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The impact of weak inertial stimulation on
visual-vestibular bimodal heading perception

Yue Wei'?*©, Beisheng Bao*, Jingyi Xie', and Richard HY So*?

Abstract

Perception of self-motion involves the integration of visual and vestibular sensory information. Currently, there is limited
research exploring visual-vestibular interactions under weak vestibular stimulation. This study investigates the impact of
weak inertial stimulation on visual-vestibular bimodal heading perception. A translational XY-axis motion platform equipped
with a 46-inch LCD TV was utilized to generate synchronized visual and inertial stimuli. The heading perception was
examined under visual-only, vestibular-only, and bimodal conditions using three levels of inertial stimuli (9 mg, 14 mg, and
I9 mg). In each condition, participants were tested at nine angles (+16°, £9.2°, £3°, +1.7°, and 0° where 0° represents
forward movement), to discern left-forward or right-forward motion. The heading discrimination threshold (HDT) was
derived from participants’ rightward response proportions across all angles. Our findings reveal that the HDT under 14 mg
bimodal conditions is significantly higher than that under visual-only conditions (with marginal significance in the 9 mg and
19 mg conditions), indicating that the presence of weak vestibular signals might decrease the precision of bimodal heading
discrimination. These results contradict the prediction of Bayesian model theory that perception is more precise under
bimodal compared with unimodal conditions. The results may be explained by neurological biases during Bayesian in-
tegration, the “reduced visual precision” theory, or increased task complexity in bimodal heading discrimination. Further
research with larger sample size, extending the study to varied inertial stimuli and visual coherence levels, will be beneficial
for clarifying its underlying mechanisms.
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According to current behavioral and neurological
findings,'~****%° the concurrent presence of both visual and
vestibular cues generally enhances heading discrimination
performance compared to conditions involving either mo-
dality alone. Recent studies have provided new evidence
that further supports the notion that visual and vestibular

Introduction

Accurately discriminating the direction of self-motion,
or heading direction, is essential for humans in various
activities,'” including walking, driving, and controlling
remote unmanned vehicles. Humans possess the ability to
integrate sensory information from multiple modalities to
perceive heading direction, with visual and vestibular cues
playing pivotal roles.>® Visual cues, such as optic flow,
provide heading information by referencing the surrounding
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objects.”"" Simultaneously, the vestibular system detects
the head’s inertial motion, contributing to heading
perception.'*'* Exploring the integration of visual and
vestibular information not only helps us understand how
humans achieve heading perception but also enhances our
understanding of human multisensory integration processes.
Research on the simultaneous utilization of visual and
vestibular cues in heading perception and the underlying
mechanisms governing their integration is receiving in-
creasing attention.>*%15721
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information combine in a statistically  optimal
manner.'*°~%2%2728 By utilizing Bayesian integration, the
reliability and precision of both visual and vestibular mo-
dalities can be effectively combined, resulting in a statis-
tically optimal estimation of heading direction. The variance
of optimal bimodal heading discrimination, which integrates
visual and inertial cues, can be predicted based on the
variance of unimodal heading discrimination using either
visual cues alone or inertial cues alone.>%** The predictive
equation (equation (1)) is the following:
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where the heading discrimination threshold (HDT) quantifies
the variance of heading perception (smaller HDT indicates
more precise and reliable heading discrimination perfor-
mance), o, is the predicted bimodal HDT, o, is the HDT with
inertial cues alone, and o,; is the HDT with visual cues alone.

An important point to note is that most of existing
empirical studies only explored supra-threshold vestibular
signals induced by large magnitudes of translational mo-
tion that well surpassed the otolith threshold for detecting
translational motion."*?*?° The principle of visual-
vestibular integration, which states that bimodal integra-
tion of visual and vestibular cues is superior to both
unimodal cues, has not been examined under conditions of
low vestibular reliability, particularly in near-threshold
conditions, where the translation magnitude is relatively
small and close to the threshold of what the otoliths can
sense translational motion. In recent years, some studies on
multisensory integration®*>* have revealed that cross-
modal integration mechanisms also exist for sub-threshold
information across modalities (such as visual and auditory
information and visual and olfactory information). Sub-
threshold or unconscious cross-modal stimuli can affect
participants’ task performance.’**'”> Therefore, further
research on how weak vestibular stimulation influences bi-
modal heading perception of visual-vestibular cues can reveal
visual-vestibular integration mechanisms at the near-
threshold level, offering additional evidence for multisen-
sory information integration.

In summary, this study aims to explore the impact of
weak vestibular stimulation on visual-vestibular bimodal
heading perception. Specifically, we will assess differences
in bimodal HDTs (visual and vestibular stimuli) compared to
unimodal HDTs (visual-only and vestibular-only) under a
range of weak vestibular stimulations.

Methods

Participants

A total of 10 participants (age: 23.88+1.27; male/female: 8/2)
were recruited for this study. The sample size was selected

based on similar studies in the field.'*"***°3¢ All partici-
pants voluntarily signed a consent form indicating their
willingness to participate. All participants had normal vision
or vision corrected to normal using the Stereo Optical Co.
Inc. Vision Tester (Model 2000). They were instructed to
abstain from consuming alcohol and caffeine beverages for
10 hours prior to the experiment. Participants with a history
of vestibular disease or lesions, high susceptibility to motion
sickness, or any visual system-related diseases or injuries
were not included. Based on previous research,’’ partici-
pants scoring above the 70th percentile on the Motion
Sickness Susceptibility Questionnaire (MSSQ)*® were ex-
cluded from the study due to the likelihood of experiencing
severe motion sickness symptoms. They were unaware of
the specific objectives of the experiment and were not
undergoing any medical treatment during the study period.
Participants were compensated with 50 HKD per hour for
their participation. The study adhered to the ethical re-
quirements set by the University Research Ethics Com-
mittee and followed the guidelines outlined in the
Declaration of Helsinki. Approval for the study was ob-
tained from the Human Participants Research Panel of the
Hong Kong University of Science and Technology
(HKUST).

All participants who took part in the experiment un-
derwent a training and screening session lasting approxi-
mately 1 h. During this session, they were exposed to all the
heading stimuli used in the main experiment. To keep the
quality of the data, participants who fulfilled the following
requirements were included in the formal experiment: firstly,
subjects should confirm that they fully understood the ex-
periment procedure; secondly, subjects should be capable to
follow the instructions and make response within required
time; thirdly, subjects did not report severe symptoms of
motion sickness. One subject did not pass the screening as
he did not response within the specified time (5 s) for more
than 5% of trials. None of the participants reported expe-
riencing noticeable symptoms of motion sickness. The re-
maining nine participants successfully completed the formal
experiment, and their data was analyzed and presented in
this paper.

Apparatus

Inertial stimulation apparatus. A translational XY-axis mo-
tion platform (Figure 1(a)) was employed to generate inertial
heading cues. This platform was constructed at the China
Light & Power (CLP) Power Wind/Wave Tunnel Facilities
of HKUST and featured a fully enclosed testing platform
measuring 4 m x 3 m. To ensure stability, the platform was
supported by precisely machined rails and custom sliding
bearings. It had the capability to move along the fore-and-aft
axis (x) and lateral axis (y) by utilizing an electromagnetic
actuation mechanism for power (see additional information
in Appendix I.1).
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Motion Platform Chamber

Figure 1. Motion platform and three types of motion stimuli. Apparatus used in the experiment (a) translational XY-axis motion
platform at the CLP Power Wind/Wave Tunnel Facilities of HKUST, (b) subject and the LCD TV enclosed by a black curtain, and (c)
subject sitting on a chair with back and head rests. The subject responses were reported using a keyboard. Body and head movements
were restricted by a 4-point harness, chin rest, and two wooden panels.

Visual stimulation apparatus. A 46-inch LCD TV was in-
stalled within the motion platform to provide visual heading
stimuli. This TV was securely mounted on a steel-framed
cabinet to ensure stability during motion platform move-
ments (Figure 1(b)). A chair equipped with a backrest and
headrest was placed in front of the TV on foamed plastic to
minimize vibration noise and align the seated subject’s eye
level with the center of the TV screen (Figure 1(c)). The
chair was positioned at 70 cm from the TV, providing the
subject with a field of view (FOV) of 80° horizontally and
45° vertically. The TV had a resolution of 1920 x
1080 pixels and a refresh rate of 60 frames per second.

The vestibular stimuli and visual stimuli were syn-
chronized with calibration using a control program linked to
an accelerometer, with a maximum error not exceeding
50 ms, which is acceptable based on previous work.*®

Control setups. Subject movement was restricted using a 4-
point harness, and head motion was controlled with a
medical chin rest and wooden panels on either side of the
headrest, with sponges filling any gaps. Accelerometers
were attached to both the chair and a head belt to monitor
inertial and head movements, respectively. The setup en-
sured comfort without allowing independent body move-
ment during the motion platform’s operation (Figure 1(c)).
Subjects indicated their perceived heading directions using a

keyboard. The control and display software were pro-
grammed using OpenGL and C++. To mitigate auditory
cues from the motion platform, which produced noise
around 55 dBA, a 75 dBA white noise was played through
ear canal headphones. The motion platform chamber was
isolated with the door closed, lights off, and was surrounded
by a black curtain to eliminate environmental influences (see
Figure 1(b) and (c)).

Testing protocols

Inertial stimuli. In this study, a 5-second inertial stimulus was
employed with a uni-directional linear motion, characterized
by a 0.2 Hz sinusoidal acceleration profile (see Figure 2).
Following each inertial stimulus, the motion platform ex-
ecuted a “homing” motion to return to its starting point,
employing a motion profile similar to the initial stimulus but
in the reverse direction. Before the start of each formal trial,
there was a “beep” sound, indicating the beginning of the
trial. When a response was required from the participant,
text prompts appeared on the screen. Subjects were given
instructions to ignore the direction of the homing motion and
provide their perceived heading direction prior to the ini-
tiation of the homing motion. During homing motion, text
prompts of “do not answer” appeared on the screen, which
reminded participants to ignore the motion. This rendered
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Figure 2. Motion profile for inertial stimuli. (a) The displacement profile of the inertial motion. (b) The corresponding acceleration
profile. Inertial stimuli are indicated by peak accelerations of 9 mg (solid red line), 14 mg (dashed black line), and 19 mg (dot-dash purple

line).

any responses given during the homing motion as invalid
and not considered for analysis.

To evaluate the influence of weak inertial stimuli, we
employed three different levels of peak acceleration: 9 mg,
14 mg, and 19 mg. Each acceleration level was tested in nine
different directions: £16°, £9.2°, £3°, +1.7°, and 0°. The
reference angle of 0° corresponded to the direction of the
subject directly facing forward. Positive angles indicated
motion toward the subject’s right side, while negative angles
indicated motion toward the left side.

In this study, “near-threshold” refers to stimuli that are
close to the translational inertial stimuli just adequate for
distinguishing lateral (left or right, +90-degree headings)
translational motion. Based on our previous research using
the same equipment, motion profile, and participant group,
the average inertial linear translation direction-recognition

threshold at around 0.2 Hz is 10 + 1.39 mg.*’ Therefore, the
smallest inertial motion stimulus selected for this study
(9 mg) is near this measured threshold, while the maximum
peak acceleration of 19 mg represents the highest level
achievable at 0.2 Hz with our motion platform. The three
inertial motion stimuli (9/14/19 mg) selected for this study
cover a specific range of weak translational inertial stimuli.

Visual stimuli. In our experiment, we utilized a 5-second
visual stimulus featuring a zooming star-field composed
of 900 small white spheres against a black background,
simulating an observer’s inertial motion through space.
These spheres, randomly positioned but evenly distributed,
would appear to move toward the observer and then dis-
appear, with adjustments made to prevent the spheres from
appearing excessively large as they approached. The field of
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view (FOV) for the visual stimuli was set to match the LCD
TV’s FOV at 80° x 45°. A red fixation cross was placed at
the center of the screen, and subjects were instructed to focus
on it under all conditions, including those with only inertial
cues. To enhance the stimulus’ impact and consider the
frequency response of vection, which is most responsive in
the low-frequency range of 0.1-0.2 Hz, we applied a 0.2 Hz
frequency.>®*°

We chose an 8% visual coherence for the stimuli,
meaning that only 72 of the spheres moved in a coherent
manner, reflecting the experiment’s aim to reduce the overall
strength of the visual stimulus. This approach ensures that in
bimodal conditions—where visual and inertial motions are
synchronized and headed in the same direction—the visual
perception isn’t overwhelmingly dominant, allowing for a
more balanced comparison across conditions. The chosen
level of coherence was based on previous research findings.
Studies have demonstrated that visual heading discrimina-
tion performance remains high with dot cloud stimuli
ranging from 10 to 63 dots.'® Additionally, subjects have
been able to discriminate a divergence optical flow of ap-
proximately 20 dots from noise dots.*'** This experimental
setup was designed to attain a visual heading discrimination
threshold (HDT) that is comparable to the vestibular HDT
achieved with a peak acceleration of 19 mg. The selection of
the visual stimulus was made to ensure the provision of a
valid and effective visual cue, while also ensuring that the
reliability of information in both modalities (visual and
vestibular) was relatively similar.

Heading discrimination threshold (HDT). The heading dis-
crimination threshold (HDT) has been widely used in
previous research studies'>**** and was used in this study
as well, to assess heading perception precision and reli-
ability. The HDT represents the standard deviation of the
perceived heading direction, which follows a normal dis-
tribution centered on the stimulus’s heading angle (see
Figure 3 for detail). To measure this, a heading discrimi-
nation task was developed, requiring subjects to determine if
the motion direction was to the left or right of a forward-
facing zero degree. The smallest angle deviation at which
subjects could accurately identify the heading direction with
at least an 84% correct rate was defined as the HDT
(Figure 3).

Experiment procedure. In this experiment, there are two
levels for visual stimuli (on or off) and four levels for
vestibular stimuli (off, 9 mg, 14 mg, and 19 mg). Hence, the
study involved testing seven conditions (see Table 1): one
visual-only condition (Vis), three vestibular-only conditions
with different inertial stimuli (Ves9, Ves14, and Ves19), and
three combined conditions with both visual stimuli and
different inertial stimuli (Com9, Com14, and Com19).

In each condition, there were a total of 270 trials. These
trials were divided into three blocks, with each block
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Figure 3. The fitted normal distribution for heading
discrimination threshold (HDT) calculation. (a) The illustration
for the distribution of the heading angle perception. The subject’s
facing direction is considered as 0°, and the angular deviation of the
heading stimulus is denoted as 0. The perceived heading angle
follows a normal distribution N (6, 6). The shaded area between
0 and positive infinity represents the probability of perceiving a
rightward heading direction. (b) The calculation of HDT. During
the experiment, the subject is exposed to multiple heading stimuli,
and after each exposure, they report their perceived direction.
Through this repeated exposure-report procedure, the
proportion of rightward responses can be calculated. By analyzing
the proportion of rightward responses reported by the subjects, a
normal distribution can be fitted to the data. The mean of this
distribution represents the 0.5 proportion point, indicating the
average perceived heading direction. The standard deviation ()
corresponds to the 0.84 proportion point, which is defined as
HDT (the variance of the perception distribution).

consisting of 90 trials. The presentation order of the trials
within each block was randomized. Each participant com-
pleted a total of seven experiment sessions, with each
session consisting of one experimental condition and lasting
1 hour. Therefore, each participant completed a total of
270 x 7 = 1890 trials. Within each session, there were three
blocks of trials. A 5-minute rest period was provided be-
tween every two blocks to prevent fatigue. The seven ex-
perimental sessions were conducted on different days in a
random order to minimize the potential influence of motion



Journal of Vestibular Research 0(0)

Table I. Experiment design with visual stimuli and inertial stimuli.

Visual stimuli Inertial stimuli magnitude (mg)
On Off 9 14 19
Vis Com9 Coml4 Coml9
Off NA? Ves9 Ves|4 Ves|9

x 9 heading (degree): —16 (left), —9.2, —3, —1.7,0, 1.7, 3, 9.2, 16

(right)
% 30 repetitions (3 blocks)

*NA, not applicable. The condition with no visual and inertial cues was not
tested as it is not relevant to current study. The reference angle of 0° cor-
responded to the direction of the subject directly facing forward. Positive
angles indicated motion toward the subject’s right side, while negative angles
indicated motion toward the left side.

sickness aftereffects and fatigue. Participants were forced to
choose either left or right via keyboard trial-by-trial. Missed
trials occurred if participants did not respond within the
specified time. Participants with more than two misses in a
session (about 1% missing rate) would repeat the session on
another day to keep the quality of the data.

Subjects completed pre- and post-exposure Simulator
Sickness Questionnaires (SSQ)* before and after each ses-
sion to monitor participants’ motion sickness levels. Sub-
sequently, the participants took part in a brief interview where
they were asked whether they detected forward motion, how
many motion stimuli onsets they detected during one trial,
and if they experienced any other special sensations.

Data analysis

Firstly, the rightward response proportion for nine heading
directions (£16°, £9.2°, £3°, £1.7°, and 0°) was calculated
under all seven conditions (Vis, Ves9, Ves14, Ves19, Com9,
Com14, and Com19). Given that weak inertial motions were
used, it is possible that subjects were unable to discriminate
the linear translation heading directions (specifically, dis-
tinguishing left-forward from right-forward) in this study. If
there was no significant difference in the response proportion
between heading stimuli with rightward and leftward heading
directions, the HDTs would be either infinity or values with
large fitting error. To confirm discrimination capability and
conditions that proper for HDT calculation, we conducted
Wilcoxon rank sum tests comparing the proportion of re-
sponse between left-forward and right-forward heading di-
rections. If the subjects show significant differences in any
one of the four pairs of angles (£16°, £9.2°, £3°, and £1.7°),
we consider them to have passed the discrimination test.
Subsequently, we calculated the HDT only for conditions
and subjects that passed the discrimination capability tests.
For each condition and each subject, based on the rightward
response proportion for the nine heading directions, we
utilized Matlab’s Psignifit 3.0 toolbox to fit the data using a

cumulative normal distribution. After obtaining the fitted
curve, we could derive the HDT (the variance of the per-
ception distribution) by determining the standard deviation
(o) corresponding to the 0.84 proportion point on the curve
according to the definition of HDT.

Finally, we examined whether there were differences in
HDT between visual unimodal (Vis) and three bimodal con-
ditions (Com9, Com14, and Com19). All statistical analyses
were performed using SPSS 24.0. Initially, we conducted a
Shapiro—Wilk test to assess if the data followed the normal
distribution. For data that passed the normality test, we applied
paired-sampled t-tests. If the data did not pass the normality
test, we employed paired Wilcoxon signed rank tests. Addi-
tionally, we utilized the same approach to assess whether there
were differences in HDT between different bimodal conditions.

Results

Discrimination capability examination

Wilcoxon rank sum tests demonstrated that all participants
could significantly distinguish stimuli moving to the left-
forward from those moving to the right-forward (p < 0.05) in
the visual cues condition (Vis) and the combined cues con-
ditions (Com9, Com14, and Com19). For the Ves14 condition,
three participants could significantly distinguish left-forward
motion from right-forward motion (p < 0.05), while for Ves19,
four participants passed the discrimination capability tests (p <
0.05). However, no significant discrimination was observed in
the Ves9 condition for all subjects, indicating that the inertial
stimulation (9 mg) in this condition was below the threshold of
discrimination perception for the participants.

Post-experiment interviews revealed that all subjects
detected forward motion in the Ves9 condition, suggesting it
was just above their detection threshold. Since participants
were unable to distinguish different heading directions
under the Ves9 condition, this condition was not included in
the subsequent analysis of HDT.
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Figure 4. Sample subject response data with fitted cumulative normal distribution. Sample subject (No. |) data on rightward response
proportion (black circle) and fitted cumulative normal distribution (blue curve) for HDT calculation in visual and combined conditions.
Vis, visual-only condition; Com 9/14/19, three combined conditions (Com9, Com14, and Com|9) with both visual stimuli and different

inertial stimuli (9/14/19 mg).

Heading discrimination thresholds (HDTs)

Using the rightward response proportion for the nine heading
directions, we employed Matlab’s Psignifit 3.0 toolbox to fit
the data using a cumulative normal distribution (see Figure 3
for illustration and Figure 4 for sample data). This allowed us
to derive the heading discrimination thresholds (HDTs) for
the six conditions (Vis, Ves14/19, and Com9/14/19) that
passed the discrimination capability tests.

As the vestibular stimuli were weak, a certain number
of participants were unable to discriminate the direction
under the inertia-only stimuli of Ves14/Ves19, making
calculation of the HDT impossible. In the
Vesl4 condition, only 3 participants (33.3% of the
sample) were able to measure the HDT accurately. In the
Ves19 condition, 4 participants (44.4% of the sample)
were able to measure the HDT. The mean and standard
deviation (SD) of vestibular HDTs were as follows:

(i) 14 mg vestibular HDT (n = 3): 49.32° 4+ 28.94°; (ii) 19 mg
vestibular HDT (n = 4): 43.36° + 21.40°.

In the visual and combined conditions, all participants
were able to distinguish the direction, and the HDT was
successfully calculated for all of them. The mean and SD of
visual and bimodal HDTs were as follows (see Figure 5 for
box plot of the data): (i) visual HDT = 6.87° + 2.56°;
(i1)) 9 mg bimodal HDT = 16.48° + 12.91°; (iii) 14 mg
bimodal HDT = 15.19° + 14.56°; and (iv) 19 mg bimodal
HDT = 11.53° £ 6.95°. Figure 5 shows the box plots of the
heading discrimination thresholds (HDTs) for the visual
condition (Vis) and the combined conditions (Com9,
Coml14, and Com19) for all participants.

Comparing unimodal and combined conditions

Firstly, we compared the differences between the visual
and bimodal HDTs. Among all the conditions, only the
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Figure 5. Median and SEM for HDTs in visual and combined
conditions. * p < 0.0167 (with Bonferroni corrected for multiple
tests). HDT: heading discrimination threshold; Vis: visual-only
condition; Com 9/14/19, three combined conditions (Com9,
Com 14, and Com|9) with both visual stimuli and different
inertial stimuli (9/14/19 mg). Note: HDTs for Com14 did not pass
the normality test (Shapiro—Wilk test, p < 0.01). Paired Wilcoxon
signed rank tests were used for Com |4, while paired sample
t-tests were applied for other conditions.

HDTs of Com14 failed the normality test (Shapiro—Wilk
test, p<0.01). Consequently, for the Com14 condition,
pairwise hypothesis testing was conducted using paired
Wilcoxon signed rank tests, while for the other con-
ditions, paired sample t-tests were used. The Bonferroni
correction was applied, and the significance threshold
was readjusted to 0.05/3 = 0.0167 to account for the
three comparison tests. Results showed that visual HDT
is only significantly smaller than 14 mg bimodal HDT
(Wilcoxon signed rank tests, p = 0.008), and marginal
significantly smaller than 9 mg bimodal HDT
(#(8) = —2.434, p = 0.041) and 19 mg bimodal HDT
(#(8) = —2.373, p = 0.045). Although there was an in-
crease in the number of participants for whom HDTs
could be measured as the intensity of the inertial
stimulation increased, the differences between the
different conditions were not statistically significant.
The results suggest that in the 14 mg condition, the
presence of congruent but weak vestibular signals
seemed to weaken an individual’s ability to discriminate
heading direction.

Given the weak nature of the inertial stimuli, the ves-
tibular unimodal HDT could only be measured for 33%-—
44% of participants, a proportion much lower than that
under bimodal conditions (where HDT can be measured for
all participants). Moreover, the mean values of the measured
HDTs were notably higher compared to those recorded
under the combined conditions. This indicates that bimodal

heading perception was enhanced with combined visual
information in contrast to weak vestibular unimodal
conditions.

Validation

Simulator Sickness Questionnaire (SSQ) scores were sig-
nificantly higher than zero across all conditions (Wilcoxon
signed rank test, p < 0.05) but showed no significant cor-
relation with HDTs (Pearson’s r = 0.29, p>0.05) nor dif-
ferences across conditions (see Appendix 2I.2 for SSQ
scores), suggesting that motion sickness did not significantly
impact the results.

To assess the repetition’s influence on fitted HDTs, we
calculated HDTs with 10, 20, and 30 repetitions in the Vis,
Com9, Com14, and Com19 conditions (see Appendix 31.3
for repetition effect on HDTs). No significant differences
were found between HDTs from 10, 20, and 30 repetitions in
all four conditions (Wilcoxon signed rank test, p > 0.05).

The results of the brief interview conducted after the
experiment showed that all subjects could detect forward
motion under all conditions. All participants only detected
one motion onset during one trial, and none of the partic-
ipants mentioned detecting two separate stimuli onsets for
visual and vestibular stimuli.

Discussion

This study investigates the pattern of visual and vestibular
information integration when inertial signals are consistent
with visual information but weak for direction discrimi-
nation. The results indicate that the integration of multi-
modal information does not always enhance perceptual
precision. In this section, we discuss three main topics:
(1) Bayesian predictions bias, (2) other possible explana-
tions, and (3) limitations and future work.

Bayesian prediction bias

This study found that the presence of weak vestibular signals
seemed to decrease the performance of heading discrimi-
nation, which contradicts the predictions of Bayesian model
theory. According to Bayesian model theory,'*>*** the
addition of extra inertial cues enhances heading discrimi-
nation performance and is typically beneficial. However, the
experimental results revealed that bimodal HDTs at 14 mg
condition were significantly higher than visual-only HDTs,
indicating that adding vestibular cues did not always lead to
improved heading perception.

These results might be explained by the neurological
prediction bias proposed by previous works. It has been
observed that in some conditions, the performance of bi-
modal heading discrimination deviates significantly from
the optimal predictions of Bayesian inference.®****’ It is
suggested that the observed prediction bias is primarily
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caused by an overweighting of the vestibular signal, leading
to the term “vestibular overweighting.”®**** In fact, in the
few subjects where HDT could be measured, the Bayesian
predicted bimodal HDT derived from equation (1) was also
smaller than the measured bimodal HDT (see Supplemental
documents for analysis), which is consistent with the bias
reported by previous works.®>*-**2

Other possible explanations

Another potential explanation for our findings is the “re-
duced visual precision” theory proposed by De Winkle
et al.,** which suggests that visual sensitivity declines when
exposed to inertial motion, leading to a prediction bias.
According to previous research on neurological response of
visual-vestibular interactions,”*>™*® the activities of visual
cortex can be suppressed when subjects are exposed to both
visual and vestibular stimuli.*****>° As a result, the precision
of visual heading discrimination may be compromised by
non-conflicting weak inertial cues. Some recent studies also
demonstrated that the inclusion of congruent visual infor-
mation can diminish the accuracy of vestibular
perception,”®>! which is consistent with our results.

Another possibility is that the increased complexity and
difficulty of the bimodal heading discrimination task re-
quired participants to divide their attention between visual
and inertial cues. In bimodal conditions, less attention may
be directed toward visual cues compared to the visual-only
condition, while the inertial cues are insufficient to com-
pensate for the loss in visual heading discrimination pre-
cision. As a result, higher bimodal HDTs were observed
compared to visual HDTs.

Limitations and future work

This study focuses on exploring weak and near-threshold
vestibular signals, which are stimuli close to translational
inertial stimuli just sufficient for discerning lateral (left or
right, £90-degree headings) translational motion. Conse-
quently, within this range, many participants were unable to
measure the vestibular unimodal HDT. Future research
could consider investigating a wider range of peak accel-
eration and motion frequencies, offering additional insights
and further elucidating the mechanisms of visual-vestibular
interaction in heading perception.

Furthermore, this study only investigated the visual-
vestibular integration mechanisms under the fixed visual
condition of 8% visual coherence. To reveal the mechanisms
near the threshold, it would be beneficial to include visual
conditions with varying levels of reliability. By incorpo-
rating a range of visual coherence values, further research
can provide a more comprehensive and accurate under-
standing. Measuring bimodal HDTs across different levels
of visual coherence could be considered in future studies.

Stimulus frequency is another factor to consider. The
0.2 Hz frequency used in this study is lower than previous
studies, resulting in longer stimulus durations. This in-
creased duration may contribute to greater fatigue among
participants. The effects of longer stimulus duration or lower
stimulus frequency on HDT and visual-vestibular integra-
tion remain unknown and require further investigation in
future research.

Additionally, the relatively small sample size in this study
is another limitation that warrants attention. This could lead
to insufficient statistical power, potentially resulting in
marginally significant findings in certain conditions. In-
creasing the sample size in future studies to validate the
current research findings is essential.

Conclusion

This study provides evidence indicating that non-conflicting
weak inertial motion cues at 14 mg can lead to larger bi-
modal heading discrimination thresholds (HDTs) as com-
pared to visual unimodal conditions. The results could be
explained by several possibilities, including the prediction
bias in Bayesian prediction, the “reduced visual precision”
theory proposed by De Winkle et al.** and the increased
difficulty of the bimodal heading discrimination task.
Further research is needed to clarify its underlying mech-
anisms. Expanding this research with a larger sample size
and exploring different levels of visual coherence and in-
ertial stimulus will enhance our understanding of bimodal
heading discrimination.
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