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When individually moving elements in the visual scene are perceptually grouped together into a coherently
moving object, they can appear to slow down. In the present article, we show that the perceived speed of a
particular global-motion percept is not dictated completely by the speed of the local moving elements. We
investigated a stimulus that leads to bistable percepts, in which local and global motion may be perceived in an
alternating fashion. Four rotating dot pairs, when arranged into a square-like configuration, may be perceived
either locally, as independently rotating dot pairs, or globally, as two large squares translating along overlapping
circular trajectories. Using a modified version of this stimulus, we found that the perceptually grouped squares
appeared to move more slowly than the locally perceived rotating dot pairs, suggesting that perceived motion
magnitude is computed following a global analysis of form. Supplemental demos related to this article can be
downloaded from app.psychonomic-journals.org/content/supplemental.

It is often said that the whole is greater than the sum
of its parts. Is this true for motion perception? Can a
global-motion percept appear to be faster or slower than
the sum of local-motion inputs from which it derives?
For example, when four pairs of dots are rotated continuously around their respective pair centers, as is shown in
Figure 1, the percept alternates between one of four independently rotating dot pairs (local motion) and one of two
overlapping squares that have dots at their corners and
that appear to translate along overlapping circular trajectories (global motion; Anstis, 2003).1 When the stimulus
changes from the local to the global percept, it appears to
move more slowly, even though the dots themselves never
change speed at the level of the stimulus. This implies
that the perceived speed of the global-motion percept is
not determined solely by the local speeds of the individual dots, which is consistent with the view that motion
is computed in light of the outputs of a stage of form
analysis (Ames, 1951; Caplovitz & Tse, 2007a, 2007b;
Klopfer, 1991; Lorenceau & Shiffrar, 1992; Shiffrar, Li,
& Lorenceau, 1995; Sinha & Poggio, 1996; Tse, 2006;
Tse & Logothetis, 2002; Ullman, 1979). In the present
article, we describe two psychophysical experiments that
further examined the influence of perceived form on perceived motion.

Method
To investigate this “motion slowdown” effect, we effectively
forced a local or global perceptual organization, rather than relying
on the uncontrollable perceptual alternations that occur while one
is viewing the original dot version of this stimulus (Anstis, 2003).
To achieve this, we replaced each dot with an L-shaped stimulus
(hereafter, “L”).2 In the global stimulus configuration, the Ls were
oriented to align in such a manner that they would consistently induce the global percept (shown on the left side of Figure 2). In the
local configuration, the orientations of the Ls were chosen pseudorandomly, so as to induce the local percept of four independently
rotating pairs.
To further bias this configuration toward the local percept, the
starting orientation of each pair was randomized on every trial (right
side of Figure 2). We thus created two versions of the stimulus that,
although almost identical at the local level (observing the motion of
only a single L would not reveal whether one was observing the local
or global configuration), were radically different in their ability to
induce the global percept.
Stimuli were white (67.02 cd/m2) on a gray (4.09 cd/m2) background, with a white (67.02 cd/m2) vertical bar separating the two
sides of the display. The two line segments that constituted each
L measured 0.5º of visual angle in length. Within a pair, the distance
between Ls measured 0.8º (see Figure 2). The vertical distance between pairs was 3º, and the horizontal distance between pairs was
4º. Each stimulus configuration was centered 6.84º from the fixation
spot. While maintaining central fixation, observers reported that
they could easily see all the moving elements, and they consistently
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and local test stimuli. The data from each observer were then fit
using a logit function in MATLAB, from which a point of subjective
equality (PSE) was computed, corresponding to the speed at which
the test needed to move in order to be perceived as having the same
speed as the standard.

Results

Discussion
Our results provide empirical evidence that the global
configuration appears to move more slowly than the local
configuration. Because actual local motions of individual Ls that were considered in isolation were identical
across local and global percepts, speed perception cannot

0.5º/vis angle

6.8º/vis angle

0.8º/vis angle

reported global-motion percepts in the aligned configuration, and
local-motion percepts in the unaligned configurations.
In the main experiment (Experiment 1), one global stimulus
configuration (standard) was always presented with the pairs of Ls
rotating at the same angular velocity (57.6º of rotation per sec) on
every trial. This reference speed was chosen because it permitted
the perception of both local and global percepts. The standard was
presented randomly to either the left or the right side of the fixation
spot. Another stimulus (test) was presented simultaneously to the
opposite side, with L pairs rotating at 1 of 11 different possible angular velocities selected around the reference angular velocity (17.3º/
sec, 28.8º/sec, 40.3º/sec, 46.1º/sec, 51.9º/sec, 57.6º/sec, 63.4º/sec,
69.2º/sec, 74.9º/sec, 86.4º/sec, or 98.0º/sec). On each trial, the test
could be either the global or the local configuration. Stimuli were
presented for 1.5 sec and then removed from the screen. Observers
were instructed to indicate, via a 2AFC buttonpress, whether the
stimulus on the left or the stimulus on the right was moving faster.
Each possible test speed was presented in a pseudorandom order, 20
times for both the local and global test conditions. The direction of
rotation of each pair of Ls was the same for each pair on a given trial,
but it was randomized across trials.
Observers were required to maintain central fixation while the
stimuli were on the screen. Fixation was monitored using an SR
Research eyelink2 head-mounted eyetracker. If the point of fixation
moved more than 1.5º away from the central fixation spot while the
stimuli were displayed, the trial was aborted and was started again
once central fixation had been regained.
A second experiment using the same participants (Experiment 2)
was run to control for the potential that local differences in motion
signals were produced because Ls were oriented differently across
the two configurations. This experiment was the same as the one
that was described above, except that only a single pair of Ls was
presented in each configuration, equidistant from fixation at mirroropposite positions around the vertical midline. The two configurations consisted of a pair of adjacent Ls from either the local or the
global configurations of Experiment 1. Experiment 2 served as a
necessary control, because no global percept of squares is possible
when there is only one L pair. Any differences that were found between the two conditions in Experiment 2 must have been due to differences that arose from the orientation of the Ls alone. Conversely,
if these two control conditions were perceived to be moving at the
same speed, then any differences that were observed in Experiment 1
must have been due to global versus local perceptual organization
and not to local differences in the orientations of the Ls.
Nine paid observers, who were naive about the purpose of the
study (each gave informed written consent, according to the guidelines of the internal review board of Dartmouth College, prior to
participating), participated in the experiments. For each of the 9 observers, we calculated the proportion of trials in which the test stimulus appeared to move faster than the standard, for both the global
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Figure 1. Stuart Anstis’s original stimulus.

The perceptually grouped global configuration was
perceived to move more slowly than the local configuration in Experiment 1 (Figure 3). For a local test stimulus to be perceived as moving at the same speed as the
global standard, the rotating pairs had to rotate significantly more slowly [mean observer PSE 5 52.07; t(8) 5
22.355, p 5 .046] than 57.6º/sec, which is the speed
at which the pairs in the global standard rotated, corresponding to a speed shift of 9.6%. This was not the case
for the global test stimulus [mean PSE 5 59.70; t(8) 5
1.226, p 5 .255].
In Experiment 2, however, no difference in perceived
speed was observed for the standard and two test configurations [global-test mean PSE 5 58.44; t(8) 5 1.280, p 5
.236; local-test mean PSE 5 56.25; t(8) 5 21.653, p 5
.137]. Although we refer here to these configurations as
“local” and “global,” it is important to note that in neither
case was a global percept perceived. A repeated measures
ANOVA3 on the PSEs from the two experiments (see Figure 3), with the number of Ls as one factor and local or
global configuration as the other factor, revealed a significant interaction [F(1,8) 5 8.111, p 5 .022; η p2 5 .503]
between number of Ls and stimulus type. This indicates
that the global-motion percept appeared to move more
slowly than the local-motion percept, and that this cannot
be explained solely on the basis of local differences in the
motion signals arising from the different L orientations.

4º/vis angle
Figure 2. The stimulus. On the left side, the Ls are arranged
as “corners” of virtual squares, so that a global percept of two
overlapping, translating squares is facilitated. On the right side,
the Ls are pseudorandomly arranged, so that a local percept is
facilitated, with pseudorandom pair organizations/orientations.
Stimulus colors were different in the actual experiment.
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Figure 3. (A) Results of Experiment 1. Percentage of responses in which the observers reported that the speed of the test stimulus was faster than that of the standard
stimulus, plotted as a function of the actual physical speed of the test stimulus. The
open circles represent the mean performance across participants; the curves are fit to
these means. (blue, global test; red, local test). The black lines indicate the test speed
that was necessary for both stimuli to be perceived as moving at the same speed (PSE).
Insets show mean PSEs, individually computed for each participant for both test conditions; the dashed line indicates the actual speed of the standard (always 57.6º/sec, in
bold, on the main x-axis). (B) Results of Experiment 2. Note that the difference in PSE
between the local and global test conditions in Experiment 1 was significantly greater
than that in Experiment 2. (Error bars represent the standard errors of the means.)

be determined solely on the basis of local speed-tuned
mechanisms. Rather, motion appears to be computed
in light of input from a global analysis that interpolates
forms such as the virtual squares that were perceived in
the global configuration (Ames, 1951; Caplovitz & Tse,
2006, 2007a, 2007b; Klopfer, 1991; Lorenceau & Shiffrar, 1992; Shiffrar et al., 1995; Sinha & Poggio, 1996;
Tse, 2006; Tse & Logothetis, 2002; Ullman, 1979). Instantaneous motion vectors must be computed in light
of the outputs of such nonlocal grouping or segmentation operations. These form-construction operations in
turn are known to take input from the motion system, as
in “common fate” grouping (see, e.g., Uttal, Spillmann,
Stürzel, & Sekuler, 2000) or the computation of formfrom-motion (see, e.g., Britten, Newsome, & Saunders,
1992; Schoenfeld et al., 2003).
Why the global-motion percept was perceived to move
more slowly than the local percept remains unclear, but
the literature has suggested that perceived motion magnitude may be influenced by the following factors: (1) size,
(2) number, and (3) emergent motion signals. We consider
each in turn.

(1) Size: Using dark figures that were presented on a
white background and were viewed through 15 3 5 cm
apertures, Brown (1931) found that the perceived velocity of a moving object decreased as its size increased. It
is possible that the illusory squares of the global percept
were treated as unified objects by the motion-processing
system. Since the squares were larger than the L pairs, this
could have caused a decrease in perceived velocity of the
squares, relative to that of the L pairs.
(2) Number: It has been suggested that speed discrimination is in part dependent on the parsing of an image
into discrete entities and the pooling of information across
them over space and time. Spatially separated drifting
gratings, when they are perceptually grouped and perceived as one large, partially occluded grating, have increased speed discrimination thresholds. This is thought
to occur because an increase in the number of samples
from which to estimate speed increases sensitivity to
speed (Verghese & Stone, 1996). The global percept here
may be seen to move more slowly because of an increase
in speed-discrimination threshold, which is caused by
the parsing of the Ls into two large squares in the global

678     Kohler, Caplovitz, and Tse
condition, rather than into eight translating individual Ls
or four rotating L pairs, as in the local condition. This is
consistent with the idea that perceptual grouping or parsing processes that must operate after, or at least in parallel
with, the detection of local motion signals influence the
speed of the perceived motion.
Similarly, if two directions or speeds of motion are presented simultaneously using dynamic random dots, the
percept is one of two transparent surfaces (Watamaniuk,
Flinn, & Stohr, 2003), suggesting that motion perception
may rely upon at least two stages of processing. In the first
stage, differential sources of motion information are segmented from each other. Many factors may contribute to
this segmentation process, including the principles of perceptual grouping and the correlations between different
local motion signals over global space (Weiss & Adelson,
2000). In the second stage, the local-motion signals within
each segmented group are integrated to form the perceived
global direction, translational speed, and angular velocity.
The resultant motion percept likely depends on the spatiotemporal relationships between the individual elements
within each segmented group. In this framework, unlike in
the spatial pooling hypothesis (Verghese & Stone, 1996),
the perceived motion of each segmented group is largely
uninfluenced by the motions of other groups in the image
(Weiss & Adelson, 2000).
(3) Emergent motion signals: A number of different
speed illusions show that different types of complex
global motion yield different speed percepts, although
the local motions remain identical. Geesaman and Qian
(1996, 1998) found that dots that were moving in an
expanding pattern were seen to move faster than identical dots that were moving in a rotating pattern. Bex and
Makous (1997) likewise found that a radial grating was
perceived to move faster than a vertical grating, although
the local speed components were identical. Additionally,
Bex, Metha, and Makous (1998) found that the speeds
of translational and rotational motion patterns were perceived to be identical, whereas radial patterns appeared
to move approximately one third faster. One explanation
for these effects is that neurons in MSTd have a bias
for expansion, thus yielding the difference in perceived
speed (Geesaman & Qian, 1996); however, it has been
shown that contraction, as well as expansion, is experienced as moving faster than rotation, which would not be
predicted by the model, since the numbers of contractionand rotation-sensitive cells in MSTd are equal (Clifford,
Beardsley, & Vaina, 1999). Furthermore, no difference
has been found in speed discrimination among expansion, contraction, and rotation, which would be expected
if one type of movement leads to lesser activation than do
the other two (Clifford et al., 1999). Instead, it has been
suggested that the effect arises because of mechanisms
that are specific to optic flow (Bex & Makous, 1997),
because expansion and contraction can be interpreted as
motion in depth and thus are subject to constraints other
than rotation (Clifford et al., 1997). In the present experiments, an emergent motion signal that was associated
with object rotation might have contributed to the effect,

because emergent rotation is present in the local, but not
the global, case.
A related possibility is that the rotational motion of the
Ls in the local case did not optimally activate specialized
rotation-sensitive motion detectors. For rotating dots, if
dot spacing is small (approximately less than 0.5º), angular velocity will determine the speed percept, whereas for
a larger spacing, speed perception will be based on linear
velocity (Barraza & Grzywacz, 2002; Caplovitz & Tse,
2007a). Because the spacing between the corners of the
Ls was larger than in the present experiments, perceived
motion in the local condition might have been based on
linear translation, yielding an imprecise rotational magnitude signal.
In addition, it has been found that a thin ellipse is perceived to rotate faster than a fat ellipse, even when they
are in fact rotating at the same angular velocity (Caplovitz, Hsieh, & Tse, 2006). The same effect of aspect ratio
on perceived angular velocity was observed for ellipses
that were defined not by continuous contours, but by a
number of equally spaced dots (Caplovitz & Tse, 2007a).
Importantly, when the dots were randomly distributed so
that no elliptical contours could be formed, but the dots
still had local motions that were identical to those that
were used to form the ellipses, no effect of form on perceived angular velocity was observed. Thus, the perceived
angular velocity of the rotating dotted ellipses was driven
by the emergent motion signals that arose from the virtual
contours of the ellipses that were formed by perceptual
grouping processes. Similar mechanisms could lead rotating pairs of discrete elements to appear to move faster
than translating squares. Moreover, it has been found that
drifting lines that are not orthogonal to their direction
of motion appear to travel more slowly than those that
are (Castet, Lorenceau, Shiffrar, & Bonnet, 1993; ScottBrown & Heeley, 2001). The emergent motion signal that
was observed in the global condition of the present study,
that of two squares translating along a circular trajectory,
can be equated to that of 8 drifting lines, which are rarely
orthogonal to their direction of motion. Similarly, in the
local case, the rotating Ls could have been seen as 16 short
drifting lines—8 vertical and 8 horizontal. This could explain the effect, since (1) in the global case, the (illusory)
lines were longer and thus would have had a stronger effect (Castet et al., 1993), and (2) groups of short lines do
not show an enhanced effect unless they are arranged in
a colinear manner (Scott-Brown & Heeley, 2001), which
was not the case here.
In conclusion, the global percept of translating squares
was perceived to move more slowly than the local percept
of rotating pairs of Ls, even though the local motion signals in the image were identical in both perceptual organizations. This result therefore draws a clear distinction
between the stages of processing that are involved in the
detection of visual information that is explicitly represented in the image, and the stages of perceptual construction that can extract and even create information that is not
explicit in the image. Perceived motion magnitude is dictated by emergent form and motion signals (not available
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in the image) that are constructed on the basis of detectedmotion signals (which are available in the image). Future
models of motion processing, therefore, cannot rely solely
on local analysis of motion energy signals, and must take
into account a stage of global form analysis and the emergent motion signals of constructed contours, corners, and
other emergent form features.
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3. Mauchly’s test indicated that the assumption of sphericity had not
been violated.
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