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Humans have experienced motion sickness and possessed the knowledge of stereopsis since
classical antiquity. Knowledge of stereopsis dates back to approximately 300 B.C., when
Euclid first recognized the concept of depth perception in human vision. Further, the motion
sickness is including a sensation of wooziness and nausea that has been documented since
approximately 400 B.C., when it was mentioned in the Aphorisms of Hippocrates.
Stereoscopic images that utilize binocular stereopsis can frequently cause viewers to
experience unpleasant symptoms including visual fatigue. Despite the increased use of
three-dimensional (3D) display technologies and numerous studies on 3D vision, there is
insufficient accumulation of researches to clarify the effects of 3D images on the human
body. Therefore, the safety of viewing virtual 3D images is an important social issue.
Inconsistency between convergence and lens accommodation is suspected as a cause of
which motion sickness induced by stereoscopic viewing have not yet been identified. A
system to simultaneously measure the convergence and lens accommodation is constructed
to characterize the 3D vision. Fixation distances were compared between the convergence
and lens accommodation while a subject repeatedly viewed 3D video clips. The results
indicated that the accommodative power did not correspond to the distance of convergence
after 90 s of continuously viewing 3D images. Presently, the relationship between this
inconsistency and the unpleasant symptoms remains unclear. Therefore, we introduce
empirical research on the motion sickness that can contribute to developments in the
relevant fields of science and technology.

1. Introduction

viewpoint TV, and 3D cinema have been developed. A few recent
displays can also present binocular and multi-aspect

In general, deviation occurs between the images formed on the
two bilateral retinas when he/she gazes at a point with both eyes.
This deviation is termed binocular parallax due to positional
differences in the eyeballs. In humans, it plays an important role in
perceiving  three-dimensionality.  Currently, most three-
dimensional (3D) movies and 3D television (3DTVs) use
binocular parallax to distribute 2D images to both eyes to achieve
stereopsis. Principle of the stereopsis using the abovementioned
method is described in a book written by Euclid in approximately
280 B.C. [1, 2]. In the early half of the 19th century, Charles
Wheatstone started the stereoscopic photography when he invested
the binocular stereoscopic image display method “Stereoscope”,
which converted a pair of stereo images [3, 4]. In recent years,
various 3D video display systems such as mobile devices, free-
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autostereoscopic images although 3D glasses are generally
required. In either case, however, there are the following issues.

(1) unpleasant symptoms including headache, vomiting, and eye
strain.

(2) lack of ambience and realism.

Especially in Japanese 3DTVs, dynamic movements cannot be
fully expressed since the binocular disparity is set to one degree or
less (See section 3.3). Excessive measures against visually-
induced motion sickness (VIMS) have been implemented without
an appropriate manufacturing standard for stereoscopic video clips
(VPs) and their display systems since the eye strain induced by 3D
video viewing does not have been still elucidated.

241


http://www.astesj.com/
http://www.astesj.com/
https://dx.doi.org/10.25046/aj060428

Y. Matsuura et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 6, No. 4, 241-251 (2021)

In 3D video viewing, it is generally understood that the lens is
accommodated to the depth of the screen that displays the image,
whereas the eyes converge at the position of the 3D object, which
is a common idea of eye strain with 3D image viewing. As might
be expected, the convergence and lens accommodation are
consistent in natural vision. The discrepancy is considered to be
cause of the eye strain and the motion sickness induced by
stereoscopic viewing [5-6].

According to [7], if the viewing conditions are sufficiently
bright, the depth-of-field (DOF) of a target has a mean difference
in the order of 1.0 Diopter, and the accommodation-convergence
conflict discussed above is a particular problem only in the case of
proximity displays such as head-mounted displays (HMDs) and
smart glasses [8]. Several methods are available to reduce motion
sickness induced by the accommodation-convergence conflict,
such as accommodation-invariant near-eye displays [9], light field
[10], and rapid adjustment of the focal length to the congestion
distance, “variable focus” [11, 12]. The first method displays
images as if they are in focus even when the focal length and
convergence distance are inconsistent. The second is a technology
that generates images close to the visual sensation of the naked eye
by taking photos and VPs from multiple viewpoints
simultaneously. In addition, optical components in artificial lenses
have been developed to change the focus of the human eye
intentionally by changing the lens [13]. In addition, as a
countermeasure that ignores the accommodation-convergence
conflict, a notable method reduces the symptoms of motion
sickness by providing the viewer with sound and vibration
synchronized with the VPs [14].

Factors associated with the DOF include pupil diameter and
resolution. Therefore, image viewing conditions definitely
influence the pupil diameter. Most previous studies used high DOF
to prevent blurriness, resulting in a measurement environment
quite different from everyday conditions.

Moreover, the distribution of the convergence fusional limits
in stereoscopic images was obtained in [15], where 84% subjects
were able to see a stereoscopic image with a binocular disparity of
two degrees. Notably, a single target without a surrounding image
was used in the study. Generally, in absence of another parallax
image, an accommodation-convergence process that merges
double images into a single one functions as a positive feedback
system [15].

Deviation between the eyeball positions causes differences in
the formed retinal image because of the approximately 6 cm
interpupillary distance between the bilateral eyes. The human
ability to detect this difference in the retinal images between the
bilateral eyes is nearly 10 times more accurate than normal visual
acuity. When the deviation is too large, the image information from
the bilateral eyes cannot be fused and a double image is formed,
making the anteroposterior relationship unclear. A remarkable
percentage of the population cannot perceive 3D vision by
binocular parallax alone [16—17]. Stereopsis test methods include
the T.S.T. (Titmus Stereo Test) and Lang (Lang Stereo Test).

However, it has been reported that there are some influence of
stereoscopic viewing on health, which causes unpleasant
symptoms, such as visual fatigue, headache, and the vertigo [18-
19]. Severity of VIMS is not affected only by construction of the
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images but also by the viewing environment. It has also been
reported that prolonged viewing of stereoscopic displays can cause
several health hazards such as severe visual fatigue and headaches
[20-22]. On the side notes, it has been reported that the elderly
with the mild cognitive impairment (MCI) tends to have a strong
interest in stimulation by stereoscopic images [23]. Pregnant
women, children, the elderly, and those who consumed alcohol
should refrain from stereopsis in a few cases since it is easy for
them to be influenced by the health problems associated with
stereopsis [24]. However, it is necessary to indicate further
hygienic investigations because of little knowledge of the
biological effects such as visual fatigue and the VIMS [25].

This report provides an outline of the principle of stereopsis for
various displays and the biological effects involved in the
stereoscopic vision. Based on the forefront research in this field
their clinical significance is also stressed for the description of
future prospects.

2. Stereopsis principle and presentation methods

In humans, the two eyeballs are aligned approximately 6 cm
apart horizontally. There are always subtly differences between
two images formed on each retinas when a person sees an object
with the bilateral eyes. Although the image formed on the retina is
two-dimensional (2D), the brain reconstructs the information from
the bilateral eyes and identifies the condition and the positional
relationship of objects occupying the 3D space. Perception of the
space and positional relationship is achieved through the eyeballs
(lens accommodation and binocular convergence), difference in
the eyeball position (binocular parallax and monocular movement
parallax), and experience (sizes of objects, perspective,
overlapping objects, texture, and shadows). These items are
described below.

2.1. Lens accommodation

The mean diameter of the eyeballs in adults is about 22-25 mm
and the weight is about 6-8 g. The cornea, anterior chamber, and
lens are present in the anterior region and refract light coming into
the eye to form images on the retina in the posterior region of the
eyeball. However, the eyes cannot simultaneously set the focus on
near and distant objects, and the focus has to be adjusted
corresponding to the distance of each object. This is termed lens
accommodation in the ocular optical system. In humans, the lens
is accommodated by changing the lens thickness and curvature,
adjusting the focus.

The annular ciliary body is present around the lens. Zinn’s
zonule radiating from the lens connects to the ciliary body. The
ciliary muscle contracts in near vision, and relaxation of Zinn’s
zonule thickens the lens, shortening the focal distance and forming
an image on the retina. In distance vision, the ciliary muscle is
relaxed and Zinn’s zonule extends the lens radially, which thins
the lens and lengthens the focal distance, forming an image on the
retina.

The range of lens accommodation is limited, and the limits of
near and distance visions are termed near and far points of
accommodation, respectively. However, hyperopia or myopia
markedly varies among individuals and with aging. The ranges of
these represent the accommodation ability, and the
accommodation range is wide in young people. Changes in

242


http://www.astesj.com/

Y. Matsuura et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 6, No. 4, 241-251 (2021)

accommodation ability with aging are mainly due to shifting the
near point of accommodation to a distant site because the lens loses
elasticity with aging and become unable to readily increase the lens
thickness.

2.2. Convergence (binocular convergent movement)

Our vision can perceive the target in detail within a narrow
range of only about 1-2°, termed the central fovea. The central
fovea contributes to vision in a high-definition field. To see an
object, the visual axes of the bilateral eyes have to be set toward
the object. The angle formed by these visual axes of the bilateral
eyes is the convergence angle, and the distance to the intersection
of the visual axes is termed the convergence distance (Figure 1).
Convergence (binocular convergent movement) represents
horizontal eyeball movement by simultaneous inward rotation of
the bilateral eyes to gaze at an object and form an image in the
central fovea on the retina, and convergent movement causes
‘cross-eyes’[26]. Lens accommodation also has to change
corresponding to the distance of the object. The voluntary muscles
(ocular muscles) responsible for eyeball movement are roughly
divided into the extra- and intra-ocular muscles, and a factor of the
extraocular muscle, convergence, and that of the intraocular
muscle, accommodation, are useful clues for the visual system to
perceive distance [27-28]. Convergent movement occurs in
response to the clue of depth direction, and deviation (parallax) of
the image on the retina between the bilateral eyes is the typical
stimulation. It is an eyeball movement occurring almost
simultaneously with lens accommodation to enable ‘seeing’ in the
depth direction in a 3-dimensional space [29]. Therefore,
convergence is not conjugated movement of the bilateral eyeballs
unlike optokinetic nystagmus which occurs to fix images formed
on the retina and vestibulo-ocular reflex which maintains and
stabilizes images on the retina even in the presence of body
movement [29].

The visual system is capable of identifying the conditions of
convergence and accommodation using an efferent copy, which is
the command from the brain to the ocular muscles, or
proprioceptor signals of the ocular muscles or both information
[30]. Regarding the control system model of convergence and
accommodation, there is a model in which the extra- and intra-
ocular muscle are moved so as to fuse the images on the retina of
the bilateral eyes regarding the distances of the target object of
convergence and accommodation, as input signals, the focus
(blurring) on the retina as 0, and convergence and accommodation
as output signals [31-32]. In the control system, crosslinks from
the convergence control system to the accommodation control
system or vice versa are present, and convergence and
accommodation influence each other. Changes in convergence
induced by changes in accommodation are termed accommodative
convergence, and changes in accommodation induced by changes
in convergence are termed convergence accommodation.

2.3. Deviation between the eyeball positions

In binocular stereoscopic images, which are currently
mainstream, the viewer makes sense that the displayed object is
present from the depth to the front side of the screen utilizing
convergent movement and binocular parallax described above to
show the image 3-dimensionally (Figure 2). Medial and lateral
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movements of the eyeballs
divergence, respectively.

are termed convergence and

Right eye Left eye
image image
Display ——— — —{ ) X

Popping out
distance

Convergence
distance

]
i

Interpapillary distance

Figure 1: Eye convergence on seeing 3D display. a and B-a are defined as angle
of convergence and parallactic angle, respectively.

Stereoscopic vision Stereoscopic vision

(Convergence) Natural vision (Divergence)
O
b
a
— —/ Ny —/

Figure 2: Binocular stereoscopic vision (Convergence and Divergence).
a-b: Parallax angle while viewing an object/image in 3D popping out of the
screen/display surface, c-b: that sinking in the surface.

Relative positions of the visual field and object change with
movements of the object and observer, through which unevenness
of the object and the anteroposterior relationship among several
objects become perceptible. The direction and speed of visual
target movement vary corresponding to the visual range and
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interpupillary distance. For example, when looking at the
landscape from a car or train, nearby trees and signal masts move
backward and distant mountains slowly move backward, but the
very far sun and moon appear to move in the same direction as the
observer.

2.4. Experience

Humans can perceive the depth and three-dimensionality of
space even from a picture written on a flat surface. Various kinds
of visual features bring about depth perception (perspective
perception), depending on experience and other factors [33-34]. A
visual object forming a large retinal image is perceived as present
in the front and that forming a small retinal image is perceived as
present in the back. When the retinal image size of an object is
remembered by experience, the distance to the object is sensed
[35]. In contrast, when the size is not known, it is unclear whether
the distance is different or the size is different. When objects
overlap, the object covering part of the other is perceived as present
in front. It may be unclear whether the objects are overlapping or
a hole is open based on the presence of overlapping objects alone,
but when shadows produced by an illumination light are added, the
anteroposterior relationship between objects can be identified.

The presence of shadows also produces three-dimensionality.
In daily life space, the shape is convex when the shadow is formed
below, and concave when the shadow is formed above. Feelings of
unevenness and the anteroposterior relationship may be reversed
depending on the shadow position. High and low contrasts induce
a feeling of forward and backward movements, respectively.
Similarly, light and dark induce a feeling of forward movement
and depth of backward movement, respectively.

Regarding gradients of density difference and texture,
perspective and inclined planes are perceived corresponding to
differences in the density among elements constituting texture and
the state of change (gradient). The appearance of the size decreases
with an increase in the distance from the observer, and the distance
between objects decreases by 1/2 squared. Thus, it is easier to
sense depth in the presence of a regular arrangement. This clue is
closely related to perspective.

Perspective includes linear and aerial perspectives. In linear
perspective, the feeling of depth is produced by composition on the
assumption of a viewpoint position and distant vanishing point,
and this is applied to perspective [36]. The Last Supper by
Leonardo da Vinci is a typical example drawn by perspective. This
work employed a one-point perspective setting the vanishing point
in almost the center of the screen, which concentrates the line of
sight to the theme and produces a sensation that a space extends in
the back of the screen. In aerial perspective, near visual objects are
clearly perceived while distant visual objects are dimly perceived,
causing a feeling of depth. In real life, distant objects are blurred
due to light scattering by air, giving a sense of perspective. When
the size and shape are the same, clearly seen objects are felt near,
and blurred objects are felt to be present at the back [37-38].

2.5. Stereoscopic image display technique

Stereoscopic image display methods include eye glass-type
and naked-eye binocular stereoscopic display systems, multiview
and depth information presentation systems, and wavefront
reconstruction and space image systems. Of these, the binocular
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stereoscopic display system utilizes binocular parallax, in which 2
images with parallax in the horizontal direction are individually
presented to the bilateral eyes, and it is generally used as a
stereoscopic image display method [3, 39-40].

The image presentation methods employing the binocular
stereoscopic display system include the side-by-side method in
which the bilateral images are horizontally arranged, top-and-
bottom method in which the bilateral images are vertically
arranged (images for the left and right eyes are set at top and
bottom, respectively), the line-by-line method in which the
bilateral images are arranged alternately on each line horizontally
or vertically, and Power 3D method [41-42].

3. Biological effects of image viewing

Regarding the biological effects of sterecoscopic viewing,
adding camera shake-like vibration to the entire image and
dynamic changes that involve computer graphic images to induce
a feeling of being present at the place are likely to cause VIMS.
Stimulation with stereoscopic images induces 3D sickness whose
symptoms are similar to motion sickness. This is not limited to
stereoscopic images, and viewing images and rapidly moving
screen that requires blinking may cause headache, vomiting, and
vertigo. These and other similar events can be broadly defined as
VIMS.

3.1. Biological effects of motion sickness induced by
stereoscopic viewing

Motion sickness is including a sensation of wooziness and
nausea known since approximately 400 B.C. In [43] , the author
described that “When Hellebore has been taken, let the body be
general kept in motion, enjoying less rest, and less sleep. For even
sailing proves that motion disturbs the functions of the body.” In
[44], it is written that “they felt sick due to vehicle sickness in a
Japanese oxcart (Figure 3) and all appeared inverted to their
blinking eyes.” in the first half of the 12th century. Currently,
besides vehicle motion sickness and VIMS, space sickness has also
been reported [45-46]. As the space motion sickness symptoms
develop in zero gravity, vomiting in a space suit helmet during
extravehicular activity may cause suffocation. People have
suffered the unpleasant symptom of motion sickness for long.

From the viewpoint of preventive medicine, it is important to
accumulate the basic studies on stereoscopic viewing because
stereoscopic viewing involves both positive [47] and negative
aspects. Contrary to what you might think, there are a few reports
on the former. Firstly, cases demonstrating the effect of
antisuppression exercise of intermittent exotropia and the pleoptics
have been reported by using stereoscopic image techniques [48].
In [47], the authors reported that “the accommodation training
using 3D movie had temporarily improved visual acuity and
seemed to lead to a decrease in asthenopia in their experiment.”

Unpleasant symptoms such as visual fatigue, vomiting, and
headache are often caused by stereoscopic images utilizing
binocular stereopsis, which depends on the viewing conditions
[49]. Integrating several sensations, such as those from the skin
and somatic sources, the body perceives space. Since the space
perception excessively depends on the visual function, visual
sensation among others carries the major burden while viewing
stereoscopic ones. In most cases after viewing those images, the
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symptoms associated with the motion sickness disappear when you
stop watching, however, it may last almost a day in severe cases of
the VIMS, which is not caused only by images but also by
simulators. Sensations other than the visual one can be given by
the simulators in which there is deviation between their sensations
and motions included in the video film. In the simulator sickness,
the motion sickness is also amplified by flickering in the screen.
Furthermore, it has been reported about ataxia in the simulator
sickness. and the US navy prohibits the persons with experience of
the simulator sickness from boarding within 24 hours after
simulator operation [50]. Thus, these kinds of the knowledge may
give a key consideration of the motion sickness including the car
sickness.

Figure 3: Japanese oxcart

The VIMS is influenced by auditory [51], visual [52-53],
olfactory [54], deep [55], and other sensations. The followings are
case studies. A worker operating the remote control of a large
power shovel has developed severe ophthalmalgia and headache
one month after starting work owing to stereoscopic image
viewing, and his quality of life subsequently deteriorated [56]. In
addition, there is another report that a boy has developed acute
internal strabismus due to 3D movie viewing [44].

Early research considered the overstimulation theory for
explaining the mechanism behind the onset of motion sickness.
According to this theory, the acceleration of a vehicle causes the
overstimulation of the visceral and vestibular organs, leading to an
excitement of the hypothalamus, which induces the vestibulo-
vegetative reflex, causing various symptoms of the motion
sickness. Instead of this overstimulation theory, it is necessary to
develop some mechanism of the motion sickness because the
motion sickness was found even in microgravity environments.
According to the sensory conflict theory [18, 57], actual sensory
information such as visual, vestibular, and somatosensory one is
compared with that of the episodic memory in the central nervous
system. The motion sickness would be induced only if a sensory
information combination were different from that expected from
the memory [58]. The vestibular stimulation is transmitted to the
vomiting center in the medulla oblongata via the vestibulo-
vegetative system. The vestibular and autonomous nerve systems
are anatomically and electrophysiologically closely connected,
strongly suggesting their relationship with the unpleasant
symptoms of motion sickness [59]. When a motion sickness-
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inducing rotational load is provided to rats, it increases the
histamine level in the brainstem and hypothalamus, which is
related to vomiting during the motion sickness [60].

Severity of the motion sickness can be quantitatively
evaluated in accordance with the analysis of the body sway, which
is regarded as an output of the equilibrium system. In general, it is
difficult to obtain significant difference from statokinesigrams
and/or their area of sway, sway values, total length, and total locus
length per unit area, with their eyes open because the visual
information helps subjects to keep upright posture. In recent
decades, numerical analysis of the mathematical model of the body
sway shows the possibility to find significant differences with eyes
open (See section 3.3) [61].

In case of movies and 3DTV utilizing systems to display
binocular stereoscopic images, the biological effect of stereoscopic
viewing cannot be ignored. Figure 1 shows binocular parallax
determined by the positional relationship between bilateral eyes
and the object in stereoscopic images, which depends on the
distance between the centers of your two eyes (interpupillary
distance: PD). Using binocular parallax, stereopsis is realized by
individually distributing 2D images to observers’ left and right
eyes. It also depends on the viewing conditions (viewing position,
darkness and light in the room, and physical conditions).
Therefore, certain biological effects occurring during stereoscopic
viewing can be attributed to individual differences in viewing
conditions, interpupillary distance, and visual function of the
viewers. Studies on these differences have been reported [56, 62].

3.2. Causes of motion sickness and visual fatigue by stereoscopic
images

According to the investigation of the relationship between
individual differences in visual function and parallax range of
stereoscopic images, persons with high accommodation
convergence have a narrow range of comfortable visual field,
where he/she is prevented from suffering discomfort of popping
out stereoscopic images [63]. A positive correlation has been
found between the grade of phoria and subjective evaluation for
degree of stereoscopic viewing-induced fatigue [64]. As the side
notes, there is less visual fatigue in persons with slight exophoria
while viewing stereoscopic images [65]. Hence, considering
individual differences in visual function is necessary while
discussing the biological effects of stereoscopic viewing.

Theories of “inconsistency between convergence and
accommodation” and the “influence of excess parallax’ have been
suggested in order to explain other causes for stereoscopic
viewing-induced fatigue besides differences in the individual
visual function. The former states that the visual fatigue would be
caused by inconsistency between the accommodation and
convergence distances, which also increases the accommodation
load. The later states that the binocular parallax increased to
emphasize the stereoscopic effects.

The following is frequently described as an effect of the
binocular stercoscopic display system upon our body;
accommodation and convergence contradict each other during
stereoscopic viewing because we just focus upon the surface of the
display and simultaneously adjust the convergence to the
stereoscopic object popping out from it [66, 67]. Most of
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researchers Dbelieve that there is deviation between the
accommodation and the convergence during stereoscopic vision,
however, the authors reported that the accommodation was not
fixed to the surface of the display during stereoscopic vision [68].

The range in which the anteroposterior regions of the focused
region appear to be in focus is termed DOF, which is generally
approximately +0.2—0.3 Diopter in humans [69, 70]. We would not
feel inconsistency between the accommodation and the
convergence when a stereoscopic object is presented within the
DOF [71]. This also resolved the inconsistency problem during
stereoscopic viewing, inhibiting the unpleasant feeling observed in
a few studies [31, 72], whereas fatigue was caused in presence of
a temporary change of binocular parallax, although the change was
within the DOF in another study [73, 74].

A theory suggests that because the lens accommodation and
convergence are simultaneously changing in opposite directions,
their functions become unstable, and efforts to fuse the images
created by the bilateral eyes are assumed to be the cause of fatigue
[75=77]. In addition, we are conducting preliminary experiments
on the illuminance of the experimental environment and
interpreting the experimental data so far. The pupil diameter is
affected when the environmental illuminance changes. When the
illuminance is lowered, the pupil diameter becomes larger, and the
DOF becomes shallower. We considered that it is easy to be
induced the motion sickness because there is a discrepancy
between the lens accommodation and the surface of the display,
which is not included in the range of the DOF [78].

3.3. The current trend of motion sickness and visual fatigue by
stereoscopic images

Because both the convergence and lens accommodation fit the
objects in natural stereopsis, they do not contradict each other. The
following hypothesis as described in section 3.2 seems to have
captured the hearts of many 3D image engineers and researchers,
i.e. it is often considered that their inconsistency is the cause of the
VIMS. In 2011, 3D Consortium (3DC) formulated safety
guidelines in which the range of comfortable parallax angle for
stereoscopic images was specified as £1.0° [79-81]. This is also
based on the hypothesis and studies serving as the basis for this
comfortable parallax range reported by [79] and [80]. Setting the
change in binocular parallax within approximately 1°,
approximately 87% subjects could fuse and observe stereoscopic
images under the experimental conditions of their studies [79-81].
After these reports were published, however, this finding about the
fusion limit was refuted as follows.

It was reported that stereoscopic images at a parallax angle up
to approximately 2°could be fused and observed by approximately
84% subjects [15]. It was concluded that the difference in the
binocular parallax between [15] and [80] was due to premature
processing deviating from elementary statistics. In recent decades,
it has been discussed it is appropriate to revise the comfortable
parallax range for stereoscopic images to 2° [82]. As observed
during natural viewing, the convergence and lens accommodation
in the young were synchronized in accordance with their
observation. No inconsistency was observed while viewing
stereoscopic video clips under medium illuminance [83].
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It is important for researchers in this field to set the visual
environment, which can affect the results of the experiment. Thus,
the experimental results of [83] cannot be simply compared with
those of previous studies because the environment of [83] is
different from those of experiments under low illuminance in the
previous studies. In addition, the stereoscopic images were drawn
by using “power 3D method” [41]. In [25], the author states that
“no study has clearly shown the association although it is generally
assumed that long-term stereoscopic viewing leads to unpleasant
feelings including the visual fatigue.” Several points presently
remain unclear with regard to the accommodation-convergence
mismatch during stereoscopic viewing and the discomforts.

4. Mathematical models of the body sway to evaluate the
motion sickness

Severity of motion sickness is measured by stabilometry in
accordance with the consideration of equilibrium function [78, 84].
In stabilometry, recording of stabilograms for 60 seconds begins
when the standing posture stabilizes. Statokinesigrams are
composed of each component of the stabilograms. Indices such as
area of sway, total locus length, and total locus length per unit area
are classically estimated to analyze statokinesigrams [84-85]. The
latter is known as a parameter of the fine control of standing
posture by the proprioceptive reflexes [86]. In addition to the
abovementioned indices, an index termed sparse density was
proposed in consideration of the non-linearity of the system to
control upright position [87-88]. The following nonlinear system

ox d
2= — 2 UL () + twi(©), M
== Uy ) + uywy (O 2)

has been proposed for the description of the body sway where
w, (t) and U, (x) represent the white noise and the time-averaged
potential function (TAPF) in the lateral component, respectively.
In general, the first term on the right-hand side is regarded as a
linear function for each component [89-91], i.e. the body sway has
been described as a Brownian motion [92-93]. Based on [94] and
[95], the lateral component of the SDE (1.1) is assumed to be
independent of the anterior-posterior component (1.2). Also, we
did not obtain remarkable significance in the cross correlation
between those components from the stabilograms measured in our
experiments [87].

5. Mathematical approach for the evaluation of body
balance function

5.1. Improved deductive theory

It is difficult to describe the abnormality in the body sway
during the alcoholic load [87-88, 96] or the motion sickness.
Prolonged exposure to a stereoscopic video clip, the mathematical
model (1) has been investigated [97], but interaction between
anteroposterior and lateral components cannot be neglected, and a
new mathematical model is being investigated.

Non-linear stochastic differential equations (SDEs) (1) were
obtained from our deductive theory [61, 78, 84]. The Markov
process without abnormal diffusion is required by the randomness
in the body sway, which is based on our observation. In most cases,
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4, #pu, #1 astocompare variations with the others in

polygraphs that are measured and recorded in the experiments of
the electrophysiology [61, 78, 84]. The TAPFs can be estimated as

U,(x) =— ';—’%lnGx(x) + const,, 3)

2
U,(y) = —Mz—ylnGy(y) + const., (4)

where G, (x), G,(y), are expressed as distributions for each
direction. Several minimum values of the TAPFs are often
obtained from the stabilometry. In numerical simulations, local
stability is also seen as motions with high-frequency near the
minimal potential surface, where a high density of representation
points is expected be generated by the SDEs. Inversely, degree of
the local stability cannot be measured only by the total locus
length per unit area, but also by the sparse density including more
local information in the measurement [87].

5.2. Application of our deductive theory

The mathematical method in this chapter has already been
applied to quantitate severity of the motion sickness induced by
stereoscopic viewing and the blur of liquid crystal [94, 97-99].
Especially in [94], it has been discussed that peripheral vision
contributed to an increase in the sway value with eyes closed after
the exposure to a stereoscopic video clip. However, upright posture
is stable with eyes open, in fact, the sway value is so small that the
instability has been able to be evaluated while viewing video clips.
As mentioned above, our deductive theory has been recently
improved to enable comparison of variations among independent
components. We have also succeeded in enhancing the accuracy
of the evaluation during the exposure to stereoscopic video clips.
In addition to the skewness, kurtosis, and standard deviation of the
probability density distribution of the observed data, the translation
error in the nonlinear analysis was herein used as an evaluation
index for the numerical analysis of SDEs [61]. As a result, we
constructed a new theoretical system to obtain the SDEs describing
the equilibrium system from the measurement data of each subject.

6. Evaluation of stereoscopic image-induced motion
sickness

In addition to the physiological methods involving autonomic
nerve activity, subjective psychological methods have been well
developed to measure the influence of the VIMS on the body.
Simulator Sickness Questionnaire (SSQ) is a best-known
measurement to assess the VIMS including the simulator sickness,
which comprises 16 effective subjective items extracted from
1,119 paired data on the Motion Sickness Questionnaire (MSQ)
measured before and after experiencing a simulator by using factor
analysis [100]. The VIMS is also assessed using physiological
measurements such as body sway, blood pressure, respiratory rate,
electrocardiography, electrogastrography, perspiration, resistance
value of the skin, and number of eye blinks [101-104]. In a study
using the SSQ score, it was also reported by the group complaining
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of vibration load-induced motion sickness that the difference in
stance width during upright makes a difference in the incidence of
motion sickness [105].

6.1. Effect of background vision on the equilibrium system

In previous studies, compared with visual pursuit, higher sway
values including, the area of sway, total locus length, total locus
length per unit Area, and sparse density during the peripheral
viewing of 3D images were observed [94]. Especially in case of
backgrounds, the appearance of actual space that humans perceive
and that of 3D VPs is different, which is considered a reason for
the influence of peripheral vision on the equilibrium system. In this
section, we verify whether 3D VPs viewed without backgrounds
influences the equilibrium system, and develop a mathematical
model.

The body sway was measured during 1 min of video viewing,
and thereafter, 3 min of standing with eyes closed after the pre-
rest. Before and after this stabilometry examination, we performed
a subjective evaluation of motion sickness symptoms using the
SSQ. The smart glass MOVERIO BT-200 (EPSON, Nagano) was
used to view the VPs used in the experiment of [106]. This device
facilitates augmented reality (AR); however, to remove any
external stimuli in the experiment other than those provided by the
videos, they were projected on a black screen for measurement. In
the video, spheres were fixed at four corners while another sphere
moved through the screen in a complex manner.

We performed a two-way analysis of variance (ANOVA) that
uses the persistence of the influence of exposure to VPs as a factor
for each analytical index calculated from a statokinesigram. In the
ANOVA results, several non-interacting main effects were
observed for each pair of factors (solidity/backgrounds).
According to the statistical analysis of the total locus length per
unit area, there were main effects (1) on solidity when viewing VPs
with backgrounds, and (2) of backgrounds when viewing 2D VPs.
In this connection, backgrounds exerted a main effect when
viewing 3D VPs in accordance with the ANOVA for sparse
density S3. In addition, there was a main effect on solidity when
viewing videos without backgrounds.

The equilibrium system was affected 1-2 min after viewing
the 3D VPs with backgrounds. In addition, the SSQ result indicates
that motion sickness may be caused by viewing 3D VPs with
backgrounds. In addition, the sway values in the control were
compared with those obtained after viewing 3D VPs without
backgrounds (with their eyes closed). The area of sway and S3,
both measured 2—3 min after the viewing, were significantly larger
than those in the control. At that time, the total locus length per
unit area was significantly smaller than that in the control. Subjects
were allowed to use their peripheral vision; however, it was easy
to focus on the central sphere, which was the same as the pursuit
viewing of images because subjects viewed the VPs without
backgrounds. Therefore, the influence reduction was observed 1—
2 min after the 3D viewing. Moreover, 3 min after viewing, the
instability of the system may increase owing to physical fatigue
from maintaining an upright posture, leading to increased body
sway.
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Table 1: Recent researches

Authors M. Malinska et al [89] A. M. Baranowski et al [90] | T. H. Cho et al [91] Y. Sawada et al [14]
Year 2015 2016 2017 2020
Apparatus 3D: Screen with Shutter | Screen with 3D Shutter | 3DTV with Polarization | HMD when sitting on a
glasses glasses glasses chassis of a scooter
HMD: HMD with gloves
Experiments | 3D: Watching part of | 3 genres (horror, action, and | 3D and 2D films 3D video with Sound
'Avatar' documentary) with three and/or vibration riding
HMD: Training in | between-subjects viewing simulator motorcycle
handling on the virtual | conditions (director’s 3D,
workstation artificial 3D, and 2D)
Measuring Electrocardiogram Ocular parameters
(Objective) (Accommodation,
Convergence,
Stereo-acuity,
Tear break-up time)
Measuring Fast Motion Sickness scale FMS
(Subjective) (FMS) and
Self-Assessment  Manikin
scale (SAM)
Evaluation Statistical Analysis Statistical Analysis Statistical Analysis Statistical Analysis
methods

6.2. Effects of duration on the equilibrium system

In previous studies, it was shown that viewing 3D VPs affects
body sway; however, there was no comment on the duration of
viewing VPs. In this section, we examine the effects of duration on
the body sway and introduce a mathematical model that describes
the equilibrium system [107]. In addition, we succeeded in finding
the temporal fluctuation in the mathematical model [108].

The experimental protocol of [107] used two patterns of
measurements: following a standing pre-rest, 1 min with eyes open
and 3 min with eyes closed; 2 min with eyes open and 3 min with
eyes closed. A 3D VP with binocular disparity and a 2D VP for
uniocular viewing were displayed on the 3D display KDL
40HX80R (SONY, Tokyo) installed 2 m from the subjects. The
experiment considered the order effect, and we conducted the
measurements for 2D and 3D VPs in random order. In addition,
measurements for other durations were also performed on different
days. Excluding the total locus length per unit area, we observed
that the increase in sway values depended on the duration of the
exposure to 2D VPs. In addition, sway values 1-2 min after
viewing a 3D VP for 2 min were significantly greater than those
while viewing it. Therefore, the influence of the viewing on the
equilibrium system was seen even after the exposure to VPs.
Regardless of the solidity of the VPs, the area of sway and the total
locus length were significantly greater at 2—3 min after viewing
than when viewing VP sway values. Similar results were observed
in the control experiment. Therefore, in the experiment [107], an
increase in the sway values at 2-3 min after viewing may not be
caused by VIMS, but by fatigue in maintaining the upright posture.
Hence, duration has an effect on the equilibrium function after
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viewing the VPs, and viewing the 3D VPs for 2 min continues to
influence the equilibrium function for at least 2 min after viewing.

7. Problems and future prospects

Table 1 lists the recent research on this topic [14, 89-91]. The
progression of TV technology to high image quality has facilitated
the sales of naked-eye 3D displays for medical use and high-
definition glassless 3DTV and enhancement in the image quality
of 3D images. Furthermore, recently there has been a rapid
progression in weight reduction and enhancement in the
performance of eyeglass-type wearable devices [109]. A small
projector is attached to the frames of eye glasses and sun glasses,
and images are projected either on the inner side of the lens, or
projected in front of the eyes using a semitransparent binocular
HMD with an integrated lens and projector or non- and
semitransparent monocular displays. These new image display
methods have already appeared, increasing the opportunities for
stereoscopic viewing in various fields, for not only amusement but
also medical care and industrial use.

The characteristic of our study introduced in section 4, 5 and 6
is that it not only aggregated experimental studies on the influence
of stereoscopic viewing on visual function, but also helps establish
scientific techniques to quantify motion sickness. Previous studies
discussed inconsistency  between convergence and
accommodation without simultaneously measuring them;
however, we performed stabilometry, simultaneous measurement
of convergence and accommodation, and evaluated body balance
and visual functions for a basic investigation of stereoscopic
viewing-induced motion sickness in the experimental study. By
increasing the number of subjects, performing close investigation
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with autonomic nerve evaluation using electrocardiography and
electrogastrography, and evaluating the body balance function
using body sway in a seated posture, this study facilitates safe
stereoscopic viewing with less occurrence of VIMS.

Virtual Reality (VR) sickness can be caused by a visual illusion
called vection [110-111] and movement on the screen while
viewing 3D images. According to the sensory conflict theory, VR
sickness can also be induced when passive movement creates a
mismatch between information related to orientation and
movement supplied by the visual and vestibular systems. This
mismatch induces feelings of nausea. In particular, vection is
easily caused in HMDs and on large-sized high-definition 4K/8K
displays. In addition, understanding of changes in the bio-signals
during the vection helps us to confirm the previous studies [112].
It might improve our knowledge in the concept the motion sickness
[112]. Therefore, it is important to examine the influence of
vection on human bodies in detail.

8. Conclusion

This report provides an outline of the principle of stereopsis for
various displays and the biological effects involved in the
stereoscopic vision. Based on the forefront research in this field
their clinical significance is also stressed for the description of
future prospects. The spread of 3D and 4K/8K TV cannot progress
unless the safety of stereoscopic images is secured, resulting in
elimination from market competition. Therefore, prevention and
alleviation of motion sickness stereoscopic viewing and providing
basic documents to establish the safety criteria of 3D not only
secure the extensive application of stereoscopic images and safety
and relief of viewers but also contribute to technological
development in Japan.
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