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ABSTRACT

Numerous studies have been conducted to
illuminate the effect of image factors to reduce
unexpected influence of stereoscopic images on
healthy visual experience. In this paper, we
introduce changes in the psychological and phy-
siological indexes of observers of a stereo-
scopic image disturbed by vibration stimuli.
Forty-four healthy university students partici-
pated in the experiment. A programmable vi-
bration table generated two types of vibrations
(5 Hz and 20 Hz) and provided intermittent vibra-
tion stimuli to a stereoscopic projector installed
on a vibration table. Our results showed that the
frequency of vibration stimuli has a strong
impact in evaluating the local comfort of sub-
jects. Our results also showed that the indexes
of visual fatigue increased after observation
independent of the frequency. The activity status
of the autonomic nervous system as a physio-
logical index significantly increased after ob-
serving 3D images with vibration stimuli al-
though the vibrational frequency did not have a
significant effect on the activity status.

Keywords: 3D Movie; Vibration Stimuli; Visual
Fatigue; Heart Rate Variability; Subjective Comfort
Evaluation

1. INTRODUCTION

The development of display technologies has made the
observation of stereoscopic images more accessible. In
recent years, we have been able to enjoy stereoscopic
images not only at home but also outdoors using portable
video equipment (mobile phones, smartphones, game
equipment, etc.). Here, the issue in observing stereo-
scopic images in such a dynamic environment is unex-
pected vibration given to the images. Stereoscopic imag-
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ing devices input the different images to both eyes ac-
cording to the horizontal disparity. The visual informa-
tion processing system in the brain fuses those images to
enable the observer to perceive a stereoscopic effect.
Thus it is preferable that both the projection system and
the observer are in stationary condition. Even under this
stationary condition, it is known that comfortable obser-
vation of stereoscopic images is inhibited by various
factors including unexpected rotation, geometric distor-
tion, vertical shift, horizontal shift, color shift, difference
in brightness and so on between left and right eyes [1-11].
It is considered necessary to examine the kind of dis-
comfort that occurs under the condition where both the
display and the observer move. Some previous studies
examined the comfort or discomfort that vibration stim-
uli themselves give to the human body [12], but there is
no previous study on the effect of body vibration on ob-
servation of the stereoscopic images.

Only a few studies discussed that the biomedical effect
of common 3D movies (dynamic) on observers; Sper-
anza et al. [6] studied accommodative asthenopia using
with simply oscillated objects in depth direction. Yano et
al. [8] presented a common 3D movie to observers and
estimated the effect of disparity changing included in the
movie on the function of accommodation. In our study,
on the other hand, we presented vibration stimuli irrele-
vant to contents of the movie for disturbing fusion right
and left images to obtain 3D perception. This procedure
assumed the daily life situation in which unexpected vi-
bration stimuli possibly occur with observing stereo-
scopic image such as in mobile display. We also meas-
ured both psychological and physiological indexes con-
tinuously under such a successive observation, and this is
another appeal point of this paper.

In this experiment we presented the observation dis-
turbing factor, which does not exist during typical
stereoscopic image observation, by placing a stereo-
scopic image projector on a vibration table. Two types of
vibration stimuli, relatively high (20 Hz) and low (5 Hz)
frequencies, were provided to the stereoscopic images.
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All subjects observed the images provided with two
types of vibration stimuli in random order, taking ap-
proximately a one-hour break between the two observa-
tions. Two types of psychological reactions and one
physiological reaction were measured while the subjects
observed an approximately twenty-minute stereoscopic
movie. The psychological reaction was measured using a
questionnaire (SSQ, [13]) on subjective symptoms con-
cerning motion sickness before and after observation.
The other psychological measurement was conducted on
subjective symptoms concerning the comfort level,
which was asked every two minutes during the observa-
tion of the movie. Physiological reaction was measured
based on the activity status of the autonomic nervous
system derived from electrocardiograms, which were
continuously measured during observation.

2. METHODS
2.1. Subjects

Forty-four male and female university students (aver-
age age: 22.36 + 1.78 years old) participated in the ex-
periment. All subjects received payment for their par-
ticipation. The subjects did not know the purpose of the
experiment. Written consent was obtained from each
subject for participation in the experiment before starting
the study. The details of experiment were approved by
the Human Engineering Ethics Committee.

2.2. Apparatus

The experiment used commercially available Blu-ray
disc software for a marine documentary movie (Deep
Sea, Warner Home Video). The movie was reproduced
using a Blu-ray disc player (BDP-S470, SONY) and
projected shown onto a hundred-inch screen using a 3D
projector (VPL-VWO0ES, SONY) based on a liquid
crystal shutter glasses method. Sound was provided to
subjects through headphones from the Blu-ray disc
player. A 3D projector was set on a vibration table
(BF-50UT, IDEX, Figure 1) to provide vibration stimuli.
The apparatus enables vibration stimuli to be reproduced
in the directions of x, y and z axes at right angle by ro-
tating a cylinder inside. Programmable setting by sec-
onds is possible for the frequency, start time and stop
time of vibration stimuli. Figure 2 shows the frequencies
of vibration derived from frequency analysis of accelera-
tion information during the experiment. During observa-
tion electrocardiograms were derived using Ag-Cl elec-
trodes attached to the chest and abdomen of the subjects
and recorded using BIOPAC Systems (Monte System).
The sampling frequency was 1KHz. Subjective evalua-
tions on comfort, which were asked every 2 minutes
during observation, were also recorded using a digital
switch of BIOPAC Systems.
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Figure 1. A vibration table and a stereo-
scopic image projector.
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Figure 2. The spectrogram of acceleration in the directions of
three axes obtained by FFT of thevibration stimuli adopted in
this experiment.
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2.3. Procedure

The experiment was conducted in a darkened room.
After attaching the electrodes for the electrocardiogram,
subjects sat at a distance of 3.74 m from the screen. This
distance complies with a guideline for maintaining com-
fort when observing stereoscopic movies [14] and it cor-
responds to three times the height of the screen. All sub-
jects observed the same stereoscopic movies provided
with vibration stimuli of two different frequencies (5 Hz
and 20 Hz) in random order. Single observation time was
approximately twenty minutes and subjects rested for
approximately one hour between the first and second
observations. Vibration stimuli were provided five times
every two minutes and thirty seconds from five minutes
after the beginning of the movie. The vibration durations
were five seconds in 5 Hz and fifteen seconds in 20 Hz.
These stimuli were confirmed to provide qualitatively
different impressions to subjects in the preliminary study
where the first author and three naive subjects partici-
pated. 5 Hz vibration stimulus slowly and greatly vibrated
the whole screen. 20 Hz vibration stimulus, on the other
hand, caused fine vibration, which blurred the whole
screen. In both cases, the stereoscopic effect was not lost.

The subjects were asked to complete a simulator sick-
ness questionnaire (SSQ) before and after viewing the
twenty-minute movie as one of the psychological evalua-
tions on a stereoscopic movie. The SSQ questionnaire
consisted of 18 questions and four choices of answers
(none, slight, moderate, severe) on movie sickness. The
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internal status of the observer can be outlined in three
categories (nausea, eye fatigue and disorientation) and
total scores by placing a specified weight on the raw
score.

A direct evaluation of comfort while observing the
stereoscopic movie on a five-level scale (very uncom-
fortable, rather uncomfortable, neither, rather comfort-
able, very comfortable) was conducted as the other psy-
chological evaluation. The subjects indicated their sub-
jective evaluation in response to a beep sound every 2
minutes and 30 seconds from 10 seconds after the start of
movie using a switchbox with five channels placed on
their knees.

Figure 3 shows the time schedule of these vibration
stimuli and the subjective rating. The broken lines indi-
cate the timing of the subjective rating and the width of
the rectangular solid indicates the duration of the vibra-
tion stimuli.

2.4. Statistics

Differences in mean psychological (SSQ and subject-
tive rating) and physiological (autonomic nervous system)
index according to vibration frequency basically were
examined by analysis of variance (ANOVA). A statistic-
cal analysis was made by “Matlab Statistics ToolBox
(Mathworks, Massachusetts, USA)”. p values were de-
cided depending on F values and degree of freedom
(represented as “F(degree of freedom) = F value”) and
the p values less than 0.05 were considered significant
otherwise was non significant (represented as “n.s.”).

5Hz
I I I 1 \ I ! I L |
0 2 4 6 8 10 12 14 16 18 20
20Hz
I 1 | 1 | 1 1 1 | | ! I 1 11 1
0 2 4 6 8 10 12 14 16 18 20

Observation time (minutes)

Figure 3. Schedule for presentation of the vibration stimuli and the comfort

evaluation (see the text).
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3. RESULTS AND DISCUSSION
3.1. Subjective Ratings

The scores in SSQ entered by subjects were sum-
marized in four categories (nausea, eye fatigue, dis-
orientation and total score), and we calculated difference
between before and after watching the movie in twenty
minutes (Figure 4). A two-factor repeated-measure
ANOVA was conducted in order to validate the dif-
ferences of SSQ scores between two frequency factors
and among four category factors. The results of ANOVA
showed that the frequency factors did not have
significant main effect (F(1,45) = 0.46, n.s.), but there
were significant differences in the category of SSQ
(F(3,14) = 10.79, p < 0.01). The results of multiple
comparisons among categories based on Ryan’s method
showed that the score for nausea, regardless of frequency
factors, was significantly lower than the other three
scores (eye fatigue, disorientation, total score: t = 5.52,
3.80, and 2.54 respectively, p < 0.05), and the score for
eye fatigue was significantly higher than the total score
(t=2.98, p<0.05).

These mean values of SSQ changing between before
and after observation seemed to be relatively higher than
observation normal (without vibration stimuli) 3D
cinema. For example, a previous study [15] examined
observers’ subjective comfort watching a stereoscopic
3D version of the film Avatar for 165 minutes. Their
results showed that mean SSQ changing were ap-
proximately 1.9, 6.9, 8.1 in nausea, oculomotor, and
disorientation, respectively. Thus our results suggested
additional irrelevant vibration stimuli on 3D movie
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caused the increase of symptom.

Figure 5, on the other hand, shows comfort reported
by subjects every two minutes, which is represented as a
function of observation time under two frequency
conditions. A two-factor repeated-measure ANOVA was
used to validate the differences of subjective rating
between frequency factors and among observation times.
Results of ANOVA showed significant main effects of
both frequency factors and observation time (F(1,86) =
16.14, p < 0.01, F(8,69) = 27.91, p < 0.01, respectively).
As interaction of these factors was also significant
(F(8,69) = 5.65, p < 0.01), analysis of simple main
effects was conducted. The results revealed the comfort
level was significantly lowered in the interval between
six and fourteen minutes after starting observation under
vibration stimuli condition of 5 Hz.

These results suggested the following two properties
concerning the subjective states while observing 3D
movies provided with vibration stimuli: 1) subjective
state relating to eye fatigue (and disorientation) was
constantly perceived regardless of vibration frequency,
and 2) (local) comfort rating within sort term was clearly
affected by vibration frequency. It was suggested that
this property was salient when the amplitude was large
even though the frequency was relatively low.

3.2. Physiological Index

Secondly, we focus on the status of the autonomic
nervous system of the subjects while observing the mov-
ies. The peak time of each beat was calculated from an
electrocardiogram of the subjects while observing the

Averaged score
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Disorientation Total

SSQ category

Figure 4. Difference of SSQ scores between before and after observing the
movie (average of all subjects). Error bars indicate 1SE.
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Figure 5. Time series variation of comfort evaluation while observing the movie. Error bars
indicate 1SE. Score “3” indicates “Neither” in the comfortable scale. The upper area above “3”
is the comfort area and the lower area below “3” is the discomfort area.

movie, and the time interval between adjacent peaks
(R-R interval) was calculated. Also, frequency analysis
of the R-R interval as a function of time was conducted
to calculate the value (LF/HF ratio), which was obtained
by dividing the area of the region with frequency of 0.15
Hz or lower (LF component) by that of the region with
frequency of 0.15 Hz or higher (HF component). The
time series variation in the LF/HF ratio was obtained by
calculating the LF/HF ratios every one minute from the
beginning of observation, using ECG data for three min-
utes from each calculating time. The LF/HF ratio is con-
sidered an index reflecting the activity status of the
sympathetic nervous system and the parasympathetic
nervous system, which constitute autonomic nervous
system, and higher values suggest predominant activity
of the sympathetic nervous system.

Next we discuss the interaction with the susceptibility
to motion sickness for analysis. We divided subjects into
two groups (the average value or higher, less than the
average value) using average value of the total scores of
SSQ analyzed in Section 3.1. Figures 6 and 7 show the
time-series change in the LF/HF ratio in the two groups.
We conducted two-factor repeated-measure ANOVAS
using vibration frequency and observation time as factors
for each group. The results showed the time-series main
effects in both groups (high SSQ group: F(17,51) = 3.64,
p < 0.01; low SSQ group: F(17,90) = 5.84, p < 0.01).
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Multiple comparison test results suggested that the
LF/HF ratios at approximately thirteen to fourteen min-
utes after the beginning of observation were higher than
those at (approximately one to three minutes after) the
beginning of observation. The effects of vibration fre-
quency, on the other hand, were not seen in either group
(high SSQ group: F(1,30)=1.23, n.s.; low SSQ group:
F(1,53) =0.42, n.s.).

The LF/HF ratio itself, however, was consistently
relatively high in the frequency of 5 Hz in high SSQ
group but such a difference was not seen in the low SSQ
group. Our findings show that in the future we need to
clarify the effect of susceptibility to motion sickness and
vibration frequency on the autonomic nervous system
through the classification by subjects’ attribution.

4. CONCLUSIONS

We measured the psychological and physiological in-
dexes of observers for twenty minutes during observation
of a stereoscopic movie given the vibration stimuli. The
subjective data showed that the frequency of vibration
stimuli had strong effect on the subject’s local comfort
evaluation.

However it was indicated that the index of visual fa-
tigue increased after observation of the movie regardless
of frequency. Also physiological data showed that the
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Figure 6. Change in the activity status of autonomic nervous system (LF/HF ratio) while
observing the movie. Error bars indicate 1SE. Data of the subjects whose total scores of SSQ
were average or higher.
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Figure 7. Change in the activity status of autonomic nervous system (LF/HF ratio) while
observing the movie. Error bars indicate 1SE. Data of the subjects whose total scores of SSQ
were less than average.
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activity status of autonomic nervous system significantly
increased by observing the 3D movie given the vibration
stimuli regardless of vibration frequency. The results
suggested that there seem to be some threshold of com-
fort in the interaction between frequency and amplitude.
This is considered important information to maintain
visual health and comfort while watching stereoscopic
movies.
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