least 40 observations.
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density at short or long interstimulus intervals (IS1s). The data
for the 2 observers are shown separately in panels A (P.B.) and B
{I.M.). There were three targets per row (12 per flash) on each
flash; the number of distractors along the axis of motion is shown
on the abscissa (the total ber of per flash is four
times the number along the axis of motion). Each data point is the
mean of at least 40 observations.

nisms, but at longer ISIs, motion perception is supported
by feature-based mechanisms. Our results support the
general conclusions of these studies (that the mechanisms
supporting motion perception change as ISI increases)
but in the present study, the transition occurred at a some-
what longer ISI of 100 msec.

The reversal in the apparent direction of motion with
an ISI in these studies could be accounted for by low-
level motion energy models with a biphasic temporal im-
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pulse response (see, e.g., Strout, Pantle, & Mills, 1994).
Such models predict the changes in apparent direction of
compound gratings with an ISI without invoking sepa-
rate mechanisms. However, such variants of energy-
based models do not predict the substantial increase in dis-
placement limits with ISI and element density (Boulton
& Baker, 1993a, 1993b, 1994). Likewise, the addition of
a rectifying nonlinearity to such models (to detect the
displacement of the micropattern’s envelope) would not
account for the changes in d,,;, with ISI that we reported
in Experiment 1, or for the greater vulnerability to dis-
tractors at longer ISIs (Experiments 2 and 3).

Other researchers have also argued that three mecha-
nisms support motion perception by human observers
(Lu & Sperling, 1995b). A variety of stimuli and para-
digms (including interocular presentation and attentional
manipulations) were combined to reveal distinct motion
processing mechanisms. One procedure was based on
the idea that the presence of a static masking grating
should not affect the response of motion energy detectors
to a simultaneous drifting grating. Recent psychophysical
evidence questions this assumption (Chaparro, Stro-
meyer, Kronauer, & Cavanagh, 1996), but the present
data support the overall conclusion that there exist two
low-level energy-based mechanisms distinct from a
third, higher level, feature-tracking mechanism. Recently,
Ho (1998) studied motion perception mechanisms using
a complex moving pattern (Werkhoven et al., 1993), in
which the direction of second-order components is op-
posite to that of third-order (feature tracking) components.
Ho found that simultaneously performing a second-order
motion detection task selectively impaired second-order
motion perception, but spared feature-tracking. Likewise,
simultaneously performing an attentional task (letter rec-
ognition or another third-order motion task) selectively
impaired feature tracking but spared second-order mo-
tion perception. Our results support her suggestion that
two nonlinear mechanisms support motion perception.

Fahle and Harris (1992) have also studied visual sen-
sitivity over long ISIs in a Vernier acuity task. Observers
were presented with two Vernier patterns in two inter-
vals separated by up to 8 sec and were required to indi-
cate the interval containing the pattern with greatest off-
set. This task eliminated the problem of cumulative
error—for example, from eye movements during the ISI,
which can easily be confounded with the decay of visual
memory. It was found that thresholds rose linearly with
the spatial offset of the standard pattern and also rose
with ISI duration. The results were taken as direct evi-
dence of fading of visual memory. It is possible that such
fading of visual memory might account for the present
results; for example, the increase in d,;, with ISI could be
the consequence of some gradual fading of visual mem-
ory of the spatial locations of elements in the first inter-
val. But it is difficult to see why d,, should not be sim-
ilarly affected. Likewise, this hypothesis does not predict
the change of slope of direction discrimination errors as
a function of distractor density at short and long ISIs.
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Unfortunately, the present direction discrimination task
does not eliminate the contribution of cumulative errors,
such as eye movements, to the reduction of motion per-
ception in our tasks. The motion analogue of Fahle and
Harris’s (1992) task might be to discriminate the interval
containing the larger jump size over a range of ISIs. Al-
though this would eliminate the role of uncertainty from
eye movements during the ISI, other variables would be
introduced into the task, such as speed changes.

Conclusions

Using random Gabor kinematograms, variations in
d ., With element density have previously been used to
reveal the existence of two motion mechanisms: a quasi-
linear motion energy mechanism and a separate, nonlin-
ear mechanism (Boulton & Baker 1993a, 1993b, 1994).
The present results, using the same stimuli, suggest that
there are in fact two motion detection mechanisms under
the “nonlinear viewing conditions” (large SOA, low den-
sity). One mechanism, operating at ISIs below 100 msec,
is likely to be low level, and could be modeled as a non-
linear (envelope-extracting) stage, followed by motion
energy detection at a large spatial scale (see, e.g., Bex &
Baker, 1997). The mechanism operating at larger ISIs is
likely to be higher level and involve a perceived change
of position of salient features, which is very easily dis-
rupted by noncoherently moving, distracting features.
Together with earlier studies showing separate quasilin-
ear and nonlinear mechanisms (Boulton & Baker 1993a,
1993b, 1994), the results support proposals that three
mechanisms support motion perception by human ob-
servers (Ho, 1998; Lu & Sperling, 1995b).
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