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a b s t r a c t
Perceiving biological motion is important for understanding the intentions and future actions of others.
Perceiving an approaching person’s behavior may be particularly important, because such behavior often
precedes social interaction. To this end, the visual system may devote extra resources for perceiving an
oncoming person’s heading. If this were true, humans should show increased sensitivity for perceiving
approaching headings, and as a result, a repulsive perceptual effect around the categorical boundary of
leftward/rightward motion. We tested these predictions and found evidence for both. First, observers
were especially sensitive to the heading of an approaching person; variability in estimates of a person’s
heading decreased near the category boundary of leftward/rightward motion. Second, we found a repulsion effect around the category boundary; a person walking approximately toward the observer was perceived as being repelled away from straight ahead. This repulsive effect was greatly exaggerated for
perception of a very brieﬂy presented person or perception of a chaotic crowd, suggesting that repulsion
may protect against categorical errors when sensory noise is high. The repulsion effect with a crowd
required integration of local motion and human form, suggesting an origin in high-level stages of visual
processing. Similar repulsive effects may underlie categorical perception with other social features.
Overall, our results show that a person’s direction of walking is categorically perceived, with improved
sensitivity at the category boundary and a concomitant repulsion effect.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Perceiving biological motion is useful for understanding and
predicting the behaviors and intentions of other people (Frith &
Frith, 2001). Perceiving an approaching person (e.g., Gurnsey,
Roddy, & Troje, 2010; Neri, Morrone, & Burr, 1998) may be
especially important, because oncoming biological motion is a
good indicator that a social interaction is about to occur. Indeed,
humans exhibit a ‘‘facing bias’’ when viewing a person’s
ambiguous direction of walking (e.g., Vanrie, Dekeyser, & Verfaillie,
2004), and they use gender (Brooks et al., 2008), kinematic
(Schouten, Troje, & Verfaillie, 2011), and auditory information
(Schouten et al., 2011; Wuerger, Crocker-Buque, & Meyer, 2012;
Wuerger et al., 2012) to make judgments about whether a person
is walking toward them. These ﬁndings converge to suggest that
the visual system may devote extra resources for perceiving an
approaching person’s heading. If this were true, humans should
show increased sensitivity for perceiving approaching headings,
and as a result, a repulsive perceptual effect around the categorical
boundary of leftward/rightward biological motion.
⇑ Corresponding author. Address: University of California – Berkeley, 5327,
Tolman Hall, Berkeley, CA 94720, United States.
E-mail address: timsweeny@berkeley.edu (T.D. Sweeny).
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The visual system often devotes extra resources to sharpen perception around important category boundaries. This heightened
sensitivity is a hallmark of categorical perception (Bornstein &
Korda, 1984; Etcoff & Magee, 1992; Harnad, 1987; Liberman
et al., 1957) and the presumed narrowed neural tuning responsible
for this sensitivity has been shown to produce concomitant repulsive distortions for a range of low- and high-level features. For
example, motion discrimination is best for horizontal and vertical
trajectories (Ball & Sekuler, 1980, 1982; Ferrera & Wilson, 1990;
Heeley & Buchanan-Smith, 1992; Matthews & Welch, 1997), and
this sensitivity repels the perceived motion of a dot away from
cardinal directions (e.g., Rauber & Treue, 1998). Similar increases
in sensitivity at category boundaries produce repulsive distortions of facial identity (McKone, Martini, & Nakayama, 2001), and
increased sensitivity from attention is even known to repulsively
distort visual space (e.g., Suzuki & Cavanagh, 1997).
Although the idea of distorting a feature to improve perception
may seem paradoxical, exaggeration away from the reference value (i.e., the category boundary) would reduce the likelihood of
random sensory noise causing across-category perceptual errors
(Kourtzi, 2010). This repulsive protection from noise may be especially useful for the perception of an approaching person’s movement, for which across-category errors would lead to head-on
collisions. If this were true, repulsive distortions of biological
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motion should be especially strong when sensory noise may be
high, such as when a person is seen with only a ﬂeeting glance,
or seen as a member of a large and chaotically organized crowd.
Here, we determined whether or not humans show increased
sensitivity for perceiving the approaching heading of a walking
person, and as a result, a repulsive distortion around the categorical boundary of leftward/rightward motion. We also determined if
reference repulsion was particularly strong for perception of a
brieﬂy viewed person or a crowd of people. Last, we determined
if reference repulsion with a crowd occurred in high-level visual
processing. For all experiments, we presented ‘‘point-light walkers’’ (Johansson, 1973). We used these stimuli because they harness the global movements of points of light to convey human
form, and they could be easily and precisely manipulated for our
experimental purposes.
2. Experiment 1: Does reference repulsion occur for perception
of a single, brieﬂy presented person?
2.1. Materials and method
2.1.1. Observers
Five observers (three naïve) gave informed consent. All had normal or corrected-to-normal visual acuity, and were tested individually in a dimly lit room.
2.1.2. Stimuli
Point-light walkers were composed of conﬁgurations of twelve
white dots (each dot: 0.11°  0.11°, 150 cd/m2) presented against
a black background (0.36 cd/m2). The dots were placed at different locations such that the overall conﬁguration would be perceived as a human body. We created these walkers from a
freely available set (Vanrie & Verfaillie, 2004). To create the
impression of a walking human body, we generated ‘‘videos’’ from
sets of twenty-one static frames in which the local position of
each dot changed from frame-to-frame in a manner consistent
with a natural human gait. Each gait cycle (i.e., one step by each
foot) lasted 800 ms. The application to generate the videos was
written in C# and interfaced with OpenGL via the Open Toolkit
Library. We generated forty-three videos, each with a distinct
heading, by rotating the 3D positions of the dots in each frame
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by a distinct angle around the vertical axis (i.e., the direction of
walking). The headings ranged from leftward ( 90°) to rightward
(90°) in 3° increments (see point-light stimuli in Fig. 1). Note that
this 3° increment is less than the average just noticeable difference (5.78° – determined from trials in Experiment 2). We limited
the range to forward headings (toward the observer) because
backward headings can appear ambiguous (perceived as forward
or backward) (Cavanagh, Labianca, & Thornton, 2001). A dot
conﬁguration with a completely leftward ( 90°) or completely
rightward (90°) heading subtended (1.9°  2.91°) of visual angle
at the full extension of the gait cycle (i.e., with ankles maximally
extended) and (0.56°  3.06°) at the minimum extension of the
gait cycle (i.e., with ankles crossing the midline of the body). A
dot conﬁguration with a completely forward heading (0°)
subtended (1.03°  3.06°) of visual angle.
2.1.3. Walker heading selection
Across trials, the test walker’s heading ranged from very leftward ( 63°) to very rightward (63°) in 3° increments. The test
walker was always presented at the center of the screen. Our displays did not include any depth cues; the size of each dot remained
the same throughout each video, and the surface illumination of
each dot was uniform (except for anti-aliased edges). Furthermore,
we used a compositing mode that prevented overlapping dots from
providing any occlusion cues. Consequently, our displays conveyed
heading cues in the simplest way possible.
2.1.4. Procedure
Observers initiated each trial by pressing the space bar, followed immediately by a test walker presented for 200 ms at the
center of the screen. Next, a blank black screen appeared for
1000 ms and was followed by a single dynamic response walker
presented at the center of the screen. The initial heading of the response walker was randomly chosen on each trial from a range of
90° to 90°. Observers adjusted the heading of the response walker
to a value between 90° and 90° in 3° increments (left to right) to
match the average heading of the test walker using the right and
left arrows on the keypad. The response walker remained on the
screen until the observer pressed the spacebar to end the trial. This
adjustment procedure smoothly altered the heading without
breaking the response walker’s stride. An adjustment spanning
the entire range of headings would have taken at least 3200 ms,
although no response required such a large adjustment. We note
that although the time from the offset of the test walker to the
end of the adjustment procedure may have introduced variability
from a degraded memory trace into the recorded response, this
added variability should have affected each heading equally (Blake,
Cepeda, & Hiris, 1997).
A test walker at each of the 43 headings was shown 5 times for a
total of 215 trials. All stimuli were presented on a 61-cm LCD monitor at a viewing distance of 102 cm.
2.2. Results

Fig. 1. Patterns of response variability that could arise from cognitive or response
biases, or from reference repulsion. If an observer were to randomly select a
response heading on every trial, the pattern of response errors (dashed line) would
decrease linearly and ﬂip from rightward to leftward errors at the approaching
heading. If an observer responded accurately, the magnitude or sign of response
errors should not change across the range of test walker headings. If an observer
categorically perceived the heading of the test walker and perceived a repulsion
effect, response errors should resemble an s-shaped pattern around the category
boundary, with the magnitude of exaggeration approaching zero at extreme
headings (consistent with the derivative of a Gaussian function, solid line).

2.2.1. Analyses
For each test heading ( 63° through 63°), we calculated the difference between the perceived and actual heading of the test walker (with negative values indicating a leftward error and positive
values indicating a rightward error). We thus measured response
errors as a function of the test walker’s heading. We also constructed distributions of response errors binned across pairs of
headings (e.g., response errors from 63° and 60° trials were binned into one distribution, errors from 57° and 54° were binned
into another distribution, etc.). We then calculated response variability as the standard deviation of each distribution. We thus
measured response variability as a function of the test walker’s
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heading. Headings for which an observer had the highest sensitivity would have a narrowed distribution (and a concomitant reduced SD) of response errors.
A few considerations about the patterns of response errors that
could arise from cognitive or response biases are informative at
this point. If an observer were to randomly select a response heading on every trial, the pattern of response errors across test walker
headings would resemble the dashed line in Fig. 1; extremely
rightward (or leftward) response errors for leftward (or rightward)
test walkers with the magnitude of errors decreasing linearly and
ﬂipping direction at the directly approaching heading (we conﬁrmed this pattern of errors using a Monte Carlo simulation). A
bias to avoid the ends of the response range could have also produced such a pattern, although it would likely be less extreme than
the pattern from random responding. If an observer responded
accurately, then neither the magnitude nor the sign of response errors should change across the range of test walker headings. If an
observer categorically perceived the heading of the test walker
with an accompanying repulsion effect around the 0° heading,
we should see an s-shaped pattern of exaggerated response errors
(i.e., perceiving a leftward walker as more leftward than it actually
was) around the category boundary, with the magnitude of exaggeration approaching zero at extreme headings (consistent with
the derivative of a Gaussian function, solid line in Fig. 1). Importantly, demonstrating concomitant higher sensitivity for perception of headings near the category boundary would allow us to
rule out a response bias as the source of this s-shaped pattern of
results.

Note that some random responding or a response bias could occur independently of, and simultaneously with, a repulsion effect.
In other words, the s-shaped repulsion pattern could be superimposed over the negatively sloped linear pattern. We thus included
slope and y-intercept parameters in our ﬁtting with the derivative
of a Gaussian function. We were only interested in repulsion, so we
normalized response errors around the linear ﬁt across test headings in order to clearly display our main results in the ﬁgures.
We veriﬁed that this normalization had no systematic relationship
with the amplitude of repulsion; for each experiment, both slope
and y-intercept were randomly distributed across observers and
were unrelated to amplitude (all p-values > .175).

2.2.2. Increased sensitivity to approaching headings
Observers were most sensitive to the heading of a brieﬂy
presented approaching walker; response variability decreased as
headings approached 0° (Fig. 2A). An analysis using Akaike’s Information Criterion (AICc) conﬁrmed that a Gaussian function
(R2 = 0.318, p < .001) ﬁt the data better than a linear function
(R2 = 0.068, n.s.). The AICc determines the likelihood that one ﬁt
is more appropriate than another when different numbers of ﬁtting
parameters are used, and it favored the derivative of a Gaussian
with 87.2% likelihood. The amplitude of the Gaussian ﬁt indicates
the magnitude of the sensitivity boost around the category boundary – the heading sensitivity effect (M = 2.09, SEM = 0.777). The
heading sensitivity effect even reached statistical signiﬁcance separately for two observers (p-values < .026).

Fig. 2. Reference repulsion for perception of a single walker (a) Observers were most sensitive to the heading of a brieﬂy presented approaching walker. Response variability
decreased for headings near the category boundary, as shown by a good ﬁt from a Gaussian function to the average of all observers. (b) A brieﬂy presented walker’s heading
was perceived as exaggerated around the leftward–rightward category boundary (0°). The average difference between the perceived and actual heading is shown for each
walker heading (with negative values indicating a leftward error and positive values indicating a rightward error). The data (ﬁlled circles) were well ﬁt by the derivative of a
Gaussian (black line), which characterized the highly ordered tuning of the exaggerations near the category boundary. (c) When a walker was presented for a longer duration,
observers were still most sensitive to approaching headings although the heading sensitivity effect was reduced. (d) Reference repulsion still occurred for perception of a
walker shown for a long duration, albeit of a smaller amplitude. Error bars represent ±1 SEM.
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2.2.3. Reference repulsion of a single walker
A brieﬂy presented walker’s heading appeared exaggerated
away from the leftward–rightward category boundary (Fig. 2B).
For example, a walker with a 15° leftward heading might have
appeared to have a 19° heading. The magnitude of these exaggerations followed an ‘‘s-shaped’’ pattern across the range of headings
that was well ﬁt by the derivative of a Gaussian function
(R2 = 0.502, p < .001). An AICc analysis conﬁrmed with 100% certainty that the derivative of a Gaussian characterized the pattern
of data better than a linear function (linear R2 = .077, n.s.). The
‘‘s-shape’’ of the function is consistent with a ﬂip in the direction
of exaggeration around the 0° heading (directly toward the observer), and the half-amplitude of the function indicates the maximum amount of heading exaggeration – the repulsion effect
(bootstrapped M = 5.92°, bootstrapped SEM = .911°). The repulsion
effect occurred for all ﬁve observers, and it was even statistically
signiﬁcant separately for four of these observers (p-values < .001).
The ‘‘s-shape’’ shows that exaggeration was not uniform across
the range of headings, but only affected headings near the category
boundary. The increased sensitivity for approaching headings (see
above) provides evidence against a response bias as the source of
this pattern; a response bias would not have produced a change
in sensitivity. The heading sensitivity and repulsion effects suggest,
instead, that the visual system optimizes perception nearby the
category boundary where heading discrimination may be most
important.
3. Experiment 2: Does reference repulsion decrease for
perception of a single person presented for a longer duration?
If categorical perception and reference repulsion function to
prevent sensory noise from causing across-category errors, then
repulsive effects should be reduced when encoding noise is low,
such as when a stimulus is presented for a long duration. Here,
we tested this hypothesis by presenting a test walker for
1000 ms instead of 200 ms.
3.1. Materials and method
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3.2.2. Reference repulsion of a single walker
A single walker’s heading appeared exaggerated away from the
leftward–rightward category boundary (Fig. 2D). The magnitude of
these exaggerations was well ﬁt by the derivative of a Gaussian
function (for the average of all four observers, R2 = 0.61, p < .001).
An AICc analysis conﬁrmed with 99.8% certainty that the derivative
of a Gaussian characterized the pattern of data better than a linear
function (linear R2 = 0.398). The repulsion effect was even separately signiﬁcant for two observers (p-values < .003) and marginally signiﬁcant for the other two observers (p-values < .1). As
predicted, the repulsion effect with the longer duration (bootstrapped M = 3.36°, bootstrapped SEM = 0.56° for the average of
all observers) was smaller than with the shorter duration (compare
Fig. 2D with Fig. 2B). Overall, these data suggest that reference
repulsion around the category boundary may be especially strong
when encoding noise is high, and it suggests that the magnitude
of repulsion increases with the relative sensitivity to approaching
headings.
4. Experiment 3: Is reference repulsion also strong for
perception of a crowd?
Crowd behavior is common for many species (Sumpter,
2006) and is important for survival (Bode et al., 2010). Perceiving
crowds is important too. In fact, humans are equipped with specialized ensemble coding mechanisms for efﬁciently perceiving
the ‘‘gist’’ of a crowd’s heading (Sweeny, Haroz, & Whitney, in
press). Categorically perceiving a crowd’s heading may be especially important, because crowds are often chaotically organized
(e.g., in a panic situation, Helbing, Farkas, & Vicsek, 2000; Low,
2000), and repelling a crowd’s heading away from the leftward/
rightward category boundary would reduce the likelihood of chaos
within the crowd from causing across-category errors. In this
experiment, we determined if high sensitivity to approaching
headings and concomitant repulsive effects occurred for perception of a crowd. We also determined if the repulsion effect was
stronger for crowds with high variability in the headings of their
members.

3.1.1. Observers
Four trained psychophysical observers (3 from Experiment 1
and one naïve) gave informed consent. All had normal or corrected-to-normal visual acuity, and were tested individually in a
dimly lit room.

4.1. Method

3.1.2. Stimuli and procedure
The stimuli and procedure were identical to those used in
Experiment 1, except that a walker was shown for 1000 ms, and
we did not bin the values of response variability across headings.

4.1.2. Crowd heading selection
A crowd consisted of 12 individual walkers with various headings (i.e., walkers within a crowd had identical or increasingly variable headings; see Fig. 3). As with single walkers, average crowd
headings ranged from very leftward ( 63°) to very rightward
(63°) in 3° increments, and the headings of individuals in crowds
ranged from extremely leftward ( 90°) to extremely rightward
(90°). On a given trial, we randomly selected twelve headings from
a continuous Gaussian distribution centered at one of the 43 headings. The peak of the distribution determined the average heading
of the crowd and the width of the distribution determined the
heading variability within the crowd. The standard deviations of
the sampling distribution included 0° (resulting in a homogenous
group), 2°, 4°, 6°, 8°, 10°, and 12°. We used a truncated range of
average crowd headings so that values from the tails of a distribution centered at 63° or 63° would not exceed 90° or 90°.
Because our stimulus set contained walkers with discrete headings
(e.g., 63°, 60°, 57°, etc.), we sorted each of the twelve outputs
from the continuous Gaussian distribution into 3° bins centered at
the 60 possible walker headings between 90° and 90°. For exam-

3.2. Results
3.2.1. Increased sensitivity to approaching headings
As expected, response variability was lower with the longer
duration stimuli (median SD = 4.28) compared to the shorter duration stimuli (median SD = 6.87). Observers were most sensitive to
the heading of an approaching walker; response variability decreased as headings approached 0° (Fig. 2C). An AICc analysis conﬁrmed with 98.3% likelihood that a Gaussian function (R2 = 0.268,
p < .001) ﬁt the data (for the average of all observers) better than
a linear function (R2 = 0.0003, n.s.). The heading sensitivity effect
was separately signiﬁcant for all four observers (p-values < .04).
As predicted, the heading sensitivity effect (M = 1.38,
SEM = 0.383) was smaller with the longer duration than with the
shorter duration.

4.1.1. Observers
The same four observers that participated in Experiment 2 participated in Experiment 3.
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the right side of the screen). Walkers were presented at randomly
selected locations within the grid.
4.1.4. Procedure
All procedures were identical to those from Experiment 2, with
the following exceptions. We paired each value of heading variability (SDs = 0°, 2°, 4°, 6°, 8°, 10°, and 12°) with each mean heading (43
values) ﬁve times for a total of 1505 trials run across 5 blocks, and
we presented crowds for 1000 ms.
4.2. Results

Fig. 3. Crowd generation procedure. A heterogeneous crowd of walking people was
generated by sampling 12 individual headings from a Gaussian distribution
centered at one of 43 headings. The width of the distribution varied from narrow
to wide (SDs = 0°, 2°, 4°, 6°, 8°, 10°, and 12°) to create seven levels of crowd
variability. SDs of 4°, 8°, and 12° (in black) are shown. The white and gray bars along
the x-axis indicate the range of possible crowd headings and individual headings,
respectively.

ple, a sampled heading of 61.6° would generate a walker with a
63° heading, and a sampled heading of 61.4° would generate
a walker with a 60° heading.

4.1.3. Crowd conﬁgurations
We presented walkers randomly placed among 12 non-overlapping locations in a 4  3 grid subtending 15.6°  8.36° of visual angle (measured from the center of each walker) with an average
horizontal inter-walker distance of 2.34° and an average vertical
inter-walker distance of 0.612°. We used an orthographic projection (i.e., discounting linear perspective such that a 45° walker
on the left side of the screen was identical to a 45° walker on

4.2.1. Increased sensitivity to approaching headings
Observers were most sensitive to the headings of approaching
crowds. When data were collapsed across crowds with low levels
of variability (SDs = 0°, 2°, and 4°), response variability decreased
as headings approached 0°. We analyzed the heading sensitivity effect using these low-variability crowds because (1) they were less
likely than the high-variability crowds to contain walkers with
deviant headings and were thus more likely to reﬂect the underlying sensitivity to crowd heading, and (2) we previously showed
that heading differences within a crowd are not likely to be perceived at these low levels of variability (Sweeny et al., in press).
The heading sensitivity effect was large for crowds (M = 2.49°,
SEM = 0.881, Fig. 4A), and an AICc analysis conﬁrmed with 100%
likelihood that a Gaussian function (R2 = 0.471, p < .001) ﬁt the data
(for the average of all observers) better than a linear function
(R2 = 0.004, n.s.). The heading sensitivity effect occurred for all four
observers, and it was separately signiﬁcant for three of these
observers (p-values < .001).
4.2.2. Reference repulsion with a crowd
A crowd’s heading was greatly exaggerated away from the leftward–rightward category boundary (when data were collapsed
across the seven levels of crowd variability, Fig. 4B). The magnitude
of these exaggerations was well ﬁt by the derivative of a Gaussian
function (R2 = 0.956, p < .001), which an AICc analysis favored with
100% likelihood over a linear function (linear R2 < 0.268, n.s.). The
repulsion effect was even separately signiﬁcant for all four observers (p-values < .001). As expected, the repulsion effect was greater
for perception of a crowd (bootstrapped M = 7.99°, bootstrapped
SEM = 0.37°) than for perception of a single walker shown for the
same duration (compare Fig. 4B with Fig. 2D).
When comparing the results from Experiments 1–3, it is clear
that increased sensitivity to approaching headings was associated
with an increase in the magnitude of reference repulsion

Fig. 4. Reference repulsion for perception of a crowd of walkers. Note that for both panels, crowd heading is depicted using a single walker. (a) Observers were most sensitive
to the headings of approaching crowds. Response variability decreased for crowd headings near the category boundary, as shown by a good ﬁt from a Gaussian function to the
average of all observers (solid black). (b) Reference repulsion was very strong for the perception of a crowd. Error bars represent ±1 SEM.
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Fig. 5. (a) Reference repulsion increased with sensitivity to approaching headings. (b) The magnitude of reference repulsion in a crowd increased with variability in a crowd’s
heading. Error bars represent ±1 SEM.

(Fig. 5A), q = 1, p < .01. This is consistent with the hypothesis that
narrowed tuning of channels that respond to feature values near
the category boundary directly determines the magnitude of reference repulsion (Gros, Blake, & Hiris, 2003; Suzuki & Cavanagh,
1997).

4.2.3. Reference repulsion with crowd variability
To determine if the reference repulsion effect depended on the
heading variability within the crowd, we compared the repulsion
effect across the seven levels of crowd variability averaged across
all observers. The magnitude of repulsion increased linearly with
the variability within the crowd, which we conﬁrmed with a contrast in which we assigned values of ( 3, 2, 1, 0, +1, +2, +3) to
bootstrapped half-amplitude values from the different crowd variability conditions (SDs = 0°, 2°, 4°, 6°, 8°, 10°, and 12°), p < .05
(Fig. 5B). This suggests that reference repulsion may function to increase signal strength when natural sources of crowd noise, like
heading variability, are prevalent.

5. Experiment 4: Does crowd reference repulsion occur in highlevel vision? Control for a low-level motion account
Perception of a point-light walker’s heading can rely on lowlevel cues like the movements of individual dots (e.g., Chang &
Troje, 2009; Thurman & Grossman, 2008; Troje & Westhoff,
2006), but it most likely requires integration of this local motion
information with human form (Giese & Poggio, 2003; Peuskens
et al., 2005), which presumably occurs in high-level visual processing (e.g., superior temporal sulcus) (e.g., Grossman, Battelli,
& Pascual-Leone, 2005; Grossman & Blake, 2001; Peuskens et al.,
2005). Previous investigations have shown reference repulsion
for the perception of moving dots without human conﬁgurations
(e.g., Rauber & Treue, 1998), presumably in lower-level visual
areas. We conducted a control experiment to determine if the reference repulsion we found with a crowd was based on physical
motion alone, or if instead, it required integration of human conﬁgurations and motion, presumably in high-level visual areas. To
accomplish this, we presented moving clusters of dots without
human conﬁgurations, but with local motion identical to the local
motion in Experiment 3 (i.e., point-scrambled walkers, see
Fig. 6A). We used crowds instead of single walkers because it
was with crowds that we found the most convincing evidence
of reference repulsion (based on R2 values from ﬁtting with the
derivative of a Gaussian).

Fig. 6. Reference repulsion with a crowd required integration of motion and human
form. (a) Example of a scrambled walker with a heading of 54 deg (see Section
8.1.2). (b) Reference repulsion did not occur for perception of a crowd of scrambled
walkers. A linear ﬁt characterized this pattern better than the derivative of a
Gaussian function. Error bars represent ±1 SEM.

5.1. Materials and method
5.1.1. Observers
The same observers who participated in Experiments 2 and 3
participated in Experiment 4.
5.1.2. Stimuli and procedure
The stimuli were identical to those used in Experiment 3, with
the following exceptions. We randomly positioned the location of
each dot in a 3D bounding box with an aspect ratio comparable
to that of a human conﬁguration. We generated these scrambled
dot locations separately for each heading ( 90° through 90°) for
each observer. The local motion of each dot was centered about
its randomly selected location (rather than a location on the walker’s body). For example, a dot representing an ankle in Experiment
3 would appear with the same frame-to-frame local motion and
heading in Experiment 4, but at a different location and without
any predictable spatial relationship to nearby dots. The response
walker in Experiment 4 always had a dynamic human conﬁguration so that any differences in response error between the experiments could not be attributed to increased difﬁculty adjusting a
scrambled response walker. Experiment 4 was identical to Experiment 3 in all other respects.
5.2. Results
Overall, observers perceived the headings of scrambled crowds
with very little sensitivity. Response variability for extreme headings was near chance level (SD of 37, determined from Monte
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Carlo methods), and even the most precisely perceived scrambled
headings produced response variability greater than twice of that
from the worst performance with coherent crowds.
Reference repulsion did not occur for perception of scrambled
crowds (Fig. 6B). An AICc analysis conﬁrmed with 79.4% likelihood
that perceptual errors across the range of headings were better ﬁt
by a linear function (R2 = 0.883, n.s.) than the derivative of a Gaussian function (R2 = 0.889, n.s.). Moreover, a bootstrapped interaction
conﬁrmed that the repulsion effect was stronger with intact
crowds (Experiment 3) than with the point-scrambled crowds
(Experiment 4, p < .05). This clearly shows that our main ﬁnding—reference repulsion of a crowd of moving people—was not
simply due to the physical motion of individual dots. We have
shown that reference repulsion with a crowd is a high-level visual
phenomenon because it depends on the integration of multiple trajectories of motion with human form.

6. Simulating reference repulsion with a model of population
coding
Across all experiments with normally conﬁgured walkers, we
observed greater sensitivity for perception of approaching headings. This could have occurred because neural channels tuned to
approaching headings are narrower than those tuned to extreme
headings, or it could have occurred because there are more channels that respond to approaching headings. In either case, this increased sensitivity was associated with greater amounts of
reference repulsion (Fig. 5A). Narrowed tuning has been suggested
as a mechanism for reference repulsion of low-level motion (Gros,
Blake, & Hiris, 2003) and for attention-based repulsion of visual
space (e.g., Suzuki & Cavanagh, 1997). Here, we used a population-coding simulation to demonstrate how narrowed tuning is
likely to have produced reference repulsion for the perception of
a person or a crowd’s heading. We simulated perception of crowds
because (1) it was with crowds that we found the most convincing
evidence of reference repulsion (e.g., Fig. 4B), and (2) we wanted to
use response variability data from single walker trials to guide our
estimates of the ﬁtting parameters.
We simulated perception of a crowd’s heading as the weightedaverage of the outputs of a hypothetical population of headingtuned channels. This approach is both simple and biologically plausible. First, sensitivity to speciﬁc headings in point-light walkers
has been shown among populations of cells in the Superior Temporal Polysensory area (STPa) of the macaque (Oram & Perrett, 1994).
Second, adaptation-based aftereffects, a hallmark of population
based central-tendency coding (e.g., Suzuki, 2005), have been demonstrated for the perception of biological motion (Troje et al.,
2006).
The mechanisms through which channel narrowing could produce reference repulsion are straightforward. For a given
approaching heading (e.g., 15°), widely-tuned channels most sensitive to extreme headings would respond more strongly than
narrowly-tuned channels sensitive to approaching headings
(Fig. 7A), and thus contribute more strongly to the population response. This would skew the weighted-average of the population
activity away from the category boundary (Fig. 7B) and cause an
approaching crowd’s heading to be repelled away from the category boundary (see Suzuki & Cavanagh, 1997, for further discussion of this reasoning). Following this same logic, greater channel
density near the category boundary could not have produced our
repulsion effect. Abundant approach-tuned channels would contribute more heavily to the weighted population activity and skew
the perception of a person or crowd toward the category boundary,
producing the opposite pattern.

Fig. 7. Hypothetical simulation of perceived crowd heading based on narrowed
channel tuning near the category boundary. Channel narrowing produced a good ﬁt
to the data. (a and b) With narrowing near the category boundary, the 24°-tuned
channel (the dotted line) would respond more strongly than the 6°-tuned channel
(the dashed line), and would pull the mean of the population response (the gray
vertical line in panel b) away from the actual mean of the crowd (the black vertical
line in panel b) and the category boundary. (c) Simulated crowd perception errors
(open circles) provided an excellent ﬁt to the pattern of errors from Experiment 3
(black line). Crowd heading is depicted in this panel using a single walker.

For our purposes, we deﬁned ‘‘channels’’ as sub-populations of
neurons with similar tuning characteristics. We assumed that each
channel had a Gaussian-shaped tuning function (see Fig. 7A for an
illustration). We used the best Gaussian ﬁt to the average response
variability (the SD) across all headings from brieﬂy presented single-walker trials from Experiment 1 as a starting point for estimating the width of each channel’s tuning. For our models, our
‘‘population’’ included 121 channels with peak sensitivities ranging
from 180° to 180°. It was necessary to include channel peaks beyond the range of forward facing walkers used in our experiments
( 90° to 90°) to ensure that population responses to extreme walkers (e.g., 63°) were not unfairly skewed toward the middle of the
range.
In each simulation, we started by generating a heterogeneous
crowd of walkers using the same sampling and binning methods
from Experiment 3. Because we previously demonstrated that estimates of a crowd’s heading were based on an ensemble code that
pools headings of multiple but not necessarily all walkers in a
crowd (Sweeny et al., in press), we then selected a subset of 5 of
the 12 walkers and calculated the linear average of this subset’s
heading (Parkes et al., 2001). We then computed the weighted
average of the response from each of the 121 channels to this subset’s heading and compared it to the actual heading of the full
crowd. We iteratively calculated response errors 400 times for
each of the headings from the full range (from 63° to 63°) and
compared the pattern of these average simulated response errors
to those from Experiment 3. Recall that we based our initial estimates of channel widths on the Gaussian ﬁt to the pattern of response variability from Experiment 1. To ﬁnd the best ﬁt to the
crowd data, we used a gradient-descent method to ﬁnd the combination of gain and narrowing applied to this underlying distribution that produced the lowest sums-of-squared errors value
against the actual response errors from Experiment 3.
Narrowed tuning produced an excellent ﬁt to the data
(R2 = 0.886, p < .0001) (Fig. 7C). The purpose of this simulation
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was simply to illustrate how narrowed tuning of channels that respond to approaching headings could cause a reference repulsion
effect. In this regard, our simulation was successful. We note, however, that our simulation was far from exhaustive and is intended
merely to complement our behavioral ﬁndings. It included two free
parameters – gain and narrowing applied to our ﬁrst estimate of
the Gaussian distribution that determined channel widths. We
were limited by the necessity of using response variability as our
best estimate of channel widths, and future neurophysiological
investigations of the tuning properties of heading-sensitive neurons will undoubtedly provide better estimates. Overall, this simulation offers a simple illustration of why channel narrowing is a
plausible source of the increased sensitivity to approaching headings, and it clearly shows how this narrowing could have caused
a repulsion effect.

7. Discussion
We demonstrated that the visual system is especially sensitive
to approaching biological motion, and we showed that this increased sensitivity produced a repulsive perceptual effect in which
a person’s direction of walking was exaggerated away from the category boundary of leftward/rightward motion. This repulsive distortion occurred for perception of a single person and for a
crowd, it was especially strong when encoding was noisy. We
showed that repulsion with a crowd required integration of low-level motion and human form, suggesting a neural origin in high-level stages of visual processing (de Gelder, 2006; Grossman, Battelli,
& Pascual-Leone, 2005; Vaina et al., 1990). Overall, we showed that
biological motion is categorically perceived, and we demonstrated
that this sensitivity produces a repulsive perceptual distortion that
may be important for everyday social behavior, like avoiding headon collisions.
Our ﬁnding of sensitive perception of approaching headings
bears the hallmark of categorical perception – increased sensitivity
around a category boundary (Bornstein & Korda, 1984; Etcoff &
Magee, 1992; Harnad, 1987; Liberman et al., 1957). Typical demonstrations of categorical perception infer that such changes in sensitivity distort the perception of a given feature. We directly
measured this distortion as reference repulsion around the
approaching heading. Our ﬁndings converge with investigations
of motion (e.g., Rauber & Treue, 1998) and facial identity (McKone,
Martini, & Nakayama, 2001) to show that increased sensitivity
does indeed produce a measurable repulsive distortion away from
the category boundary. Moreover, our results suggest that reference repulsion should occur for several other important social features for which categorical perception has been shown (e.g., facial
expression: Calder et al., 1996; vocal emotional expression: Laukka, 2005; shape: Newell & Bülthoff, 2002; and familiarity: Rossion
et al., 2001).
Reference repulsion was strongest when encoding was noisy,
such as when a single person was viewed brieﬂy or seen among
other people in a chaotic crowd. These ﬁndings are consistent with
the idea that categorical perception may be a mechanism for mitigating the effect of sensory noise near a category boundary (Kourtzi, 2010). Indeed, repulsive exaggerations only occurred near the
category boundary (where variability in a person’s or a crowd’s
heading would have been most likely to cause an across-category
error) rather than uniformly across the range of headings (as would
have occurred with a response bias). This repulsive protection from
noise would be useful for avoiding head-on collisions while navigating around an approaching pedestrian or a crowd, especially
in a panic situation (Helbing, Farkas, & Vicsek, 2000; Low, 2000).
What are the mechanisms of reference repulsion of biological
motion? The current results rule out one explanation and suggest
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a plausible alternative. First, reference repulsion is unlikely to be
due to lateral inhibitory interactions that are typically thought to
produce repulsion effects when multiple features are simultaneously presented (Gibson, 1937; Losada & Mullen, 1995; Magnussen & Kurtenbach, 1980; Mareschal, Morgan, & Solomon, 2008;
Perkins & Landy, 1991; Solomon, 2000; Solomon, 2002; Sweeny
et al., 2011; see the Discussion section of Sweeny, Grabowecky,
and Suzuki (2011) for a review). Although inhibition of approaching heading-tuned channels could cause reference repulsion by
shifting the mean of a weighted-population response away from
the leftward/rightward category boundary, such inhibition would
also cause increased response variability and decreased accuracy
for directly approaching headings (i.e., at 0°). We found the opposite pattern – decreased response variability and increased accuracy
for directly approaching headings, an indication of narrowed tuning of heading-sensitive neurons or channels near the category
boundary. Earlier investigations of low-level motion (Gros, Blake,
& Hiris, 2003) and attention-induced distortions of visual space
(Suzuki & Cavanagh, 1997) suggested that narrowed tuning could
produce a reference repulsion effect. We simulated the crowd
repulsion effect with a simple and biologically plausible model
and found that, indeed, a sufﬁcient amount of narrowed tuning
near the category boundary could have produced our results.
The movements of the human body provide a window into the
future behaviors, intentions, and minds of other people (Frith &
Frith, 2001). We have shown that the visual system is optimized
for perceiving biological motion, producing categorical perception
of a person’s behavior and a concomitant repulsion effect. More
generally, our ﬁndings underscore the importance of perceiving
biological motion for typical social interaction and everyday life.
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