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Neural Integration of Information Specifying Human
Structure from Form, Motion, and Depth
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Recent computational models of biological motion perception operate on ambiguous two-dimensional representations of the body (e.g.,
snapshots, posture templates) and contain no explicit means for disambiguating the three-dimensional orientation of a perceived human
figure. Are there neural mechanisms in the visual system that represent a moving human figure’s orientation in three dimensions? To
isolate and characterize the neural mechanisms mediating perception of biological motion, we used an adaptation paradigm together
with bistable point-light (PL) animations whose perceived direction of heading fluctuates over time. After exposure to a PL walker with
a particular stereoscopically defined heading direction, observers experienced a consistent aftereffect: a bistable PL walker, which could
be perceived in the adapted orientation or reversed in depth, was perceived predominantly reversed in depth. A phase-scrambled adaptor
produced no aftereffect, yet when adapting and test walkers differed in size or appeared on opposite sides of fixation aftereffects did
occur. Thus, this heading direction aftereffect cannot be explained by local, disparity-specific motion adaptation, and the properties of
scale and position invariance imply higher-level origins of neural adaptation. Nor is disparity essential for producing adaptation: when
suspended on top of a stereoscopically defined, rotating globe, a context-disambiguated “globetrotter” was sufficient to bias the bistable
walker’s direction, as were full-body adaptors. In sum, these results imply that the neural signals supporting biomotion perception
integrate information on the form, motion, and three-dimensional depth orientation of the moving human figure. Models of biomotion

perception should incorporate mechanisms to disambiguate depth ambiguities in two-dimensional body representations.

Introduction
Humans engage in myriad activities, each comprising complex,
hierarchical, pendular motions of the limbs of the body. These
diverse and highly complex motions would seem to pose a serious
computational challenge for the visual system to register and
identify. Yet this complexity is belied by the apparent ease with
which we actually perceive human actions, even when the hier-
archical, pendular motions characterizing these actions are con-
veyed by disembodied human representations portrayed only by
dots attached to a dozen or so positions on the body. Termed
biological motion perception (Johansson, 1973), this capacity is
present in young infants (Fox and McDaniel, 1982) and develops
during life to the extent that features such as an individual’s gen-
der (Mather and Murdoch, 1994) and identity (Troje et al., 2005)
can be easily distinguished on the basis of motion cues alone.
Despite the recent surge of interest in this topic (Blake and
Shiffrar, 2007), the fundamental neural mechanisms underlying
perception of biological motion remain a matter of debate. Func-
tional neuroimaging studies have found regions in both dorsal
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and ventral visual streams in the human brain responsive to bio-
logical motion. These areas include occipito-temporal and fusi-
form areas, motion-sensitive hMT/V5, and the posterior superior
temporal sulcus (pSTS) (Vaina et al., 2001; Grossman and Blake,
2002; Michels et al., 2005; Peuskens et al., 2005; Peelen et al.,
2006; Jastorff and Orban, 2009). Although researchers disagree
about the exact roles played by these brain regions in biomotion
recognition, a common view is that, at some stage of processing,
activity in cells responsive to static two-dimensional representa-
tions of the body (e.g., snapshots, posture templates) must be
integrated over time to form the neural representation of a mov-
ing human figure (Giese and Poggio, 2003; Lange and Lappe,
2006).

In this paper, we investigate whether biological motion stim-
uli engage neural mechanisms that unambiguously represent the
three-dimensional orientation of the perceived human figure.
This question has received little attention in the literature on
biological motion perception [for exceptions, see Proffitt et al.
(1984) or Vanrie and Verfaillie (2006)], and extant models con-
tain no explicit means for disambiguating three-dimensional ori-
entation from two-dimensional postural representations. To
pursue this question, we exploited an important, heretofore un-
recognized aspect of point-light (PL) biomotion stimuli. Specif-
ically, when devoid of all depth cues, conventional PL sequences
are ambiguous with respect to depth ordering of the limbs (Vanrie et
al., 2004; Jackson et al., 2008). For some animations, this ambi-
guity is perceptually evident: observers experience alternations
over time between two conspicuously different directions of
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Figure1.  Bistable biological motion. The schematicillustrates how a standard PL walker can
be perceived with either of two heading directions; in the experiments reported in this paper,
observers viewed a bistable PL walker that could be perceived as facing 30° left (frontward-
facing) or 150° left (backward-facing) of the observer's line of sight.

heading of a PL walker (Fig. 1; supplemental Movie 1, available at
www.jneurosci.org as supplemental material), with reversal dy-
namics similar to those produced by other ambiguous structure
from motion (SFM) stimuli (Jackson et al., 2008). In experiment
1, we show that, after adaptation to a PL figure with an unambig-
uous three-dimensional orientation, perception of bistable ver-
sions of the same PL figure is biased away from the adapted
heading direction. Experiments 2—6 investigate the adaptation
conditions necessary to produce this heading direction afteref-
fect, thereby revealing key properties of the neural mechanisms
supporting three-dimensional biomotion perception.

Materials and Methods

Participants

Eighteen observers, including both authors, took part in one or more of
the experiments (experiments la and 1b, n = 5; experiment 2, n = 4;
experiment 3, n = 7; experiment 4, n = 9; experiment 5, n = 5; experi-
ment 6, n = 5). All observers had normal or corrected-to-normal vision,
and all observers in the stereo experiments had excellent stereoacuity.
Observers completed one or two practice sessions monitoring reversals
with the ambiguous walker before completing any of the adaptation
experiments. Experiments were approved by the Institutional Review
Board of Vanderbilt University and all observers gave written, informed
consent before participating. A small number of test sessions was com-
pleted while the first and second authors were located at University Col-
lege Dublin and University of Sydney, respectively. Test setup for all
sessions was kept as similar as possible.

Stimuli
Ambiguous and unambiguous PL walkers were created using a modified
version of a publicly available motion capture recording of treadmill
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walking (Vanrie and Verfaillie, 2004), resampled at 120 Hz and
smoothed using a second-order Butterworth filter. The basic stimulus
[3.5 degrees of visual angle (dva) tall] consisted of 13 black dots placed on
the various joints of the walker. When the walker’s 1 s step cycle is played
on loop, smooth continuous walking motion is apparent. The ambigu-
ous walker was plotted at an angle facing 30° to the observer’s left (as
though facing over the observer’s left shoulder, orthographic projection),
such that the two alternative percepts were (1) 30° left (frontward-facing)
and (2) 150° left (backward-facing).

To disambiguate the PL adaptor for experiments 1—4, the walker was
presented separately to each eye with a slight “orientation” disparity, so
as to mimic the effects of varying viewpoint onto the walker from each
eye (Fig. 2; supplemental Movie 2, available at www.jneurosci.org as
supplemental material). One image sequence displayed the walker orien-
tated at 28°% in the other, the walker was orientated at 32°. By varying
which eye received which image sequence, an unambiguous frontward-
facing (30° left) or backward-facing (150° left) walker could be created.
During the test period, the same ambiguous walker sequence was pre-
sented to both eyes. For the phase-scrambling experiment (experiment
1b), the adaptor walker was scrambled by offsetting the phase of individ-
ual dots. Within each limb (3 dots), one dot was offset to start at a
random point within each third of the frame sequence (frames 0—40,
41-80, 81-120). The offsets were chosen separately for each limb, and
which dot was assigned which level of offset was randomly chosen. Phase-
scrambling the walker in this deterministic manner limited the possibil-
ity that, by chance, any one limb would remain mostly intact. To test
the effects of adaptation at different implied distances (experiment 2),
two versions of the walker were used; the “near” walker (3.5 dva tall
approximately; same as in experiment 1) and the “far” walker (1.75 dva
approximately). To test the retinal specificity of the adaptation effect
(experiment 3), adapt/test walkers, who subtended 1.75 or 3° in the re-
spective eccentricity conditions (1/2.5° eccentricity), were presented on
the same or opposite sides of fixation in different trials. The fusion frame
was widened for 2.5° eccentricity testing. To test the orientation tuning of
the aftereffect (experiment 4), the stereo adaptor was presented in one of
three directions in separate blocks: facing 30° left of frontward (30°L),
facing directly frontward (0°), or facing 30° right of frontward (30°R).
The test walker was always the same bistable PL walker (perceived as
facing 30° left/150° left). Experiment 5 tested the effects of a context-
disambiguated adaptor on perception of the bistable walker. The PL
adaptor was disambiguated by presenting it as though walking on top
of a rotating, stereo-defined SFM globe (“globetrotter” configuration)
(supplemental Movie 3, available at www.jneurosci.org as supplemental
material). Both the walker and globe subtended 1.33 dva in height and
were presented as white dots on a gray background. The walker’s gait and
the rotation of the globe were matched for speed. The walker was pre-
sented without disparity throughout. To disambiguate the rotation of the
globe, separate image sequences were presented to the left and right eyes
as appropriate. To test the transfer of the aftereffect across form (exper-
iment 6), a full-body adapting walker was used (supplemental Movie 4,
available at www.jneurosci.org as supplemental material). The full-body
adaptor and PL test walker were matched for size and gait speed. The
full-body animations were designed with the help of members of the
Department of Computer Science, School of Engineering, at Vanderbilt
University.

Procedure

Stimulus presentation. Observers viewed image frames presented sepa-
rately to the left eye and right eye through a mirror stereoscope. The
half-images were presented on each side of a 21 inch cathode ray tube
(CRT). Display resolution was 1024 X 768 (120 Hz), with a viewing
distance of 100 cm. A few test sessions were performed using a 19 inch
CRT (60 Hz), with viewing distance scaled to maintain the same angular
sizes across experiments. All stimuli were presented on a gray back-
ground. A square, patterned fusion frame (5.7 dva wide) surrounded
each half-image, thereby serving to promote stable binocular alignment
of the two half-images. In all experiments except for experiment 5, ob-
servers stared at a fixation cross placed over the walker’s torso. In exper-
iment 5, observers fixated at or just above the point of contact between
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walker and globe, such that they could discrim-
inate the walker’s direction while maintaining
good stereo perception of the globe.

Testing sessions. In experiment 1a, observers
completed eight trials, blocked by adapting di-
rection (four trials per direction). Each trial be-
gan with a 90 s adaptation period. After this,
the area inside the fusion lock was blanked for
1 s, followed by the presentation of a 75 s test
period with the ambiguous walker. Observers
monitored the walker’s perceived facing direc-
tion throughout the entire trial using keyboard
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responses. Setup and task were identical for ex-
periment 1b, except that observers were not
required to monitor the perceived “facing” di-
rection of the scrambled adaptor. Before test-
ing the effects of varying walker size from
adaptation to test (experiment 2), observers
completed sessions monitoring reversals with
the far walker, confirming that approximately
comparable reversal rates are experienced with
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this smaller stimulus. For experiment 2, ob-
servers completed eight trials per condition )
(adapt near/test far, adapt far/test near, adapt
far/test far), four each per adapting direction
(frontward/backward). Adapt near/test near
data were taken from participants’ correspond- ® ¢%
ing data from experiment la. Trials were com-
pleted over two sessions, and adapt and test Q@ 0
periods again lasted 90 and 75 s, respectively.

In testing the effects of placing adapt/test L PN
stimuli on either side of fixation (experiment

3), adapt/test periods were shortened to 45/30

s, respectively. Four sets of trials were run for  Figure 2, Stereo presentation of a PL walker. To disambiguate the PL walker's direction for the adaptation experiments,
I . o

each eccentricity Condltlor} (1 and 2.5 ).- Bach  gpervers viewed image sequences generated separately for the left and right eyes. These were presented by means of a mirror

set consisted of eight test trials (2 adapt sides X gtaraqscope. Fach image sequence depicted identical walking motions, although with a slight orientation disparity between the

2 test sides X 2 adapt directions), two addi-

eyes, mimicking the fact that the left and right eyes have slightly rotated viewpoints onto an object in the real world. By cross-

tional adaptation trials at fixation, and eight  fysing the images in this figure, readers can perceive a frontward-facing figure rotated 30° left (i.e., as though facing beyond the
30 s tracking trials with an ambiguous walker  yeader' left shoulder). In the actual experiments, walkers were presented as black dots on a gray background, inside patterned
placed eccentrically (four per side). For the ori-  fysion frames. Here, sticks are presented on the PL figure for illustration only.

entation tuning experiment (experiment 4),

observers completed four test trials per condi-

tion, with adapt/test periods set at 90/75 s, and four baseline tracking
trials with the ambiguous walker (75 s). In the globetrotter experiment
(experiment 5), observers first completed a tracking session consisting of
60 s trials with the walker on top of a static globe (eight trials) and walker
and rotating stereo globe together (eight trials). The separate adaptation
session consisted of 60 s adaptation periods followed by 30 s test. For both
the globetrotter (eight trials) and globe alone (eight trials) conditions, the
two globe rotation directions were presented an equal number of times,
in random order. For the full-body adaptor experiment (experiment 6),
observers completed four sets of nine test trials (2 adapt directions X 4
timing sequences plus 1 control trial with a fixation cross as adaptor).

Results

Adaptation to a stereo-defined walker biases an ambiguous
walker’s perceived facing direction

Extended viewing of an unambiguous stimulus biases subsequent
perception of ambiguous versions of the same stimulus away
from the adapted percept (Virsu, 1975; Harris, 1980; von Griinau
etal., 1984; Nawrot and Blake, 1989, 1991). In experiment la, we
investigated whether this effect occurs with bistable biological
motion by adapting observers to biomotion figures that walked
with an unambiguous heading direction, and then testing them
with bistable versions of the same figures. Unambiguous walkers
were created by presenting the same movement sample to each
eye, but with a slight horizontal disparity between the two eyes’
views, mimicking the slightly different viewpoint perspectives

created when binocularly viewing a three-dimensional object
(Fig. 2) (see Materials and Methods) (supplemental Movie 2,
available at www.jneurosci.org as supplemental material). In sep-
arate trials, we created unambiguous, frontward-facing (30° left)
or backward-facing (150° left) walkers by varying which eye re-
ceived which image sequence. On each trial, observers viewed the
disambiguated walker for 90 s. Immediately after this adaptation
period, an ambiguous version of the very same walker was pre-
sented (i.e., no horizontal disparity between the eyes), and ob-
servers tracked perceived direction of this bistable walker for 75 s.
Observers completed four blocked trials per adapting direction,
with at least 1 min rest between trials.

A very strong adaptation aftereffect was experienced by all
observers tested (Fig. 3A). Regardless of the unambiguous walker’s
heading direction, observers perceived the subsequent ambigu-
ous figure to face in the opposite direction for the majority of the
75 s test period; indeed, on some trials observers perceived only
the opposite walking direction during the entire 75 s test. The
strength of this aftereffect is striking, considering that in pread-
aptation sessions the same observers experienced reversals with
the ambiguous walker typically every 3—10 s (range of observer
means). The fall-off over time in the aftereffect is displayed in
Figure 3B. For many trials, recovery to a state in which either
percept was equally probable did not occur during the 75 s test
period; additional trials using a longer test period found that
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Having confirmed that this adaptation

aftereffect indeed reflects the operation of
+§JN neural mechanisms involved in register-
oL ing biological motion, we performed sev-
eral additional experiments to study
properties of those mechanisms. Results
from those experiments are described in
the following sections.
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recovery could take up to 90 s or more. To appreciate the strength
of this aftereffect, consider that aftereffects after 90 s adaptation
to a kinetic depth globe have previously been found to last ~45's
before returning to a state of equal dominance (Nawrot and
Blake, 1991).

Is local, disparity-specific, motion adaptation responsible for
this aftereffect?

It is tempting to assume that the neural site of adaptation is some
brain region selective for high-level information associated with
these PL animations, such as the figure’s global form or general
direction of heading. It is possible, however, that this seemingly
high-level adaptation, in fact, arises from local, disparity-selective
motion adaptation. According to this alternative explanation,
each of the walker “dots” adapts its own, unique, stereo-defined
trajectory, such that for any dot location, a dot subsequently
presented in the same location but without disparity would be
biased away from the adapted trajectory in depth.

To test this possibility, we performed a second experiment
(experiment 1b) identical with the first, except that the dots com-
prising the stereo-defined adaptor were now phase-scrambled in
time: each of the 13 dots followed the same trajectories in depth at
the same locations as they did in the coherent walker, but the
temporal coherence of dot motions was randomized so that the
walker appeared globally incoherent (see Materials and Meth-
ods). If the observed aftereffect in experiment la were the result
of adaptation to individual, local trajectories in depth, this phase-
scrambled stimulus should produce a comparable degree of ad-
aptation. Adaptation to the phase-scrambled walker, however,
had no effect on subsequent perception of the ambiguous walker,
with each percept having close to equal probability immediately
after 90 s of adaptation to the phase-scrambled, disparity-defined
dots (Fig. 3C). This finding rules out adaptation of local dot
trajectories as the explanation for the adaptation effect of the first
experiment.

45-60

Adaptation aftereffects with bistable biomotion. 4, Plots present the mean number of seconds of the 75 s test period
during which the perceived heading of the PL walker was opposite to that experienced during adaptation (n = 5). The bars
represent the mean of four trials per adapting direction. Results from frontward adaptor (top) and backward adaptor (bottom)
trials are given separately. The aftereffect was equally strong for both adaptor types (¢, = —0.034; p = 0.97). B, Proportion
dominance of the opposite percept during consecutive 15 s segments of the 75 s test period. The curves present the mean of eight
trials for each observer, collapsed across adapting direction. €, Mean total duration of the opposite percept (collapsed across
directions) after adaptation to the stereo-defined walker and to the phase-scrambled walker. For all observers, the aftereffect
disappeared when phase-scrambling wasintroduced in the adaptor (t,, = 10.02;p << 0.001). The horizontal dashed lines indicate
an equal total duration (or equal proportion) for same/opposite percepts. Error bars represent == 1 SE throughout.

Scale invariance of the aftereffect

An interesting feature of neural coding in
object-selective brain regions is the scale-
invariant manner in which cells respond
to their preferred object (Ito et al., 1995;
Logothetis etal., 1995). This characteristic
has been reported in cells in the anterior
part of the macaque superior temporal
polysensory area (STPa) that respond to
bodies in motion (Bruce et al., 1981; Per-
rett et al., 1985). (Biomotion-selective
cells in the macaque are not limited to
STPa, located in the upper bank region of
STS, but are also found in the lower bank
and in the fundus region, a point we shall
consider in subsequent sections of this pa-
per.) Presumably, scale invariance pro-
vides an efficient means of representing
objects that are regularly seen at different
distances from the viewer, as well as representing object catego-
ries whose members naturally vary in size. The results from our
first experiment led us to conclude that adaptation is occurring
within a high-level neural representation of the human figure
portrayed by the PL stimuli. In light of the scale-invariant prop-
erty of object-selective neurons, this conclusion implies that ad-
aptation to an unambiguous PL walker should generalize across
changes in walker size. This implication was tested in experi-
ment 2 by presenting trials that were identical with previous
sessions, although this time adapt and test walkers could sub-
tend one of two possible visual angles (Fig. 4 A)—a near walker
identical in size with the walker in the first experiment (~3.5
dva tall) and a far walker that subtended one-half this angular
size (~1.75 dva tall).

We tested three different combinations of adapt size/test size:
near/far, far/near, and far/far. Results from these conditions are
plotted in Figure 4B, together with results for each observer
tested on the near/near condition from the previous experiment.
All observers experienced a robust aftereffect, whether or not the
test and adapt figures were the same size. Indeed, there was no
evidence that the size relationships between adapt and test mat-
tered at all, as evidenced by the nonsignificant statistical differ-
ences between conditions (Fig. 4, legend). Thus, this global
adaptation effect is indeed scale invariant, at least within the
range of sizes tested here.

Position invariance of the aftereffect

The scale-invariant nature of this aftereffect implies that absolute
dot positions can vary from adapt to test without weakening
aftereffect transfer. This property suggests that the adaptation
effect may show some degree of position invariance. There are
also other reasons to believe that biomotion-related aftereffects
of the sort investigated here might transfer to locations beyond
the region exposed to the adaptation stimulus. For one thing,
brain imaging in humans reveals that PL animations imaged in
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Figure 4.  Scale invariance of the aftereffect. A, lllustration of the relative size and implied
distance of stimuli used in the scale invariance experiment; note that the actual experimental
stimuli were PL walkers. In different trials, observers adapted to a near walker (3.5 dva tall) and
tested with an ambiguous far walker (1.75 dva tall); in others trials, the opposite occurred.
B, Mean total duration of the opposite percept, collapsed across adapting directions. Results are
also presented for adapt near/test near and adapt far/test far trials for comparison. The bars
represent the mean of eight trials per condition. Comparing conditions in which the test stimuli
were kept identical, no significant differences were found between adapt near and adapt
far conditions (test near: t3, = 0.56, p = 0.62; test far: t5, = 1.97, p = 0.14). The
horizontal dashed lines indicate an equal total duration for same/opposite percepts. Error
bars represent =1 SE.

one visual field can produce bilateral activations spanning the
vertical midline (Grossman etal., 2000). For another, neurophys-
iological evidence shows that single cells in both ventral and dor-
sal pathways can have large receptive fields that extend into the
ipsilateral visual field; for example, several classic studies cite re-
ceptive field sizes of 10 X 10° in extent and greater (Gross et al.,
1969; Bruce et al., 1981; Motter et al., 1987; Ito et al., 1995). Cells
sensitive to biological stimuli are known to be present in both the
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upper and lower banks of monkey STS, namely the STPa region
(Bruce et al., 1981; Oram and Perrett, 1996) and an area on the
lower bank referred to as the LST (lower superior temporal) re-
gion (Nelissen et al., 2006; Vangeneugden et al., 2009). We do
appreciate, however, that discussion of position invariance must
be treated in relative terms. Cells or groups of cells that respond to
the same object in different parts of the visual field may dosoina
graded manner, thus retaining some ability to code for position
(Op de Beeck and Vogels, 2000). Still, we felt that any transfer of
the aftereffect from one region of the visual field to another would
be revealing, for it would set this aftereffect apart from other
motion-related aftereffects that do not transfer across the vertical
midline (Nawrot and Blake, 1991; Meng et al., 2006).

Experiment 3 assessed the position specificity of the biomo-
tion aftereffect by testing observers (n = 5, including both au-
thors) on trials in which adapt and test walkers (1.75 dva tall)
appeared in different locations symmetrically placed each side of
afoveally viewed fixation mark (Fig. 5A). In one set of trials, those
two locations were 1° to either side of fixation (i.e., adapt and test
figures were separated by 2°), and in another set of trials the
locations were at 2.5° eccentricity (i.e., 5° separation); in this
latter condition, the walker’s size was scaled up to 3 dva. For
neither of these conditions involving eccentric stimulation did
the screen positions of any of the walker dots ever overlap with
the fixation point. For both eccentricities, comparison trials were
administered in which adapt and test stimuli appeared either
both to the left or both to the right of fixation, as well as trials in
which both stimuli appeared at fixation. Given this large number
of conditions and the fact that aftereffects had been reliably ob-
served thus far, we shortened adapt/test durations to 45/30 s,
respectively.

In some contexts, walker orientation and hemifield of presen-
tation may interact in biological motion perception (de Lussanet
et al., 2008); to control for this possibility in our task and to
ensure that we obtained a pure measure of adaptation, we com-
pared the percept dominance proportions after adaptation to
corresponding proportions taken from tracking trials with an
ambiguous walker placed at the eccentric positions (Fig. 5,
legend). Ratio scores >1 indicate an aftereffect of adaptation,
with the opposite, nonadapted percept experienced for more
time after adaptation than during control tracking periods.
Analysis of the control tracking data at 1° eccentricity did
reveal a small but significant difference in the average propor-
tions of time spent perceiving the alternative percepts—the
frontward-facing figure was experienced more often left of fixa-
tion than right of fixation (mean proportion left, 0.545; mean
proportion right, 0.44; ¢,y = 3.73, p < 0.05). This effect was also
clearly present at 2.5° eccentricity (mean proportion left, 0.606;
mean proportion right, 0.437; t,) = 3.6, p < 0.05). We have no
ready explanation for this visual field asymmetry and its relation-
ship to other findings (de Lussanet et al., 2008). This asymmetry,
however, does not invalidate our comparison of control and ad-
aptation trials; indeed, the asymmetry underscores the impor-
tance of using ratio measures as an index of aftereffect strength
for the eccentricity experiments.

At 1° eccentricity, aftereffects transferred robustly across the
vertical midline for all observers (Fig. 5B). Thus, for example,
adaptation to a frontward-facing walker placed 1° left of fixation
caused a subsequently viewed bistable walker imaged 1° to the
right of fixation to appear to walk in the backward-facing direc-
tion. Note that this result contrasts with what occurs with rigid
SFM (Nawrot and Blake, 1991) and reversible perspective figures
(von Griinau et al., 1984; Toppino and Long, 1987) for which the
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Figure 5.  Position invariance of the aftereffect. 4, Schematic illustrating the eccentric placement of adapt/test walkers (see

Materials and Methods). B, Opposite percept ratio averaged across observers at 1° (left; n = 5) and 2.5° (right; n = 5) eccentric-
ities. Three observers took part in both conditions. Ratio measures were calculated by dividing the duration of the opposite percept
after adaptation by the mean duration of that percept when presented in tracking trials at the eccentric location (i.e., separate
denominators for left-side and right-side test locations). The horizontal dashed lines indicate a postadapt/control ratio of 1 (i.e., no
adaptation). Error bars represent == 1 SE computed across observer means. At 1°, no main effect was found for test location relative
to adapt location (i.e., the aftereffect transferred across hemifield) (F, ,) = 3.02; p = 0.16). No other main effects or interactions
were significant. Although aftereffects were equivalent for same/opposite hemifield presentation at 1° (and equivalent in mag-
nitude to trials in which both stimuli appeared at fixation) (data not shown), on average aftereffects transferred less strongly across
hemifield in the 2.5° eccentricity condition. The main effect for same/opposite hemifield, however, was not significant (F;; 5 =
2.36; p = 0.2), although this lack of significance may have resulted from the presence of one outlier dataset. Analyses revealed a
significantinteraction between adaptor direction and same/opposite hemifield presentation (£, ,, = 11.8;p < 0.05) and a trend
toward interaction between adapt side (left/right) and same/opposite hemifield presentation (F; , = 7.13; p = 0.056). See

Results for discussion.

effects of adaptation are confined to the visual field location of the
adapting stimulus. Of course, one could argue that 2° of separa-
tion between adapt and test stimuli (i.e., the separation produced
by the 1° eccentricity condition) is simply too small to guarantee
that adapt and test stimulation never overlapped. Even though we
ensured that the screen positions of the walker dots never en-
croached on the fixation area, we cannot rule out the possibility
that observers might occasionally have made small, inadvertent
eye movements that brought a walker stimulus closer to the ver-
tical midline. We did stress the importance of maintaining strict
fixation, but we did not record eye movements.

Testing with 5° separation of adapt and test stimuli (i.e., 2.5°
eccentricity), we still found evidence for transfer of adaptation
across the vertical midline, as indicated by a nonsignificant main
effect for test location relative to adapt location (Fig. 5B, legend).
For four of the five observers, however, aftereffects that trans-
ferred from one hemifield to the other were somewhat weaker
than when adapt and test stimuli appeared on the same side of
fixation. We also noted a significant interaction between adaptor
direction and same/opposite hemifield presentation, and a trend
toward interaction between adapt side (left/right) and same/op-
posite hemifield presentation (Fig. 5B, legend).

For several reasons, we feel it is premature to draw conclusions
about the exact “site” of adaptation based on these eccentricity
results. First of all, the interactions observed in the 2.5° eccentric-
ity condition suggest a complex interplay among several factors.
For example, although our control tracking trials were designed
to factor out potential hemifield biases with the bistable walker,
one could envisage a situation in which some residual effect re-
mains in the measurement of the aftereffect. If this were the case,
then a backward-facing adaptor might be most successful at pro-
ducing an aftereffect when the test stimulus appears on the left
side of fixation, regardless of the location of the adaptor relative
to test (reflecting the consistent tendency for more frontward-
facing percept left of fixation). Conversely, a frontward-facing
adaptor might be more successful at producing an aftereffect
when the test walker appears on the right of fixation (again re-
flecting the consistent biases we found in control tracking). In
addition, the possibility that inherent biases in attentional alloca-
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tion relative to fixation play a part in the

eccentric experiments cannot be ruled

I out. This could be a particularly impor-
| tant factor in the 2.5° eccentricity condi-
tion, which most observers found quite

challenging. It should be stressed that
tracking the bistable walker, even at these
relatively small eccentricities, is an atten-

tionally demanding task, entirely different
from the typical left/right direction dis-
crimination tasks used in other biomo-
tion studies that use nonreversing stimuli.
Finally, from physiological studies of
biomotion-selective brain regions in
macaque (Bruce et al., 1981; Oram and
Perrett, 1996; Nelissen et al., 2006; Vange-
neugden et al., 2009), we know that cells
selective to biomotion exist in both upper
and lower superior temporal regions. The
issue of homology between these regions
and biomotion-selective regions in hu-
mans will be touched on in Discussion
(for an insightful review of this issue, see
Jastorff and Orban, 2009). However, we
can say that the relatively robust transfer across hemifield at 1°
and the finding of at least some transfer at 2.5° again implies that
this is indeed a high-level visual aftereffect.

To test more critically the exact nature of this aftereffect, we
performed three additional experiments. First, we tested what
should be a critical property of this aftereffect, “tuning in depth”
(i.e., tuning to the heading orientation of the adaptor). We then
performed two additional experiments, one questioning the ne-
cessity of disparity information in the adaptor, and the second
investigating the role of adaptor form.

Is the aftereffect selective for heading orientation?

Is the aftereffect reliant on a strict mapping between the orienta-
tion in three-dimensional space in which the adapt walker is
heading and the heading orientation of the test walker? Previous
psychophysical and neurophysiological results would suggest an
affirmative answer to this question (Verfaillie, 1993; Verfaillie et
al., 1994; Oram and Perrett, 1996; Daems and Verfaillie, 1999).
We investigated this question (experiment 4) by adapting observ-
ers (n = 9) to one of three frontward-facing walkers in different
blocks (facing 30° left, 0° straight ahead, facing 30° right) while
holding the bistable PL test walker constant across blocks (per-
ceived as facing 30° left or 150° left) (Fig. 6 A). If the aftereffect is
tuned around the heading direction of the adaptor, we would
expect the greatest aftereffect for the 30° left condition (i.e., ob-
servers should perceive the test walker as “backward-facing” for a
considerably longer duration in this condition than in either of
the other two conditions, as the 30° left adaptor maps directly
onto one of the two bistable walker percepts).

The results confirm this prediction conclusively—aftereffects
were overwhelmingly strongest for the 30° left adaptor and fell
off considerably for the 0 and 30° right adaptors, implying a
definite view dependence to the adaptation effect (Fig. 6 B).
This result and our finding of position invariance in the trans-
fer of the aftereffect agree nicely with other results. For example,
in a transaccadic integration study (Verfaillie et al., 1994), spatial
translations of a PL walker in the image plane went mostly unno-
ticed when those translations occurred during saccades, but
changes to the figure’s in-depth orientation were readily detected
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by observers. Those findings imply that A
the representation carried across saccades
is position invariant but tuned to orienta-
tion. In addition, view dependence has
also recently been reported for perception
of static human bodies (Lawson et al.,
2009).

During the course of experiment 4, we
noted another conspicuous aftereffect,
this having to do with the perceived direc-
tion of heading of the ambiguous walker
viewed during test periods. Specifically,
after adaptation to the 0° adaptor (in
which the stereo-defined figure appeared
to walk directly toward the observer), the
ambiguous figure’s apparent direction of
walking, when perceived in the front-
facing direction, nonetheless deviated
noticeably away from the 30° heading
specified by the stimulus. Similar observations have been de-
scribed by Jiang and He (2008). Repulsion aftereffects of this sort
are characteristic of other forms of visual adaptation as well, in-
cluding adaptation to curved lines (Gibson, 1933), to transla-
tional motion (Levinson and Sekuler, 1976), to spatial frequency
(Blakemore and Sutton, 1969), to stereoscopically defined sur-
faces (Blakemore and Julesz, 1971), and to faces (Leopold et al.,
2005). These kinds of repulsion aftereffects are generally inter-
preted as evidence for some form of population coding in which
the perceived quality of a visual stimulus along some dimension
(e.g., orientation) is specified by the pattern of activity among
neurons tuned to different values of that dimension. In Discus-
sion, we shall return to this idea in the case of biological motion.

PL adaptor

(30°L, 0°, 30°R)

Figure 6.

Is disparity-defined global motion necessary for

the aftereffect?

In the experiments described so far, disparity was used to define
the depth relationships among the dots defining the limbs of the
walker and, thereby, to disambiguate the direction of walking of
this figure. Is disparity essential for generating this aftereffect? To
answer this question requires creating a disambiguated walker
without using disparity. Ideally, we would like to do this without
altering other physical characteristics of the stimulus (e.g., loom-
ing dots), so as to keep adapt and test stimuli as physically similar
as possible. How can that be done?

To achieve this aim in experiment 5, we took advantage of a
previous result demonstrating stabilization of ambiguous SFM
when presented in a context suggesting frictional interactions
with a separate unambiguous object (Gilroy and Blake, 2004). By
placing the bistable PL walker on top of a stereo-defined rotating
globe that rotated in one of two directions (Fig. 7A) (see Materials
and Methods) (supplemental Movie 3, available at www.jneurosci.
org as supplemental material), we were able to stabilize the am-
biguous walker’s perceived heading direction for considerable
periods of time. For example, when the front surface of the globe
moved from bottom to top, with the horizontal axis of rotation
offset 30° (Fig. 7A, left), the bistable walker appeared to walk
predominantly in the forward facing direction, as though the
walker’s footsteps were providing the thrust for the rotation of
the globe. Reversing the rotation direction of the globe and off-
setting its rotational axis appropriately produced the opposite
result—the walker could be stabilized predominantly in
backward-facing mode (Fig. 7A, right). For all observers, the pro-
portion of total time perceiving the friction-compatible interpreta-
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Tuning of the aftereffect to heading orientation. A, Orientation tuning of the aftereffect was studied by adapting
observers (n = 9) to one of three frontward-facing walkers in separate blocked trials (see Materials and Methods). The test
stimulus was always the same bistable PL walker (30° left/150° left). B, Backward percept ratio measures for each observer. The
horizontal dashed line indicates a postadapt/control ratio of 1 (i.e., no adaptation). Analyses revealed a strong effect of adaptor
type (Fp.16 = 94.6; p < 10 ~°). Post hoc tests confirmed that the aftereffect fell off significantly from the 30°L to 0° adaptors
(tgy = 7.4;p < 0.0001), and from 0° to 30°R adaptors (tg) = 5.9; p << 0.0005).

tion was significantly greater when viewing the potentially
ambiguous PL figure walking on top of the rotating, stereo-
defined globe (globetrotter stimulus) than it was when viewing
the walker in matched control trials with a static stereo globe (Fig.
7B). Moreover, the degree of stabilization varied considerably
among observers. These differences in the strength of stabiliza-
tion allowed us to pose a simple question with a potentially re-
vealing answer: is the magnitude of the adaptation aftereffect
related to the incidence of perceived stabilization experienced
with this globetrotter configuration? If disparity is not critical for
producing adaptation, then the strength of the aftereffect should
be positively correlated with the degree of stabilization during
adaptation.

Figure 7C plots results on each trial (n = 8) for each observer
(n = 5; denoted by different symbols). Clear individual differ-
ences are seen in the degree of stabilization, with several observers
experiencing essentially complete stabilization during adapta-
tion. The strength of the aftereffect after exposure to the globe-
trotter is significantly correlated with the degree of stabilization
experienced during test (r = 0.62; p = 0.00002). Control trials in
which observers adapted to the stereo globe alone, followed by
the test walker, confirmed that the aftereffect was not attributable
to depth signals provided by the globe. Evidently, then, it was the
implied, frictional interaction between a rigid object and its non-
rigid controller that was paramount. It is worth noting that for
several observers who experienced very strong stabilization, the
resulting aftereffect was comparable with their previous results
obtained with the stereo-defined PL walker.

Does the aftereffect transfer across stimulus type?

The findings presented so far point to the involvement of tempo-
rary adaptation within a population of neurons that represent
direction of heading in a manner that is not specific to a particular
stimulus size or location. In addition, adaptation could be pro-
duced by a two-dimensional PL walker whose direction was bi-
ased by contextual cues, implying that PL walkers portrayed
without explicit disparity engage neuronal representations that
operate in the three-dimensional orientation space activated by
disparity-defined figures. Our results suggest, in other words,
that standard PL animations containing ambiguous two-dimen-
sional motion signals can nevertheless activate a “three-dimen-
sional” representation of a moving human figure. This idea has
received little emphasis in the literature on biological motion
perception [for exceptions, see Proffitt et al. (1984) or Vanrie and
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Context-disambiguation and adaptation. 4, Locating the bistable PL walker on top of a stereo-defined, rotating globe created conditions that promoted stabilization of the bistable

walker's perceived direction toward the friction-compatible percept. In the actual experiment, observers viewed the disparity-free walker and stereo globe through a mirror stereoscope; stimuli were
presented as white dots on a gray background. B, Mean friction-compatible durations for globetrotter trials and randomly matched control trials (static globe) in the tracking session (see Materials
and Methods). The bars represent the mean of eight 60 s tracking trials. With the moving stereo globe, observers (n = 5) experienced the friction-compatible percept for significantly longer
durations than in control trials (f,,, = 4.5; p < 0.05). The horizontal dashed line indicates an equal total duration for friction-compatible/incompatible percepts. Error bars represent +1SE. C, In
the adaptation session, observers completed 60 s tracking periods, which were immediately followed by 30 s tracking of the bistable walker alone. Control trials consisted of adaptation to the stereo
globe alone, followed by 30 s test with the bistable walker. For each trial, the x-axis depicts the total time during the adapt period (60 s) in which the bistable walker was perceived in the
friction-compatible mode; on the y-axis, a ratio measure is given, calculated as the total time in which the opposite percept was perceived during the 30 s test period divided by the corresponding
measure from the control trials. This ratio measure controls for the possibility that adaptation resulted from stereo signals provided by the globe, as well as ensuring a pure measure of adaptation
free of individual observer biases (e.g., observer DB experienced prolonged dominance of frontward walking in many trials). The vertical dashed line indicates an equal total duration for

friction-compatible/incompatible percepts during the 60 s adapt period; the horizontal dashed line indicates a postadapt/control ratio of 1 for the test period (i.e., no adaptation).

Verfaillie (2006)]. More importantly, current models of biomo-
tion perception contain no explicit means for disambiguating the
in-depth orientation of the human figure (Giese and Poggio,
2003; Lange and Lappe, 2006).

If neural representations of direction of heading are indeed a
general feature of biomotion perception, then it should be possi-
ble to disambiguate temporarily an ambiguous PL walker by pre-
vious exposure to an animation portraying a full-body figure
walking unambiguously in a given direction. To test this predic-
tion (experiment 6), we replaced our disparity-defined PL adap-
tation sequence with a full-body adapting walker devoid of
detailed surface features or gender-related information (Fig. 8 A;
supplemental Movie 4, available at www.jneurosci.org as supple-
mental material). After adaptation to one of these figures, observ-
ers tracked the bistable PL walker as usual. Using full-body
stimuli also allowed us to investigate the possibility that form-
only stimuli (i.e., representations of static body posture) promote
adaptation. Thus, in addition to trials in which observers adapted
to the moving full-body figure (form-motion), we also included
trials on which observers adapted to single static frames or se-
quences of frames chosen randomly from the walking sequence
(form-only) (Fig. 8, legend) (see Materials and Methods).

The results were unequivocal: adaptation to a full-body figure
walking in place smoothly in a given, unambiguous heading di-

rection, produced a robust change in perception of the otherwise
ambiguous PL walker (Fig. 8 B). These results definitively show
that the presentation format of the adaptor’s motion is not im-
portant: both full-body and PL figures produce robust adaptation
when those figures are seen to walk predominantly in one
direction.

Does this robust biomotion aftereffect require the presence of
a moving human figure during adaptation or, alternatively, can
robust adaptation be induced through prolonged viewing of
static images of the human body oriented in a given direction?
The present results reveal that adaptation to a static human pos-
ture chosen randomly from the walking sequence has no influ-
ence on perception of the ambiguous PL walker; rather, the
walker was seen to alternate in heading direction just as it does
without previous adaptation (Fig. 8 B, 15 and 45 s conditions). It
is interesting to note that an aftereffect did occur when observers
viewed successive images of different, static postures presented
every 2.5 s; however, this form-only aftereffect was significantly
weaker than that produced by adaptation to the full-body figure
that walked smoothly in place (Fig. 8 B). So why does the 2.5 s
condition produce an aftereffect at all? One possibility is that the
regular, 2.5 s update of the static posture adapts a larger number
of form templates/snapshots than when postures are updated less
frequently (15 and 45 s conditions). Alternatively, the 2.5 s pre-
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sentation regimen could have created
multiple, chance instances of apparent
motion during the adaptation period, a
possibility much less likely with the 15 s
presentation regimen and impossible with
the 45 s condition. For our purposes, it
does not matter why the 2.5 s regimen
produces a weak aftereffect. What does
matter is that disambiguation of an ordi-
narily ambiguous PL walker can be gener-
ated by full-body animations as well as by
PL walkers disambiguated by disparity.

Discussion

Previous adaptation experiments with bi-
omotion have focused on the perceived
gender of a PL walker (Jordan et al., 2006;
Troje et al., 2006) or on the neurophysio-
logical correlates of brief periods of adap-
tation to PL displays (Hirai and Kakigi,
2008). The experiments presented here
are the first to investigate the bistable na-
ture of PL stimuli using an adaptation
method, and the results highlight an
important feature required of models
seeking to explain biological motion per-
ception, namely, the explicit representation
of the three-dimensional configuration of
the human body. In a variety of experi-
ments, we found strong adaptation after-
effects when the perceived direction of a
bistable walker was judged after prolonged
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Figure 8. Transfer of adaptation across stimulus type. A, Observers completed trials adapting (45 s) to a full-body walker
(form-motion) or to sequences of random, static postures taken from the same walking sequence (form-only). During form-only
trials, the random posture was replaced with another static posture every 2.5, 15 s, or not at all (45 s condition). After adaptation,
observers tracked (30 s) the perceived direction of a bistable PL walker as usual. Observers completed control trials in which the
adaptation period consisted of fixating only the fixation cross over a blank background. B, Mean opposite percept ratio measures
across observers (n = 5), calculated by dividing the duration of the opposite percept after adaptation by the mean duration of that
perceptin control trials. A repeated-measures ANOVArevealed a strong effect of adaptor type (F 5 1,) = 30.03;p <10 ~6).Forthe
form-motion and 2.5 s conditions, observers had on average larger ratio measures for frontward-facing adaptor trials leading toa
smallinteraction (F; ;,) = 3.94;p < 0.05). This was most likely related to the tendency in observers tested for smaller backward-
percept denominators. Data are collapsed across adapting direction as a similar trend was apparent for both frontward and
backward adaptor trials. Post hoc tests confirmed that the aftereffect was significantly stronger for the form-motion condition than
for the form-only (2.5 s) adaptor (,,, = 5.3; p = 0.0059), or for either of the mostly static adaptors (both p << 0.005). A modest
aftereffect in the PL walker's direction was experienced when observers adapted to static postures that alternated every 2.5 s,
although with Bonferroni’s correction for multiple comparisons this was only marginally significant (compared with 45 s condition:
tqy = 3.5,p = 0.025; compared with 15 s condition: £,) = 4.6, p = 0.0098). The horizontal dashed line indicates a postadapt/
control ratio of 1 (i.e., no adaptation). Error bars represent =1 SE computed across observer means.

exposure to an unambiguous walker. These

aftereffects transferred across scale, posi-

tion, and stimulus type, and did not require stereo depth informa-
tion in the adapting walker.

One current model of biological motion perception empha-
sizes the initial processing of local motion and orientation infor-
mation in early visual cortex, the separation of this processing
into motion/form streams in extrastriate cortex, and the eventual
reintegration of these signals in pSTS (Giese and Poggio, 2003). A
similarly well developed model, in contrast, focuses directly on
the temporal integration of information relating to the postures
of the human figure (Lange and Lappe, 2006). The intriguing
implication of our results is that either at the stage at which snap-
shot/template cells become activated or at the later stage at which
dynamic form (Lange and Lappe, 2006) or motion pattern pro-
cessing (Giese and Poggio, 2003) is thought to occur, a three-
dimensional representation of the human figure is available. A
future goal for these models, therefore, is to incorporate mecha-
nisms that perform this disambiguation. To put it in other words,
the endpoint of the local integration (Giese and Poggio, 2003) or
template matching/integration (Lange and Lappe, 2006) pro-
cesses should not be simply a two-dimensional representation or
“winning” template (both of which are inherently bistable repre-
sentations) that solves, for instance, leftward/rightward direc-
tion discrimination tasks. Instead, the computational route must
incorporate a component relating to the figure’s orientation in
depth, a point we consider in more detail in the following section.

Neural mechanisms supporting biomotion perception
Consider the responses after adaptation within a population of
biomotion-selective cells, each tuned to a particular heading direc-

tion, and whose combined pattern of activity represents the per-
ceived heading direction of the moving human figure being
viewed. There is considerable evidence, both from psychophysics
and neurophysiology, for a multichannel organization in the
neural mechanisms supporting biomotion and human body per-
ception (Perrett et al., 1985; Verfaillie, 1993; Oram and Perrett,
1994, 1996; Verfaillie et al., 1994; Daems and Verfaillie, 1999;
Lawson et al., 2009). The aftereffect we observed displayed a very
definite tuning to orientation, with the strongest adaptation oc-
curring when the adaptor’s orientation mapped directly onto one
of the two possible perceptual interpretations afforded by the test
walker. A recent report of heading direction aftereffects using a
contrasting PL setup points to similar conclusions (Jiang and He,
2008). Thus, a reasonable conclusion is that the aftereffect stud-
ied here results from adaptation of a subset of biomotion-
selective cells whose preferred heading orientations are
centered at or near the heading of the adaptor figure. This
account provides a straightforward interpretation for our re-
sults—after adaptation, reductions in response gain at and
around the adapted orientation would lead to the relative
strengthening of the neural representation of all other orien-
tations. Thus, during the subsequent test period, the non-
adapted heading should temporarily but reliably dominate
perception.

Where in the visual cortex might such mechanisms be found?
Recent physiological findings shed light on the question of where
neural information specifying biological shape and kinematics is
represented in macaque visual cortex (Nelissen et al., 2006;
Vangeneugden et al., 2009), and parallel searches using brain
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imaging are closing in on homologs of these regions in human
visual cortex (Peelen et al., 2006; Jastorff and Orban, 2009). Stud-
ies by Orban and coworkers (Nelissen et al., 2006; Jastorff and
Orban, 2009) are particularly relevant here. Stimuli depicting
action are known to elicit responses from neurons in both
upper and lower banks of macaque superior temporal sulcus
(Oram and Perrett, 1994, 1996; Barraclough et al., 2006;
Nelissen et al., 2006; Vangeneugden et al., 2009). The lower bank
regions appear to be more sensitive to intact shape than to scram-
bled versions of the same stimuli (Nelissen et al., 2006) and re-
spond to both hand actions and static snapshots from those
actions (Vangeneugden et al., 2009). In contrast, neurons
found in the upper bank respond less to static snapshots than
to the actual motion sequences themselves (Vangeneugden et
al., 2009). Comparing these results with biomotion-selective
regions found in human visual cortex, Jastorff and Orban
(2009) have proposed that the upper and lower banks of ma-
caque STS (middle/rostral parts) correspond functionally to
the human pSTS and ventral temporal areas, respectively.

With these results as a backdrop, can our psychophysical find-
ings provide clues about brain areas containing neural represen-
tations of the three-dimensional orientation of the human figure?
Our results implicate a mechanism that is tightly tuned to the
figure’s orientation (i.e., underlying form), while remaining in-
variant to the detailed surface features or size of that biological
figure. In addition, without motion information, we found that
the aftereffect was essentially abolished. Thus, biomotion-
selective areas that respond to both the shape/form of the figure
and its related motion are likely to be involved in representing the
three-dimensional orientation of the human figure. (By three-
dimensional orientation, we mean that the figure’s orientation
is unambiguously defined in a three-dimensional space, and
not just stereoscopically.) So where do form and motion path-
ways interact in biomotion-selective processing? Interactions
between shape and motion cues have recently been found in
two biomotion-selective occipito-temporal regions, the extra-
striate body area (EBA) and fusiform body area (FBA), somewhat
earlier in the visual cortex than where these information sources
were previously thought to combine (Jastorff and Orban, 2009).
It has been argued that these areas link the form of the actor (i.e.,
body shape) to the action being performed (i.e., kinematics), with
EBA emphasizing the processing of kinematics and FBA more
involved in the processing of configural information (Jastorffand
Orban, 2009). It will be interesting to learn whether neurons in
either the EBA or FBA exhibit adaptation effects that parallel our
psychophysical findings.

In conclusion, our present results, together with other recent
advances in understanding the information extracted from bi-
omotion (Hiris, 2007; Garcia and Grossman, 2008; Chang and
Troje, 2009; Neri, 2009), highlight the need for a more compre-
hensive model of biomotion perception. Toward this end, several
questions still need to be answered. For example, do fast-acting
mechanisms that detect the acceleration in an animate figure’s
feet (Chang and Troje, 2009) subsequently trigger more detailed
feedforward pathway processes (Giese and Poggio, 2003), or do
these mechanisms provide a bypass signal directly to a global
form analysis stage (Lange and Lappe, 2006)? It is now widely
accepted that task and attention-related factors influence biolog-
ical motion perception (Vaina et al., 2001; Thornton et al., 2002;
Battelli et al., 2003; Jastorff and Orban, 2009; Thirkettle et al.,
2009), but can these influences be modeled in a principled man-
ner? And what role do such factors play in the buildup of the
aftereffect studied here? The approach taken here to studying
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biomotion perception, orthogonal to more standard methods,
offers a novel means for answering these kinds of questions.

References

Barraclough NE, Xiao D, Oram MW, Perrett DI (2006) The sensitivity of
primate STS neurons to walking sequences and to the degree of articula-
tion in static images. Prog Brain Res 154:135-148.

Battelli L, Cavanagh P, Thornton IM (2003) Perception of biological mo-
tion in parietal patients. Neuropsychologia 41:1808-1816.

Blake R, Shiffrar M (2007) Perception of human motion. Annu Rev Psychol
58:47-73.

Blakemore C, Julesz B (1971) Stereoscopic depth aftereffect produced with-
out monocular cues. Science 171:286-288.

Blakemore C, Sutton P (1969) Size adaptation: a new aftereffect. Science
166:245-247.

Bruce C, Desimone R, Gross CG (1981) Visual properties of neurons in a
polysensory area in superior temporal sulcus of the macaque. ] Neuro-
physiol 46:369-384.

Chang DHF, Troje NF (2009) Acceleration carries the local inversion effect
in biological motion perception. J Vis 9:19.

Daems A, Verfaillie K (1999) Viewpoint-dependent priming effects in the
perception of human actions and body postures. Vis Cogn 6:665—693.

de Lussanet MH, Fadiga L, Michels L, Seitz R], Kleiser R, Lappe M (2008)
Interaction of visual hemifield and body view in biological motion per-
ception. Eur ] Neurosci 27:514-522.

Fox R, McDaniel C (1982) The perception of biological motion by human
infants. Science 218:486—487.

Garcia JO, Grossman ED (2008) Necessary but not sufficient: motion per-
ception is required for perceiving biological motion. Vision Res
48:1144-1149.

Gibson JJ (1933) Adaptation, after-effect and contrast in the perception of
curved lines. ] Exp Psychol 16:1-31.

Giese MA, Poggio T (2003) Neural mechanisms for the recognition of bio-
logical movements. Nat Rev Neurosci 4:179-192.

Gilroy LA, Blake R (2004) Physics embedded in visual perception of three-
dimensional shape from motion. Nat Neurosci 7:921-922.

Gross CG, Bender DB, Rocha-Miranda CE (1969) Visual receptive fields of
neurons in inferotemporal cortex of the monkey. Science 166:1303-1306.

Grossman E, Donnelly M, Price R, Pickens D, Morgan V, Neighbor G, Blake
R (2000) Brainareasinvolved in perception of biological motion. ] Cogn
Neurosci 12:711-720.

Grossman ED, Blake R (2002) Brain areas active during visual perception of
biological motion. Neuron 35:1167-1175.

Harris JP (1980) How does adaptation to disparity affect the perception of
reversible figures? Am J Psychol 93:445—457.

Hirai M, Kakigi R (2008) Differential cortical processing of local and global
motion information in biological motion: an event-related potential
study. J Vis 8:2.

Hiris E (2007) Detection of biological and nonbiological motion. J Vis 7:4.

Ito M, Tamura H, Fujita I, Tanaka K (1995) Size and position invariance of
neuronal responses in monkey inferotemporal cortex. ] Neurophysiol
73:218-226.

Jackson S, Cummins F, Brady N (2008) Rapid perceptual switching of a
reversible biological figure. PLoS One 3:e3982.

Jastorff J, Orban GA (2009) Human functional magnetic resonance im-
aging reveals separation and integration of shape and motion cues in
biological motion processing. ] Neurosci 29:7315-7329.

Jiang Y, He S (2008) Neural encoding of walking direction in biological
motion: evidence from direction-specific adaptation and functional neu-
roimaging. J Vis 8:902a.

Johansson G (1973) Visual perception of biological motion and a model for
its analysis. Percept Psychophys 14:201-211.

Jordan H, Fallah M, Stoner GR (2006) Adaptation of gender derived from
biological motion. Nat Neurosci 9:738-739.

Lange J, Lappe M (2006) A model of biological motion perception from
configural form cues. ] Neurosci 26:2894-2906.

Lawson RP, Clifford CW, Calder A] (2009) About turn: the visual represen-
tation of human body orientation revealed by adaptation. Psychol Sci
20:363-371.

Leopold DA, Rhodes G, Miiller KM, Jeffery L (2005) The dynamics of visual
adaptation to faces. Proc Biol Sci 272:897-904.



848 - J. Neurosci., January 20,2010 - 30(3):838 - 848

Levinson E, Sekuler R (1976) Adaptation alters perceived direction of mo-
tion. Vision Res 16:779-781.

Logothetis NK, Pauls J, Poggio T (1995) Shape representation in the inferior
temporal cortex of monkeys. Curr Biol 5:552-563.

Mather G, Murdoch L (1994) Gender discrimination in biological motion
displays based on dynamic cues. Proc Biol Sci 258:273-279.

Meng X, Mazzoni P, Qian N (2006) Cross-fixation transfer of motion after-
effects with expansion motion. Vision Res 46:3681-3689.

Michels L, Lappe M, Vaina LM (2005) Visual areas involved in the percep-
tion of human movement from dynamic form analysis. Neuroreport
16:1037-1041.

Motter BC, Steinmetz MA, Duffy CJ, Mountcastle VB (1987) Functional
properties of parietal visual neurons: mechanisms of directionality along
a single axis. ] Neurosci 7:154—176.

Nawrot M, Blake R (1989) Neural integration of information specifying
structure from stereopsis and motion. Science 244:716-718.

Nawrot M, Blake R (1991) The interplay between stereopsis and structure
from motion. Percept Psychophys 49:230-244.

Nelissen K, Vanduffel W, Orban GA (2006) Charting the lower superior
temporal region, a new motion-sensitive region in monkey superior tem-
poral sulcus. ] Neurosci 26:5929-5947.

Neri P (2009) Wholes and subparts in visual processing of human agency.
Proc Biol Sci 276:861-869.

Op de Beeck H, Vogels R (2000) Spatial sensitivity of macaque inferior tem-
poral neurons. ] Comp Neurol 426:505-518.

Oram MW, Perrett DI (1994) Responses of anterior superior temporal pol-
ysensory (STPa) neurons to “biological motion” stimuli. ] Cogn Neurosci
6:99-116.

Oram MW, Perrett DI (1996) Integration of form and motion in the ante-
rior superior temporal polysensory area (STPa) of the macaque monkey.
J Neurophysiol 76:109-129.

Peelen MV, Wiggett AJ, Downing PE (2006) Patterns of fMRI activity dis-
sociate overlapping functional brain areas that respond to biological mo-
tion. Neuron 49:815-822.

Perrett DI, Smith PA, Mistlin AJ, Chitty AJ, Head AS, Potter DD, Broennimann
R, Milner AD, Jeeves MA (1985) Visual analysis of body movements by
neurones in the temporal cortex of the macaque monkey: a preliminary
report. Behav Brain Res 16:153-170.

Jackson and Blake e Neural Mechanisms Mediating Biomotion Perception

Peuskens H, Vanrie J, Verfaillie K, Orban GA (2005) Specificity of regions
processing biological motion. Eur J Neurosci 21:2864-2875.

Proffitt DR, Bertenthal BI, Roberts RJ Jr (1984) The role of occlusion in
reducing multistability in moving point-light displays. Percept Psycho-
phys 36:315-323.

Thirkettle M, Benton CP, Scott-Samuel NE (2009) Contributions of form,
motion and task to biological motion perception. J Vis 9:28.

Thornton IM, Rensink RA, Shiffrar M (2002) Active versus passive process-
ing of biological motion. Perception 31:837-853.

Toppino TC, Long GM (1987) Selective adaptation with reversible figures:
don’t change that channel. Percept Psychophys 42:37—48.

Troje NF, Westhoff C, Lavrov M (2005) Person identification from biolog-
ical motion: effects of structural and kinematic cues. Percept Psychophys
67:667-675.

Troje NF, Sadr J, Geyer H, Nakayama K (2006) Adaptation aftereffects in
the perception of gender from biological motion. J Vis 6:850-857.

Vaina LM, Solomon J, Chowdhury S, Sinha P, Belliveau JW (2001) Func-
tional neuroanatomy of biological motion perception in humans. Proc
Natl Acad Sci U S A 98:11656—-11661.

Vangeneugden J, Pollick F, Vogels R (2009) Functional differentiation of
macaque visual temporal cortical neurons using a parametric action
space. Cereb Cortex 19:593-611.

Vanrie J, Verfaillie K (2004) Perception of biological motion: a stimulus set
of human point light actions. Behav Res Methods Instrum Comput
36:625-629.

Vanrie ], Verfaillie K (2006) Perceiving depth in point-light actions. Percept
Psychophys 68:601-612.

Vanrie J, Dekeyser M, Verfaillie K (2004) Bistability and biasing effects in
the perception of ambiguous point-light walkers. Perception 33:547-560.

VerfaillieK (1993) Orientation-dependent priming effects in the perception
of biological motion. J Exp Psychol Hum Percept Perform 19:992—
1013.

Verfaillie K, De Troy A, Van Rensbergen ] (1994) Transsaccadic integration
of biological motion. J Exp Psychol Learn Mem Cogn 20:649—670.

VirsuV (1975) Determination of perspective reversals. Nature 257:786—787.

von Griinau MW, Wiggin S, Reed M (1984) The local character of perspec-
tive organization. Percept Psychophys 35:319-324.



