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Perceptual processing in autism spectrum disorder (ASD) is marked
by superior low-level task performance and inferior complex-task
performance. This observation has led to theories of defective in-
tegration in ASD of local parts into a global percept. Despite mixed
experimental results, this notion maintains widespread influence
and has also motivated recent theories of defective multisensory
integration in ASD. Impaired ASD performance in tasks involving
classic random dot visual motion stimuli, corrupted by noise as a
means to manipulate task difficulty, is frequently interpreted to
support this notion of global integration deficits. By manipulating
task difficulty independently of visual stimulus noise, here we test
the hypothesis that heightened sensitivity to noise, rather than
integration deficits, may characterize ASD. We found that although
perception of visual motion through a cloud of dots was unim-
paired without noise, the addition of stimulus noise significantly
affected adolescents with ASD, more than controls. Strikingly, in-
dividuals with ASD demonstrated intact multisensory (visual–ves-
tibular) integration, even in the presence of noise. Additionally,
when vestibular motion was paired with pure visual noise, indiv-
iduals with ASD demonstrated a different strategy than controls,
marked by reduced flexibility. This result could be simulated by
using attenuated (less reliable) and inflexible (not experience-
dependent) Bayesian priors in ASD. These findings question wide-
spread theories of impaired global and multisensory integration in
ASD. Rather, they implicate increased sensitivity to sensory noise
and less use of prior knowledge in ASD, suggesting increased re-
liance on incoming sensory information.
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One in every 68 children in the United States is diagnosed
with autism spectrum disorder (ASD) (1). ASD is charac-

terized by a range of social, communication, cognitive, and be-
havioral impairments, as well as differences in perceptual processing
(2). Intriguingly, individuals with ASD often demonstrate superior
performance at low-level visual tasks, such as those that emphasize
the perception of local elements (3–6). However, perceptual deficits
are often described in more complex visual tasks (7), like those that
require aggregating local elements into a global whole (8–10).
However, many aspects of the latter remain unclear. Even the basic
question of whether this difference represents an actual deficit of
perceptual integration or whether it simply results from a bias for
local processing is a matter of debate (5, 11, 12).
Visual-motion stimuli have been widely used to investigate

global perception in ASD. These studies have predominantly used
random dot kinematograms (RDKs), for which participants are
required to discriminate the overall direction of motion of a field
of dots, where some dots move coherently while the others
are randomly displaced. Increased ASD thresholds are indeed
reported in many RDK studies (refs. 13–17; but see refs. 18–20), as
well as similar studies using Glass patterns (detecting a target area
of coherent dot rotation within a random dot display) (21, 22).
Although RDK studies are recognized to reflect “coherent

motion perception,” interpretation of this term may significantly

affect the conclusions of these studies. Traditional visual re-
search specifically associates the term coherent motion percep-
tion with RDK stimuli, and thus noise. However, interpretation
in the ASD literature focuses primarily on its meaning as “global,”
irrespective of noise [e.g., see noiseless coherent motion percep-
tion (23)]. This understanding of coherent is reflected already in
the terminology of “weak central coherence” theories (11, 24) and
extends to other uses, such as “coherent form perception” (13, 18,
25). Although such use may actually reflect a good literal un-
derstanding of coherent, it may be the root of a serious confound
in the interpretation of RDK results in ASD. Specifically, reduced
RDK performance in ASD may result from the inherent noise
rather than global integration deficits.
Interestingly, a noiseless motion paradigm using plaid stimuli

that can be perceived as a coherently moving pattern or as two
transparent gratings sliding over each other found intact global
motion perception in ASD (23). This finding, together with the
RDK confound explained above and predominant descriptions
of intact global form processing (refs. 9, 12, 13, 18, and 25; but
see refs. 21, 22), all contribute to the already wide debate re-
garding the very existence of global integration deficits in ASD
(5, 11, 12) and highlight the need to better understand the
mechanisms of impaired RDK performance.
In the classic RDK paradigm, thresholds are measured as a

percentage of coherently vs. randomly moving dots (thus, noise
is always present). To dissociate sensory noise and global inte-
gration, we use here a different paradigm comprising simulated
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self-motion through a random dot cloud (star-field), in which
discrimination thresholds are measured in spatial angles (26, 27).
Thus, thresholds can be measured also for noiseless motion
stimuli (100% coherence), as well as for varying levels of visual
noise. Interestingly, we found that adolescents with ASD dem-
onstrate unimpaired perception of self-motion through a noise-
less (100% coherence) star-field. Rather, they demonstrate greater
perceptual impairment (compared with controls) specifically in the
presence of sensory noise.
In light of the pressing need to operationalize and study

multisensory integration in ASD (28), global processing theories
have also led to hypotheses that individuals with ASD may have
deficits integrating across multiple senses. Reduced audiovisual
facilitation has recently been described in ASD (29, 30), in
conjunction with less effective neural integration (30). Altered
audiovisual temporal processing has also been found (31, 32).
However, the concurrent presence of low-level auditory deficits
(33, 34), together with robust multisensory integration that was
nonetheless still observed (30), makes it difficult to implicate
multisensory integration per se vs. compounded effects of early
sensory deficits.
Further complicating the matter, ASD is often studied in

children, whereas multisensory integration is not fully developed
until adolescence (35–37). There are few, and contradictory,
results regarding the existence of multisensory deficits in ado-
lescents with ASD. Smith and Bennetto (38) describe audiovisual
speech integration deficits. However, other studies have found
that adolescents with ASD catch up to their typically developing
peers and that these deficits are ameliorated upon entering
adolescence (39, 40). Also the terminology of “multisensory in-
tegration” is inconsistent (28, 41), making the interpretation of
results complex. Thus, a second goal of the present study was to
test for a specific, well-studied property of cue combination. We
found no multisensory (visual–vestibular) integration impair-
ment, even in the presence of visual noise.
Our results suggest that global and multisensory integration

remain intact in ASD. Rather, adolescents with ASD may suffer
from a heightened sensitivity to sensory noise, possibly due to
higher reliance on incoming sensory signals and less use of prior
knowledge about the world (which would have otherwise
dampened the sensory noise) (42, 43).

Result
ASD Example. Adolescents with high-functioning ASD perform
very well on our task of self-motion perception. Three blocks for
an example participant with ASD are presented in Fig. 1. For
100% visual motion coherence (no visual noise), visual cue re-
liability is high, as demonstrated by the steep slope of the
psychometric curve (Fig. 1A, red). High reliability means that
the participant can easily discern the direction of simulated self-
motion (right or left of straight ahead), even for small heading
angles. In comparison, his vestibular cue here is less reliable, as
demonstrated by the relatively less steep psychometric curve
(Fig. 1A, blue). When experiencing simultaneous visual and ves-
tibular stimuli (combined condition), the participant relies pri-
marily on the more reliable visual cue and thus achieves reliable
performance also in this multisensory case (Fig. 1A, green curve).
These results are similar to those expected from typical adoles-
cents or adults.
The introduction of visual noise affects visual reliability. Re-

duced reliability is demonstrated by the deterioration (flattening)
of the psychometric curve—seen already with slight noise (90%
coherence; Fig. 1B, red curve) and more strongly for higher noise
(50% coherence; Fig. 1C, red curve). Despite this steep de-
terioration in visual reliability, multisensory integration is still evi-
dent in the combined condition: In Fig. 1C, the participant relies
primarily on the now-more-reliable vestibular cue (the green curve
is now more similar to the blue curve). Also, when the cues are of
more similar reliability (Fig. 1B), the combined cue is more reliable

than each of the individual cues alone. Thus, important charac-
teristics of optimal multisensory integration are fulfilled even
in ASD.
We now look at the group data and investigate whether the

effects of visual noise in ASD are more extreme than normal.
To do so, we compare cue thresholds, defined as the SD of the
psychometric fit (Data Analysis). Note that thresholds are in-
versely related to reliability, such that small thresholds (steep
psychometric curves) indicate a reliable cue and large thresholds
mark low reliability.

ASD Sensitivity to Visual Noise. To compare the initial effect of
visual noise, we looked at the data from the first visit, in which
two blocks were tested: a 100% coherence block, followed by a
90% coherence block (only data in which both blocks were
completed in the same visit were used for this comparison; 20
control and 12 ASD participants). Here, an interesting differ-
ence was seen between ASD and controls. For controls, visual
thresholds at 100% and 90% coherence were comparable (Fig.
2A, left)—demonstrating that the little noise added during 90%
coherence is largely undisruptive in normal participants. In
contrast, this slight addition of noise largely affects participants
with ASD, who demonstrated a significant increase in threshold
(Fig. 2A, right).
We now look at all of the data, gathered across different levels

of coherence (Fig. 2B). Although, on average, ASD participants
began with slightly better (lower) visual thresholds at 100%, this

Fig. 1. ASD example. Behavioral responses of an example participant with
ASD are presented for three separate blocks, tested with 100% (A), 90% (B),
and 50% (C) visual motion coherence. For each block, psychometric curves
represent the ratio of rightward choices as a function of heading direction,
based on visual-only (red), vestibular-only (blue), or combined visual–ves-
tibular (green) cues. Data (circles) were fitted with cumulative Gaussian
functions (solid lines).
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trend switched when noise was added to the stimulus—average
ASD thresholds were worse for all three noisy conditions (90%,
75%, and 50% coherences; Fig. 2B, Left). An ANOVA com-
parison of the noisy-condition visual thresholds, in relation to the
noiseless (100% coherence) condition, found a significant dif-
ference between the ASD and control groups (P = 0.004). This
finding indicates that participants with ASD are more strongly
affected by visual sensory noise.
Vestibular trials were interleaved in all of the blocks (together

with visual and multisensory trials). No difference was seen be-
tween the vestibular thresholds for ASD vs. controls (P = 0.6;
Fig. 2C). For this comparison, all vestibular data were pooled
across the different coherence blocks (because no noise was
added to the vestibular stimulus). However, also when grouped
by visual coherence, no significant differences were seen in
vestibular thresholds (ANOVA, P = 0.6; Fig. S1).
An alternative way to extract the effects of visual noise is to

look at the relative reliability between the visual and vestibular
cues, on a block-by-block basis. A main expected effect is that, as
more visual noise is added (increasing visual thresholds), the
visual-to-vestibular threshold ratio should increase—the ques-
tion is by how much? An exaggerated response to visual noise
would cause a larger increase in this ratio. Indeed, we found here
that, although ASD participants started with a lower visual-to-
vestibular threshold ratio than controls at 100% coherence, when
noise was added (90%, 75%, and 50% coherences), their ratios
overtook and became larger than controls’ (Fig. 2B, Right). An
ANOVA comparing the noisy conditions found a significant

difference between the ASD and control groups (P = 0.04). This
finding shows an exaggerated response specifically in the visual
cue. Also, reduced performance is not an effect of fatigue or
attention, because concurrent vestibular performance was in-
distinguishable from controls’ (Fig. S1).
To confirm that the range of ages used in this study (13–19 y

old) was not a confounding factor, we performed the same
analysis presented above on a subset of participants with a nar-
rower age range (15–17 y old). This subset demonstrated the
same results as the whole cohort (Fig. S2). We showed here that
individuals with ASD are more affected by visual noise than
controls. Next, we tested their multisensory integration—i.e.,
whether or not individuals with ASD integrate visual and ves-
tibular cues near-optimally, also in the presence of noise—as
shown in normal individuals (26, 44).

Intact Multisensory Integration. A strong characteristic of optimal
multisensory integration is reduced variability of combined-cue
performance (45–47). Thus, to assess multisensory integration in
ASD, we compare the measured combined-cue thresholds to
those predicted theoretically, as described here below. When two
cues with Gaussian noise distributions—e.g., visual and vestibu-
lar—with respective SDs (thresholds) σvis and σves, are integrated
optimally, the variance of the combined-cue measurement is
given by:

σ2c =
1

1
σ2vis

+
1
σ2ves

: [1]

The largest reduction in threshold (decrease by a factor of
ffiffiffi

2
p

)
occurs when the two cues have equal thresholds (σvis = σves).
When one cue is much more reliable than the other (e.g., visual
more reliable: σvis << σves), behavior is captured mainly by the
reliable cue such that σc ∼ σvis.
The average visual, vestibular, and combined cue thresholds,

measured from the corresponding visual-only, vestibular-only,
and multisensory (combined cue) trials, are presented in Fig. 3A
(red, blue, and dark green, respectively). A comparison of the
measured multisensory thresholds (dark green) to those pre-
dicted from the single cues using Eq. 1 (light green, dashed)
demonstrates intact multisensory integration for both control
and ASD groups (0% coherence is an exception for both groups
and is dealt with separately in Reduced Multisensory Flexibility in
the Presence of Pure Visual Noise).
Firstly, for 100% and 90% coherence conditions, where the

visual cue is considerably more reliable than vestibular, the
combined cue is dominated by the visual cue (σc ∼ σvis). Thus,
even though participants with ASD demonstrate an exaggerated
response to slight visual noise at 90% coherence (described
above), they nonetheless appropriately integrate the visual in-
formation, which still dominates the combined condition due to
lower visual vs. vestibular thresholds. At 75% coherence, visual
thresholds approach vestibular thresholds for ASD (not control),
and a reduction in combined cue thresholds begins to emerge.
This reduction is also seen at 50% coherence where visual
thresholds are now worse than vestibular for both groups. Thus,
when the visual cue carries any signal (100%, 90%, 75%, and
50% coherence), it is appropriately integrated with the vestibular
cue, also in ASD.
Scatter plots and regressions of the measured vs. predicted

combined cue thresholds across all conditions (Fig. 3B) indicate
near-optimal cue integration for ASD and control participants.
Optimal integration is marked by a slope of 1 (dotted line). The
bootstrap (n = 1,000) calculated 95% confidence interval for the
slope of the ASD linear regression (solid line) included 1, both
when excluding and including 0% coherence sessions ([0.8 1.6]
and [0.9 1.5], respectively). Thus, ASD performance was not
significantly different from optimal. For controls, the confidence

Fig. 2. Response to visual noise. (A) Filled and textured red bars represent
the log-scale mean ± SEM visual psychometric thresholds for 100% and 90%
motion coherence, respectively. These were similar for controls (left) but
significantly different for participants with ASD (right). *P < 0.05. (B, Left)
Red solid and dashed lines represent the log-scale mean visual thresholds, as
a function of visual motion coherence for participants with ASD and con-
trols, respectively. Error bars mark 1 SEM. (B, Right) Similarly, black solid and
dashed lines represent the mean visual-to-vestibular threshold ratios for
participants with ASD and controls, respectively. (C) Filled blue bars repre-
sent the log-scale mean ± SEM vestibular psychometric thresholds, which
were similar for control and ASD participants. See also Figs. S1 and S2.
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interval only included 1 when excluding, but not when including,
the 0% coherence sessions ([0.9 1.5] and [1.1 1.5], respectively).
Therefore, no deficit in multisensory integration was seen in
ASD (if anything, they seemed more optimal here than controls).

Reduced Multisensory Flexibility in the Presence of Pure Visual Noise.
We now address the interesting condition of 0% coherence.
Here, optimal observers should perform the task based solely on
nonvisual cues and ignore dot motion. Given that individuals
with ASD are more affected by visual noise than controls (Fig.
2), one may have expected that the presence of pure visual noise
(0% coherence) would affect their multisensory performance
more than controls. However, there is an important difference:
Whereas Fig. 2 describes the effects of visual noise on the same
(visual) cue, here we are testing how the noisy visual cue is in-
tegrated with another (vestibular) cue. Thus, it does not test
sensitivity to noise per se, but rather multisensory integration of
a completely noisy (visual) cue with another (vestibular) cue. In

fact, we also showed (Fig. 3) that individuals with ASD integrate
even noisy visual cues appropriately. The 0% coherence sessions
simply test whether appropriate multisensory integration occurs,
even in the extreme case of complete visual noise.
Specifically, for 0% coherence, four blocks were tested (Ma-

terials and Methods), thus progression of behavior (learning)
could be studied as a function of block repeats (Fig. 4). Across
these blocks, a very different picture emerges for the ASD and
control groups. On their first exposure to 0% coherence noise,
control participants tried to integrate the visual cue even though
it carries no information. Overall (grouping all four repeats),
significant integration of noise was found (Fig. 3A, Upper; paired
t test, P < 10−6). However, a significant learning effect (Fig. 4,
dashed line; Pearson correlation, P = 0.005) demonstrates that
they quickly learned to down-weight the visual noise and ach-
ieved more optimal behavior by the fourth repeat. In contrast,
although the ASD group also integrated visual noise (Fig. 3A,
Lower; paired t test, P = 0.02), they did this to a lesser degree
initially, and they showed no change over repeats (Fig. 4, solid
line; Pearson correlation P = 0.6). Therefore, although in-
dividuals with ASD seemed to perform better initially, unlike
controls, their strategy was static and did not change over time.
This interesting result is addressed further in Discussion, SI Text,
and Fig. S3.

Discussion
In our multisensory task of self-motion perception, we showed
that adolescents with high-functioning ASD have a specific
sensitivity to visual sensory noise. In contrast, their performance
in noiseless visual (100% coherence), vestibular, and multisen-
sory integration conditions was no worse (and often even better)
than controls. Strikingly, even noisy visual signals were appro-
priately integrated with vestibular cues. These findings question
prevalent theories that ASD is marked by specific deficits in the
integration of local elements, or the integration of multiple
senses, into a global percept (11, 48).
Rather, our results suggest that deficits of coherent motion

perception, often described in ASD (13–17), result not from a
spatial integration impairment, but from the sensory noise in-
herent in RDK tests. This idea can settle some apparent con-
tradictions in the ASD literature. Specifically, it can concurrently
explain impaired ASD performance found in most RDK and
glass pattern studies (13–17, 21, 22), in conjunction with un-
impaired global perception of plaid motion stimuli (23) and
unimpaired form processing (9, 12, 13, 18, 25). Although all

Fig. 3. Multisensory integration. (A) Mean ± SEM (log-scale) psychometric
thresholds are presented for visual (red), vestibular (blue), and combined
visual–vestibular (green) cues as a function of visual coherence for controls
(Upper) and participants with ASD (Lower). The light green dashed line
represents predicted combined cue thresholds, based on the single (visual
and vestibular) cues. Data for 0% coherence was pooled across all four
blocks (the other data comprise one block per coherence). (B) A scatter plot
of actual combined cue thresholds vs. predicted thresholds for controls
(open circles) and participants with ASD (filled circles) is presented. Dashed
and solid lines represent type-II regressions for controls and participants with
ASD, respectively. Ideal performance (y = x) is marked by the diagonal
dotted line.

Fig. 4. Influence of complete visual noise. The noise effect (ratio of psy-
chometric thresholds with/without the addition of 0% coherence visual
noise) as a function of session repeats is presented for controls (open circles)
and participants with ASD (filled circles). Linear regressions of the noise ef-
fect indicate habituation for controls (dashed line) but not for participants
with ASD (solid line). The horizontal dotted line represents no noise effect
(optimal noise filtering). See also Fig. S3.
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these studies test global spatial perception (integrating the parts
to form a coherent percept), only the former contain dynamic
visual noise. It does not explain why some RDK studies did not
find a significant increase in ASD thresholds (18–20). However,
these may result from methodological differences—e.g., very
long (effectively unlimited until response) stimulus presentation
times (19, 20), or unbalanced data collection (three vs. one
sessions for ASD and controls, respectively, in ref. 18). Fur-
thermore, this notion is also in line with Robertson et al. (49)
who suggest that low-level (reflected as early as primary visual
cortex), and not high-level, integrative, phenomena account for
RDK differences in ASD.
Already the first description of autism (50) notes that autistic

children who are distressed by loud external sounds are not
bothered if they themselves generate the same sounds. Accord-
ingly, Pellicano and Burr (42) suggest that events that are un-
expected and unpredictable are particularly unsettling for autistic
individuals and that understanding the effects of sensory un-
certainty is key to explaining perception in ASD. This notion
is supported by our primary findings of heightened sensitivity to
visual sensory noise, which is an unexpected sensory experience
for our novice participants. Pellicano and Burr go on to suggest
that attenuated Bayesian priors (namely, a stronger reliance on
incoming sensory information and less use of prior knowledge
about the world) may be responsible for the different perceptual
experience in ASD. Bayesian priors can be advantageous be-
cause they smooth noise in sensory input and reduce variability.
Therefore, attenuated Bayesian priors predict an increase in
cortical response variability, as indeed found in ASD (51, 52),
and increased sensitivity to sensory noise, as described here.
Interestingly, the attenuated Bayesian prior hypothesis may

also explain our finding of better initial performance in ASD
when vestibular motion was paired with complete visual noise.
Good performance here required correct estimation that the
visual cue was completely noisy. However, all sessions preceding
the first 0% coherence session contained visual stimuli which
were not completely noisy and thus required integration also of
the visual cue. Hence a cue-weighting prior might lead to in-
tegration even of complete visual noise, when first presented.
Indeed, controls initially integrated complete visual noise, but
quickly learned to become more optimal (adaptation of this
prior). In contrast, individuals with ASD better sensed the new
situation immediately and correctly down-weighted the visual
cue from the outset. This result seems to be in line with the
hypothesis that they have attenuated Bayesian priors and thus
are more attuned to the external signal. Also, no change over
time was observed for individuals with ASD (no adaptation of a
prior). We present a simulation of the Bayesian prior hypothesis
in SI Text and Fig. S3.
It has recently been suggested that underlying the diversity of

ASD symptoms is impairment in predictive abilities (53). Ac-
cordingly, individuals with ASD live in a world in which events
and sensory input seem to occur unexpectedly. This account is
tightly related to the attenuated-priors hypothesis, because priors
themselves represent an individual’s prediction of the world. Our
results of no habituation in ASD performance during 0% co-
herence sessions suggest diminished Bayesian prior adaptation
and inflexible predictive abilities—normally learned and updated
dynamically through experience. Consequently, impoverished
predictive abilities may lead individuals with ASD to rely more
highly on (and be more sensitive to) sensory stimuli.
In conclusion, we found that high-functioning adolescents with

ASD have a specific sensitivity to dynamic visual sensory noise,
but demonstrate intact global and multisensory integration.
These results question traditional theories of reduced global
perception and more recent suggestions of impaired multisen-
sory integration. Rather, they are consistent with the hypothesis
that individuals with ASD have attenuated Bayesian priors—
namely, a stronger reliance on incoming sensory information and
less use of prior knowledge about the world.

Materials and Methods
Participants. Fourteen adolescents with ASD and 22 age-matched controls (all
male; ages 13–19) participated in this study. The study was approved by the
Institutional Review Board for Baylor College of Medicine, and all partici-
pants (or their caregiver) signed informed consent. Participants with ASD
were recruited through several sources, including the cohort of Simons
Simplex Collection (SSC) families that had participated at the Baylor College
of Medicine site (n = 6), autism clinics at Texas Children’s Hospital (n = 2) and
University of Texas (n = 2), the Interactive Autism Network (n = 2), and
online (n = 2). All participants with ASD had previous diagnoses that were
confirmed either through prior research testing (e.g., SSC probands) or re-
view of clinical information in school and medical records.

All probands with ASD were considered high-functioning and cooperative
and fully understood the task, as demonstrated by their performance. For
those who had previously been assessed with the Autism Diagnostic Ob-
servation Schedule (54), all received module 3, which is intended for use with
individuals who have fluent speech. IQ was not tested at the time of the
study, but previous scores were available for nine of the ASD participants
(Table S1). The average IQ from these previous scores (101.8 ± 15.9) showed
no apparent difference vs. the general population (which, by definition, has
a mean of 100). Thus, based on the available scores, school and medical
reports, and our observation that all participants fully cooperated and un-
derstood the task (and no difference was observed between controls and
ASD participants for noiseless 100% coherence or vestibular conditions),
there is no reason to believe that IQ affected the results.

All participants were screened at enrollment with the Social Communi-
cation Questionnaire (SCQ), current version (55) to afford both (i) a measure
of current ASD symptomatology in affected probands and (ii) screen to rule
out concerns for ASD in controls (i.e., scores ≥ 15 demonstrate increased
concern for ASD). The SCQ scores were cleanly separable (nonoverlapping)
for the ASD and control groups, creating a de facto boundary (≤10 for
controls and ≥11 for participants with ASD). Participant details and SCQ
scores are presented in Tables S1 and S2, along with other clinical scores,
where available.

Experiment. Details of the apparatus, stimuli, and basic task design, described
in previous publications (26, 27, 56–58), are briefly summarized here, to-
gether with those specific for this study (see SI Text for details regarding the
motion systems). The stimulus presented was either vestibular-only (inertial
motion on a moving platform in darkness), visual-only (optic-flow motion
simulation), or simultaneously combined vestibular and visual cues (inertial
motion in conjunction with synchronized optic flow). Although additional
proprioceptive or somatosensory cues could also be present during inertial
motion, we refer to this condition as vestibular because performance de-
pends strongly on intact vestibular labyrinths (59). The optic flow simulated
self-motion of the participant through a random-dot cloud. Visual cue re-
liability was varied by manipulating the motion coherence of the optic-flow
pattern—i.e., percentage of dots moving coherently. Vestibular reliability
was fixed throughout the trials. For each block, thresholds of the visual,
vestibular, and combined cues were extracted and used for analysis.

The stimulus velocity followed a 3-sigma Gaussian profile with duration of
1 s and total displacement of 13 cm. Peak velocity was 0.26 m/s, and peak
acceleration was 0.81 m/s2. It primarily comprised a forward motion, with
heading direction varied slightly about straight ahead. The participants’ task
was to discriminate heading direction (two-alternative forced-choice, right
or left of straight ahead), after presentation of a single-interval stimulus.
Stimuli followed a staircase procedure (see SI Text for details). Participants
were instructed to focus on a central fixation point throughout the duration
of the trial. Trials were initiated and choice selection was reported via but-
ton press on a handheld unit. Participants received trial-timing-related
feedback through headphones or speakers. However, no feedback about
correct or incorrect choices was provided.

Five levels of coherence were tested: 100%, 90%, 75%, 50%, and 0%. Only
one level of coherence was tested per block, with visual-only, vestibular-only,
and combined cues interleaved. For 0% coherence, the visual-only stimulus
was not tested because it represents complete visual noise. On the first visit,
participants were given several practice rounds (100% coherence) before
data collection to familiarize themselves with the experiment. Typically, two
blocks were run per visit, often with a short (∼5 min) break in between: 100%
and 90% coherence on the first visit, 75% and 0% coherence on the second
visit, and 50% and 0% coherence on the third visit. Some participants
returned for a fourth visit in which they were tested with two more 0%
coherence blocks. Thus, 100%, 90%, 75%, and 50% coherence comprised a
single block each, whereas 0% coherence comprised two to four blocks.
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Data Analysis. Data analysis was performed with custom software using
Matlab (MathWorks) and the psignifit toolbox for Matlab (Version 2.5.6) (60).
Psychometric plots were defined as the proportion of rightward choices as a
function of heading angle and calculated by fitting the data with a cumu-
lative Gaussian distribution function. For each block, separate psychometric
functions were constructed for visual, vestibular, and combined cues. The
psychophysical threshold and point of subjective equality were the SD (σ)

and mean (μ), respectively, deduced from the fitted distribution function.
Thresholds are nonnegative values that scale geometrically. Thus, geometric
(logarithmic) means were used for all threshold calculations and plotting.
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