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Abstract Recent models have proposed a two-stage process
of biological motion recognition. First, template or snapshot
neurons estimate the body form. Then, motion is estimated
from body form change. This predicts separate aftereffects for
body form and body motion. We tested this prediction.
Observers viewing leftward- or rightward-facing point-light
walkers that walked forward or backward subsequently
experienced oppositely directed aftereffects in stimuli ambig-
uous in the facing or the walking direction. These aftereffects
did not originate from adaptation to the motion of the
individual light points, because they occurred for limited-
lifetime stimuli that restrict local motion. They also occurred
when the adaptor displayed a random sequence of body
postures that did not induce the walking motion percept. We
thus conclude that biological motion gives rise to separate
form and motion aftereffects and that body form representa-
tions are involved in biological motion perception.

Keywords Biological motion . Adaptation and
aftereffects . Neural mechanisms

Introduction

For many types of visual stimuli, prolonged viewing leads
to adaptation aftereffects. For example, prolonged viewing

of a red surface leads to an apparent green tint of a
subsequently viewed white surface, and prolonged viewing
of continuous motion, such as a waterfall, leads to illusory
opposite motion of a subsequently viewed static scene. An
aftereffect provides evidence that a particular stimulus
has a specific neuronal representation, because the
aftereffect is based on the adaptation of neurons at a
processing level that represents the stimulus (Clifford et
al., 2007; Mather, Pavan, Campana, & Casco, 2008). For
example, the face aftereffect is based on the adaptation of
face-selective neurons in face-processing areas of the
cortex (e.g., Kovacs, Cziraki, Vidnyanszky, Schweinberger,
& Greenlee, 2008; Leopold, O’Toole, Vetter, & Blanz, 2001;
Webster, Kaping, Mizokami, & Duhamel, 2004). Using
this relation between the neural selectivity for a stimulus
feature and the associated aftereffect, many studies on the
motion aftereffect have traced the stages of motion
processing in the cortex and have provided evidence of
the existence of multiple motion representations: low-level
stages processing local motion energy and high-level
stages processing complex patterns of motion (for a
review, see Mather et al., 2008).

Perception of biological motion is also a multistage
process. Recent research has suggested that biological motion
perception involves pathways in which, first, the form of the
body is extracted from the stimulus and, thereafter, the motion
of the body is determined from the responses of the body form
detectors (Beintema & Lappe, 2002; Giese & Poggio, 2003;
Lange & Lappe, 2006). The models of Giese and Poggio and
of Lange and colleagues (Lange, Georg, & Lappe, 2006;
Lange & Lappe, 2006) contain such perceptual mechanisms.
For example, the first stage in the model of Lange and Lappe
(2006) consists of template cells that match the stimulus to
templates of particular body postures (Fig. 1). Each template
cell responds to a particular (preferred) configuration of the
limbs. It becomes active when that particular configuration
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or posture is shown. Hence, over the course of the stimulus
movement, different template cells are activated. The second
stage, the body motion analysis stage, determines the
temporal order of the activated template cells and, thus, the
body motion.

The two stages have been used to predict human
performance in different discrimination tasks of biological
motion perception (Lange et al., 2006; Lange & Lappe,
2006, 2007). In the first stage, form-dependent features of
the stimulus—for example, the direction in which the figure
is facing—can be extracted. To determine the facing
direction, the maximal activity of all template cells
belonging to a certain facing direction is fed into a temporal
integrator neuron for that facing direction. This neuron is in
competitive interaction with other facing direction neurons.
The highest active integrator at decision time decides the
perceived facing direction.

In the second stage, decisions about the motion direction
of the stimulus—for example, forward or backward
walking—can be drawn. Integrator neurons at this stage
are sensitive to the temporal order in which the template
cells are activated. Again, the most active integrator neuron
determines the percept of forward or backward walking.

Because the model is separated into a body form
analysis level and a body motion analysis level, it
predicts that two different adaptation aftereffects can be
observed for biological motion stimuli. At the body form
analysis level, adaptation to the facing direction, or
facing adaptation, should lead to the perception of the
opposite facing direction. At the body motion analysis
level, adaptation to the walking direction, or walking
adaptation, should lead to the perception of the opposite
walking direction.

In six experiments, we investigated the existence of
the facing- and the walking-adaptation aftereffects and
their dependence on form and motion features in the
point-light stimulus.

Method

Stimuli

Point-light walker stimuli were derived from motion-
tracking data of a walking human seen from the side.
Motion-tracking data were used for every stimulus.
Translational motion of the hips was subtracted so that
the walker walked in place as if on a treadmill. One
walking cycle took 1.3 s. The point-light stimuli
consisted of white points on a black background. In
most experiments, the light points were randomly
distributed on the limb segments of the walker, following
Beintema and Lappe (2002) and Beintema, Georg, and
Lappe (2006). The points were redistributed anew for
every new animation frame, thereby interfering with the
apparent motion signal of the dots. We used this stimulus
with limited lifetime of the points, since we wanted to
avoid potential confounds with adaptation at the level of
local motion signals. Since the points of a classical point-
light walker move along well-defined local trajectories,
they are likely to induce adaptation of motion detectors
along their trajectories. Such adaptation of local motion
detectors may lead to adaptation effects for the entire walker,
which are, however, not specific to biological motion
processing. Since we wanted to look specifically for adapta-
tion to biological body motion and body form, we began
with a stimulus that contained no veridical local motion
trajectories but only biological body motion. A later experi-
ment (Experiment 3) checked whether similar results could
be obtained with a walker containing local motion signals—
that is, one in which the light points were located on the
major joints of the body—following Johansson (1973).

In a further experiment (Experiment 5), we isolated the
effect of local motion signals in a stimulus that contained
local motion but no human body form. For this experiment,
the starting positions of the light points were randomized,
while the motion trajectory of each light point remained
intact. Thus, this position-scrambled stimulus contained the
veridical local motion trajectories of a human walker, but
the body form was destroyed.

The stimuli were presented in a dimly lit room on an
Iiyama monitor with a resolution of 1,024 × 768 pixels and
a display size of 40 × 30 cm. The monitor refresh rate was
120 Hz. In Experiments 1 and 6, both adaptation and test
stimuli were presented in the middle of the screen. The
distance of the subjects to the monitor was approximately
70 cm. Stimulus height was 7º. In all the other experiments,
adaptation and test stimuli were presented in different
screen locations, one in the upper half of the screen and the
other in the lower half of the screen. The stimuli in those
experiments had to be smaller because two stimuli had to
be fitted on the screen. Stimulus height was 3º. The point

Input

Body form analysis level
Detecting the facing direction

Body motion analysis level
Detecting the walking directionSequence analysis

Fig. 1 Two stages in the perception of biological motion. At the body
form analysis stage, the form of the stimulus is compared with the
form of the human body by static template cells. At the body motion
analysis stage, the temporal order in which those template cells are
activated is analyzed
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lights were antialiased, 6 pixels in diameter, and the
brightness of the points was 85 cd/m2.

Adaptation stimulus The adaptation stimulus was a
forward-walking, rightward- or leftward-facing walker
in the facing-adaptation condition (Fig. 2a) or a
rightward-facing, forward- or backward-walking walker
in the walking-adaptation condition (Fig. 2b). In all the
experiments but the third, the number of points on the
body of the walker was 4 in each frame of the animation.
Their location on the limbs was randomized for each
frame. The frame duration was 8.3 ms. This combination
of parameters gives a stable impression of a walking
figure (Beintema et al., 2006), and all subjects were able
to recognize it easily. In Experiment 3, a point-light
walker with 12 points on the major joints was used.

Test stimulus The test stimuli were chimeric ambiguous
walkers (Thornton, 2003). They consisted of two super-
imposed walkers with opponent facing directions in the
facing-adaptation condition (Fig. 2c) or opponent walking
directions in the walking-adaptation condition (Fig. 2d).
The light points were distributed over the limbs of the two
superimposed walkers. In all but the third experiment, 20
light points were displayed in each animation frame.

Frame duration was 8.3 ms. The distribution of the light
points over the limbs of the two walkers was randomized
for each frame. By varying the ratio of the distribution of
the points between the two superimposed walkers, we
varied the degree of ambiguity of the chimera. For
example, when more points were located on the body of
the rightward-facing walker than on the body of the
leftward-facing walker, the rightward-facing walker was
perceived more strongly, and subjects were more likely to
report rightward facing as the facing direction of the
stimulus. The percentage of points located on the limbs of
the rightward walker thus describes the degree of
ambiguity of the stimulus and will be used to quantify
the strength of the aftereffect. Likewise, the percentage of
points located on the limbs of the forward-walking walker
will be used to assess the degree of ambiguity of the test
stimulus for the walking-adaptation condition.

In Experiment 3, a similar procedure was used with
point-light walkers with light points on the major joints of
the body. In this experiment, the location of the points did
not change from one frame to the other but was fixed for
the whole stimulus duration. A total of 12 light points were
distributed between both walkers of the test stimulus. Thus,
the whole walker, which consisted of 12 points, was not
always shown. For example, when the percentage of
rightward points was 33.3%, the rightward-facing walker
had 4 points, while the leftward-facing walker had
8 points. The 4 points of the rightward-facing walker
were located on some of the joints of the body for the
whole presentation duration.

Procedure

Subjects always started with the facing-adaptation con-
dition and then participated in the walking-adaptation
condition. On each trial, the adaptation stimulus was
shown for 20 s. Immediately thereafter, the test stimulus
appeared. Subjects had to report their first impression of
the facing or walking direction of the test stimulus. The
test stimulus was presented until the subject pressed the
response button. If the subject did not respond after 1 s,
the test stimulus disappeared. Subjects were requested to
keep fixation on a central fixation cross throughout the
stimulus presentation.

Experiments 1, 2, and 4 contained 20 repetitions for each
point ratio and adaptation direction. The total number of
440 trials was grouped in blocks of 22 trials containing
each condition once. Experiment 3 contained 32 repetitions
for each point ratio and adaptation direction. The total
number of 448 trials was grouped in blocks of 28 trials
containing each condition twice. Experiment 5 contained 10
repetitions for each point ratio and adaptation direction. The
total number of 220 trials was grouped in blocks of 44 trials

facing direction:

rightward leftward

opposite facing directions

walking direction:

forward backward

opposite walking directions

a b

c d

Fig. 2 Adaptation stimuli (a and b) and test stimuli (c and d). a In the
facing-adaptation condition, the stimulus was either a rightward-facing
or a leftward-facing walker. b In the walking-adaptation condition, the
adaptation stimulus was either a forward-walking or a backward-
walking walker. c The test stimulus in the facing-adaptation condition
consisted of two superimposed walkers with opposite facing direc-
tions, one facing to the right and the other facing to the left. d In the
walking-adaptation condition, the test stimulus consisted of two
superimposed walkers with opposite walking directions, one walking
forward and the other walking backward. Lines are for illustration
purposes only. In the experiments, only the points were shown
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containing each condition twice. In Experiment 6, each
point ratio and adaptation direction were repeated 20 times.
The total number of 440 trials was grouped in blocks of 44
trials containing each condition twice.

Facing adaptation In the facing-adaptation condition, the
adaptation stimulus was facing to the right or facing to the
left. On each trial, a rightward-facing walker or a leftward-
facing walker was presented. The facing direction was
chosen pseudorandomly. The test stimulus contained two
superimposed walkers with different facing directions. The
percentage of the rightward points was pseudorandomly
chosen out of 11 (or 7 in Experiment 3) different,
equidistant values between 0 and 100. Subjects had to
report their first impression of the facing direction of the
test stimulus by pressing the left arrow button or the right
arrow button, respectively.

Walking adaptation In the walking-adaptation condition,
the adaptation stimulus was walking forward or back-
ward. On each trial, either a forward- or a backward-
walking walker was chosen pseudorandomly. The test
stimulus contained two superimposed walkers with
different walking directions. The percentage of the
forward points was pseudorandomly chosen out of 11
(or 7 in Experiment 3) different, equidistant values
between 0 and 100. Subjects had to report their first
impression of the walking direction of the test stimulus by
pressing the up arrow button when they wanted to answer
forward walking or the down arrow button when they
wanted to answer backward walking.

Data analysis

By estimating the response percentage p against the point
percentage, we obtained the psychometric function and
determined the point of subjective equality (PSE) for each
adaptation direction. We expected that adaptation in one
direction would shift the psychometric curve for the test
stimulus in the opposite direction. To determine the strength
of the aftereffect, we therefore measured the difference
between the PSEs for the two adaptation directions
(rightward/leftward in the facing-adaptation condition and
forward/backward in the walking-adaptation condition). For
each subject and adaptation direction, the response data
were fitted with a sigmoid logistic function,

pðxÞ ¼ ð1þ eð�
x�a
b ÞÞ�1;

and the parameters a and b were estimated to compute the
PSEs for the two adaptation directions. Since we expected
that adaptation in one direction would shift the PSE in the
opposite direction, we used a one-tailed nonparametric

Wilcoxon test for paired samples for the statistical analysis.
The strength of the aftereffect was calculated as the
differences between the PSEs. In the facing-adaptation
task, we expected the difference between rightward and
leftward adaptation to be positive. In the walking-
adaptation task, we expected the difference between
forward and backward adaptation to be positive.

Baseline measurements

Since the data in the two adaptation conditions turned out to
sometimes show biases of both adaptation directions away
from a PSE of 50%, we subsequently collected baseline data
in sessions without adaptation. In these measurements,
subjects saw the chimeric test stimuli without prior adaptation
stimuli and had to decide the facing or walking direction of the
stimulus. The features of the test stimuli were the same as
those in the corresponding adaptation experiment. The test
stimulus was presented until the subject pressed the response
button. If the subject did not respond after 1 s, the test stimulus
disappeared. Immediately after the response was given, the
next stimulus appeared. Every subject participated in the
baseline measurement task immediately after he or she
completed the whole adaptation task. The baseline
measurements were recorded for every experiment.

Subjects

Six subjects, 5 of them female (mean age = 28 years, SD = 2),
participated in Experiment 1. Ten subjects, 7 of them female
(mean age = 32 years, SD = 11), participated in Experiments
2 and 4. In Experiment 3, 10 new subjects, 9 of them female
(mean age = 22 years, SD = 3), participated. In Experiment
5, 5 females and 1 male (mean age = 22 years, SD = 4)
participated in the facing-adaptation condition, and 4 females
and 2 males (mean age = 21 years, SD = 3) participated in
the walking-adaptation condition. Four females and 2 males
(mean age = 25 years, SD = 4) participated in Experiment 6.
All subjects had normal or corrected-to-normal vision and
reported recognizing a walking human when they saw the
stimuli. All subjects were naive as to the aims of the
experiments, except author S.T., who participated in
Experiments 1, 2, 3, 4, and 6.

Results

Experiment 1: Facing and walking aftereffects

Experiment 1 was intended to establish the facing-adaptation
aftereffect and the walking-adaptation aftereffect. Subjects
viewed an adaptation stimulus and were then shown a
test stimulus that was ambiguous in the facing direction
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or the walking direction. Both adaptation and test stimuli
were shown at the same central position on the screen.
Facing and walking direction conditions were run in
different blocks.

Figure 3a shows the psychometric functions for the
facing-adaptation task for the two adaptation directions.
The psychometric functions were obtained by plotting
the percentages of the answer “rightward” p(R) against
the percentage of the rightward-facing points for the
collapsed data over all subjects. There was a clear
aftereffect, since the psychometric function for rightward

adaptation was shifted to a higher percentage of the
rightward-facing points, as compared with the psycho-
metric function for leftward adaptation. The mean
difference of the PSEs for leftward- and rightward-
facing adaptors, calculated for every subject individually,
was 28. The PSE value after rightward adaptation (M = 64)
was significantly higher than the PSE value after leftward
adaptation (M = 36), Z = −2.201, p = .01.

The walking-adaptation task also showed a clear
aftereffect (Fig. 3b). The psychometric function for the
walking-adaptation task was obtained by plotting the
percentage of the answer “forward” p(F) against the
percentage of the forward-walking points for the collapsed
data over all subjects. The psychometric function for
forward adaptation was shifted to a higher percentage of
the forward-walking points, as compared with the psycho-
metric function for backward adaptation. The mean
difference of the PSEs for backward- and forward-walking
adaptors, calculated for every subject individually, was 20.
The PSE value after forward adaptation (M = 55) was
significantly higher than the PSE value after backward
adaptation (M = 35), Z = −1.992, p = .02.

Figure 3 thus shows a clear dependency of the direction
judgments of the chimeric stimuli on the previous facing and
walking directions. The psychometric functions, however, did
not appear to lie symmetrically around 50%. This could
indicate a bias for the perception of the chimeric walker or a
difference in the strength of the aftereffects of the different
facing and walking directions. To determine whether our
subjects exhibited a bias in the perception of the chimeric
walker even without adaptation, we measured the PSEs for
facing and walking discrimination of the chimeric walker in a
control experiment in which the chimeric walker was
presented without prior adaptation. The result of this control
experiment showed that the perception of the chimeric walker
was unbiased. For the facing discrimination, the average PSE
was 49. For the walking direction discrimination, the average
PSE was 51. The asymmetric shift of the psychometric
functions in the adaptation experiments therefore suggests a
difference in strength of the aftereffects between left and right
facing and between forward and backward walking.

Finally, Fig. 3 indicated a difference in strength
between the aftereffect for facing and that for walking
direction. For facing direction, the difference between the
PSEs for the two adaptation directions was 28. For
walking direction, the difference was 20. Thus, the
strength of the aftereffect was greater in the facing-
adaptation task than in the walking-adaptation task.

Experiment 2: Different retinal locations of adaptor and test

It is unlikely that the aftereffects observed in Experiment 1
resulted from adaptation of local motion detectors, because
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Fig. 3 Results for Experiment 1: Facing adaptation and walking
adaptation. a Facing-adaptation task. The psychometric function
shows the percentage of rightward-facing choices as a function of
the percentage of the points belonging to the rightward segments of
the chimeric test stimulus. b Walking-adaptation task. The psycho-
metric function shows the percentage of forward-walking choices as a
function of the percentage of the points belonging to the forward
segments of the chimeric test stimulus. Error bars represent the
standard errors
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the stimuli consisted of point-light walkers with limited
point lifetime, which limits veridical local image motion
signals (Beintema et al., 2006; Beintema & Lappe,
2002). Spurious and nonveridical local motion signals
introduced by this technique (Beintema et al., 2006; Casile
& Giese, 2005) vary randomly from frame to frame and
should not lead to any local motion adaptation. However,
a second way to avoid adaptation to local motion
influencing the results is to present the adaptation and
the test stimuli at different retinal locations, since local
motion adaptation at one position in the visual field is
known to transfer only weakly to other positions (Mather
et al., 2008; Moulden, 1980).

When adaptation and test stimuli were presented at
different locations, there was still an aftereffect for facing
adaptation (Fig. 4a). Again, the psychometric function for
rightward adaptation was shifted to a higher percentage of
the rightward-facing points, as compared with the psy-
chometric function for leftward adaptation. The mean
difference of the PSEs for leftward- and rightward-facing
adaptors, calculated for every subject individually, was 11.
The PSE value after rightward adaptation (M = 55) was
significantly higher than the PSE value after leftward
adaptation (M = 44), Z = −2.703, p = .004.

There was also an aftereffect in the walking-adaptation
task. The psychometric function for forward adaptation
was shifted, as compared with the psychometric function
for backward adaptation (Fig. 4b). The mean difference of
the PSEs for backward- and forward-walking adaptors,
calculated for every subject individually, was 6. The PSE
value after forward adaptation (M = 45) was significantly
higher than the PSE value after backward adaptation (M =
39), Z = −1.661, p = .049. As in Experiment 1, the perception
of the chimeric walker in the control condition was unbiased.
The PSE was 52 for facing discrimination and 47 for walking
direction discrimination. Also as in Experiment 1, the
strength of the aftereffect was greater in the facing-
adaptation task than in the walking-adaptation task.

We conclude that the facing-adaptation aftereffect and
the walking-adaptation aftereffect appear even when
adaptation and test stimuli are presented at different
retinal locations.

The strengths of the aftereffects—that is, the differences
between the PSEs in the two adaptation directions—were
smaller than in Experiment 1. This decrease in strength
might be related to the change in position between adaptor
and test and might thus show that the aftereffects are only
partly position invariant. Similar decreases in adaptation
strength with difference in position of adaptation and test
stimuli have also been observed in other complex pattern
aftereffects (e.g., Meng, Mazzoni, & Qian, 2006). Alterna-
tively, the strength of the aftereffects might have been
smaller than in Experiment 1 because the stimuli were

smaller. In Experiment 1, the stimuli were more than twice
as big as the stimuli used in this experiment.

Experiment 3: Classic point-light walker

In Experiment 3 we wanted to confirm the findings of a
facing-adaptation and a walking-adaptation aftereffect for
the classic point-light walker of Johansson (1973). Since
the results in the experiment above had shown that both
aftereffects can be observed when adaptor and test were
administered at different retinal positions, we used different
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Fig. 4 Results for Experiment 2: Facing adaptation and walking
adaptation for stimuli presented in different retinal locations. a Facing-
adaptation task. The psychometric function shows the percentage of
rightward-facing choices as a function of the percentage of the points
belonging to the rightward segments of the chimeric test stimulus. b
Walking-adaptation task. The psychometric function shows the
percentage of forward-walking choices as a function of the percentage
of the points belonging to the forward segments of the chimeric test
stimulus. Error bars represent the standard errors
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locations for adaptation and test stimuli to avoid adaptation
effects arising simply from local adaptation of local image
motion of the point-lights.

The adaptation stimulus was a classic point-light walker
with 12 light points on the major joints of the body. The
chimeric test stimulus consisted of two superimposed
walkers with a total number of 12 points located on the
joints. In the most extreme cases of the test stimulus point
distributions, all 12 points of the test stimulus were located
on just one of the two walkers. In the intermediate cases, a
certain number of points were located on one walker, and
the remainder on the other walker—in each case, on some
randomly selected joints.

In the results of the facing-adaptation task, the psycho-
metric function for rightward adaptation was shifted to a
higher percentage of the rightward-facing points, as compared
with the psychometric function for leftward adaptation
(Fig. 5a). The mean difference of the PSEs for leftward-
and rightward-facing adaptors, calculated for every subject
individually, was 15. The PSE value after rightward
adaptation (M = 58) was significantly higher than the PSE
value after leftward adaptation (M = 43), Z = −2.807, p =
.003. The PSE for the chimera walker without prior
adaptation was 55.

There was also a shift between the psychometric
function for the forward-adaptation task, as compared with
the psychometric function for the backward-adaptation
task (Fig. 5b). The mean difference of the PSEs for
backward- and forward-walking adaptors, calculated for
every subject individually, was 7. The PSE value after forward
adaptation (M = 44) was significantly higher than the PSE
value after backward adaptation (M = 37), Z = −2,016, p =
.02. The PSE for the chimera walker without prior adaptation
was 46.

We conclude that the facing-adaptation aftereffect and
the walking-adaptation aftereffect can also be observed
when classic point-light walkers are used. The strength of
the aftereffects was similar to those obtained with the
limited-lifetime stimuli.

Experiment 4: Facing adaptation with randomized walking
sequences

In the two-stage model shown in Fig. 1, the facing and
the walking aftereffects are derived from different neuro-
nal representations, a first one representing body form and
a second one representing body motion. This predicts that
the body form aftereffect should not rely on the presence
of body motion. Indeed, the detection of the facing
direction is possible even from static pictures of a point-
light walker (Reid, Brooks, Blair, & van der Zwan, 2009)
or when the frames of the stimulus are temporally
scrambled and, thus, the stimulus does not contain a valid

motion sequence (Lange & Lappe, 2007). We thus
reasoned that if the facing-adaptation aftereffect results
from the adaptation to the form of the stimulus, coherent
walking motion should not be necessary to show a facing-
adaptation aftereffect. We tested this by measuring the
facing-adaptation aftereffect when both adaptation and test
stimuli were temporally scrambled walker sequences—
that is, when the normal temporal order of the frames was
randomized. In these stimuli, for each frame of the
animation, a random phase of the walking cycle was
chosen. Thus, each frame displayed a single body posture,
but the sequence in which these body postures were
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Fig. 5 Results for Experiment 3: Facing adaptation and walking
adaptation for classic point-light walkers presented in different retinal
locations. a Facing-adaptation task. The psychometric function shows
the percentage of rightward-facing choices as a function of the
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shown was random and, thus, did not induce a body
motion perception.

We observed an aftereffect for facing adaptation in the
absence of natural body motion. The psychometric function
for rightward adaptation was shifted, as compared with the
psychometric function for leftward adaptation (Fig. 6). The
mean difference of the PSEs for leftward- and rightward-
facing adaptors, calculated for every subject individually,
was 8. The PSE value after rightward adaptation (M = 54)
was significantly higher than the PSE value after leftward
adaptation (M = 46), Z = −2.448, p = .007. The PSE
without prior adaptation was 51.

We conclude that facing adaptation occurred even
when the stimulus sequence contained body form
information in random order. The strength of the
aftereffect was comparable to that observed with a
normal movement sequence in Experiment 2. Thus, the
natural motion of the limbs is not necessary to show
aftereffects in biological motion adaptation. The adaptation
therefore must be due to adaptation of template cells at the
body form analysis level and is independent of the body
motion analysis level.

Experiment 5: Position scrambled adaptation stimulus

The experiment above showed that body form information
is sufficient to generate a facing direction aftereffect in
biological motion. This was shown by removing the body
motion sequence information from the adaptor while
retaining the body form information. Experiment 5 used a
similar approach to test whether local motion trajectories
are sufficient to induce biological motion aftereffects. This

was done by removing the body form information from the
adaptor while retaining the local motion trajectories. We
used an adaptation stimulus in which each dot followed the
veridical motion trajectory of a joint of the classic
Johansson walker (Johansson, 1973), but starting from a
random position within the area of the screen that was
covered by the walker adaptor stimuli in Experiments 2–4.
This stimulus contains the typical motion trajectories of a
walker but no body form. If body form analysis is
necessary for the facing direction aftereffect, we would
expect that the facing aftereffect would vanish. Moreover, if
body form analysis precedes body motion analysis and is
necessary for the global body motion analysis, we also
would expect the walking direction aftereffect to vanish.

Figure 7 shows the results of the facing and the walking
direction discrimination after the respective adaptations.
The mean difference of the PSEs for leftward- and
rightward-facing adaptors, calculated for every subject
individually, was −0.2. The PSE value after rightward
adaptation (M = 50.8) was not significantly higher than
the PSE value after leftward adaptation (M = 51), Z =
0.000, p > .9.

The mean difference of the PSEs for backward- and
forward-walking adaptors, calculated for every subject
individually, was −4. The PSE value after forward adaptation
(M = 46) was not significantly higher than the PSE value
after backward adaptation (M = 50), Z = −0.841, p = .2.

We conclude that position-scrambled point-light stimuli,
which contain veridical local motion trajectories of a human
walker but no body form, are not sufficient to induce a
facing- or a walking-adaptation aftereffect. Thus, body
form is necessary for the facing- and the walking-adaptation
aftereffects.

Experiment 6: Facing adaptation and walking direction
discrimination

In the previous experiments we observed a body form
aftereffect based on the adaptation of the body form analysis
stage and a body motion aftereffect based on the adaptation of
the body motion analysis stage. In Experiment 6, we
investigated the interaction between the two stages. We
asked whether adaptation at the body form stage can
influence decisions on the body motion stage, as hierarchical
processing would predict.

We tested the influence of body form adaptation on the
walking direction decision. The adaptation stimulus was a
time-scrambled walker facing to the right or to the left,
similar to the adaptor in Experiment 4, which did not
contain veridical body motion but only veridical body form.
The stimulus adapts templates at the body form stage, as
shown in Experiment 4, but should not lead to adaptation at
the body motion stage, because it contains no body motion.
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Fig. 6 Results for Experiment 4: Facing adaptation for stimuli with
random temporal order. The psychometric function shows the
percentage of rightward-facing choices as a function of the percentage
of the points belonging to the rightward segments of the chimeric test
stimulus. Error bars represent the standard errors
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We used the adaptation at the body form stage to test
whether the discrimination of walking direction is based on
sequence analysis of body postures, as depicted in Fig. 1. If
the walking direction computation is based on template
activities in the body form stage, adaptation of the body
form stage for a particular facing direction should affect the
perception of walking direction for that facing direction, but
not for the opposite facing direction.

To test this prediction, the test stimulus was composed of
two superimposed walkers, one facing to the left and one
facing to the right. One of these walkers was walking
forward, the other was walking backward. Subjects had to
report the walking direction of the test stimulus.

Figure 8 shows the results. Two psychometric curves
show the percentages of forward answers as a function of
the percentage of forward points in the chimeric test
stimulus. One of the curves gives the data (shown by
circles) for the conditions in which the adaptation
stimulus and the forward-walking walker of the chimeric
test stimulus faced in the same direction. The other
(squares) shows the conditions in which the adaptation
stimulus and the forward-walking walker of the chimeric
test stimulus faced in opposite directions. The difference
between the two curves shows the influence of the
facing-adaptation on the decision in the walking discrim-
ination task. When the adaptation stimulus and the
forward-walking walker of the chimeric test stimulus
faced in the same direction, the PSE for forward walking
was shifted to higher percentages of forward points than
when the adaptation stimulus and the forward-walking
walker of the test stimulus faced in the opposite
direction. The mean difference of the PSEs for same
and opposite facing directions, calculated for every subject
individually, was 4. The PSE value for same facing directions
(M = 51) was significantly higher than the PSE value for
opposite facing directions (M = 46), Z = −2.032, p = .02.
The PSE without prior adaptation was 48.

We conclude that facing adaptation at the body form
stage shifts the balance for the walking direction decision
such that same-facing walkers need more signal points to be
perceived in equal strength. Since the time-scrambled
adaptor stimulus should not lead to adaptation at the body
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Fig. 7 Results for Experiment 5: Facing adaptation and walking
adaptation for position-scrambled adaptor stimuli. a Facing-adaptation
task. The psychometric function shows the percentage of rightward-
facing choices as a function of the percentage of the points belonging
to the rightward segments of the chimeric test stimulus. b Walking-
adaptation task. The psychometric function shows the percentage of
forward-walking choices as a function of the percentage of the points
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Fig. 8 Results for Experiment 6: Effect of the facing adaptation on
the walking direction decision. The psychometric function shows the
percentage of forward-walking choices as a function of the percentage
of the points belonging to the forward segments of the chimeric test
stimulus. Subjects adapted to the facing direction. The adaptor and the
forward-walking walker of the chimeric test stimulus could face in the
same direction (circles) or in opposite directions (squares). Error bars
represent the standard errors
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motion analysis stage, we further conclude that the analysis
of walking direction is based on the template activities at
the body form stage.

Discussion

We have studied two novel aftereffects for biological
motion. The first, adaptation to the facing direction of a
stimulus, leads to a more intensive perception of the
opponent facing direction of an ambiguous test stimulus.
The second, adaptation to the walking direction of a
stimulus, leads to a more intensive perception of the
opponent walking direction of an ambiguous test stimulus.

We suggest that the facing-adaptation aftereffect and
the walking-adaptation aftereffect are two separate effects
based on two separate processing levels of biological
motion (Beintema & Lappe, 2002; Giese & Poggio, 2003;
Lange & Lappe, 2006). The facing-adaptation aftereffect
is based on the body form analysis level, a processing
level that uses only the form and not the motion of the
walker. This body form analysis might be performed by
form template cells. Such template cells can likely be
found in fusiform (Michels, Lappe, & Vaina, 2005; Peelen
& Downing, 2005b) or occipital (Grossman & Blake,
2002; Michels et al., 2005; Peelen & Downing, 2005a;
Vaina, Solomon, Chowdhury, Sinha, & Belliveau, 2001)
shape-selective areas, the extrastriate body area (Downing,
Jiang, Shuman, & Kanwisher, 2001), or parts of the
superior temporal sulcus (Vangeneugden et al., 2011;
Vangeneugden, Pollick, & Vogels, 2008). The walking-
adaptation aftereffect, in contrast, must be based on body
motion analysis, a processing level that derives information
from the body form analysis level and, thus, uses both form
and motion of the stimulus. The body motion is analyzed by
neurons that evaluate the temporal order of signals from the
body form analysis level. They are likely to be found in the
superior temporal sulcus (STS; Beauchamp, Lee, Haxby, &
Martin, 2002; Bonda, Petrides, Ostry, & Evans, 1996;
Grossman et al., 2000; Oram & Perret, 1994, 1996; Puce
& Perrett, 2003; Santi, Servos, Vatikiotis-Bateson, Kuratate,
& Munhall, 2003; Thompson, Clarke, Stewart, & Puce,
2005; Vaina et al., 2001; Vangeneugden et al., 2011;
Vangeneugden et al., 2008).

Although our experiments were guided by the body
form analysis process proposed by Beintema and Lappe
(2002) and Lange and Lappe (2006), as well as in the
body form pathway of Giese and Poggio (2003), we have
to consider any possible role for local motion analysis.
Formal models of local motion contributions to biological
motion perception were proposed early on in the form of
vector-coding models (Cutting, 1981; Johansson, 1973,
1976). These models rely on the relative motion of the

joints with respect to each other and, thus, on the presence
of point-lights on all major joints. The same is true for
models that use local constraints in the limb movement,
particularly through the restrictions of the knees and
elbows (Hoffman & Flinchbaugh, 1982; Webb & Aggarwal,
1982). Studies in which the point-lights were placed on the
limbs between the joints (Beintema & Lappe, 2002; Cutting,
1981; Dittrich, 1993) or in which some joints were omitted
(Mather, Radford, & West, 1992; Neri, Morrone, & Burr,
1998; Pinto & Shiffrar, 1999) have shown that point-lights
need not be placed on the joints for biological motion
perception.

The model of Giese and Poggio (2003) includes, in
addition to a body form pathway for full-body motion, a
motion pathway that determines the facing and the walking
direction of point-light stimuli by three consecutive motion
processes: local motion, opponent motion, and optic flow
patterns akin to motion template cells. The opponent
motion pathway of that model also works to some degree
for limited-lifetime stimuli (Casile & Giese, 2005),
although only for the facing task and without capturing
the dependence on lifetime and number of dots found in
human observers (Beintema & Lappe, 2002). If, however,
the aftereffects we observed were related to adaptation of
opponent motion mechanisms, one would expect them to
be stronger for classic point-light walkers than for limited-
lifetime walkers and of equal strength for facing and
walking adaptation, because both would be based on the
same opponent motion mechanism. In our results, the
aftereffects for classic and limited-lifetime walkers were of
the same strength, and the aftereffects for facing were
typically stronger than those for walking direction. This is
consistent with a model in which the walking direction is
derived from body form templates.

The facing-adaptation aftereffect and the walking-
adaptation aftereffect were observed when adaptor and test
were in different retinal locations. This is similar to the
position invariance found in the face aftereffect (Leopold et
al., 2001; Watson & Clifford, 2003) or in adaptation effects
to other biological motion stimuli (Jackson & Blake, 2010).
The position-invariant face aftereffect primarily involves
the fusiform face area (Kovacs et al., 2008), a cortical area
that is also active in the perception of biological motion
(Michels et al., 2005; Peelen & Downing, 2005b) and that
may be responsible for the body form matching stage
(Giese & Poggio, 2003; Lange & Lappe, 2006).

Position-invariant motion aftereffects have been observed
in complex motion stimuli (Hershenson, 1984; Meng et al.,
2006; Price, Greenwood, & Ibbotson, 2004; Snowden &
Milne, 1997) that activate body motion processing areas
such as the middle temporal area and the medial superior
temporal area. In contrast, local motion aftereffects, such as
the adaptation to first-order motion, are not position invariant
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(Mather et al., 2008; Moulden, 1980). To avoid adaptation to
the local motion of the stimulus, we used walkers in which
the positions of the points were distributed over the whole
body and changed from one frame to the next. When
presenting the adaptation and the test stimuli at different
locations, we also used the classic point-light walker with
points positioned on the joints of the body.

If local motion adaptation enhances facing and walking
adaptation, one would expect a greater effect for the classic
point-light walker (Experiment 3), in comparison with a
walker in which the position of the points on the body
change from one frame to the next (Experiment 2). The
strengths of the facing-adaptation effect and the walking-
adaptation effect did not differ between these experiments.
Thus, local image motion signals did not enhance the
aftereffects. Furthermore a position-scrambled adaptor that
contained the same point-light motions as a walker, but not
a human form, evoked neither a facing nor a walking
aftereffect, even though it is known that humans are
capable of discriminating the walking direction of a spatial
scrambled stimulus in a two-alternative forced choice task
by focusing on the trajectories of the feet (Troje &
Westhoff, 2006).

Instead, our experiments provide further information
about the ways in which body form information is used in
biological motion perception. Randomizing the temporal
order of the frames of the stimulus removes body motion
information. This temporally scrambled stimulus contains
only form information about body postures, and only the
facing direction, but not the walking direction, can be
determined (Hirai & Hiraki, 2006; Lange & Lappe, 2007).
Experiment 4 showed that the facing-adaptation aftereffect
also exists when a temporally scrambled adaptation
stimulus is used. Thus, adaptation to the facing direction
is not dependent on body motion. Adaptation to body form
is sufficient to evoke the facing-adaptation aftereffect.

Experiment 6 showed that adaptation to body form also
influences body motion analysis. This is an important point
since it relates to the hierarchical analysis of form and
motion of the human body. Adaptation to the facing
direction of a temporally scrambled walker—that is, a
stimulus that did not convey body motion—affected the
decision in a walking direction discrimination between
stimuli facing in the same and stimuli facing in the opposite
direction as the adaptor. This shows that the analysis of the
body form is subsequently used for the analysis of the body
motion—that is, that body form analysis precedes body
motion analysis.

In Experiments 1–3, the facing-adaptation aftereffect
was always greater than the walking-adaptation aftereffect.
The hierarchical relation between body form and body
motion demonstrated in Experiment 6 may offer an
explanation for this difference in strength of the aftereffects.

Exposure to a regular walker, as in Experiments 1–3,
induces adaptation both at the body form and at the body
motion stages. Because of the adaptation at the body form
stage, the input that the body form stage provides to the
body motion stage will be weakened, resulting in a weaker
overall adaptation at the body motion stage. However, this
alone cannot explain the different strengths of the facing
and the walking aftereffects, since the aftereffect in
Experiment 6, which tested the pure influence of adaptation
at the body form stage on the walking discrimination, was
smaller than the difference between facing and walking
adaptation in Experiment 1. A different explanation for the
difference in strengths between the facing and the walking
aftereffects might lie in a quantitative difference in their
representations. Recently, Vangeneugden et al. (2011)
showed that many more neurons in the monkey STS and
IT are selective for facing direction than for walking
direction. This difference in population size could also lead
to different strengths in aftereffects. Another possibility is a
difference in the representation between forward and
backward walking. If there were less neurons representing
backward walking than representing forward walking in the
visual system, the walking aftereffect should be smaller
than the facing aftereffect.

Such a possible asymmetry in the representation of
forward and backward walking may also explain the biases
for forward, as compared with backward, walking in
Experiments 1–4. The shift between the psychometric
curves was not symmetric with respect to the balanced
number of points in the chimeric test stimulus. On the other
hand, a response bias was also found for the report of
rightward facing in Experiments 2–4. While it may seem
plausible that forward walking may be better represented in
the visual system than backward walking, because it is
more commonly observed in everyday life, such an
argument is less plausible for rightward than for leftward
facing. To search for a possible explanation for the facing
direction asymmetry, we additionally tested 1 subject who
had shown clear asymmetries in the first experiment with a
repetition of the facing adaptation task with a backward-
walking adaptor. This gave no change in the size or in the
asymmetry of the effect. Likewise, a repetition of the
walking adaptation effect with a leftward-walking adaptor
also gave no change in either size or asymmetry. Moreover,
separate testing of the perception of the chimeric walker
without prior adaptation did not reveal strong biases. The
PSEs in the unadapted control experiments were all close to
the unbiased value of 50%. Response biases have been
observed also in other studies of biological motion after-
effects (Jackson & Blake, 2010; Troje, Sadr, Geyer, &
Nakayama, 2006) but remain difficult to explain. We
therefore think that our comparison of the PSE for
rightward versus leftward adaptation or for forward versus
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backward adaptation is the most reliable measure of the
adaptation effect.

Previous studies have shown aftereffects for even more
complex properties of biological motion stimuli. Troje et al.
(2006) investigated adaptation to the gender of a walking
figure. Subjects adapted to the gender of a person by
watching a male or a female point-light walker. Thereafter,
a morphed point-light walker ambiguous in gender was
shown. After adaptation to the gender, subjects perceived
the opposite gender. A recent study tested the adaptation to
the orientation of static pictures of human bodies (Lawson,
Clifford, & Calder, 2009). That study concluded that the
orientation of the body is represented in a multichannel
coding—that is, that there are neurons for different body
postures. This is consistent with the idea of template
neurons for different actions and different views of an
action. Jackson and Blake (2010) found an adaptation
aftereffect also to the facing direction (frontward facing and
backward facing).

In summary, our observation of separate aftereffects for
facing and walking adaptation provides further evidence
that perception of biological motion contains two levels of
analysis: body form analysis at a first level and body
motion analysis at a second, consecutive level. Since the
adaptation aftereffects for the facing-adaptation task were
always greater than the adaptation aftereffects for the
walking-adaptation task, and since body form analysis
contributes to body motion analysis (Experiment 6), the
two effects are likely based on hierarchically different
cortical levels, supporting the notion that analysis of body
form happens before analysis of body motion.
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