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Introduction

In the second half of the 19th century,
soon after the invention of photography,
photographers and scientists realized that
it is possible to capture the movements of
humans or animals in a sequence of still-
frame pictures. The American photog-
rapher Eadweard Muybridge pioneered
this approach. In 1878 he became world-
famous for his series of photographs of
a galloping horse. These images showed
for the first time that there is a moment
in the horse’s gait in which all four hoofs
are in the air at once (B Fig.1). In the
following years, the French physiologist
Etienne-Jules Marey adapted this tech-
nique to study human movement. In or-
der to capture purely the motions of the
limbs, he clothed actors in black suites
with white bands attached to the arms
and legs and photographed them against
a black background (B Fig. 1, lower left
panel). The sequence of still frames then
gave him enough information to trace and
analyze the movements of the body. About
100 years later, Gunnar Johansson [13] in
Sweden discovered that such abstracted
information is actually sufficient as a vi-
sual stimulus for perception of the move-
ment of the actor when it is synthesized
into a movie.

The stimulus that Johansson used sub-
sequently came to be called the point-
light display. It consisted of the motion of
a small number of light points attached to
the major joints of the body of an actor
(8 Fig. 1, lower right panel). Johansson
demonstrated that human observers can
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perceive highly complex features of hu-
man movement and action from this very
impoverished visual stimulus. He called
the ability to perceive the actor and its ac-
tions the perception of biological motion.
Later studies showed that the movement
of animals can also be perceived from
point-light displays [19] and that observ-
ers are even able to recognize individuals
or the gender of a person [7, 14].

This ability appeared astounding to
many since the stimulus seemed so im-
poverished and devoid of almost all visu-
al information about the actor. In Johans-
son’s studies, immediate perception of bi-
ological motion occurred only when the
point-light stimulus was set in motion. A
single image of a point-light figure was in-
sufficient to elicit the perception of a hu-
man figure. Thus Johansson concluded
that the information in a point-light dis-
play is carried mainly by the motion of the
points over time. Since then, biological
motion perception has often been regard-
ed as a highly specialized form of motion
analysis, i.e. a perception of form-from-
motion. However, research on biological
motion perception over the last 10 years or
so has provided evidence for a rather dif-
ferent view, namely that biological motion
is derived from the analysis of sequences
of body postures. In this view, biological
motion is motion-from-form processing.
Psychophysical, physiological and compu-
tational studies support this view.

Form and motion in
point-light displays

In point-light displays, a small number of
light points are shown in a movie or com-
puter animation (B Fig. 2a). These light
points represent the position and move-
ment of the major joints of the human
body. Johansson’s original displays were
constructed by filming actors who had
small light bulbs attached to their bod-
ies. Later studies have sometimes used a
computer program that simulates the joint
movements of a walking human figure in-
stead [6].

Point-light displays contain informa-
tion about the position and the motion
vectors of the joints (B Fig. 2b). The mo-
tion information is directly specified by
the change of position (apparent motion)
of the light points over frames. Informa-
tion about the form of the body, on the
other hand, is largely removed because
the outline of the body is not visible. Some
limited form information is retained,
however, in the positioning of the light
points on the joints. In principle, a stat-
ic image of a single frame from a point-
light animation could provide enough in-
formation to estimate the body posture,
if one knows how to connect the correct
points with lines.

The percept generated by point-light
biological motion encompasses both the
form of a human figure and the motion of
its limbs. It therefore involves both form
and motion recognition. However, there
are two routes by which the visual sys-
tem might arrive at this percept. The first
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starts by computing motion vectors from
the light points (right panel of @ Fig. 2b).
The pattern of motion vectors is then an-
alyzed and interpreted, perhaps in con-
junction with knowledge or expectations
about the form and movement of a human
body. This motion-based approach con-
siders biological motion perception a vari-
ant of form-from-motion perception.
The alternative route to biological mo-
tion perception assumes that the temporal
evolution of the static form information
provided by each single frame image may
be used over time to integrate form cues
across views. This approach starts by com-
puting human form information from the
positions of the light points in a static im-
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age (left panel of @ Fig. 2b). It then cal-
culates the motion of body parts from
changes in the form. In this form-based
approach, biological motion perception
is the recognition of dynamic form. I will
call this motion-from-form perception.
In the motion-from-form approach,
the visual input is first used to estimate
the form and posture of the body. Mo-
tion is then derived from the changing
body form. The motion-from-form ap-
proach does not require local motion vec-
tors. Instead, it attempts to find positions
of points on the body rather than the mo-
tion vectors of these points. This raises
the question of whether point light dis-
plays contain enough information to sup-

Fig. 1 € Top A sequence of
static images of a gallop-
ing horse shot by Eadweard
Muybridge in the late 19th
century on a racetrack with
a series of cameras taking
pictures one after another.
The images show in detail
the stages of movement.
Bottom left Image taken by
the French physiologist Eti-
enne-Jules Marey of an ac-
tor wearing a dark suit with
reflecting stripes and dots.
In this superimposed se-
quential exposure on a sin-
gle image plate the flow

of movements of the body
can be visualized and an-
alyzed. Bottom right A sin-
gle frame from a typical
point light biological mo-
tion stimulus. An actress
walks towards the camera.
Only the point lights at the
head, shoulders, elbows,
hands, hips, knees and an-
kles are visible

port human form recognition without us-
ing motion vectors, and how this process
might be implemented in the brain.

Point-light displays
without motion

Is there enough information in the posi-
tion of the points of point-light displays
to support form analysis? If so, why did
observers not recognize a moving figure
from a static Johansson display? The first
answer to these questions is that later re-
search has shown that whether or not a
static point light display is recognized as
a human figure depends on the posture
that is displayed [8, 26]. Postures in which
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the extremities are extended are more eas-
ily recognized than those in which the ex-
tremities are close to the body. Secondly,
there are at least two possibilities as to why
setting the display in motion gives more
information than a single image. First, in
a sequence of images form information
provided by each single image can be ac-
cumulated over time. This means that a
number of body postures are displayed
over time and each provides the system
with more constraints on the interpreta-
tion of the image series. Because each sin-
gle image carries very little form infor-
mation, such a temporal accumulation
might be an essential requirement to see
the walking figure. Secondly, even when
position information is the primary cue
that is used to recognize the figure, a se-
quence of images allows the observer to
also estimate the action of the figure. Rec-
ognizing the action may be a fundamen-
tal part of the spontaneous recognition of
biological motion in point-light displays.
The above argument illustrates a prob-
lem in investigating the contributions of
motion and form to biological motion
recognition. Because the point-light dis-
play contains both form and motion it is
difficult to estimate the respective role of
each. Beintema and Lappe [2] used a limit-
ed lifetime technique to create point-light
stimuli in which the use of image motion
information is reduced (B Fig. 2c). These
stimuli directly pitted motion and form
information against each other. A small
number of light points were placed on
the outline of the body rather than on the
joints. Each light point remained at its po-
sition on the body for only a limited time.
Thereafter, the point was extinguished
and a new one was created at a different
position. In these stimuli, the form of the
body is sampled over time more com-
pletely than in classic point-light stimu-
li. Each individual image, however, gives
only very limited form information. The
amount of form information can be ad-
justed by varying the number of dots dis-
played simultaneously. The amount of
image motion information, on the oth-
er hand, can be adjusted by varying the
lifetime of each dot. If a dot stays on the
same position on the limb for two or more
frames this dot generates an apparent mo-
tion signal. If the lifetime is restricted to

only a single frame, no individual point
creates apparent motion in the direction
of the limb movement.

With these stimuli, biological motion
recognition was possible even with a life-
time of one frame, i.e. in the absence of ap-
parent motion signals of the limb move-
ment [2]. This suggests that form informa-
tion, although limited in any single image,
can be exploited in a sequence of images.
When point lifetime was increased, image
motion signals were added at the cost of a
slower sampling of body positions. In this
case, performance in direction or coher-
ence discrimination dropped. This sug-
gests that position and form cues are more
important in these tasks than image mo-
tion cues. Finally, these stimuli allow us to
look at the role of the temporal integration
of position information. We have argued
above that a richer sample of position sig-
nals can be obtained from a sequence of
images than from any single image alone.
This temporal integration might be asso-
ciated with the greater ability to sponta-
neously recognize a point-light display in
motion than a still frame. However, in that
case there are also motion signals that may
contribute to the percept. In the stimuli of
Beintema and Lappe [2], a richer sample
of position signals may be generated in an
image sequence without setting the figure
in motion. This occurs when a single stat-
ic posture of a human body is displayed
with limited lifetime temporal sampling.
In this condition, naive subjects were able
to recognize the figure purely from po-
sition signals presented over time. This
suggests that the temporal integration of
position signals may be a viable mecha-
nism for figure recognition and for a sub-
sequent recognition of biological motion.

The observation that the human form
can be recognized from point-light dis-
plays even when the figure remains stat-
ic underlines the importance of the form
information. However, this finding rais-
es the question of how the motion of the
body is recognized, and how the recogni-
tion of body motion can be investigated.
Many psychophysical studies on biolog-
ical motion perception have used direc-
tion discrimination to investigate percep-
tion. Subjects had to discriminate wheth-
er a walker was facing to the left or to the
right. However, since this discrimination
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Abstract

The recognition of the movements and ac-
tions of others is of great importance for
social interaction. The visual motion pat-
tern projected on the retina when watching
somebody else act is called biological mo-
tion. Because of the many degrees of free-
dom of the body, biological motion is a rel-
atively complicated motion pattern, much
more variable, for example, than optic flow
or object motion. The regularities of biolog-
ical motion are contained in its relationship
to the body, i.e. in the constraints imposed
by the articulation of the limbs on the move-
ment of the body parts. The neural mecha-
nisms of biological motion perception, there-
fore, take body form information into ac-
count. | describe a model of biological mo-
tion perception that starts from a representa-
tion of body form and posture and retrieves
biological motion as the transformation of
the body posture over time. Essentially, this
proposes a ventral pathway to motion per-
ception that is distinct from the other motion
pathways in the dorsal stream, and special-
ized for body motion.
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can be performed on a single static pos-
ture it does not truly test motion pro-
cessing. Beintema and Lappe [3] suggest-
ed a discrimination between forward and
backward walking instead, and compared
performance in both discrimination tasks
(and a third based on the structural co-
herence of the body) for a variety of pre-
sentation durations, point numbers and
point lifetimes. They found that discrim-
ination performance was mainly deter-
mined by the total number of points seen
during stimulus presentation, and less by
how many points were in any given frame,
or how long each frame lasted, or whether
the points moved consistently from frame
to frame with lifetimes greater than one
(8 Fig. 3). Moreover, the discrimination
between forward and backward walking
(body motion discrimination) required
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Fig. 2 A aTwo frames of a point-light walker stimulus. The stimulus consists of 12 points attached to the major joints of the
body. The grey lines are not part of the stimulus but serve here to illustrate the body structure. From one frame to the next the
body posture changes in accordance with a forward step. b Two types of information in this stimulus: position (left) and mo-
tion (right) of the points. The position information is available in each single frame. The motion vectors result from the appar-
ent motion of a point between subsequent frames. ¢ Two frames of a point-light walker devoid of the motion signals depict-
ed in b [2]. The points are distributed over the limbs in each frame but the distribution is randomized from one frame to the

next. Thus, there is no basis for apparent motion signals in the direction of the limb movement
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Fig. 3 A The figure combines data from several experiments with the limited lifetime stimulus (Fig.
2¢) of Beintema et al. [2, 3]. In these experiments observers had to recognize either the structural co-
herence of the body, the facing direction (left or right), or the motion direction (forward or backward
walking) for various combinations of the stimulus parameters (number of points per frame, lifetime

of each point and presentation duration of each frame). Each of the four panels shows the same data,
but split into different curves depending on number of points, frame duration, lifetime and task. The
x-axis in each panel gives the total number of points in each trial, i.e. the number of points per frame
times the number of frames in the trial. The figure shows that performance is mostly determined by
the total number of points per trial. For example, performance saturates at around 256 points per trial,
irrespective of whether this number is reached by one point per frame and 256 frames at 10-ms frame
duration, or by eight points per frame for 32 frames at 50-ms frame duration. This is consistent with
the idea that facing direction and coherence rely on body posture, to which each point contributes
the same amount of information. Only the split by task (lower right panel) shows a clear difference. The
discrimination between forward and backward walking (motion) needs about twice as many points as
the discrimination of facing and coherence. This is consistent with the idea that motion is determined
from the analysis of body posture in (at least two) successive frames
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about twice the number of points than
discrimination based on body form (fac-
ing and coherence discrimination). These
findings are consistent with the idea that
body motion is derived from body form
processing and needs at least two sequen-
tial postures.

Biological motion from
sequential posture analysis

Beintema and Lappe [2] proposed that
biological motion perception may be per-
formed by an analysis of sequential pos-
ture information, obtained from position
signals of points on the body. This could
be done via dynamic form templates that
accumulate the evidence for human form
over time, while allowing for a dynamic
change in the form of the body. Lange and
Lappe [16] transformed this idea into a bi-
ologically plausible neurocomputation-
al model (B Fig.4) that captures many
of the psychophysical and physiological
properties of biological motion percep-
tion [15, 16, 17, 18]. This model starts with
a set of template cells that each represent
a particular posture of the human body.
Their activities are determined from the
match of each single frame of the stimu-
lus to the preferred posture of each neu-
ron. As the stimulus moves and the body
posture changes, a sequence of body pos-
ture cells is activated one after anoth-
er. The estimation of the walking move-
ment is then performed by neurons that
respond specifically to one (forward) or
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Fig. 4 A The model of biological motion percep-
tion from sequential posture analysis [16] con-
sists of two processing stages. The first stage
contains neurons selective for the posture of the
body seen from a particular view point. Each cell
can be considered as a template for the body
view in this posture. The cell responds according
to the match of the stimulus dots with its tem-
plate on a frame-by-frame basis. The discrimina-
tion of the facing direction (left or right) of the
stimulus is computed by comparing the maxi-
mum template responses for each direction. The
second stage computes the temporal sequence
of activation of the template cells to gener-

ate selectivity for body motion. The discrimina-
tion between forward and backward walking is
computed by comparing the activations for the
two possible motion sequences. The selectivity
to posture in the template cells relates to body
form processing areas of the brain (extrastriate
and fusiform body areas), and the selectivity to
body motion relates to biological motion selec-
tivity in the superior temporal sulcus

the other (backward) sequence of activi-
ties. The discrimination of the facing di-
rection of the stimulus (walking leftward
or rightward), on the other hand, is per-
formed directly on the body posture tem-
plates, by finding those templates that are
most active for a given stimulus. Hence,
the model proposes a two-stage recogni-
tion scheme, in which first the posture of
the body and then the motion of the body
are analyzed. This scheme predicts a neu-
ral representation of body posture in the
brain and a neural representation of body
motion.

Body posture representations
in the brain

In the human brain, two areas have been
identified that respond selectively to vi-
sual images of the human body: the ex-
trastriate body area (EBA) [9] and the fu-
siform body area (FBA) [24]. Selectivity
for body form and posture has also recent-
ly been found in monkey temporal cortex
[34]. These posture representations may
form the basis for the recognition of bi-
ological motion. Indeed, in human fMRI
studies with point-light walkers, the body-
selective areas are activated also by point-
light stimuli that convey only very limited
information about body structure [4, 11,
33]. Moreover, using the limited lifetime
technique described above, Michels et al.
[21] found activations in body form-selec-
tive areas also for static postures of point-
light stimuli. In the monkey, Vangeneug-
den et al. [34] showed that most tempo-
ral cortex neurons that responded to se-
quences of stick figures of a human body
in walking motion actually responded to
particular static postures within this se-
quence.

If biological motion perception is
based on such posture-selective neu-
rons in a two-stage process, then the pos-
ture representation should contain infor-
mation about the facing direction of the
body. Indeed, Vangeneugden et al. [34]
found cells specific for particular facing
directions and showed that a support vec-
tor machine classification analysis based
on the temporal cortical population re-
sponses was very effective in discriminat-
ing facing direction. In humans, Michels
et al. [22] provided evidence that different
facing directions of point-light stimuli are
represented in distinct patches in the fu-
siform gyrus.

Another way to show neural specific-
ity to particular stimuli is via the afteref-
fect method. In an aftereffect experiment,
a stimulus is shown for a long duration
during which cells selective for the prop-
erties of this stimulus are fatigued. When
a neutral stimulus is shown immediate-
ly afterwards the percept is often one of
the opposite of the previously presented
stimulus. This is taken as evidence that
the original stimulus is encoded in a ded-
icated population of neurons. Theusner et

al. [29] performed such an aftereffect ex-
periment using a walker facing in one di-
rection as adaptor and a superposition of
two walkers facing in two directions as a
neutral stimulus. The results showed that
facing direction can be selectively adapt-
ed, confirming that the neural represen-
tation of walking contains facing-specif-
ic populations. Other aftereffect studies
have shown further properties of point-
light walkers that are coded in specific
representations including gender [31] and
heading direction [12] of the walker. Al-
so walking direction (forward vs. back-
ward walking) shows aftereffects such
that, for example, prolonged viewing of a
forward walking walker induces the per-
cept of backward walking in subsequently
shown ambiguous [29] or static [1] stim-
uli. This is particularly important for the
mechanisms of biological motion percep-
tion from posture sequence analysis be-
cause the difference between forward and
backward walking lies in the temporal or-
der of the posture sequence, and thus al-
lows us to investigate the second stage of
the above model, the body motion level.

Body motion representations
in the brain

Neuroimaging studies in humans have
shown selectivity to biological motion
in the superior temporal sulcus (STS) [4,
11, 33]. This is consistent with early stud-
ies in monkeys that showed selectivity to
body motion and point-light walkers in
the superior temporal polysensory area
[23]. Besides STS, activation by biologi-
cal motion stimuli has also been report-
ed in the above-mentioned body areas,
in premotor cortex, motion areas hMT+
and KO and in the cerebellum [25, 28, 33].
The ST has reciprocal connections to ar-
eas of the form pathway in ventral cortex
and of the motion pathway in dorsal cor-
tex. Input from the ventral body posture
representations could, therefore, be used
in the STS to analyze the temporal order
of the posture sequence and determine
body motion. Indeed, activation of hu-
man STS was found not only for classical
point-light stimuli but also for point-light
walkers devoid of local motion signals, for
which body motion is available only from
posture sequence analysis [21, 22]. Con-
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versely, in a study that manipulated body
form information by separating the limbs
from one another while keeping their mo-
tion intact, activation in the STS was re-
duced, confirming that body form infor-
mation was important for driving STS ac-
tivation [30].

Different representations for body
form and body motion were also identi-
fied in the monkey [34]. A subset of tem-
poral cortex neurons responded to the se-
quence of body motion postures (i.e. body
motion) stronger than to individual pos-
tures. These neurons were found pre-
dominantly in the upper bank of the STS,
whereas the posture-selective neurons
were more frequent in the lower bank.

Motion-from-form

The model presented here assumes a rep-
resentation of body posture from neurons
selective for body forms. Body motion
then induces a temporal variation of activ-
ity in this “posture space”. Biological mo-
tion perception can then be performed by
applying motion detection mechanisms
to this “posturo-temporal” signal. The re-
sult is a biological motion detector that is
based upon body form transformation, i.e.
a motion-from-form pathway. This model
is supported by many experimental find-
ings from psychophysical studies, obser-
vations of aftereffects, neuroimaging stud-
ies and electrophysiological experiments
in monkeys. In addition, there are reports
of patients with deficits in general motion
perception that can nonetheless recognize
biological motion [20, 32]. All of this sug-
gests that biological motion perception
can progress via a first analysis of the form
of the body and a subsequent analysis of
the motion of the body from the change of
the body form or posture over time. This
constitutes a route to body motion per-
ception that does not involve the regular
motion pathway of the brain but rather a
motion mechanism acting on top of form
analysis. Whereas regular motion percep-
tion is based on the variation of the spatial
distribution of luminance over time, the
motion-from-form pathway to biological
motion is based on the variation of pos-
ture over time.

This does not preclude, however, that
the regular motion pathway also contrib-
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utes to biological motion perception. For
example, it may be that motion signals
from the individual points of a point-light
walker are combined into a complex mo-
tion pattern that signals biological motion
(e.g. [10,13]). Also, the motion trajectories
of individual point lights, such as the feet,
can convey particular aspects of biological
motion perception, for example the fac-
ing direction [27], and support a general
percept of animacy [5]. Biological motion
may be too complex and multi-facetted a
percept to be explained by any simple sin-
gle mechanism. However, for the current
understanding of the motion processing
pathways in the brain it demonstrates a
route to motion that bypasses regular lu-
minance-based motion detection and in-
stead works through the analysis of form
changes signaled via body posture repre-
sentations in the brain’s form pathway.
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