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Multisensory Integration of Visual and Vestibular Signals
Improves Heading Discrimination in the Presence of a
Moving Object
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Humans and animals are fairly accurate in judging their direction of self-motion (i.e., heading) from optic flow when moving through a
stationary environment. However, an object moving independently in the world alters the optic flow field and may bias heading percep-
tion if the visual system cannot dissociate object motion from self-motion. We investigated whether adding vestibular self-motion
signals to optic flow enhances the accuracy of heading judgments in the presence of a moving object. Macaque monkeys were trained to
report their heading (leftward or rightward relative to straight-forward) when self-motion was specified by vestibular, visual, or com-
bined visual-vestibular signals, while viewing a display in which an object moved independently in the (virtual) world. The moving object
induced significant biases in perceived heading when self-motion was signaled by either visual or vestibular cues alone. However, this
bias was greatly reduced when visual and vestibular cues together signaled self-motion. In addition, multisensory heading discrimination
thresholds measured in the presence of a moving object were largely consistent with the predictions of an optimal cue integration
strategy. These findings demonstrate that multisensory cues facilitate the perceptual dissociation of self-motion and object motion,
consistent with computational work that suggests that an appropriate decoding of multisensory visual-vestibular neurons can estimate
heading while discounting the effects of object motion.

Key words: flow parsing; object motion; optic flow; self-motion; vestibular

Introduction
Accurate judgment of the direction of self-motion (heading) is
important for navigation and interaction with objects in the en-
vironment. Humans can judge their heading fairly accurately
when moving through a stationary environment (Warren et al.,

1988; Telford et al., 1995; Telford and Howard, 1996; Mapstone
et al., 2006; Crane, 2012; Cuturi and MacNeilage, 2013). How-
ever, observers can exhibit more substantial errors when they
judge heading in the presence of objects that move independently
in the world (Warren and Saunders, 1995; Royden and Hildreth,
1996, 1999; Mapstone and Duffy, 2010). Although previous psy-
chophysical studies have demonstrated that the visual system is
capable of parsing retinal image motion into components re-
lated to object motion and self-motion (Warren and Rushton,
2007; Matsumiya and Ando, 2009; Warren and Rushton,
2009a,b; Dokka et al., 2015), the heading errors induced by
object motion suggest that the visual system, by itself, cannot
fully dissociate object motion from self-motion.

In addition to optic flow, self-motion is generally accompa-
nied by vestibular signals that provide independent information
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Significance Statement

Objects that move independently in the world alter the optic flow field and can induce errors in perceiving the direction of
self-motion (heading). We show that adding vestibular (inertial) self-motion signals to optic flow almost completely eliminates the
errors in perceived heading induced by an independently moving object. Furthermore, this increased accuracy occurs without a
substantial loss in the precision. Our results thus demonstrate that vestibular signals play a critical role in dissociating self-motion
from object motion.
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about heading. In particular, vestibular signals originating in the
otolith organs provide information about translation of the head
and are valuable for judging heading (Gu et al., 2007; Angelaki
and Cullen, 2008). Although several studies have demonstrated
that visual and vestibular signals are integrated to facilitate head-
ing perception (Gu et al., 2008, 2012; Fetsch et al., 2009, 2011;
Butler et al., 2010, 2011, 2015; Prsa et al., 2012, 2015; Chen et al.,
2013; de Winkel et al., 2013), these studies were performed within
an environment that only contained immobile objects. It is cur-
rently unknown whether vestibular signals can help mitigate bi-
ases in heading perception induced by moving objects. However,
recent studies have demonstrated that vestibular signals improve
the ability of human observers to judge object motion in the
world during self-motion (MacNeilage et al., 2012; Fajen et al.,
2013; Dokka et al., 2015). We therefore hypothesized that vestib-
ular signals will enhance the accuracy of heading perception
when moving objects are present.

We trained macaques to discriminate heading in the presence
or absence of an independently moving object. We find that add-
ing vestibular self-motion signals to optic flow substantially de-
creases biases in perceived heading that are induced by the
moving object. Furthermore, we show that heading discrimina-
tion performance still exhibits near-optimal cue integration, even
in the presence of object motion. These results demonstrate that
vestibular signals can facilitate the dissociation of object motion
from self-motion, leading to more accurate heading judgments
without substantial loss of sensitivity. Our findings are largely
consistent with computational work showing that multisensory
visual/vestibular neurons can be decoded to estimate heading
while marginalizing over object motion (Kim and DeAngelis,
2010).

Materials and Methods
Experimental subjects. Six male rhesus macaque monkeys (Macaca mu-
latta) weighing �6 –10 kg performed a heading discrimination task.
The surgical preparation, experimental apparatus, and methods of
data acquisition have been described in detail previously (Gu et al.,
2006; Fetsch et al., 2007; Takahashi et al., 2007). Briefly, each animal
was chronically implanted with a circular molded, lightweight plastic
ring for head restraint, and a scleral coil for monitoring eye move-
ments inside a magnetic field (CNC Engineering). Behavioral training
was accomplished using standard operant conditioning. All surgical
and experimental procedures were approved by the Institutional An-
imal Care and Use Committees at Washington University in St. Louis
and Baylor College of Medicine in accordance with National Insti-
tutes of Health guidelines.

Apparatus. A custom-built experimental apparatus was used to test the
monkeys on a heading discrimination task (Gu et al., 2007, 2008; Fetsch
et al., 2009, 2011). The apparatus consisted of two main components: (1)
a 6 degree-of-freedom motion platform (6DOF 2000E, Moog) that pro-
vided inertial motion stimuli; and (2) a virtual reality system, consisting
of a three-chip DLP projector (Christie Digital Mirage 2000) and a rear
projection screen, that provided visual stimuli. The projector and screen
were rigidly mounted on the motion platform and did not move relative
to the platform. Monkeys sat in a primate chair mounted on top of the
motion platform and inside the magnetic field coil frame. Each monkey’s
head was firmly restrained and was positioned such that the horizontal
stereotaxic plane of the head was earth-horizontal, with the axis of rota-
tion passing through the center of the head (i.e., the midline point along
the interaural axis). The distance from the monkey’s eyes to the display
screen was 32 cm. The sides and top of the apparatus were covered with a
black matte material such that the only visual motion experienced by a
fixating animal was that projected onto the display screen. Passive inertial
translation of the monkey in the horizontal plane followed a smooth
Gaussian velocity profile with a peak velocity of 0.35 m/s (displace-
ment � 13 cm, 1 s duration, peak acceleration � 1.4 m/s 2).

Visual stimuli. Visual stimuli depicted movement of the animal
through a 3D cloud of stars that occupied a virtual space 100 cm wide,
100 cm tall, and 40 cm deep. Given that physical and technical constraints
of our apparatus limit the speeds of self-motion that we can present and
the viewing distance, we use a rather near and shallow 3D cloud of stars.
If we had simulated a more distant and deep 3D cloud, then the retinal
speeds would be low and binocular disparities and star densities (on the
display) would become rather large. With the 3D volume we use, the
range of retinal motion speeds of the stars is robust (maximum retinal
speed of 54°/s for the nearest stars at the most eccentric rightward/left-
ward headings) and the range of binocular disparities is more balanced
around the plane of fixation.

At the beginning of each trial, the virtual star cloud was centered in
depth on the plane of the display screen. Thus, the nearest edge of the star
cloud was 12 cm in front of the animal at the start of each trial. Each star
in the 3D cloud was a triangle having a base width of 0.15 cm and a height
of 0.15 cm. Star density was 0.01 stars/cm 3, resulting in �4000 stars
filling the 3D cloud. The star cloud was rendered stereoscopically as a
red/green anaglyph, and the animal viewed the stimuli through Kodak
Wratten filters (red #29 and green #61). With these filters, binocular
cross talk was 1.7% for the green channel and 2.3% for the red channel.
As these filters were passive, they did not require any synchronization
with the projector.

Naturalistic simulations of self-motion were generated using the
OpenGL graphics libraries, along with an accelerated graphics board
(NVIDIA Quadro 2000). The 3D star cloud represented an immobile
virtual world through which self-motion was simulated by moving the
OpenGL camera along the exact trajectory of translation of the animal.
As the animal moved through this virtual environment, stars in the 3D
cloud moved with a velocity pattern that precisely simulated the animal’s
direction and speed of translation. The forward headings probed in this
study were simulated by an expanding radial flow pattern with a focus of
expansion that varied systematically with heading.

Because the 3D star cloud was generated by drawing triangles in a
virtual environment and moving the OpenGL camera through it, the
visual display also contained a variety of 3D cues, including horizontal
disparity, motion parallax, star size, and star density. These cues accu-
rately simulated motion of the observer relative to the 3D star field. For
example, during simulated forward motion, the size of each star in the
image increases over time, and the binocular disparity of each star
changes to reflect the distance of the animal to that star. Similarly, stars
located closer to the monkey move faster in the image than distant stars,
providing motion parallax information. Correspondingly, star density
within the image changed as the animal moved through the 3D volume,
with density decreasing for forward headings as dictated by movement of
the OpenGL camera through the world-fixed cloud.

Monkeys experienced three self-motion conditions: (1) a “vestibular”
condition in which inertial motion of the platform was presented with-
out optic flow (only fixation and choice targets were displayed on the
projection screen); (2) a “visual” condition in which the platform re-
mained stationary while optic flow simulated motion of the observer
through a 3D cloud of stars; and (3) a “combined” condition in which
both inertial motion and optic flow were presented congruently and
simultaneously. The visual stimulus sequence for the visual and com-
bined conditions was identical and simulated translation of the animal
along a smooth Gaussian velocity profile (displacement � 13 cm, dura-
tion � 1 s).

In most trials, the visual display also contained a single spherical object
(radius 10°) that moved rightward or leftward in the virtual world. The
object was composed of the same red and green stars as the background
3D cloud. Star density of the object was 1 star/cm 3 resulting in �520 stars
forming the object. The object was located in depth at the center of the 3D
star cloud such that the object was 32 cm in front of the animal at the start
of each trial. When the animal moved forward, the object became closer
to the animal over time such that it also became larger in the image. As the
star density of the object was much greater that of the 3D star cloud, the
object was easily segmented from the background optic flow. Moreover,
the object was transparent such that it did not occlude portions of the 3D
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star cloud. Background stars could appear in front of, behind, or within
the object.

Object motion followed a smooth Gaussian velocity profile with a peak
velocity of 0.3 m/s (displacement � 10 cm, 1 s duration, peak accelera-
tion � 1.07 m/s 2). Similar to the experimental paradigm used by Royden
and Hildreth (1996), the motion of the object in the world was chosen to
lie within the frontoparallel plane (Fig. 1). For each trial, the initial loca-
tion of the object depended on the subsequent direction of object mo-
tion. For rightward object motion, the object was initially located 17° to
the left of the head-centered fixation target. The object moved rightward
such that it came to a stop at the location of the fixation point at the end
of the trial. Similarly, for leftward object motion, the object was initially
located 17° to the right of the fixation point and moved leftward such that
it came to a stop at the fixation target location. The movement of the
object was temporally synchronized with the monkey’s self-motion in all
trials. In total, monkeys experienced three object motion conditions:
no-object, rightward motion (in the world), and leftward motion; these
three object motion conditions were crossed with the three self-motion
conditions (vestibular, visual, and combined).

Although the object only moved laterally in the world within a fron-
toparallel plane (Fig. 1, left panel; vobj), the motion of the object as viewed
by the monkey’s eye (Fig. 1, right panel; vobj-eye) is a vector sum of object
motion in the world (vobj) and the motion of the world relative to the eye
(Fig. 1, right panel; vw-self) that results from self-motion (vself). Specifi-
cally, the horizontal component of object motion in the image is a com-
bination of object motion in the world and the horizontal component of

the monkey’s self-motion. Moreover, the
looming motion of the object during forward
headings is related to the forward component
of self-motion. As a result, object motion rela-
tive to the eye (vobj-eye) implicitly contains in-
formation about self-motion. Thus, during
vestibular self-motion in the presence of a
moving object, in addition to vestibular sig-
nals, the retinal motion of the object provided a
visual cue to heading even though there was no
background optic flow. Therefore, unlike the
vestibular condition without a moving object,
the vestibular condition with object motion
was not a purely unimodal heading stimulus
but indeed provided both visual and vestibular
cues to self-motion.

Heading discrimination task. Monkeys
performed a single-interval, two-alternative
forced-choice heading discrimination task. In
each trial, the monkey was first required to fix-
ate a central target (0.2° diameter) for 200 ms
before stimulus onset (fixation windows
spanned 2° � 2° visual angle). The fixation tar-
get remained head-fixed throughout the
self-motion trajectory (as if attached to the
windshield of a car, for example) such that no
eye movements were required to maintain vi-
sual fixation during real or simulated self-
motion. If fixation was broken at any time
during the stimulus presentation, the trial was
aborted and the data were discarded. During
the trial, the monkey was presented with a real
and/or simulated translational motion in the
horizontal plane, with or without object mo-
tion. The monkey was required to indicate his
perceived heading relative to straight-forward
by making a saccade to one of two choice tar-
gets illuminated at the end of the trial. Choice
targets were presented only after the last fra-
me of the heading stimulus ended. Monkeys
were rewarded with a drop of juice when they
reported heading correctly.

Heading was varied in fine steps around
straight-forward (0°). Three monkeys were

first tested with logarithmically spaced heading angles: �16°, �8°, �4°,
�2°, and �1°, similar to previous studies of heading discrimination in
the absence of moving objects (Gu et al., 2008). Data from these monkeys
revealed significant biases in perceived heading when object motion was
present (e.g., Fig. 2 B, C). However, with large biases (large shifts of the
point of subjective equality), logarithmically spaced heading angles
may yield unreliable discrimination thresholds (or Just-Noticeable-
Differences) due to the nonuniform spacing of the tested headings.
Therefore, two additional monkeys that were naive to this experiment, as
well as one animal that was previously tested with logarithmically spaced
headings, performed the heading discrimination task with quasi-linearly
spaced headings: �20°, �16°, �12°, �8°, �4°, and �2°. Positive values
indicate headings to the right of straight-forward, whereas negative val-
ues indicate headings to the left of straight-forward. Each heading was
presented 10 times for each of the 9 stimulus conditions. Thus, in a single
block of trials, monkeys performed a total of either 900 trials (10 loga-
rithmically spaced headings � 3 self-motion conditions � 3 object mo-
tion conditions � 10 repetitions) or 1080 trials (12 quasi-linearly spaced
headings � 3 self-motion conditions � 3 object motion conditions � 10
repetitions). All self-motion conditions, object motion conditions, and
headings were randomly interleaved within a single block of trials for one
session.

Reliability of visual self-motion cues was varied by manipulating the
motion coherence of optic flow (Fetsch et al., 2009). Briefly, a fraction of
stars corresponding to the percentage coherence was chosen randomly

Figure 1. Illustration of observer– object interaction. The monkey moves forward in the world (vself) while the object indepen-
dently moves rightward in the world (vobj). The object motion as seen by the monkey’s eye (vobj-eye) represents a vector sum of the
object motion in the world (vobj) and the motion of the world relative to the eye that is caused by self-motion (vw-self; this vector is
equal and opposite to vself). Object motion relative to the (moving) eye (vobj-eye), thus implicitly contains information about the
monkey’s self-motion.

Figure 2. Example data. Psychometric functions of a representative monkey from a single experimental session performed at
the matching visual motion coherence. Data are shown for no object motion (A), for rightward object motion (B), and for leftward
object motion (C). Colors represent the different self-motion conditions: vestibular (blue), visual (green), and combined (red). The
bias in perceived heading (point of subjective equality) is given by the heading at which a curve crosses 0.5 on the vertical axis.

Dokka et al. • Multisensory Integration of Visual and Vestibular Signals J. Neurosci., October 7, 2015 • 35(40):13599 –13607 • 13601



on each display update. These “signal” stars changed location according
to the optic flow field associated with the heading; the remaining “noise”
stars were randomly relocated within the 3D star cloud. Depth cues as-
sociated with a star were always accurate based on its current location
within the 3D cloud, for both signal and noise stars. Each monkey per-
formed the heading discrimination task at three levels of visual motion
coherence: “high,” “matching,” and “low.” At high coherence, which was
fixed at 80% for all monkeys, visual heading discrimination was more
precise than vestibular heading discrimination (i.e., visual thresholds
were smaller than vestibular thresholds). The matching coherence for
each monkey was chosen such that the visual heading thresholds were
approximately equal to vestibular thresholds. Across monkeys, the
matching coherence varied from 11% to 47%. At the low coherence,
visual heading thresholds were substantially greater than vestibular
thresholds, and low coherence values varied from 5% to 19%. Coherence
was fixed in each block of trials and was pseudo-randomly varied across
blocks; each coherence was tested in three blocks of trials. The motion
coherence of the star pattern forming the object was always fixed at
100%.

Data analysis. For each animal, motion coherence, and combination of
self-motion and object motion, a psychometric function was constructed
by calculating the proportion of rightward choices as a function of head-
ing. These data were fit with a cumulative Gaussian function using the
psignifit toolbox, a MATLAB software package (The MathWorks) that
implements the maximum-likelihood method of Wichmann and Hill
(2001a,b). These fits yielded two parameters that characterize the accu-
racy and precision of heading perception: bias and threshold. Bias (or
point of subjective equality) corresponds to the heading which yields
50% rightward and 50% leftward choices. A bias close to 0° indicates
accurate heading discrimination. Threshold is given by the SD (�) of the
cumulative Gaussian fit and represents the inverse precision of heading
discrimination. A small threshold indicates highly precise (i.e., sensitive)
heading discrimination.

In addition to measuring the psychophysical threshold during com-
bined visual-vestibular self-motion, we predicted the threshold expected
if visual and vestibular signals are integrated optimally. Optimal cue
integration theory predicts that heading performance with combined
vestibular-visual signals will be more precise (i.e., smaller threshold) than
when self-motion is specified by visual or vestibular cues (Gu et al., 2008,
2012; Fetsch et al., 2009, 2011; Butler et al., 2010, 2011, 2015; Prsa et al.,
2012, 2015; Chen et al., 2013; de Winkel et al., 2013). Specifically, the
predicted threshold in the combined condition, �com, can be calculated
as follows:

�com � � �vest
2 �vis

2

�vest
2 � �vis

2

where �vest and �vis represent the single-cue visual and vestibular head-
ing thresholds. Thus, the single-cue thresholds measured in the absence
of object motion were used to predict the combined threshold without
object motion. To summarize the optimality of cue integration, we com-
puted a ratio of the empirically measured threshold in the combined
condition to the predicted threshold. A threshold ratio close to 1 indi-
cates that visual and vestibular signals are combined near-optimally.

We also sought to characterize the optimality of visual-vestibular cue
integration in the presence of the moving object. However, the retinal
motion of the object reflects the vector sum of object motion in the world
and the monkey’s self-motion (Fig. 1). Thus, the vestibular condition
with object motion includes some visual information about self-motion.
As a result, it would be incorrect to apply optimal cue integration theory
to the visual and vestibular conditions with object motion. To avoid this
problem, we predicted the combined threshold from the combination of
the vestibular threshold without object motion and the visual threshold
with object motion.

Data analyses were performed using MATLAB and Minitab. For the
analysis of bias in perceived heading, data from all six monkeys were
used. For the analysis of thresholds, data from the three monkeys tested
with quasi-linearly spaced headings were used. For statistical analysis,
data from rightward and leftward object motion were grouped together.

Specifically, the bias measured with leftward object motion was multi-
plied by �1 and grouped along with the bias for rightward object motion
(Dokka et al., 2015). A repeated-measures ANOVA with three factors
(object motion, self-motion, visual motion coherence) was performed
on both the bias and threshold values. When the ANOVA revealed a
significant effect of a factor, Tukey–Cramer post hoc multiple compari-
sons were performed to identify groups with significant differences. To
test whether visual and vestibular signals were integrated optimally, a t
test compared the threshold ratio with 1.

Results
We trained rhesus monkeys to perform a heading discrimination
task based on vestibular, visual, and combined (vestibular-visual)
self-motion cues. Animals performed this task in the absence of
moving objects and in the presence of an object that moved right-
ward or leftward in the world. We sought to determine how a
moving object would bias heading percepts and whether the
combination of visual and vestibular self-motion cues would
ameliorate biases induced by the moving object. We also varied
the reliability (i.e., motion coherence) of optic flow to examine
how the interaction between self-motion and object motion de-
pends on the quality of the self-motion cues.

Example experiment
Example psychometric functions from one session of testing in a
representative animal are shown in Figure 2 (data are presented
for the “matching” motion coherence; see Materials and Meth-
ods). In the absence of object motion (Fig. 2A), the monkey
accurately perceived his heading, as indicated by the point of
subjective equality (PSE, or bias) lying close to 0° for all self-
motion conditions. In addition, the precision of heading discrim-
ination was greater (steeper slope) in the combined condition, as
shown previously (Fetsch et al., 2009). In contrast, object motion
induced clear biases in heading perception. Rightward object mo-
tion induced substantial leftward heading biases in both the ves-
tibular (Fig. 2B, blue curve) and visual (Fig. 2B, green curve)
conditions, as quantified by PSE values of 4.52° for vestibular
self-motion and 5.88° for visual self-motion. Analogously, left-
ward object motion induced rightward heading biases in the ves-
tibular (�5.53°) and visual (�5.16°) conditions (Fig. 2C). Thus,
consistent with previous findings for visual self-motion (Warren
and Saunders, 1995), a moving object induced systematic biases
in heading perception when self-motion was indicated by only
visual or vestibular cues. Critically, however, the combination of
visual and vestibular self-motion cues greatly reduced the bias
induced by object motion (Fig. 2B,C, red curves), with PSE val-
ues of 0.63° and �2.05° for rightward and leftward object mo-
tion, respectively.

Summary of bias effects
Similar effects of object motion on heading perception were ob-
served across sessions and animals (Fig. 3). Heading perception
in the no-object condition was generally accurate, as indicated by
biases close to 0° for all self-motion conditions and motion co-
herences (Fig. 3, black curves). In contrast, rightward and left-
ward object motion consistently induced biases of opposite sign
in heading perception (Fig. 3, orange curves). The main effect of
object motion condition on heading bias was highly significant
(repeated-measures ANOVA: F(1,580) � 152.85, p � 0.0001; see
Materials and Methods). Furthermore, a significant interaction
effect (F(2,580) � 27.2, p � 0.001) between self-motion and object
motion conditions revealed that object motion biases differed
across self-motion conditions. Specifically, with a moving object,
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the bias in the combined condition was significantly less than
biases in the vestibular (Tukey–Cramer post hoc comparison; p �
0.001) and visual (p � 0.001) conditions (data pooled across
coherences), but not significantly different from the bias in the
no-object combined condition (Tukey–Cramer post hoc compar-
ison: p � 0.33). Thus, biases induced by object motion were
almost completely eliminated by multisensory cues in the com-
bined condition.

Data from individual animals were largely consistent with the
pattern of results described above. Figure 4, A and B, compares
biases in the combined condition with biases in the vestibular and
visual conditions, respectively, in the presence of a moving ob-
ject. The majority of the filled symbols (corresponding to right-
ward object motion) lie in the upper right quadrant, whereas the
majority of the open symbols (leftward object motion) lie in the
lower left quadrant. Leftward object motion data from one ani-
mal are outliers in Figure 4A. Importantly, the slope of the rela-
tionship between combined and vestibular biases was
significantly less than unity (Fig. 4A; slope � 0.20, 95% CI � 0.19,
0.21), as was the slope of the relationship between combined and
visual biases (Fig. 4B; slope � 0.23, 95% CI � 0.20, 0.25). These
results show clearly that multisensory combination of vestibular
and visual self-motion cues improves the accuracy of heading
perception in the presence of a moving object.

We also explored how the interaction
between object motion and self-motion
was modulated by visual motion coher-
ence. Although there was no significant
main effect of coherence on heading bi-
ases (repeated-measures ANOVA; F(2,580)

� 0.93, p � 0.39), there was a significant
interaction between coherence, object
motion, and self-motion conditions
(F(4,580) � 4.44, p � 0.002). In the no-
object condition, biases did not depend
significantly on coherence in any of the
self-motion conditions (Tukey–Cramer
post hoc comparisons; p � 0.8). However,
in the presence of object motion, coher-
ence significantly modulated bias in the
visual condition such that it was signifi-
cantly smaller at high coherence than
matching coherence (Tukey–Cramer post
hoc comparisons; p � 0.008) and signifi-
cantly greater at low coherence than
matching coherence (p � 0.03). Thus,
when self-motion was specified by visual
cues alone, the influence of object motion
on heading accuracy varied inversely with
the reliability of the visual self-motion.
This suggests that the visual system has
greater trouble in dissociating object mo-
tion from self-motion when background
visual motion cues are unreliable.

Summary of threshold effects
Although our main focus has been on how
object motion affects the accuracy of
heading percepts, it is also of considerable
interest to know how object motion af-
fects the precision of heading discrimina-
tion and the optimality of cue integration.
Overall, we find a significant main effect

of object motion on heading thresholds (Fig. 5; repeated-
measures ANOVA; F(1,277) � 33.9, p � 0.001) such that the pres-
ence of object motion reduces heading thresholds and improves
precision. We also find a significant interaction between object
motion and self-motion condition (F(2,277) � 8.08, p � 0.001),
which reflects the observation that object motion significantly
reduces heading discrimination thresholds for the vestibular and
visual conditions (Tukey–Cramer post hoc comparisons; p �
0.001 for vestibular; p � 0.001 for visual condition) but does not
significantly affect thresholds in the combined condition (p �
0.5). We suggest that object motion increases the precision of
heading perception because the retinal motion of the object is a
vector sum of object motion and observer motion. Thus, in trials
with object motion, monkeys have an additional visual cue to
self-motion provided by one component of retinal object mo-
tion, in addition to vestibular or background optic flow signals.
Indeed, it is worth noting that thresholds for the vestibular con-
dition with object motion are fairly similar to those in the com-
bined condition without object motion (Fig. 5). Thus, animals
can use the self-motion component of object motion to improve
heading sensitivity, but because they cannot completely dissoci-
ate the retinal motion components, object motion in the world
biases heading percepts in the absence of vestibular self-motion
signals.

Figure 3. Summary of biases in perceived heading. Heading bias, averaged across sessions and monkeys, is shown for stimulus
conditions without object motion (black symbols), with rightward object motion (filled orange symbols), and with leftward object
motion (open orange symbols). Points along the abscissa in each panel indicate the different self-motion conditions: vestibular
(Vest), visual (Vis), and combined (Com). Different panels represent results obtained for high (A), matching (B), and low (C) visual
motion coherences. Dashed horizontal line indicates zero bias. Error bars indicate SEM.

Figure 4. Summary of heading biases for individual animals. Comparison of biases measured during the combined condition
with biases measured during the vestibular (A) and visual (B) conditions, in the presence of a moving object. Each symbol shape
represents data from an individual monkey, averaged across three blocks of trials. Filled symbols represent data collected with
rightward object motion. Open symbols represent data collected with leftward object motion. Blue, green, and red colors represent
high, matching, and low motion coherences. Dashed horizontal line indicates zero bias. Dashed diagonal line indicates unity slope.
Error bars indicate SEM.
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Consistent with previous work (Fetsch
et al., 2009), we found that heading
thresholds showed a significant interac-
tion between coherence and self-motion
condition (repeated-measures ANOVA:
F(4,277) � 51.00, p � 0.001) such that vi-
sual heading thresholds declined with in-
creasing motion coherence, whereas
vestibular and combined thresholds did
not depend significantly on coherence.
However, we found no significant interac-
tion between coherence and object mo-
tion condition (F(2,277) � 0.61, p � 0.54),
indicating that the effect of coherence on
heading thresholds was similar whether or
not there was a moving object present.

Our main interest in examining head-
ing thresholds was to determine whether object motion alters the
optimality of visual-vestibular cue integration. In the absence of a
moving object, our subjects exhibited greater precision of head-
ing discrimination in the combined condition. The combined
threshold was significantly less than thresholds for the vestibular
(Tukey–Cramer post hoc: p � 0.001) and visual (p � 0.001) con-
ditions (Fig. 5) when no moving object was present. Moreover,
the ratio of the combined threshold to the optimal prediction (see
Materials and Methods) was not significantly different from
unity (Fig. 6A, black bar; t test, p � 0.51). A threshold ratio close
to unity indicates that the observer implemented a cue combina-
tion strategy that took into account the reliability of the unimodal
visual and vestibular cues. Thus, we replicate previous findings
(Fetsch et al., 2009) regarding visual-vestibular cue integration in
the absence of object motion.

To examine optimality of cue integration in the presence of a
moving object, it is not appropriate to predict the combined
threshold from vestibular and visual thresholds measured in the
presence of a moving object, as object motion would then con-
tribute twice to the predicted threshold (see Materials and Meth-
ods). Rather, we predicted the combined threshold from the
visual threshold measured with object present and the vestibular
threshold measured in the absence of the moving object. Consis-
tent with some degree of cue integration, combined thresholds
are generally less than visual thresholds in the presence of object
motion (Fig. 6B; p � 0.001). Moreover, combined thresholds
with object motion are significantly less than vestibular thresh-
olds measured without object motion (Tukey–Cramer post hoc
comparison: p � 0.001, data not shown).

We then computed the ratio of combined to predicted thresh-
olds in the presence of object motion, and we found that this ratio
is not significantly greater than unity (Fig. 6A, orange bars; t test,
p � 0.11). Moreover, a paired t test on the threshold ratios with
and without object motion did not show a significant difference
(t(63) � �1.34, p � 0.18, data pooled across leftward and right-
ward object motion). Although threshold ratios tend to be
slightly greater than unity with object motion, our data do not
allow us to reject the null hypothesis that cue integration remains
optimal in the presence of a moving object. Thus, the neural
computations by which vestibular signals are used to attenuate
biases caused by object motion appear to largely preserve the
benefits of cue integration for heading discrimination.

Discussion
When moving observers view objects that move independently in
the world, retinal image motion reflects a vector sum of object

motion and self-motion. To accurately judge heading, observers
must be able to dissociate object motion from self-motion. How-
ever, the visual system by itself cannot completely separate these
two components as demonstrated by the substantial heading er-
rors observed when self-motion is specified by visual cues alone.
Our results demonstrate that adding congruent vestibular signals
brings about a much more complete dissociation of object mo-
tion from self-motion, leading to largely unbiased heading per-
ception. These findings, together with complementary recent
work on object motion perception (Fajen et al., 2013; Dokka et
al., 2015), suggest a critical role for vestibular signals (possibly
together with somatosensory cues that are also present during
inertial motion) in the important process of parsing visual image
motion into components related to self-motion and object mo-
tion. Our results are consistent with a recent proposal (Kim and
DeAngelis, 2010) that multisensory neural representations of
self-motion allow efficient marginalization computations that
discount the effects of object motion, as discussed below.

Biases in visual heading perception
Consistent with our results for the visual condition, previous
studies (Warren and Saunders, 1995; Royden and Hildreth, 1996,
1999) also reported errors in visual heading perception in the
presence of a moving object. Specifically, our findings are in
agreement with those of Warren and Saunders (1995) who ob-
served heading biases in the direction opposite to the object mo-
tion. However, Royden and Hildreth (1996) reported heading
biases in the direction of object motion. This difference may be
due to the specific characteristics of the object motion stimulus.
In the present study as well as the paradigm tested by Warren and
Saunders (1995), the observer approached the object such that
the distance between object and observer changed during the
trial. In contrast, the object always moved in the frontoparallel
plane at a fixed distance from the observer in the paradigm tested
by Royden and Hildreth (1996). Thus, approaching objects may
bias heading differently than objects that always move a fixed
distance. In addition, these previous studies found that heading
perception was significantly biased when a moving object ob-
scured the focus of expansion (Royden and Hildreth, 1996) or
when the object crossed the observer’s path of motion (Warren
and Saunders, 1995), whereas no substantial biases were observed
otherwise.

Numerous methodological differences between our experi-
ments and those of previous studies hamper a direct quantitative
comparison of results. Our goal was to investigate the influence of
multisensory cues on heading perception in the presence of a
moving object, rather than to explore how various nuances of the

Figure 5. Summary of heading discrimination thresholds. Mean heading discrimination thresholds, averaged across three
monkeys tested with the quasi-linear range of headings (see Materials and Methods) during vestibular (Vest), visual (Vis), and
combined (Com) self-motion. Different panels represent results obtained for high (A), matching (B), and low (C) visual motion
coherences. Error bars indicate SEM.
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visual display influence heading perception. Among the notable
differences, the visual stimuli in our experimental setup pre-
sented both rightward and leftward headings, unlike Royden and
Hildreth (1996) who only presented rightward headings; we pre-
sented headings that were defined in world-coordinates, unlike
Warren and Saunders (1995) who defined heading with respect
to a “probe” stimulus; we trained monkeys to make heading
choices relative to an internal reference of straight-forward, un-
like Warren and Saunders (1995) whose human subjects indi-
cated heading choices with respect to a “probe” stimulus having a
variable location; and we fixed the initial location of the object for
a given direction of object motion, unlike Warren and Saunders
(1995) and Royden and Hildreth (1996). Despite these various
differences in experimental design, our results are broadly con-
sistent with those of previous studies and reinforce the conclu-
sion that the visual system, on its own, cannot completely
dissociate object motion from self-motion.

Biases in vestibular heading perception
In the present experiment, monkeys exhibited significant head-
ing biases when they viewed object motion during vestibular (in-
ertial) self-motion. To our knowledge, previous studies have not
reported such biases in vestibular heading perception induced by
a moving object. These biases suggest that monkeys did not fully
dissociate object motion from self-motion, even in the presence
of vestibular self-motion signals.

This may be surprising as one might expect that the presence
of vestibular signals, which provide an independent cue to self-
motion, should bring about a complete dissociation of object
motion from self-motion. For example, the monkey could accu-
rately judge heading in the vestibular condition just by ignoring
the visual stimuli altogether. However, the heading biases in-
duced by object motion in the vestibular condition may partly
reflect the prior behavioral training these monkeys received. Each
of these animals was previously trained to perform heading dis-
crimination (in the absence of object motion) with vestibular,
visual, and combined self-motion cues. As a result of this train-
ing, the monkeys may have expected object motion to carry

information about self-motion and there-
fore incorporated it in their heading esti-
mates. This view is strengthened by the
similarities in heading biases measured in
the presence of a moving object during
vestibular and visual self-motion.

Potential neural mechanisms for
dissociating object motion
and self-motion
Previous studies have proposed visual
mechanisms, such as template matching
(Warren and Saunders, 1995), differential
motion operators (Hildreth, 1992; Roy-
den, 2002), motion pooling in MT	 along
with template matching (Layton et al.,
2012), and visual segmentation (Raudies
and Neumann, 2013), to explain the influ-
ence of object motion on visual heading
perception. Whereas these proposed vi-
sual mechanisms can explain the influ-
ence of a moving object when self-motion
is specified by optic flow alone, our find-
ing that vestibular signals reduce heading
biases indicates the existence of comple-

mentary multisensory mechanisms that contribute to dissociat-
ing self-motion and object motion.

Our findings have important implications for the underlying
neural mechanisms that allow us to estimate heading in the pres-
ence of moving objects. We suggest that multisensory improve-
ments in the accuracy of heading perception in the presence of
object motion are due to a selective decoding of specialized mul-
tisensory neurons that are sensitive to vestibular self-motion, op-
tic flow, and object motion. For example, neurons in the dorsal
subdivision of the medial superior temporal area (MSTd) have
been shown to exhibit selectivity to inertial motion in darkness
(Duffy, 1998; Bremmer et al., 1999; Page and Duffy, 2003; Gu et
al., 2006; Gu et al., 2007; Takahashi et al., 2007), optic flow
(Tanaka et al., 1986, 1989; Tanaka and Saito, 1989; Duffy and
Wurtz, 1991; Duffy, 1998; Gu et al., 2008; Fetsch et al., 2011), and
object motion (Logan and Duffy, 2006). Importantly, these mul-
tisensory MSTd neurons come in two types: congruent cells and
opposite cells (Gu et al., 2006, 2008). Congruent cells have similar
vestibular and visual heading preferences and appear to be well
suited to mediating multisensory cue integration and reliability-
based cue weighting for heading perception (Gu et al., 2008; Fet-
sch et al., 2011). In contrast, opposite cells tend to have highly
dissimilar (often 180° apart) vestibular and visual heading pref-
erences and are not beneficial for cue integration or cue weight-
ing. Similar findings for congruent and opposite cells have also
been observed in the ventral intraparietal area (Chen et al., 2013).
Thus, the functional role of opposite cells has remained unclear,
and we suggest that opposite cells play an important role in dis-
sociating self-motion and object motion.

Specifically, we have recently shown that selectively decod-
ing a mixed population of congruent and opposite neurons
can lead to heading estimates that are substantially more ro-
bust to object motion (Kim and DeAngelis, 2010). In this
scheme, both congruent and opposite cells are decoded ac-
cording to their vestibular heading preferences, thereby
largely cancelling the biases that are induced by object motion
in the absence of vestibular input. We have shown that this
decoding strategy is predicted by learning a linear transforma-

Figure 6. Multisensory improvement in heading discrimination thresholds. A, Threshold ratio, defined as the ratio of measured
to predicted thresholds during combined visual-vestibular self-motion, is shown for conditions without object motion (black bar),
with rightward object motion (filled orange bar), and leftward object motion (hatched orange bar). Data from all coherences have
been combined together. Dashed horizontal line indicates a threshold ratio of unity. Error bars indicate SEM. B, Comparison of
thresholds measured in the combined and visual conditions, in the presence of a moving object. Each symbol shape represents data
from an individual monkey, averaged across three blocks of trials. Filled symbols represent rightward object motion. Open symbols
represent leftward object motion. Blue, green, and red represent data from high, matching, and low motion coherences, respec-
tively. Dashed diagonal line indicates unity slope.
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tion of responses that is optimized to estimate heading by
marginalizing out the effect of the object motion (Kim and
DeAngelis, 2010). Marginalization, a key operation by which
the effects of “nuisance” parameters (e.g., object motion in
our case) can be mitigated, has been previously described in
motor control (Wolpert et al., 1995) and visual object tracking
(Körding, 2007). Our recent computational work (Kim and
DeAngelis, 2010) suggests that congruent and opposite cells
play key roles in marginalizing over object motion to compute
heading. This mechanism may account for the behavioral ef-
fects of vestibular signals on heading biases that were observed
in the present study. Moreover, preliminary results from re-
cordings in area MSTd suggest that applying this marginaliza-
tion approach to real neural data can predict reductions in
heading biases due to multisensory integration (Sasaki et al.,
2012).

In conclusion, our behavioral results indicate clearly that
incorporating vestibular signals into computations of self-
motion renders heading estimates substantially more robust
to the effects of object motion. These findings are consistent
with a recent proposal (Kim and DeAngelis, 2010) that a di-
verse population of multisensory neurons provides a sufficient
substrate to perform marginalization operations that largely
eliminate the effect of object motion on heading estimates.
Thus, our findings may reflect a general mechanism by which
multisensory integration allows the brain to tease apart the
sources of sensory inputs.
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