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Psychophysical evidence for a functional
hierarchy of motion processing mechanisms
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Current models of motion perception typically describe mechanisms that operate locally to extract direction
and speed information. To deal with the movement of self or objects with respect to the environment, higher-
level receptive fields are presumably assembled from the outputs of such local analyzers. We find that the
apparent speed of gratings viewed through four spatial apertures depends on the interaction of motion direc-
tions among the apertures, even when the motion within each aperture is identical except for direction. Spe-
cifically, local motion consistent with a global pattern of radial motion appears 32% faster than that consistent
with translational or rotational motion. The enhancement of speed is not reflected in detection thresholds and
persists in spite of instructions to fixate a single local aperture and ignore the global configuration. We also
find that a two-dimensional pattern of motion is necessary to elicit the effect and that motion contrast alone
does not produce the enhancement. These results implicate at least two serial stages of motion-information
processing: a mechanism to code the local direction and speed of motion, followed by a global mechanism that
integrates such signals to represent meaningful patterns of movement, depending on the configuration of the
local motions. © 1998 Optical Society of America [S0740-3232(98)01804-3]

OCIS codes: 330.4150, 330.4270, 330.5510, 330.6790.
1. INTRODUCTION
Contemporary modelers of motion perception typically
postulate local mechanisms that are selective for the di-
rection of motion and spatiotemporal frequency of moving
patterns.1–3 Little is known about how such motion sig-
nals combine to provide information about the movement
of objects in the real world, but some models of higher-
level motion processing depend on local estimates of ve-
locity that might be encoded by such mechanisms.4–6

There is a growing body of behavioral evidence to support
such hierarchical organization. The first evidence was
reported by Regan and Beverley,7 who measured detec-
tion thresholds following adaptation to the motion of the
edges of square patterns. Out-of-phase oscillation of op-
posite edges resulted in looming motion about a central
point, but in-phase oscillation resulted in diagonal trans-
lation of the square, with no change in size. Out-of-
phase adaptation raised thresholds for detecting looming
motion much more than equivalent in-phase adaptation,
despite the fact that the only difference in motion was the
relative phase of motion at opposite sides. The results
were initially taken as evidence of separate pathways for
the detection of looming and translational motion but are
easily interpreted within the hierarchical approach. In
this case, both adapting patterns adapt local detectors,
but only the out-of-phase oscillations adapt looming de-
tectors at a higher level. In more-recent studies, Regan
and Beverley8 measured thresholds for detecting rota-
tional movement formed by four patches of drifting noise.
The directions of the noise patches for the adapting pat-
terns either were arranged to form a global pattern of ro-
tation or were jumbled so as to give no coherent global
motion. Once again, thresholds were higher when the lo-
cal directions of the noise patches formed global rotation,
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even though the local motion signals were the same in all
cases but in different combinations.

Studies of the motion aftereffect also yield evidence of
higher-order motion analyzers. After prolonged adapta-
tion to a moving image, a static image appears to move in
the opposite direction: This is the motion aftereffect
(MAE; for a review, see Wade9).

Most studies of the MAE have concentrated on simple
translational motion of gratings or random dot patterns
in the frontoparallel plane, but several researchers have
studied the MAE’s elicited by complex patterns of motion.
For example, Cavanagh and Favreau10 measured MAE
duration after adaptation to spiral motion. One test pat-
tern was a mirror image of the adapting spiral, with all
its contours at 90 deg to those of the adapting spiral. Lo-
cal motion detectors tuned to the directions of the mirror
image spiral should fail to respond, and therefore not
adapt, to the adapting spiral. Nevertheless, MAE’s were
present when the patterns were tested with the mirror
image spiral and lasted one third as long as the MAE’s
measured with a test figure that was the same as the
adapting spiral. More recently, Snowden and Milne11

studied the MAE’s elicited by adaptation to noise patterns
undergoing radial, rotational, or spiral motions. Follow-
ing adaptation to a large patch of motion, a smaller test
patch was placed in a region of the display where the local
motion during adaptation was exclusively translational.
Some observers reported a MAE in this subregion that
had the characteristics of the MAE expected for the global
pattern; e.g., during adaptation to expansion, adapting
dots in the region to the left of fixation translated to the
left, but a test patch placed at this location sometimes ap-
peared to contract. Also, adaptation to a large field of ex-
pansion selectively raised thresholds for detecting expan-
1998 Optical Society of America
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sion on the local field where the dots underwent only
translational motion. The same was true for contraction,
spiral, and rotational motions, indicating adaptation of
specialized mechanisms beyond the stage where local mo-
tion vectors are encoded. The results suggest not only
that there are higher-level mechanisms that are selective
for complex configurations of motion but that these spe-
cialized detectors are relatively insensitive to the location
of the center of radiation or rotation—an insensitivity
termed position invariance. Note, however, that Regan
and Beverley8 also examined the MAE following adapta-
tion to expansion but observed no such position invari-
ance: The aftereffect disappeared when fixation shifted
by approximately half of the length of the square edge.

Freeman and Harris12 found that direction-
discrimination thresholds for coherently expanding and
rotating groups of dots were lower than for coherently
translating groups or incoherent groups containing the
same local motions, suggesting pooling of local motion sig-
nals by higher-level mechanisms sensitive to expansion
and rotation. However, Sekuler13 showed that speed-
discrimination thresholds for looming, rotating, and
translating dot patterns were the same and argued that
the results required simple pooling of local motion signals
without any need to invoke higher-level mechanisms se-
lective for particular configurations of motion in depth.
Freeman and Harris12 also found that the detection of ro-
tation was unaffected by the presence of expansion and
vice versa, and Regan and Beverley7 argued that expan-
sion is encoded independently of translation, suggesting
that a separate mechanism may exist for each class of glo-
bal motion.

Evidence that sensitivities for the different tasks of de-
tecting the presence of grating patterns and for identify-
ing their movement depend differently on the spatial ex-
tent of the pattern have been interpreted in terms of a
hierarchical organization,6 but alternative explanations
based on separate processing by parallel mechanisms
with different spatial properties have not been excluded.
Verghese and Stone14,15 showed that speed-
discrimination thresholds decreased as the arrangement
of component drifting Gabor elements became more
widely separated or their number increased (total stimu-
lus area was held constant). Those authors argued that
the increased sensitivity reflected image segmentation
processes at higher stages of visual analysis, although it
is not immediately clear why speed-discrimination
thresholds should be higher for a single large object than
for multiple small objects. Their manipulations of pat-
tern configuration (by shifting the location or number and
size of the component Gabor patches) were accompanied
by changes in the local spatial frequency or orientation
bandwith or both, which could affect speed-discrimination
thresholds at a local rather than a global stage of motion
processing.

Two recent papers have shown that radial motion ap-
pears faster than rotational16 and translational17 motion,
in spite of equal local motion signals. However, one, by
Geesaman and Qian,16 compared radial motion only with
rotational motion and tested only expanding and anti-
clockwise motion, omitting observations with contracting
or clockwise motion; and although the other, by Bex and
Makous,17 used both directions of radial motion, they
compared it only with translational motion (both direc-
tions). Moreover,in both experiments the stimuli dif-
fered in ways other than that being tested, so the effects
of global motion cannot be separated from any effects of
the other stimulus differences. In the experiment of Bex
and Makous, the shapes of the grating stimuli differed
(curved versus straight bars). In the experiment of Gee-
saman and Qian, the method used to generate the ran-
dom dot pattern produced a shearing jitter, present only
in the radial pattern, so adjacent dots moved at different
speeds. Moreover, with random dot patterns it is pos-
sible to equalize the speeds of all the dots in Cartesian co-
ordinates, which leaves a radial gradient of angular
speeds, or to equalize all the angular speeds, which leaves
a radial gradient of Cartesian speeds.

The present study extends this work on the effects of
local velocity on the apparent speed of a global pattern in
the following ways: (1) all stimuli were locally identical
except for direction of motion, so the spatial frequency
and orientation bandwidths were constant; (2) we com-
pared the apparent speed of both radial and rotation mo-
tion with translation motion under identical conditions
and in both directions; (3) we tested whether one dimen-
sion of movement was sufficient to elicit a speed bias; (4)
we tested whether the enhanced apparent speed of a ra-
dial grating is related to sensitivity or (5) to apparent con-
trast; and (6) we tested the effects of efforts to attend
solely to the local elements and to ignore the global move-
ment of the complex pattern.

2. METHODS
Two of the authors (PB and AM) served as observers, and
the main findings were reproduced with a naı̈ve observer
(JB). All had normal or corrected visual acuity. Stimuli
were generated on a Macintosh 7600/120 computer and
displayed on a Nanao Flexscan 6500 gray-scale monitor
at a frame rate of 75 Hz and a mean luminance of
55 cd/m2. The luminance of the display was linearized
with pseudo-12 bit resolution18 and calibrated with a Mi-
nolta chromameter. Pseudo-12 bit resolution in this case
permitted the presentation of 28 gray levels from a pos-
sible range of 212 levels. The display measured 36.0 cm
horizontally (1152 pixels) and 27.2 cm vertically (870 pix-
els) and was 115 cm from the observer, in a dark room.

Three stimulus configurations were presented, each
consisting of four windows, 2 deg from fixation, contain-
ing a moving grating with a 2 cycles/deg sinusoidal lumi-
nance profile, as illustrated in Fig. 1. The contrast of the
gratings was 40%, multiplied by a stationary spatiotem-
poral Gaussian envelope with a radially symmetrical
space constant, ss 5 0.4 deg, and a time constant, s t
5 213 ms. The location of the windows was fixed, but
the orientation of the gratings varied, forming three pat-
terns of complex motion: radiation, rotation, and trans-
lation (see Fig. 1). As preliminary observations showed
that the apparent speed of each pattern was independent
of direction (i.e., left /right, up/down, expansion/
contraction, and clockwise/counterclockwise), direction
was randomized from trial to trial to minimize the
buildup of directionally specific aftereffects. A stimulus
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Fig. 1. Examples of the stimuli. Observers compared the speed of three stimulus configurations, each consisting of four windows con-
taining a moving grating with a 2-cycle/deg sinusoidal luminance profile. The locations of the windows were fixed, but the orientation
of the gratings was varied to form three compound patterns forming (a) rotational, (b) radial, and (c) rotational motion. The arrows
beneath each illustration show the directions of motion within the windows. The crosses are for fixation.
containing either radial or rotational motion was pre-
sented immediately before or after one containing trans-
lational motion, with 1 s between peak contrasts. Ob-
servers fixated the central cross and reported whether the
first or the second pattern appeared to move faster. The
speeds of rotational and radial motion were set on a par-
ticular run at 2 or 4 cycles/s, while the speed of the tran-
snational motion varied from trial to trial according to an
adaptive procedure designed to concentrate observations
near the point of subjective speed equality.19 Initial
phases were randomized. At least four but typically 8
runs of 32 trials each were made for each condition, and
all trials were randomly interleaved.

3. RESULTS
A. Experiment 1: Apparent Speed Estimates
Figure 2(a) shows how often a naı̈ve observer judged
translational motion as faster than rotational (open sym-
bols) and radial (filled symbols) motion at various speeds
of the translational motion. The data have been fitted
with a psychometric function20 by a least-x2 fit, from
which the point of subjective equality and 95% confidence
intervals were estimated at the 50% point. We define the
point of subjective equality (the speed at which transla-
tion appeared faster on half of the trials) as the match
speed of the rotational or radial motion. The ratios of
match speed to physical speed, where the physical speeds
were 2 and 4 cycles/s, are shown in Fig. 2(b) for three ob-
servers; error bars show 95% confidence intervals. Ap-
parent rotational speed was approximately equal to that
of translation speed (mean difference, 1% 6 2%), but ra-
dial motion appeared faster by 32% 6 8%. In no case
was the absolute direction of motion significant, whether
translation (left or right), rotation (clockwise or counter-
clockwise), or radiation (contraction or expansion).

B. Experiment 2: Speed-Discrimination Thresholds
Verghese and Stone14,15 have proposed that changes in
speed-discrimination thresholds with changes in pattern
configuration implicate high-level image segmentation
processes in speed encoding. To test whether both sets of
results were manifestations of the same high-level inte-
gration process, we measured speed-discrimination
thresholds for each of our classes of pattern. Experiment
2 was similar to Experiment 1, except that each trial con-
tained the same configuration of local patterns and the
observer was required to indicate the interval containing
the faster pattern. The speed of the standard pattern
was fixed (2, 4, or 6 cycles/s), and the speed of the test pat-
tern was varied to concentrate observations near a
threshold of 75% correct.19 Auditory feedback identified
incorrect responses.

Figure 3 shows that speed-discrimination thresholds
were approximately equal for all three patterns at three
drift speeds for two observers. The Weber fractions are
in line with earlier estimates of ;0.09 at 1 deg/s, falling to
;0.03 at 3 deg/s for drifting bar stimuli.21 Note that
speed-discrimination thresholds for radiating patterns
were the same as for translating patterns even though
the apparent speed was much faster.

C. Experiment 3: One-Dimensional Apparent Speed
Estimates
It is possible that the increased apparent speed of the ra-
dial pattern in Experiment 1 was based simply on the
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relative speeds of points around fixation. Thus a point
moving in one direction on the left of fixation moves with
respect to a similar point to the right of fixation faster in
a radial pattern than it does in a translating pattern (i.e.,
there is motion contrast in radial patterns). Militating
against this hypothesis is the fact that rotational motion
also contains motion contrast but shows no increase in ap-
parent speed. Nevertheless, we evaluated directly the
contribution of motion contrast to the apparent speed of
radial patterns. In a third experiment, the four Gabor
patches were arranged to present expansion or contrac-
tion along a single spatial dimension of motion (see the in-
set of Fig. 4), thereby preserving an equal amount of mo-
tion contrast but removing one of the two dimensions of
expansion/contraction. Speed matches were made as in
Experiment 1 for translating and expanding/contracting
groups of gratings (but this time, the radial motion was
along a single dimension). Four patches were presented
to maintain the same stimulus area as in Experiment 1,

Fig. 2. (a) Typical psychometric functions for naı̈ve observer JB,
showing the proportion of trials on which the translational mo-
tion at the speed shown on the x axis was judged faster than ro-
tational (open symbols) or radial (filled symbols) motion at 4
cycles/s (c/sec). The data are fitted by Weibull functions with a
least-x2 algorithm. Error bars represent the standard deviation
of each point according to the binomial distribution. (b)
Apparent/physical speed ratios for three observers at two physi-
cal speeds (2 and 4 cycles/s) for rotational (open bars) and radial
(filled bars) patterns of motion. A value of 1 indicates equal ap-
parent speed; values above 1 indicate that the pattern appeared
to move faster than a translating pattern. Error bars show 95%
confidence limits.
but the results (not shown) were also the same when only
two patterns were presented, one on each side of fixation.

Figure 4 is plotted in the same way as Fig. 2(b). The
data show the ratios of match speed (of the translating
pattern) to physical speed (of the radial pattern), where
the physical speed of the radial pattern was 2 or 4
cycles/s. It can be seen that the apparent speed of one-
dimensional patterns of radial motion is approximately
equal to that of translational motion patterns in all cases.

This result addresses a possible concern that a trans-
lating pattern might elicit a greater tendency for an ob-
server to make pursuit eye movements that would reduce
the retinal velocity of translating patterns and possibly
could affect their apparent speed. As radial gratings pro-
duce no such tendency for pursuit eye movements, eye
movement could be the cause of the differences in appar-
ent motion. However, if that were so, it should affect
measurement of the apparent speed of opposing one-
dimensional movement in the same way that it affects
that of radial motion, but the results are not the same:
There was no difference between the apparent speed of
opposing one-dimensional motion and that of transla-
tional motion, so eye movements cannot be the cause of
the difference between the apparent motion of radial and
translational gratings. Note also that rotating patterns,
which are like radial gratings in their inability to elicit
pursuit eye movements, appear to move at the same
speed as translating patterns.

D. Experiment 4: Contrast-Detection Thresholds
Apparent speed increases with the contrast of moving
grating patterns,22 so it is possible that the overestima-

Fig. 3. Speed-discrimination thresholds: speed increment and
95% confidence intervals at which observers correctly identified
the interval containing the faster pattern on 75% of trials. The
corresponding Weber fractions on the mean threshold for each
speed are as follows:
Standard

Speed
Fraction for

Observer AM
Fraction for
Observer PB

2 0.106 0.147
4 0.037 0.043
6 0.032 0.095
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tion of speed produced by radial motion could be a by-
product of some enhancement of apparent contrast for
this particular configuration. However, we calculate that
the contrast differences necessary to produce even a de-
tectable difference in apparent speed would be easily no-
ticed, yet the observers all reported that the apparent
contrasts of the three motion patterns were equal.

To test objectively whether radial motion enhances the
contrast of the moving gratings, we conducted a fourth ex-
periment to measure contrast-detection thresholds for
each class of pattern. Stimuli identical to those in the
2-Hz speed-matching experiments were interleaved in a
detection paradigm, in which observers identified which
of two intervals contained a stimulus rather than a ho-
mogenous field of mean luminance. Auditory feedback
identified incorrect responses. The contrast of the com-
ponent gratings varied from trial to trial according to an
adaptive procedure, and the resulting psychometric func-
tions were fitted with Weibull functions. This procedure
yielded the contrast required for 75% detection perfor-
mance level (and corresponding 95% confidence interval)
for each motion configuration, as shown in Fig. 4.

Even after accounting for absolute difference between
the two observers by normalizing the individual average
thresholds, an analysis of variance failed to show any re-
liable differences between thresholds (p . 0.15). We
also completed suprathreshold contrast matches. The
procedure was as in Experiment 1, except that the speed
of all patterns was fixed (2 or 4 Hz) and contrast of the
translating patterns was varied from trial to trial to con-
verge on the 50% match contrast. Figure 5(b) shows that
the apparent contrast of all patterns was approximately
equal. As the data in Fig. 5 give no evidence for an in-
creased apparent contrast or increased sensitivity to pat-
terns in radial motion, the overestimation cannot be at-
tributed to an enhancement of contrast.

E. Experiment 5: Apparent Speed of the Local
Components
In a final experiment, we measured whether the greater
apparent speeds of global patterns of radial motion were
accompanied by changes in the apparent speed of each of
the local component elements. The basic procedure was
the same as in Experiment 1, except that the spatial lo-
cations of the Gaussian windows were changed so a
single, vertical, drifting grating always appeared in the

Fig. 4. Motion contrast control and test of configuration of
Gaussian windows: Apparent/physical speed ratios of radial
motion at 2 and 4 cycles/s were measured (for two observers) in a
more-linear array of windows, as illustrated in the inset. Data
are plotted as in Fig. 2(b).
center of the screen. Three additional gratings were
placed around this grating, so the four grating elements
(including the central, vertical grating) formed radial, ro-
tational, or translational patterns of motion but the cen-
tral grating was always vertical and drifted either left-
ward or rightward (Fig. 6). Observers fixated the central
grating element, aided by cross-hairs around the patch,
and compared its speed in two intervals, with instructions
to ignore the motion of the remaining gratings. The four
grating elements occupied the same locations in both in-
tervals, but the configuration in one interval was consis-
tent with translational motion, whereas the configuration
in the other interval was of radial or rotational motion.
We measured speed matches for rotating and radial pat-
terns as in Experiment 1 by varying the speed of the
translating pattern. The locations and relative direction
of motion were changed randomly (while the three basic
configurations were maintained) between trials to dis-
courage formation of any particular expectation or habit.

Figure 7 shows that the change of fixation and instruc-
tions for selective attention had little effect on the overes-
timation of the speed of radial motion. Single elements
forming part of a radial group appeared to move faster
than single elements forming part of either a transla-
tional or a rotational group, but the enhanced speed effect
was slightly smaller (25% 6 2%) for these two observers
than when they were fixating the center of the group
(28% 6 6%).

Although one cannot prove that observers would also
be unable to ignore the global pattern under all other con-

Fig. 5. (a) Contrast thresholds: contrasts and 95% confidence
intervals at which two observers correctly identified the interval
containing a stimulus on 75% of the trials. (b) Contrast
matches: contrast of a translating grating that matched the ap-
parent contrast of radiating or rotating patterns of 40% contrast.
The match contrast is the contrast at which observers reported
that the translating grating was of higher contrast on 50% of tri-
als, inferred from the psychometric function.
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Fig. 6. Examples of the stimuli used in Experiment 4. The apparent speed within a single centrally fixated window containing a ver-
tical grating moving left or right was compared in two intervals. In one interval the single patch formed either part of (a) a rotational
or (b) a radial pattern; in the other interval, it formed part of (c), (d) a translating pattern. Cross-hairs were provided around the target
pattern to facilitate steady fixation. The sequence and direction of motion were randomized from trial to trial. The four windows were
at the same location on a given trial, but on different trials the paracentral windows were presented above or below fixation (for rotation)
or left or right of fixation (for radial motion). Only one example of each configuration is illustrated here.
ditions, we are encouraged to speculate that the opera-
tions responsible for overestimation of the speed of radial
motion are preattentive and influence perception of the
individual elements of the global configuration.

Fig. 7. Relative apparent speed of grating elements within cen-
trally fixated windows (two observers), plotted as in Fig. 2(b).
Open bars, elements that constituted part of rotational motion
configurations; filled bars, radial configurations. Error bars
show 95% confidence limits.
4. DISCUSSION
These results show that the apparent speed of a pattern
depends on the configuration of the local motions that
form the pattern. Specifically, radial patterns and their
components appear to move approximately one third
faster than either translating or rotating patterns, which
appear to move at approximately the same speeds. The
results show that the speed bias requires two dimensions
of motion. The equivalence of contrast sensitivities and
suprathreshold apparent contrasts of the patterns rules
out any effects of contrast as the basis of the speed en-
hancement for radial patterns of motion.

A. Motion Contrast
One might attribute the overestimation of the speed of ra-
dial motion to differences in relative speeds with respect
to nearby movement: gratings on opposite sides of the
center of expansion or contraction have relative speeds
that are twice their absolute speeds, whereas the points
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in translating patterns all have the same relative speed.
Neurons selective for such motion contrast have been ob-
served in area MT of macaque brains.23 However, this
cannot cause the overestimation of speed, for the rota-
tional motion configuration produces the same doubling of
relative speeds between opposite windows, albeit along
parallel trajectories, but produces no overestimation of
speed. The results also rule out the proposal that the ap-
parent speed of translation is slower (rather than radia-
tion faster) because of a reduction in retinal velocity ac-
companying pursuit eye movements. In any case this
explanation would require that rotation also look faster,
which we did not record.

Geesaman and Qian16 likewise observed no enhance-
ment of perceived speed when two windows containing
motion in opposite directions were juxtaposed, although,
paradoxically, the effect returned when the windows were
separated by 1.83 deg, approximately half of the separa-
tion of our windows (4 deg).

B. One versus Two Dimensions of Motion
We also found that although radial motion is necessary
for the overestimation of speed, it is not sufficient, for no
noticeable overestimation of speed occurred when the
windows were arranged to form a more nearly one-
dimensional array (Fig. 3). This result is further evi-
dence against motion contrast or pursuit eye movements
as the basis for the enhancement of apparent speed of ra-
dial motion. The only difference between the pattern
that does produce the overestimation of speed [Fig. 1(b)]
and those that fail (Fig. 3) lies in the representation of
motion in two dimensions. Therefore, within the stimu-
lus domain tested, two conditions are necessary to pro-
duce the overestimation of speed: (1) an expanding or
contracting pattern, (2) of which two dimensions of mo-
tion are visible.

Bex and Makous17 found that reducing the area of their
radial grating also reduced the speed bias. The area of
their radial grating was reduced by a mask of mean lumi-
nance that left a bow-tie-shaped area of grating, under
some conditions approximating a one-dimensional pat-
tern. They attributed the loss of speed bias to a loss of
stimulus area. Here we find that reducing the motion to
a single dimension eliminates the speed enhancement,
even when area is held constant; hence the dimensional-
ity of motion, not the stimulus area, affects the apparent
speed of a grating.

C. Comparison with Psychophysical Literature
Sekuler’s findings13 may seem to conflict with these, for
she showed that speed discriminations for looming, rotat-
ing, and translating dot patterns were the same and
pointed out that these results require nothing more than
linear summation of local motion signals and require no
higher level mechanisms. However, neither do her re-
sults exclude the existence of the higher-level mecha-
nisms that we find necessary. Our results simply mean
that the discriminations of radial speed are performed on
gratings that appear to move faster than the correspond-
ing rotating or translating gratings: no difference in dis-
criminability necessarily follows.
The results support the conclusions of Verghese and
Stone,14,15 who proposed that changes in speed-
discrimination thresholds with changes in pattern con-
figuration implicate high-level image segmentation pro-
cesses in speed encoding. However, we failed to find
differences in speed-discrimination thresholds among the
pattern classes. To be consistent with their interpreta-
tion, all our stimuli would have to be parsed in the same
way: either as four separate objects or as a single object
moving behind four apertures. Separating the two ex-
perimentally poses a challenge.

D. Comparison with Physiological Literature
Neurophysiological observations in macaques suggest
that local motion analyzers lie at the bottom of a hierar-
chical arrangement of motion-sensitive mechanisms.24

Simple translational motion is encoded in the first stage
of cortical processing (V1), where many cells respond se-
lectively to direction of motion. Such uncomplicated di-
rectional selectivity is maintained in neurons throughout
the next four levels in the hierarchy (up to area MT) with
a concomitant sharpening of speed tuning and a large in-
crease in receptive field area.25–27 At the next level
(MSTd), cells become selective for more-complex forms of
pattern movement, such as the radial or the rotational
motion associated with optic flow.28–31 Specialization of
response selectivity at later stages of visual processing is
not unique to primate visual systems; selectivity for com-
plex patterns of motion has also been reported for cells in
the lateral suprasylvian area of the cat32,33 and for inter-
neurons in the third visual neuropile of the blowfly,34

where cells with large receptive fields respond selectively
to optic flow components. The increasing selectivity for
particular configurations of motion at larger spatial scales
implies a functional hierarchy that integrates local mo-
tion signals into a representation of the movement of real
objects and optic flow.

None of the current models of motion perception can ac-
count for the enhancement of apparent speed reported
here without modification. In these models, local motion
detectors are directionally selective within a limited spa-
tial area. Therefore, to take into account motion from
nearby locations, such detectors must integrate over
larger areas, but this tends to decrease rather than to in-
crease the motion signal for radial and rotational pat-
terns because the direction of motion within each window
is balanced by opposite motion in another window. It
might be possible to develop a model with complex inter-
action between local motion analyzers that could account
for the selective speed enhancement of radial patterns.
However, the model would have to recognize that adja-
cent speeds in orthogonal directions may sometimes be
part of a radial and sometimes part of a rotational group
and must deal with each differently. The present results
show that the integration rules depend on the configura-
tions of the local motion signals and that the same rules
cannot be applied for different configurations of local mo-
tions. A simpler interpretation, consistent with physi-
ological evidence and growing psychophysical data, places
local motion analyzers at the first stage of a motion-
processing hierarchy in which local speed and direction
are encoded; subsequent receptive fields could be as-
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sembled from local velocity estimates projected from the
first stage. The ubiquitousness of recurrent feedback in
the visual system frustrates efforts to identify the neural
level at which the global pattern affects the local neural
signals for speed. Nevertheless, it is clear that analysis
of the relative directions of local motion requires complex
integration at some level higher than that at which local
motion is analyzed.

Under natural conditions, radial motion is presented to
the eye most often by the surroundings as the viewer
moves through them, i.e., by what has come to be known
as optic flow. In such situations, any radial component of
such optic flow is reduced by geometric foreshortening.
The overestimation of such radial motion may result from
a tendency of the visual system to interpret such image
motion in terms of the actual speed of the observer rela-
tive to the surroundings or of a rigid body moving in
depth relative to the observer. The interpreted speed is
faster than its two-dimensional representation on the
retina (see Bex and Makous17 for more discussion). The
increase in the apparent speed of radial patterns, then,
suggests that the bias may serve to represent the speed of
movement in depth.
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