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Abstract. Human interaction in the computer environment requires
conduciveness with minimal cybersickness. One such sickness is vection,
where the subjects undergo illusory perception of self-motion in response
to visual stimulus. The present research quantifies the perceptual param-
eter. An optokinetic drum (OKD) is used to induce circular vection on a
virtual reality (VR), and the inertial measurement unit (IMU) in a head-
mounted display (HMD) is used to track the head rotation about x, y,
z axes. The study quantifies the vection in terms of the vection index
(VI). The VI depends on the ratio of the angular velocity of HMD to the
angular velocity of OKD. There is a significant difference from resting
state to higher angular speeds in clockwise (CW) as well as anticlockwise
(ACW) direction (p < 0.05). Also, the circular vection along the y-axis
imparts the motion along the x and z axes. The magnitude of vection
increases with speed in CW and ACW directions till the optimum speed
of OKD. The vection is absent during very low and high speeds of OKD.
Most participants experience the self-motion in an angular displacement
range of 30–97◦/s in both CW and ACW directions. The vection in ACW
compensates for the vection in CW direction about x, y and z axes.
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1 Introduction

Motion sickness (MS) is a general experience of discomposure in response to
motion stimuli present in a real or virtual environment. The MS depends on
the ocular and vestibular organs that sense the motion and stabilize the gaze
in real-world through vestibulo-ocular reflex (VOR) [19]. However, in a virtual
environment, motion sickness is predominantly visually induced, known as visu-
ally induced motion sickness (VIMS). According to the Ebenholtz hypothesis,
exposing individuals to various visual movements causes VIMS [16]. The VIMS
depends on several factors, such as the conflict in VOR and somatosensory
graviceptor[11] inputs. The magnitude of the phase difference between these sen-
sory inputs causes a higher probability of VIMS [49].The other reasons of VIMS
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are optokinetic nystagmus (OKN) [15] and body posture disability [51]. Conflict
in VOR is effectively perceived by humans [5]. Researchers create vestibulo-
ocular conflict by a rotating chair [61], flow field video [57], an off-vertical axis
[9], a parallel swing [65], and a driving simulator [35], to trigger the vestibular
system. However, the VIMS depends on eye movement in different directions,
saccades and eye blinks [10]. The effect of VIMS on the eye leads to minor pos-
tural changes in the head that transmits to the semicircular canal sensing the
changes in angular velocity of the head. This oculo-vestibular reflex (OVR) is
not explored in literature.

1.1 Vection

The vection is an illusory perception of self-motion in real and virtual immersive
environments. The nature of vection can be circular, linear or a combination
of linear and circular. The OKD is a general apparatus used to discover many
properties of perception of self-motion [1,29,47]. Different input modalities can
induce vection, such as auditory-induced vection (AIV) [33], Hapto-kinetic Vec-
tion (HKV) is induced by applying tactile motion on the body [14,42], Biomed-
ical vection (BMV) is induced from treadmill motion [7,52], visually induced
vection (VIV) from computer display [64] by OVR. The intensity of vection
depends on the flow, and apparent depth of the objects in the visual field [40]. It
also depends on the time of exposure, and literature shows that a visual stimulus
for 10 s is enough to induce illusory self-motion [14]. Also, the characterization of
vection depends on which part of the body perceives self-motion. Most subjects
experience VIMS reported vection; however, VIMS can happen in the dearth
of vection [38]. The vection in virtual environments deteriorates the immersion.
Therefore, nullifying the cause of vection is primary for the design of most of
the head-mounted displays (HMD). It requires objectification and measurement
of vection in VR.

1.2 Vection Measurement Methods

There is both subjective and objective measurement of vection in literature. How-
ever, the objective measurements are more effective in vection quantification com-
pared to subjective measurements [44] as it aids in control and validation. Yet,
the subjective measurements provide an insight towards the parameters result-
ing in self-motion. Subjective measure reports onset/offset of self-motion and it’s
strength from joystick button [20], rotation of circular knob in response to spin-
ning OKD at 0.1—100 ◦/s2 in real environment[41] or in VR [37], magnitude esti-
mation (ME) ratings on a 10 or 100-point scale [2,8,36,46]. Eye movement and
eccentric gaze conditions also objectify the vection strength at slower eye velocity
[34]. The alpha power in electroencephalogram (EEG) during spatial disorienta-
tion due to vection increases variably among the subjects [58]. Other objective
parameters such as heart rate (HR), blood pressure (BP) and skin conductance
level (SCL) measures vection [10]. There is greater variability among subjects due
to vestibular and somatosensory control of the autonomic nervous system while
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quantifying vection [3]. The literature shows the neural response of vection from
positron emission tomography(PET) [13], Magnetoencephalography (MEG) [63],
and functional magnetic resonance imaging (fMRI) [54].

Measurement of Vection from EEG: EEG is independent of subjective
response and has a higher temporal resolution in the order of milliseconds and
can sense the vection from time-frequency analyses of event-related brain poten-
tials (ERP) [32]. There is an increase 10 Hz alpha wave activity at 14 s followed
by a decrease in beta and delta activity as the ten participants subjected to
linear vection with two types of optic flow display, which constitutes of 1000
blue circular dots of 0.36◦ in diameter moving at a 1 m/s on a black background
[45]. Studies show that negative inflection N230 at O1 (left occipital), and O2

(right occipital) is more pronounced to visual stimuli producing stronger vection
during longer 45 s stimulus exposure [31]. Literature also suggests that the EEG
may be informative about inducing potential towards vection by optic flow. At
the same time, stimulus exposure of 2.5–3.5 s is minimal to cause vection dur-
ing EEG recording [45]. EEG can indicate cortical processing towards vection
onset or offset and magnitude of vection. However, EEG measures can reflect
parameters that are not purely vection-related [32].

Measurement of Vection from EGG: Vection causes an increase in gas-
tric tachyarrhythmia, an increase in sympathetic activity, and a decrease in
parasympathetic activity. Exposure to the virtual environment through OKD
causes more stomach contraction activity [24]. Optokinetic stimulation causes a
rise in frequency of EGG from 3.0 cycles/min to “tachygastric” frequencies (4–9)
cycles/min [56]. However, various research studies scored tachygastric condition
differently [55].

Measurement of Vection from EOG: The EOG parameters from the eye
tracker in a few HMDs, such as the number of eye blinks, eye movement, pupil
diameter and pupil position, are some factors showing the level of vection in VR.
The mean eye blinking rate (number/min) is lower in the initial minutes of visual
stimulus exposure, and it is considerably higher during the middle of the trials
[35]. The blinking rate per epoch is more in HMD than display monitor [12].
Also, the foveal retinal slip velocity is an essential parameter towards the level
of VIMS [21]. However, some studies in OKD rotation claims that unnatural and
random eye motion can distort VIMS and eye fixation can nullify the effect of it
[28,56,67].

Measurement of Vection from SCL: Skin conductance level is the tonic
part of electrodermal activity (EDA), responsible for autonomic changes in the
electrical conductance of the skin. It depends on autonomic arousal due to emo-
tional and cognition loads. Compared to the baseline, SCL is high during the
final minutes of experience in VR using the driving simulator as well as OKD
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rotation [35]. The OKD rotating at 600 per second (10 cycles per minute (cpm))
for 12 min causes an increase in both tonic and phasic levels at both palm and
forehead sites (sensitive) with a positive Pearson correlation coefficient of 0.62
at forehead site than 0.48 at palmer site [59].

Measurement of Vection from Heart Rate Variability(HRV), BP and
Breath Rate (BR): The HRV provides a measure for the autonomic ner-
vous system activity [6]. Most of the study shows that vection causes a higher
heart rate of 1.54 Hz [26]during OKD simulator [23,66] with higher low frequency
(0.04–0.15 Hz) power in the RR-interval, which results in higher sympathetic out-
flow during computer graphics (CG) and real roller coaster movie scene [62]. BP
shows an upward trend when subjects are VR driving simulators [39] and OKD
simulator[23]. Oscillatory scenes in displays play a significant role in enhancing
the BP as well as BR [22] to 0.365 Hz [26].

1.3 Gaps in the Measurements of Vection and Present Research

The assessment of vection through methods in the literature is cumbersome
from a practical point of view. These methods require additional hardware that
might reduce immersion which is the main objective of VR systems. Therefore,
the current study focuses on measuring the vection through elegant and straight-
forward methods without requiring additional hardware. The current research
proposes that mild head movements can be recorded from IMUs in most HMDs.
The authors propose a novel parameter, Vection Index (VI), for measuring the
vection from the IMU data. The objective of the study is to quantify circular vec-
tion from the kinematic analysis of OKD and HMD. The hypothesis is that the
drum velocity reflects in head velocity. The authors also emphasise perceiving
the self-motion to the direction of drum rotation.

2 Method

2.1 Participants

A total of 18 postgraduate students (MeanAGE = 26, SDAGE = 4.2)
MeanWeight = 76 Kg, SDweight = 22.6 kg participate in the study. One par-
ticipant did not participate in the experiment because of slight nausea, leaving
17 participants (11 male, six female) in the final analysis. There is no history of
vestibular disorders among the participants, and they report the display is clear.

2.2 Apparatus

An Oculus Quest-2 VR headset has a horizontal field of view of 89◦ and a vertical
field of view of 93◦. The refresh rate 60 Hz. The virtual environment simulates
the OKD with a 200 cm diameter. The camera viewpoint is 100 cm away from
the inner surface of the OKD [37]. Each stripe in OKD has a width of 49.1 cm.
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The width is kept wider than 33 cm [37] to avoid spatial convergence at higher
angular velocity. The VR headset is set with an inter-ocular distance (IOD)
of 64 mm for all participants [37]. To confirm that the participants perceive the
interior of OKD, they are asked about the stimulus appearance as flat, convex, or
concave at the beginning of the experiment. All participants observe the drum in
a concave shape in game mode. The subjective measurement for the participants
is about the perception of self-motion during CW and ACW directions of virtual
drum rotation at the end of the experiment.

2.3 Stimuli

The OKD for graphical display is built in Unreal Engine 4.8. The vertical stripe
pattern in the VR display moves with six speeds in CW and ACW directions.
The experiment runs on a computer with an Intel Core i7 processor,3.6GH,
NVIDIA GeForce GTX980ti graphics card and 32 GB RAM.

2.4 Design

The experiment has six drum speed from slow to fast angular velocity in CW
and ACW directions (0◦/s, 5◦/s, 30◦/s, 70◦/s, 97◦/s, 110◦/s, 115◦/s, 0◦/s, –5◦/s,
–30◦/s, –70◦/s, –97◦/s, –110◦/s, –115◦/s, 0◦/s) constituting 14 experimental
conditions with 14 time intervals. Each time interval lapses for 16 s which is
close to the mean vestibular adaptation time constant during perception of real
rotation [53]. The total duration of the experiment is 240 s. The subjects go
through a trial before the experiment to familiarise the participants with the
VR environment. The angular velocities follow a fourth-order logistic function
(Sigmoid function) to mimic the naturally occurring events as shown in Fig. 1a.
The angular acceleration is shown in Fig. 1b.
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Fig. 1. Input angular velocity and acceleration from the OKD in VR fixed throughout
the experiment

The authors define Vection Index (VI) as ratio of input angular velocity from
virtual drum (ωOKD) to angular velocity of HMD (ωHMD) as shown in following
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equations.

V Ix,y,z =
[ωOKD]y

[ωHMD]x,y,z
(1)

V I =
√

V I2x + V I2y + V I2z (2)

2.5 Procedure

Participants are seated upright on a grounded wooden chair in a dark room
with their feet on the ground and heads unconstrained. Once participants are
seated, the display is adjusted with ’Guardian’ in the oculus-VR headset to get
it in front of them. The participants are positioned at the centre of the virtual
OKD by the camera setting. Participants go through one practice trial to get
comfortable with the VR headset, stimulus, and task. The experiment begins
with OKD starting from zero angular velocity in CW and ACW directions. The
experimental setup is shown in Fig. 2.

Fig. 2. Experimental set up showing various angular speeds of the virtual drum in both
CW and ACW direction with head being unconstrained with body being grounded.
The vertical stripes are for slow, medium and higher angular velocities.

3 Results

The vection strength is quantified from the angular displacement of HMD about
X, Y, Z axes, which provides respective angular velocity and angular acceleration
of HMD. The positional analysis is neglected as the stimulus here is rotational in
nature. The t-test with 95% confidence intervals [27] is used to find the significant
difference between different angular velocities.
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3.1 Angular Displacement

The angular displacement of HMD for 16 s for a particular subject at each angu-
lar velocity of OKD is shown in Fig. 3. At zero angular velocity of OKD, the
angular velocity of HMD has some flutters as the head can not be absolutely
still. The head flutters get streamlined at lower speeds of OKD.
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Fig. 3. Angular displacements(θx, θy, θz) of HMD for a typical sybject at various speed
of OKD

The box plot of the angular displacements in Fig. 4 shows that the rotation of
HMD about the y-axis follows a similar pattern of the inherent y-axis rotation of
OKD. Also, the stimulus imparts rotation magnitude about other axes increase
or decrease monotonously due to vection and weight of the HMD. There is a
significant difference p < 0.05 between angular displacements at 70 ◦/s in CW
and 97 ◦/s, 110 ◦/s in ACW than other angular velocities.
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Fig. 4. Box-plot of angular displacement for a typical subject considering various
speeds of OKD about a. X-axis, b. Y-axis, c. Z-axis

3.2 Angular Velocity and Acceleration

The angular velocity is obtained by differentiating angular displacement of HMD
with respect to a time interval, which is shown in Fig. 5.a. The angular velocity
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of HMD increases as the speed of the virtual drum rises and decreases after
reaching an optimal value in both CW and ACW directions of the drum about
the y-axis of HMD than other axes. The peak value of the angular velocity of
HMD about the y-axis occurs at 46 ◦/s in CW and 70 ◦/s in ACW direction.
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Fig. 5. a. Scaled median angular velocity (Scaling factor of 103) about X,Y,Z axes
in both CW and ACW directions of HMD for all subjects b. Scaled median angular
acceleration (scaling factor of 104) about X,Y,Z axes in both CW and ACW directions
of HMD considering all subjects.

The angular acceleration is obtained by differentiating the angular velocity
of HMD with respect to a time interval, which is shown in Fig. 5.b. The angular
acceleration of HMD increases uniformly after 30 ◦/s of ωOKD about the y-axis
signifying that the vection happens after a speed of 30 ◦/s.

3.3 Vection Index

The intensity of HMD motion increases as the speed of OKD increases. However,
the vection happens at the acceleration of the drum (maximum slope region
of the sigmoid (Fig. 1). The vection index follows the sigmoidal input velocity
pattern of OKD (Fig. 6b). At very low and high speeds, the participants do not
show vection. The perception of self-motion has lower and upper bound from
30–97 ◦/s. However, the slope of the sigmoid for CW and ACW direction HMD
is 0.5147 and 0.5138, respectively. This reflects in response from participants as
most of the participants (47%) perceive vection in CW direction than in ACW
direction as shown in Fig. 6c. This is the response for the sigmoidal input velocity
of OKD, which is fixed throughout the experiments and has a slope of 0.5938
for both CW and ACW directions as shown in Fig. 1.
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factor of 0.001 for number of experimental conditions in x-axis, b. Normalised angular
velocity of OKD and VI, c. Percentage of participants getting vection for different
direction of motion pattern of OKD as in (b).

4 Discussion

4.1 Kinematic Analysis

The current paper has used the OKD to induce vection in an immersive VR
environment and IMU readings from HMD as a method to quantify circular
vection speed. However, the vection speed and strength is more complex since it
involves multi-sensory inputs apart from visual input.

The kinematics of the HMD accurately depicts vection on the display’s y-axis,
and the impact may also be observed on other axes, albeit not as prominently
as on the y-axis. The rate of change of angular velocity determines the vection
strength, which is represented in the ωy of HMD (CWy, ACWy) as in Fig. 5a,
which mimics the angular acceleration of OKD (Fig. 1b). It may be due to the
absence of vection at very low and high speeds of OKD and ωy of HMD reaches
a maximum magnitude close to maximum acceleration of OKD.

In contrast to the literature, which shows that vection is proportional to
display speeds [41,43,47], the finding that the VI may have a derivative rela-
tionship with the motion of OKD is surprising. However, as evidenced by the
current study, this is not always the case. Furthermore, greater speeds obscure
peripheral vision, lowering vection since peripheral vision affects vection while
central vision affects motion sickness, according to [61].

4.2 Vection Index

In both CW and ACW directions, VI is proportional to OKD speed. In Fig. 6b
the current study reveals that the slope of the magnitude of the VI is smaller
in the ACW direction than in the CW direction. As seen in Fig. 6a, the vection
strength in the ACW compensates for the vection strength in the CW direction.
This might be reversed if the OKD rotation starts with ACW and then CW.
The study shows that the vection strength in ACW compensates for the vection
strength in the CW direction as in. This could be reversed if rotaion of OKD
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starts with ACW followed by CW. The pi-chart in Fig. 6c indicates a similar
finding, with 47% of participants perceiving vection during CW rotation than
ACW rotation, as seen by the slope of normalized-VI magnitude, which is larger
for CW rotation. In contrary to the literature, where the vection speed from
turning knob is higher than the speed of OKD [37], the slope of normalized-VI
is lower than the slope of the OKD. This might be due to the fact that the knob
is operated by hand, and during vection, skin conductance activity is greater
at the palm location, but during the evaluation of vection via an HMD, the
visual information travels through a complicated neural pathway, dampening
head motion.

Moreover, in this study, the authors found that vection may occur in axes
other than the Y-axis, such as X and Z, which are not the axes of rotation of
the OKD (Y-axis), and that the weight of the HMD is a major contributor. As a
result, the authors assess vection magnitude in terms of VI, considering motion
across all axes. There is compensatory activity taking place to eliminate vection
between axes. For example, in CW, vection about the y-axis is more than vection
about the x and z axes in the CW direction, whereas in ACW, vection about
the y-axis is less than vection about the x and z axes in the ACW direction.

The current work is unique in that the data are taken directly from the
HMD, which will aid in forecasting vection speed and likely occurrence time in
a dynamic scenario in diverse media such as water [18] or space. In essence, the
slope of the vection index on a normalised scale is equivalent to the slope of
display speed. Other research investigations have shown the same thing, albeit
with various stimuli and measurements: vection speed is similar to display speed.
In dynamic situations, further study is needed to determine the transfer function
between display and vection indices, as well as a mathematical model.

5 Conclusion

The current study proposes a simple method of measuring the vection with-
out requiring additional hardware. It shows that mild head movements can
be recorded from IMUs in most HMDs. The study finds that vection inten-
sity depends on the specific range of visual display motion and slope of the
motion. The head response because of vection is a differential operator on the
display acceleration. The vection is relatively dependent of the axis of rotation
of the visual field, and it has a cross balancing property about other axes of
rotation of HMD. The study proposes a novel parameter Vection Index (VI)
from which vection intensity can be found in the dynamic virtual environments.
The link between VI and display speed has practical implications for applica-
tions such as all types of motion simulation in air, water, space. Several sensory
cues such as audio, smell, and tactile input from the environment enhance the
realism, hence play a role in affecting VI due to sensory mismatches in simula-
tors [4,17,25,30,48,50,60]. The VI can better aid in calibrating display speeds
to auditory and vestibular cueing speeds in motion simulators and games. The
multi-sensory effects on vection can be filtered with help of VI and can help in
enhancing the immersion.
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In this study the subjects are seated with motion of head alone. The body
movements during standing or walking while navigating VR might distort the
VI and the accuracy of vection detection may be erroneous. Future study could
involve subjects with unconstrained body movements.
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