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Abstract 

Visual scene movement in a virtual reality simulation can cause symptoms of 

motion sickness (cybersickness）.丁he purposes of this research were to 

develop a measuring metric to quantify the visual scene movement in a virtual 

reality simulation and to verify that the proposed measures do significantly 

influence the levels of cybersickness. 

A review of literature indicates that cybersickness is a form of vectior卜induced

motion sickness. The term 'vection' is used to describe the se仔”motion illusion 

generated by visual scene movement. This self-motion illusion is in opposite 

direction to the scene movement and can be nauseogenic. A prelimina叩

experiment has been conducted to investigate the effects of scene oscillations 

on the rated level of cybersickness. 了he results showed that the presence of 

scene movement could significantly increase levels of cybersickness. This 

experiment confirmed that visual stimulus is an important factor that would 

influence the rated level of cybersickness. Further reviews of literature 

indicates that there is yet no quantitative unit to measure visual stimuli in a 

virtual environment (a computer generated 30 environment). Based on 

previous studies with vecti。n“induced motion sickness using rotating drums, a 

new unit called 'Spatial Velocity (SV)' is proposed to quantify visual stimuli. 

The proposed 'spatial velocity’ metric is a measure of the rate of movement of 

contrasted information perceived by a subject during a virtual reality 

simulation. Movements of spatially contrasted pa忧em (e.g. black and white 

strip) have previously been shown to induce sense of self-motion illusion 
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(vection) and symptoms of motion sickness. This forms the theoretical basis 

for the 'spatial velocity' metric. 

The 'spatial velocity' has two components: (i)’spatial frequency', and (ii) 

’scene velocity'. 'Spatial frequency' is used to quantify scene complexity and 

'scene velocity’ is used to quantify speed and direction of visual scene 

movement. Both 'spatial frequency' and ‘scene velocity' can be measured, 

therefore,‘spatial velocity’ can be a metric to quantify the movements of visual 

scene of different complexity. This metric is the first of its kind in the field of 

cybersickness research. The algorithms and procedures to measure 'spatial 

velocity' are presented in the thesis. 

Two experiments have been conducted to study the effect of scene velocity 

and scene complexity on the rated level of cybersickness. The results of these 

experiments suggested that increase in either scene velocity or spatial 

frequency would significantly increase the rated level of cybersickness. 

Besides, the sickness ratings increase linearly with 'spatial velocity' in the 

fore-and-aft and yaw axes. This verifies that 'spatial velocity' is an appropriate 

measuring metric to quantify visual stimuli in a virtual environment. 

The application of the ’spatial velocity' metric to the formulation of a 

Cybersickness Dose Value (CSDV) is also discussed in the thesis. This 

CSDV is proposed to be a time integral of a frequency weighted time hist。ry

of 'spatial velocity' over the total duration of simulation exposure. 
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Recommendations on future work towards the establishment of a 

Cybersickness Dose Value are included. 
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Chapter 1 lntroducti。n

1.1 General introducti。n to Virtual Reality (VR) systems 

Virtual reality is a well-known technology. It allows a user to interact with a 

computer generated (vi付ual) environment. A common way to present this virtual 

environment is through a head-mounted display (HMD). Users can select their 

views by moving their heads (i.e. a head-coupled virtual reality system). A head 

position sensor is used to measure the user's head positi。n and orientation so 

that a h。st computer can update images of the virtual environment according to 

the user’s viewpoint. In addition , a 3D mouse can be used to navigate through 

the virtual environment and a Cyberglove TM to interact with computer-generated 

virtual objects. 

1.2 Use 。f virtual reality systems 

Virtual reality systems have been used in a wide range of applications such as 

simulation training (e.g. virtual CNC Milling Machine: Lin et al., 1996; driving 

simulator: Bayarri et al., 1996; teleoperation: Kim et al., 1992; medical training 

and education: Satava and Jones, 1997; firefighters training: Bliss et al., 1997). 

For example, doctors can practice a complicated operation in a virtual 



environment several times, so that the chance of success in real operation will 

increase. Military training always involves the use of virtual reality systems. Pilots 

can practice flying in different situations (e.g. flying at night, or in bad climate, 

even in a ba忧lefield).

Virtual reality simulat。r can be an effective way to train workers to operate 

machines. Since there is no need to take the machine off斗ine for training 

purposes, as a result, money and time can be saved. A virtual reality 

environment can simulate a space, real size models of human skeleton, or even 

an event happened in the past, further it can be used as teaching material in 

class. On the other hand, virtual reality systems are largely used in 

entertainment. Many virtual simulation games exist (e.g. virtual flight, fight, 

driving etc.). 

1.3 Problems associated with the use of virtual reality systems 

Although virtual reality systems seem to be powerful, the uses of VR systems 

have some side effects. Users can suffer from simulator sickness. Clare Regan 

(1995) studied the effects of a head-coupled virtual reality system. In her study, 

61 % of the total 150 subjects repo技ed symptoms of malaise. She stated that 

after the use of a virtual reality system for 20 minutes, the most common 

symptoms were dizziness, headaches, eyestrain, stomach awareness and 
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severe nausea. Five percent of the subjects withdrew from the experiment due to 

severe nausea or severe dizziness. In 1994, So studied the effect of lags on 

motion sickness with a head-coupled virtual reality system. He reported that 

about 60% (29 out of 48) subjects suffered ‘general discomfort' after 20 minutes 

flight simulation. Four subjects had to withdraw from the study after rep。rting

moderate nausea. Nowadays, the tenn 'cybersickness’ is used to describe the 

phenomenon of simulator sickness with virtual reality systems (McCauley and 

Sharkey, 1992). 

1.4 Purposes 。f the research 

This study aims to develop a metric to quantify visual scene movement in a 

virtual reality simulation and to detennine the cause of cybersickness during the 

use of head-coupled virtual reality systems. The specific objectives are to: (i) : 

detennine the effects of visual scene movement on the rated level of 

cybe阳ickness; (ii) prop。se and develop a quantifying metric for measuring visual 

scene movement during a virtual reality simulation; (iii): study the effects of visual 

scene velocity (a major component of the proposed metric) of a virtual reality 

simulati。n and (i叶； detennine the effects of visual scene complexity (a m剖or

component of the proposed metric) on the level of cybersickness. 
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1.5 Organizati。n 。f the thesis 

The beginning of the thesis is the introduction to motion sickness and the review 

of literature (Chapters one to three). The second pa时 documents the 

development of the ’Spatial Velocity’ metric to quantify visual scene movement in 

a virtual reality simulation (Chapters four to six). The third pa同 presents the 

experimental work performed to verify the 'spatial velocity' metric (Chapters 

seven to nine). Finally the last pa民 is the general discussion and conclusion 

(Chapter ten). The structure of the thesis is illustrated in Figure 1.1 
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Chapter 2 Review of literature 

2.1 lntroducti。n t。 vection-induced motion sickness, simulator sickness 

and cybersickness 

Motion sickness is a general term to describe symptoms occurring in different 

types of transpo忱 (land, sea and air: cars, buses, trains, ships, hydrofoils, planes 

and spacecraft etc.), activities and devices (simulators). For example, people 

exposed to the motion of ship may experience motion sickness. Lawther and 

Griffin (1988) suggested that vomiting and illness ratings of seasickness were 

found to be linearly related to the vertical motion of the ship. Exposure in 

fairground simulator apparatus can cause vomiting. Besides, by viewing some 

films (especially for those simulating navigation) could produce the similar effect 

of motion sickness. The common symptoms of motion sickness include nausea, 

dizziness, headache, sweating, vomiting and vertigo. 

Motion sickness can be produced by different stimuli. Conditions involving body 

motion can cause motion sickness. Conditions only involving movement of a 

visual scene without body motion can also produce similar symptoms of motion 

sickness. Human use visual and vestibular systems to detect motion. Nowadays, 

some theories of motion sickness are based on the conflict between the 

information received from visual and vestibular systems. In 1975, Reason and 
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Brand used two types of categories to define the senso叩 conflict. Type I: visual 

and vestibular systems simultaneously signal differently, Type Ila: visual system 

signals in the absence of an expected vestibular signal, and Type lib: vestibular 

system signals in the absence of an expected visual signal. Type Ila motion 

sickness is a type of visually-induced sickness. The use of sensory conflict theory 

(Reason and Brand, 1975) and senso叩 rearrangement theo叩（Reason, 1978) to 

explain simulator sickness and cybersickness is widely adopted in many 

published studies. 丁able 2.1 illustrates the type of motion cue mismatch 

produced by various provocative stimuli. Figure 2.1 illustrates a simplified 

conceptual model of the generation of motion sickness due to sense叩 conflict.
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Table 2.1 Type of motion cue mismatch produced by various provocative 

stimuli (adapted from Griffin, 1990) 

Category of motion cue mismatch 
Visual (A) / vestibular (B) Canal (A) / otolith （日）

Type I . Watching waves from . Making head 
A and B a ship movements whilst 
simultaneously give . Use of binoculars in a rotating (Coriolis or 
contradictory or moving vehicle cross” coupled 
uncorrelated . Making head stimulation) 
information movements when . Making head 

vision is distorted by movements in an 
an 。ptical device abnormal . 'Pseudo-Coriolis’ environment which 
stimulation may be constant (e.g. 

hyper- or hypo” 

gravity) or fluctuating 
(e.g. linear oscillation) . Space sickness . Vestibular disorders 
(e.g. Meniere’s 
disease, acute 
labyrinthitis, trauma 
labvrinthectomv) 

Type Ila . Cinerama sickness . Positional alcohol 
A signals in absence . Simulator sickness nystagmus 
of expected B signals . 'Haunted Swing' . Caloric stimulation of . Circularvection semi-circular canals . Vestibular disorders 

(e.g. pressure vertigo, 
cupulolith-iasis) 

Type llb . Looking inside a . Low-frequency ( <0.5 
B signals in absence moving vehicle Hz) translational 
of expected A signals without external visual oscillation 

reference (e.g. below . Rotating linear 
deck in bo挝） acceleration vector . Reading in a moving (e.g. 'ba巾ecue-spit’
vehicle rotation, rotation 

about an off-vertical 
axis) 
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Figure 2.1 A simplified conceptual model of the generation of motion sickness 

due to senso叩 conflict. Factors affecting the sickness are also 

illustrated (modified from Griffin, 1990) 

Factors shown in Figure 2.1 have been controlled or measured in the 

experiments of this study. Their influences on the findings of these results are 

discussed in Chapter 10. 

As illustrated in Figure 2.1, the senso叩 conflict theo叩 states that in situations 

where signals perceived by visual and vestibular systems are in conflict with 

each other, sickness symptoms will occur. 
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For example, the use of binoculars in a moving vehicle can generate Type I 

motion sickness (Table 2.1 ). In this case, the visual environment (according to 

the movements of the head while using the binoculars) is not fully compatible 

with the motion environment. As illustrated in Figure 2.1, the vestibular input 

signals (according to the motion of the moving vehicle) and the visual input 

signals are in conflict, therefore, sickness occurs. 

Simulator sickness and cybersickness are Type Ila motion sickness (Table 2.1 ). 

In most simulator or virtual reality systems, the movements of the visual scene 

are pre-determined by computer programs or controlled using hand-held 

navigation tools (e.g. 30 mouse), While the scene is moving, the users 

themselves are physically stationa叩. In these situations, the visual input 

suggests body movements but the vestibular input detects that there is no actual 

body or head movements, therefore, the visual-vestibular conflict arises (see 

Figure 2.1 ). 

Reading in a moving vehicle can generate Type llb motion sickness (Table 2.1 ). 

丁he vestibular system perceives the motion of the body, but the visual system 

detects there is no relative movement between the reading material and the 

person. The visual“ vestibular conflict arises and the experience can be 

nauseogenic. 

nu 
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In this thesis, attention will be focused on the occurrence of cybersickness, which 

is a type of vection-induced motion sickness. The key term ‘vection’ is used to 

describe self-motion illusion generated by visual scene moment. Vection is an 

illusion of self” motion that a stationary observer perceives from viewing a large 

field-of-view moving scene. This self-motion illusion goes in the opposite 

direction to that of the scene movement and such experience can be 

nauseogenic (Gri仔in, 1990）.丁he resulting sickness is commonly known as 

vectior卜induced motion sickness. 丁he sensory conflict theory states that the 

cause of motion sickness by vection is due to the absence of expected signals 

from the vestibular receptors (Reason and Brand, 1975). There are two kinds of 

vection: circular vection and linear vection. 

In 1978, Dichgans and Brandt introduced the term circular vection. When 

stationary subjects are exposed to images rotating around themselves, they will 

feel that they are rotating even though they are stationa叩. Similarly, with linear 

vection, when stationary subjects look at a large field-of” view scene moving in a 

translational axis, they will perceive the illusion of self-motion in the opposite 

translational direction. One common example of linear vection is when a 

passenger of a stationa叩 train looks at a nearby train which is slowly moving out 

of a station, the passenger will feel as if his/her own trains is moving slowly 

backward. 
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丁he visual scene movement of a simulator can provoke simulator sickness 

(Hettinger et al., 1990). In a virtual reality system, operators are often exposed to 

moving scenes while they are physically stationary, this could cause vection­

induced sickness. Cybersickness associated with VA systems are, therefore, a 

sub” set of vection-induced motion sickness. 

2.2 Previ。us studies on vection” induced sickness using non-virtual 

reality display 

2.2.1 E何·ects of scene m。vement 。n circular vection回induced sickness 

Yang and Pei ( 1991), studied the vection-induced motion sickness with scene 

rotations in pitch, yaw and roll axes. Effect of head movements was also 

investigated. In their experiments, subjects sat on a chair with the head 

positioned at the center of a hollow fiberglass sphere (diameter: 2.74m). The 

interior of the sphere was painted randomly with black dots of diameter range 

from 1 to 5 cm. 丁he highest motion sickness ratings were obtained with scene 

rotations in the pitch axis, followed by roll and yaw axes. Although yaw vection 

simulation was the strongest self motion illusion. 

Hu et al., (1997) studied the effects of spatial frequency of a vertically striped 

rotating drum on the level of vection (self-motion illusion) and the severity of 
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vection-induced sickness. Subjects were exposed to vertically striped rotating 

drum with black and white strips. Five different levels of spatial frequencies have 

been investigated: 0.267, 0.133, 0.067, 0.033 and 0.0167cpd. The results 

indicated that rotating scene with 0.067cpd (4/60 cpd) would general significantly 

higher level 。f vection and motion sickness ratings. 

Muller et al. (1990) studied the effects of pitch axis scene rotational speed on 

vection. Strongest subjective vection was rep。rted when the speeds were 

between 50。／second to 200。／second. The latency from the start of scene rotation 

and the onset of vection was also studied. 

2.2.2 E何ects of vecti。n c。mbined with head m。vement

Lackner and Teixeira (1997）阳p。同ed that yaw vection (1 O。Is to 80。／s within 12 

minutes) combined with head movement (20cpm, shoulder to shoulder) would 

reduce the perception of vection and symptoms of motion sickness. 

Yand and Pei (1991), studied the interaction of vection and head movements. 

They repo同ed that yaw vection (45。／s) combined with pitch or roll head 

movements (0.5 Hz, 20。） would significant increase average scores of motion 

sickness symptoms. Besides they indicated that scene rotation (vection) and 
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head movement about the same axis would significantly reduce average score of 

motion sickness symptom. 

These two studies showed different results. 丁he difference could be due to the 

difference in ranges and frequencies of the head movement. 

2.2.3 Effects of human races on vecti。『，－induced sickness susceptibility 

Between 1990 and 1995, Stern and his colleagues carried out many experiments 

on circular vection-induced motion sickness of seated subjects. Scene rotations 

were generated with a rotating optokinetic drum with black and white strips 

(drum: 91.5cm in height, 76cm in diameter; black strip: 3.8cm wide (5.7。）；

whitestrip: 6.2cm wide (9.3°)). All scene rotations were in yaw axis and at a 

speed of 60°/second. In 1993, they studied the effect of human race on motion 

sickness susceptibility. They repo付ed that by comparing sickness symptom of 

African-American, European-American and Chinese female subjects, Chinese 

subjects showed significantly m。re severe symptoms. Reported sickness 

symptoms included dizziness, cold sweating, pallor, stomach awareness, and 

nausea. 

14 



2.2.4 Meth。ds t。 reduce severity of vecti。n-induced m。ti。n sickness 

Different means to reduce the severity of visually-induced motion sickness 

symptoms have been repo时ed: drug treatment (Stern et al., 1994, Muth et al., 

1995); electrical acustimulation and P6 acupressure (Hu et al., 1992, 1995); 

visual field restriction (to less than 15。） and visual fixation (Stern et al., 1990). In 

addition, adaptation to vection-induced sickness symptoms was found with 

intersession intervals of 48 hours or less (Stern et al., 1989). 

Although, experiments on vection-induced motion sickness have been many 

(yaw axis scene rotation): Stern et al., 1990, 1994, 1995, Hu et al., 1992, 1995, 

Muth et al., 1995; pitch axis scene rotation: Muller et al., 1990, the effects of 

scene rotation axis on the severity of motion sickness have not been studied. 

Table 2.2 summarizes the studies on vection-induced motion sickness. 
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Table 2.2. Summary of studies on vection-induced motion sickness 

Authors Topics investigated Axis of scene rotation 

Stern et al., 1993 Effect of human race on Yaw 

motion sickness susceptibility 

Stern et al., 1989 Method t。 reduce vection- Yaw 

induced motion sickness 

Stern et al., 1990 Method to reduce vection- Yaw 

induced motion sickness 

Stern et al., 1994 Method to reduce vection- Yaw 

induced motion sickness 

Hu et al., 1989 Relationship between speed Yaw 

of rotation of circular vection 

and severity level of motion 

sickness 

Hu eta/., 1995 Method to reduce vection- Yaw 

induced moti。n sickness 

Muth et al., 1995 Method t。 reduce vection- Yaw 

induced motion sickness 

Muller et al., 1990 Sense of presence Pitch 

2.3 Previ。us studies on simulator sickness using n。n圄virtual reality 

displays 

2.3.1 Side effects of simulat。r

Kennedy et al., have carried out many experiments on simulator sickness in 

virtual environment (1993, 1994, 1995, 1996). They repo位ed the symptoms and 
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after effects of simulator sickness and also the gender difference in simulator 

sickness incidences. They added that the symptoms of simulators include 

nausea, eye strain, vertigo, vomiting etc. They indicated that for those having 

been exposed to a fly simulator compared with those who did not fly in a 

simulator, the decrement in postural equilibrium were significant. In addition, they 

pointed out that, females were more susceptible to simulator sickness than 

males. Furtherm。re, they repo时ed that the engineering features 。f the simulator 

(e.g. motion base) might generate simulator sickness. Besides, Sharkey and 

McCauley (1991) explained that the condition with higher global visual flow of 

scene content of simulation would result in greater simulator sickness. 

2.3.2 Predicati。n 。f susceptibility 

In 1995, Kolasinski reviewed literature about simulator sickness and identified 40 

factors associated with simulator sickness in virtual environment into 3 global 

categories: subject, simulator and task. In 1996, Kolasinski found that sickness 

measured as a function of the total severity score from simulator sickness 

questionnaire was successfully modeled as a function of subject variables. The 

subject variables included age, gender, mental rotation ability and pre-exposure 

stability. 
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In 1992, Kennedy et al. developed a simulator sickness key for the purpose of 

prediction of simulator sickness. The simulator sickness key included the 

questions such as, asked the subjects’ subjective motion sickness susceptibility, 

seasickness experiences and symptoms experienced etc. They reported that the 

simulator sickness key showed high correlation with rep。此ed sickness 

symptoms, and can be used as a self-test: the potential risk to develop simulator 

sickness when pa川icipating in a simulation. 

2.3.3 Meth。d t。 quantify simulator sickness 

In 1993, Kennedy et al. developed a Si『nulator Sickness Questionnaire (SSQ) to 

quantify simulator sickness. The SSQ was derived from a motion sickness 

questionnaire (MSQ, developed by Kellogg et al., 1965) using a series of factor 

analysis. They collected the data from 1 O Navy simulators including more than 

1100 MSQs data. The original MSQ contained 28 symptoms, but the SSQ 

contained only 16 items. The 16 symptoms were divided into three sub-scales: 

Nausea, Oculomotor and Disorientation. In addition, there was a Total severity 

measure (Total sickness score). They repo时ed that by using the SSQ to measure 

the simulator sickness, side effects produced by different virtual reality or 

simulator systems could be compared. Nowadays many studies of simulator 

sickness and cybersickness use the SSQ to measure sickness (Regan and 

Price, 1993 & 1995; Rich and Braun, 1996; Costello and Howarth, 1996 & 1997; 
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Finch and Howarth, 1996; Kennedy et al., 1996; Kolasinki, 1996; Bliss et al., 

1997; Enlrich, 1997; Stanney and Kennedy, 1997; Wilson et al., 1997). 

2.4 Previ。us studies on cybersickness with head-mounted virtual reality 

displays 

2.4.1 Effects of duration 

Finch and Howarth (1996) repo民ed th副 subjects pa同icipating in a virtual reality 

shooting game called 'heretic’ with 20 minutes exposure, have increased 

sickness ratings with increasing exposure duration. 

Regan and Price (1993a) indicated that su同ects navigating through a virtual 

corridor with rooms and pick up virtual objects using a 3D mouse with a helmet­

mounted display could experience cybersickness. The sickness ratings 

significantly increase with immersion duration up to 20 minutes. 

In 1994, So and Griffin repo民ed that passive viewing of a simulated flight with 

controlled head movement in yaw axis with G巨C Mono嗣CRT HMO would 

generate cybersickness. They repo忱ed that nausea ratings increased 

significantly with exposure duration. 
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In conclusion, exposure to VR simulation with head-coupled VR display would 

lead to cybersickness. The increase of cybersickness is linked to exposure 

duration. 

2.4.2 Types 。f displays used 

Costello and Howarth (1996) repo付ed that conditions with VR games viewed on 

head国mounted display would produce higher visual fatigue symptoms than VR 

games viewed on a desktop monitor. Subjects who pa叫cipated in the condition 

with VR games viewed on head-mounted display suffered higher symptoms of 

general discomfort, sweating, nausea, and disorientation than those who 

pa而cipated the VR game viewed on a desktop monitor. 

In 1997, Howarth and Costello studied the effect of display type on the sickness 

symptoms. In their experiment, subjects were asked to play a VR chess game for 

one hour, the display equipment could be a desktop monitor or a virtual i-glass TM 

headset (HMD). The results indicated that conditions with HMD produced higher 

sickness symptoms than those with desktop monitor. The most frequently 

repo民ed symptom was eye strain. 

Rich and Braun (1996) conducted an experiment to study the active control on 

the level of cybersickness. 丁he task in the experiment was that subjects need to 
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use a joystick to navigate through a virtual maze. The virtual environment was 

presented to the subjects via a CybersickMaxx LCD HMO and the head tracking 

system was enabled in the yaw axis only,. The result reported that sickness 

symptoms increased with both active control and the use of head tracking. 

Wilson et al., (1997) compared the sickness symptom between two conditions 

with different displays. Subjects were asked to play a duck shooting game 

presented via a virtual i-glass headset (HMO) or a desktop display. They rep。同ed

that the use of HMO as the display apparatus resulted in significantly higher 

ratings on sickness symptom than the use of desktop display. 

2.4.3 Effects 。f display field 。f view (FOV), stere。SC。pie display and 

auditory cues 

Di2io and Lackner (1997) have studied the effect of display’s field of view (FOV) 

on cybersickness. In their experiment subjects would passively view of an ocean 

with shorelines to the right, left and rear. They repo忱ed that, halving the FOV 

would reduce the sickness ratings by half. 

In 1997, Enrlich reported that stereosc。pic condition was more nauseogenic than 

biocular conditi。n. He summarized and drew the above conclusion after having 
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conducted an experiment. In the experiment the tasks included navigation, 

distance estimation, manual tracking and manual manipulation. 

Wilson et al., (1997) studied the effect of auditory cues on the level of sense of 

presence. They compared the sense of presence between 'with’ and ‘without’ 

sound in a virtual duck shooting game. They reported that the addition of auditory 

cues did not affect the sense of presence. On the other hand, they indicated that 

there was a positive correlation between the sense of presence and sickness 

symptom ratings. 

2.4.4 Effects of gender and user's posture 

Some studies have reported that females were more susceptible to 

cybersickness than males. Studies include the work of Regan and Price (1993), 

Kolasinski (1996), and Rich and Braun (1996}. Regan hypothesized that the 

gender difference may be due to the hormones. Besides, Regan (1993) indicated 

that there was no significant effect on nausea rating between si忧ing and standing 

subjects. Furthermore, Regan repo付ed that mis-match between the inter” 

pupilla叩 distance and the head-mounted display can lead to more oculomotor 

related problem. 
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2.4.5 Effects of time lag and head m。ve『nents

So and Griffin (1994) repo同ed that an imposed 280ms time lag to a passive 

viewing of a flight simulation (20 minutes duration) with controlled head 

movement in yaw axis did not increase the nausea ratings. Besides they studied 

the effect of additional yaw head movements (0.015-0.025 Hz) on nausea rating. 

They indicated that addition of yaw head movements with low frequency would 

not affect the nausea ratings. Further they found that the rated level of realism of 

the virtual environment was significantly correlated with symptoms of nausea 

ratings. 

On the other hand, DiZio and Lackner (1997) indicated that passive viewing of a 

virtual environment with an imposed time lag (from 67ms to 367ms) would 

increase the sickness ratings linearly. During the experiment, subjects had to 

made 24 discrete head movements with amplitude 18。 to 180。．

The differences in the results of these two studies could be due to the differences 

in nature of the tasks, types and speeds of head m。vements, ... etc. 
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2.4.6 Methods t。 reduce cybersickness 

In 1995, Regan studied the effect of repeated immersion on symptoms of 

cybersickness. Regan rep。同ed that for intersession less than one week between 

repeated immersion, the decrease of repo内ed sickness symptoms changed 

obviously. 丁he decrease in malaise was based on the suggestion of simulator 

sickness literature, it stated that for intersessions less than one week, the 

sensitization would decrease. Besides, Regan indicated that drug treatment 

(Hyoscine) could reduce nausea and other sickness symptoms. 

In 1998, Harris et al. repo民ed that the presence of vestibular cues has a 

significant effect on a virtual reality operator’s estimating of self” motion, and this 

method was believed that it could reduce cybersickness. 
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Chapter 3 Less。ns fr。m literature review 

3.1 Main findings 。f the past studies 

A review of literature indicates that the uses of virtual reality systems can cause 

cybersickness. This has been confirmed by many studies (e.g. Regan, 1993, 

1995; Enrlich, 1997; Wilson et al., 1997; DiZio and Lackn啊， 1997). Many factors 

affecting how visual scene is presented during a simulation can influence the 

level of cybersickness. These factors include display field of view, stereoscopic 

display, time lag and head movements. Cybersickness is mainly due to visually” 

induced factors，丁his suggests that visual stimuli could affect the rated level of 

cybersickness. 

Previous studies have focused on the factors affecting how scene movement is 

presented rather than what is being presented. 丁he former includes static factors 

like FOV and stereoscopic display. The later includes dynamics factors like visual 

scene movement. 
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3.2 Problems with previous research and alternative approaches 

3.2.1 Lack of understanding c。ncerning the effect of scene m。vement in 

different axes 

Although studies concerning cybersickness have been repo此ed, studies 

investigating the fundamental variables such as scene rotational axes were not 

found. In order to determine the cause of sickness, a study of the effects of 

scene movement in different axes is necessa叩. In addition, there was no 

experimental study to isolate the effects of scene movement on rated level of 

cybersickness. As discussed later in the thesis, an experiment has been 

conducted to investigate the effects of scene oscillation on the rated level of 

cybersickness. 

3.2.2 Lack of a quantitative t。。It。 quantify visual stimuli 

Cybersickness is a type of visually-induced motion sickness, as many studies 

have reported before. 丁his indicates that visual stimulus is one of the main cause 

of cybersickness. Visual stimuli can be referred to the scene movement 

perceived by a VR user during the whole simulation session.τhis can have two 

main component: (i) the content or complexity of the scene, and (ii) the 
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movement of the scene relative to the users. However up to now, there is no 

systemic method to measure visual stimuli of virtual reality simulation. So, the 

formulation of a new method to quantify visual stimuli of a virtual environment 

simulation is desirable. Since the visual stimuli contain information of visual 

content and visual scene movement, it is necessary to measure the visual scene 

content and visual scene movement of the virtual reality simulation first. After 

that, the measurement of visual stimuli can be proposed. A method to quantify 

visual stimuli in a virtual environment simulation is presented later in this thesis. 

Two experiments have been conducted to verify the effects of the key 

components (namely, scene complexity and scene velocity) on level of 

cybersickness. The results of these experiments indicate that the newly proposed 

method is an appropriate measl』「ement to quantify visual stimuli in a virtual 

environment simulation. 
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Chapter 4 Method t。 quantify scene c。ntent in virtual 

environment 

4.1 Use of scene c。mplexity t。 quantify scene content 

丁he term scene content is too extensive, an alternative term - scene complexity 

is more specific to describe the visual scene of a virtual environment. 

Furthermore, studies on vection-

indicate that the use of color, pa忧ems, and perspective view have no significant 

effect on the level of sickness. The general conclusion is that vection-induced 

sickness is mainly affected by the spatial complexity of the moving image. In this 

study, we would focus on the spatial complexity first. The author of this thesis 

does not intend to rule out the influence of color and meaning of the scene. 

However, this will be pa忱。f the future work and is outside the scope of this 

study. 

4.2 Definiti。n of spatial complexity of a scene 

Ba付ield et al., studied the relationship between scene complexity and perceptual 

performance for compute『 graphics simulations (1990). In their study, they used 

total number of objects and homogeneous of colors to define the level of scene 

complexity. 
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In the field of image digital processing .industrial, the use of spatial contrast 

information to describe an image has been largely used. The term ‘spatial 

frequency’ is used to quantify the contrast information (changes in luminance 

levels per degree). 

Besides the use of 'spatial frequency’, visual scene pa忧ern can be described in 

terms of contrast ratio. The meaning of contrast is the luminance difference 

between an 。bject and its backgr。und. The difference in luminance is called 

relative c。ntrast. For example, an object with a luminance of level Lo in a 

background of luminance level L8 has a contrast ratio of: 

(Ls-L。） _ ill 
Ls Ls 

For periodic stimuli (e.g. sine wave gratings or square wave grating), Michelson 

contrast Cm can be used: 

C _ {Lmax - Lmin) 
m 一｛Lmax + Lmin) 

Where Lmax is the maximum luminance in the pa忧ern, Lmin is the minimum value. 

Although contrast ratio can be used to describe the complexity of a visual 

pattern, it cannot describe the changes in luminance levels spatially. On the 

contra叩， spatial frequency (number of luminance cycle per visual degree) 

contains both the luminance and spatial information. If contrast ratio has to be 

used, the whole picture will need to be divided into many small regions so that 

the contrast ratio of each region can be calculated. The changes in the contrast 

ratios across the spatial region will then be calculated. Since there is no standard 
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method for performing the above calculations, the 'spatial frequency' is used 

instead of contrast ratio. The author does not wish to discount the usefulness of 

contrast ratio, future studies comparing the use of contrast ratio and spatial 

frequency are desirable. 

In this study the term ‘spatial frequency' is used to quantify scene complexity. 

The higher the value of the 'spatial frequency,’ the higher the level of scene 

complexity and vice versa. 丁he unit of spatial frequency is cycles of alternation of 

luminance per visual degree (cyc/deg). Figure 4. 1 a illustrates an altemative black 

and white strip pattern. The spatial frequency of this figure is 0.2 cyc/deg. Figure 

4. 1 b illustrates a relatively thin bars (covering the same visual angle) than that in 

Figure 4. 1 a. 丁he spatial frequency of Figure 4. 1 b is 0.4 cyc/deg. Visually, Figure 

4. 1 b is more complex than Figure 4. 1 a, and the spatial frequency of Figure 4. 1 b 

is higher than that of Figure 4. 1 a. 
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「
1 O complete cycles _i 

50Q visual angle I 

Figure 4.1a 

Alternative black and white strips pattern 

with 1 O complete cycles cover a 50° 

visual angle 

20 complete cycles 
50Q visual angle 

Figure 4.1b 

Alternative black and white strips pa忧ern

with 20 complete cycles c。ver a 50。

visual angle 

Figures 4.1 a and 4.1 b just illustrate the spatial frequencies of the patterns in the 

horizontal axis. If an image shows a much more complex image (e.g. Figure 4.2), 

it can be described by spatial frequencies in three axes. The three values are (i) 

the average horizontal spatial f阳quency (SFhori 

spatial frequency (SFver 81); and (iii) the average radial spatial frequency (SF时ial),

The average radial spatial frequency (SFradia1) is the geometrical sum of the 

average horizontal spatial frequency (SFhorizonta1) and the average vertical spatial 

frequency (SFv自巾a1) (see Equation 4.1 ). 
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SFradia1 = .JsFh…tal2 + SFvertica 

Equation 4.1 

Figure 4.2 A City snapshot from a virtual environment simulation 

4.3 Meth。d to calculate the spatial frequencies 。f a dynamic virtual 

environment 

4.3.1 Take five representative snapsh。ts of the dynamic virtual 

envi r。nment

Since when calculating spatial frequencies, this applies to still patterns. Therefore 

when considering a dynamic virtual environment, it is necessary to take several 

representative still pictures of it. Supp。se the dynamic virtual environment is a 30 

minute virtual guided tour simulation, and then choose five snapshots that can 

represent the path of the virtual guided tour (steps to capture a picture in an 
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Onyx workstation is shown in Appendix G). For the ease of explanation, the 

pictures in Figure 4.3 have been assigned as Picture I, Picture II, Picture Ill, 

Picture IV and Picture V. 

4.3.2 Algorithms of measuring spatial frequencies of a dynamic virtual 

environment 

4.3.2.1 Gray scale extracti。n

丁he spatial frequencies of the five captured pictures will be calculated 

individually. Flowchart 4.1 illustrates the steps in calculating the spatial 

frequencies. First, it is necessa叩 to store the pictures in a format contains the 

gray scale information of each pixel of the pictures. 丁he gray scales of each pixel 

are then extracted. 

The range of the gray scale goes from O to 255. The numerical value O 

represents 'black’ while the numerical value 255 represents 'white’(the full range 

of gray scale is shown in Appendix S). The gray scale of each pixel is an 

indication of the luminance level of that pixel. In addition, the information is stored 

in ASCII format. A file format called - portable graymap file format ‘pgm’ is used 

(steps to store a picture in ‘pgm’ format in an Onyx workstation is illustrated in 

Appendix H) 
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4.3.2.2 Edge elimination 

AC++ program (see Appendix I) has been developed to extract the gray scale of 

each pixel of the pictures. Before calculating the spatial frequencies of the 

pictures, the edges of the pictures should be eliminated first. As some back lines 

in the edges of the picture may be introduced during the procedure of capturing a 

picture. 丁hese black lines could affect the values of spatial frequencies. By trial 

and error, the width of the black lines are usually less than 3 pixels, so it is 

appropriate to cut 1 % pixels in top, bottom, left and right sides of the picture and 

rescale the corresponding FOV respectively. For examp怡， a picture with 

dimension 640 (horizontal)× 480 (vertical) pixels and the field of view is 48° 

(horizontal）× 36。（vertical}, the new dimensions and the corresponding FOV after 

the elimination are 627 (horizontal)× 470 (ve同ical) pixels and 47° (horizontal)× 

35。（ve此ical) respectively. 

4.3.2.3 Spatial frequency calculati。n of each row 

Firstly, let’s focus on Picture l of Figure 4.3. The gray scales values of each row 

can be treated as a series of numbers and the average frequency of this series of 

numbers will be calculated. 丁his frequency will be the spatial frequency (SF) of 
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that pa同icular row and is referred to as SF『ow(il (where i refers to the number of 

the row) The average spatial frequency of each row indicates how the luminance 

level changes spatially across each row. If the entire row has only one luminance 

level, then the series of gray scale numbers of that row will be a serious of 

constant numbers and the spatial frequency of that row will be zero. 

4.3.2.4 Spatial frequency calculation 。f each c。lumn

The same method is applied to calculate the spatial frequency of each column, 

SFcolumnO) (where j refers to the number of the column) The average spatial 

frequency of each column indicates how the luminance level changes spatially 

across each column. 

4.3.2.5 Average spatial frequency of 。ne picture 

The same procedures are repeated to calculate all the average spatial 

frequencies of all rows. The average horizontal spatial frequencies of Picture I 

(SFhorlzontal-Picture 1 ) is the average of the values of the spatial frequencies of the 

rows. The same method is applied to calculate the average vertical spatial 

frequency of Picture I (SFvertical-Picture 1) Besides, the radial spatial frequency of 

Picture I (SFradial-Picture 1) is the geometrical sum of the average horizontal spatial 
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frequency (SFho巾ontal Picture 1) and the average vertical spatial frequency (SFve巾al

Picture 1) 

4.2.3.6 Average spatial frequency 。f a virtual simulation 

Similarly, the average horizontal, vertical and radial frequencies of Picture II, 

Picture Ill, Picture IV and Picture V can be obtained by the same method. Finally, 

the average values of these five pictures can be used to represent the three axes 

spatial frequencies of the dynamic virtual environment simulation. The spatial 

frequencies of the virtual environment represent the luminance level changes 

spatially over the whole simulation 

4.3.2.7 Program written t。 automate the spatial frequency calculati。n

A METLAB batch file is used to calculate the average horizontal, vertical and 

radial spatial frequencies of a picture. The programming code is as shown in 

Appendix J. 
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4.4 A case illustrati。n: the spatial frequencies 。f an example virtual 

environment simulati。n

The example simulation consists of 30 minutes navigation through in a virtual 

city. Five representative snapshots of this simulation are presented in Figure 4.3. 

Table 4.1 summarizes the spatial frequencies of individual picture and that of the 

dynamic virtual environment. The steps to calculate the spatial frequencies of a 

dynamics virtual environment simulation are shown in Appendix T 

Picture I Picture II Picture Ill 

Picture IV Picture V 

Figure 4.3 Five representative snapshots of a virtual flight simulation in a city 
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Table 4.1 

Picture I 

Picture II 

Picture Ill 

Picture IV 

Picture V 

Whole vi巾al

environment 

Average horizontal, vertical and spatial frequencies of 

five snapshots and the whole virtual environment simulation (30 

minutes duration) 

Average Average vertical Average radial 

horizontal spatial spatial frequency spatial frequency 

frequency 

0.1816 0.1123 0.2135 

0.1110 0.0725 0.1326 

0.0627 0.0743 0.0972 

0.1214 0.1949 0.2296 

0.3011 0.2152 0.3701 

0.1556 0.1339 0.2086 

The f。llowing chart (Flow chart 4.1) illustrates the steps to calculate spatial 

frequencies of the virtual environment. 
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Flow chart 4.1 
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Step 8 
calculate the average 
ho『izontal spatial fr白quency
of the picture 

~>

Step 7 
repeat St叩 4 to St叩 6 to 
calculate the average spatial 
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Step 12 
repeat Step 9 to Step 11 
to 创culate the average 
spatial frequencies of the 
other columns O from 2 to 
470) 

Step 15 
Repeat Step 1 to Step 14 
to calculate the horizontal, 
verti四I and radial spatial 
frequencies of Picture 2, 
Picture 3, Picture 4 and 
Picture 5 

Step 16 

~今

/ 

Step 13 
calculate the averag自
ve内·创 spati创 frequency of 
the pictur白

Step 14 
calculate the average 
radlal spatial frequency of 
the picture 

Spatial frequencies of the dynamic dynarr世cs are the average 
of the 5 pictures respective 

(i) average horizontal spatial frequency, Sf horizontal 
(ii) average vertical spatial frequency, SFve巾al
(iii) average radial spatial frequency, SFradial 
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Chapter 5 Methods to quantify scene movement vel。city

5.1 Definition 。f scene movement 

Usually, in a typical immersive virtual reality simulation, the simulation is 

presented on a head-mounted display. When users move their heads, the scene 

of the virtual environment will be updated according to the users’ head 

。rientations. In order to navigate through a virtual environment, the users can 

use some navigation tools (e.g. 30 mouse) control the direction of travel，。r there 

will be a fixed path (pre-determined by the virtual reality program) to lead through 

the virtual environment. Basically the visual scene movement is the sum of head 

movement and the object movement. 

5.2 Method to quantify scene movement vel。city

The term 'viewpoi时’ refers to the vector from which a user will see the computer” 

generated virtual world. This can be understood as the viewpoint of a virtual 

camera whose captured image will be the visual scene presented to the users. 

During a VR tour, this viewpoint changes and resulting in a moving scene. The 

coordinate system of the viewpoint contains x (fore-and-a的， y (lateral), z 

(ve付ical) positions and pitch, yaw and roll orientations. By recording the 6 values 
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of the viewpoint over the whole exposure time of the simulation, the displacement 

curves in the 6 axes can be obtained. By differentiating the displacement curves 

with respect to time, the velocity curves in the 6 axes are obtained. Finally, the 

root mean square (r.m.s) values of the 6 velocity curves are used (use Vx, Vy, V2, 

Vpitch, Vyaw and V时 to represent). 

5.3 A case illustrati。n: the scene velocities of an example virtual 

environment simulati。n

丁he previous chapter (Chapter 4) has discussed how to calculate the spatial 

frequencies of a virtual guided tour simulation. ln particular, section 4.4 

documents the spatial frequencies of an example virtual environment. 丁able 5.1 

summarizes the scene velocities of a virtual guided tour through that pa付icular

virtual simulation. The displacement and velocity time history curves of the 

viewpoint vectors in 6 axes throughout the simulation are shown in Appendix 0. 
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Table 5.1 Scene velocities (r.m.s.) in 6 axes of a pa而cular virtual tour through 

a virtual environment with 30 minutes duration 

Moving axis (unit) r.m.s scene velocity 

X” axis (fore-and也ft) (m/s) 9.5944 

y-axis (lateral) (m/s) 3.1137 

z-axis (ve民ical)(m’s) 0.5919 

Roll-axis (degree/s) 1.4143 

Pitch-axis (degree/s) 1.6331 

yaw-axis (degree/s) 10.9898 
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Chapter 6 Use of spatial velocitr to quantify visual stimuli in a 
virtual envir。n『nent simulation 

6.1 Meth。d and algorithms to calculate spatial velocity 

As mentioned before, the visual stimuli have two main components: (i) visual 

scene content and (ii) visual scene movement. In the previous two chapters the 

methods to measure and quantify visual scene content (with spatial frequencies) 

and scene movement velocity have been discussed. This chapter will present a 

method to combine spatial frequency and scene movement velocity to represent 

the visual stimuli. 

The term ‘spatial velocity’(SV) has been invented to quantify visual stimuli in a 

virtual environment simulation. The definition of ‘spatial velocity' is the rate of 

change of contrasted information. The contrasted information is determined by 

spatial frequency (i.e. the scene complexity), the rate is determined by scene 

movement velocity. The following equation (see Equation 6.1) can be used to 

describe this relationship. 

Spatial velocity = Spatial frequency × Scene movement velocity 

Equation 6.1 
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Logically, the ‘spatial velocity' can be decomposed into six axes: x (fore-and-aft), 

y (laterally), z (ve忱ically), roll, pitch and yaw axes (use SVx, SVy, SV2, SV时，

SVp1tch, SVyaw to represent).‘Spatial velocity' in a pa付icular axis is defined as the 

product of the scene movement velocity and the spatial frequency along that 

axis. 丁he only exception is SV in fore” and-aft axis. Spatial frequency in radial 

axis is used because during fore-and-aft motion, a user will perceive movement 

of spatial patterns in both horizontal and vertical directions. The following matrix 

(Equation 6.2) shows the calculation of the ‘sp副ial velocity’ in 6 axes. 

For example, SVyaw = Vyaw × SFhorizontal· Table 6.1 summarizes the equations of 

the 'spatial velocity' in 6 axes. 
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Table 6.1. 丁he six axes equations of spatial velocity 

Spatial velocity 了he corresponding The corresponding 丁he corresponding 

in a particular scene movement perceived spatial Equation 

axis velocity frequency 

x-axis (fore-and” In x-axis, Vx Average radial SVx= Vx × SF radial, 

aft), SVx spatial frequency, Equation 6.3 

SFradial 

Y” axis (lateral,) In y-axis, Vy Average horizontal SVy= Vy x SFhorizonta1 

SVy spatial frequency, Equation 6.4 

SF horizontal 

z-axis (ve忱ical), In z-axis, V z Average vertical SVz = Vz X SFvertical 

SVz spatial frequency, Equation 6.5 

SFvertical 

Roll“ axis, SVron In roll-axis, Vron Average radial SVroll = Vroll × SFradial 

spatial frequency, Equation 6.6 

SFradial 

Pitch“ axis, In pitch幽axis, V pitch Average vertical SVpttch = Vpitch × SF vertical 

SVpttch spatial frequency, Equation 6.7 

SF vertical 

Yaw-axis, SVyaw In yaw“ axis, Vyaw Average horizontal SVyaw = Vyaw × SF horizontal 

spatial frequency, Equation 6.8 

SF horizontal 
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6.2 A case illustrati。n: the spatial velocity 。f an example virtual 

envir。nment simulation 

How to calculate the spatial frequencies and scene velocities of an example 

virtual guided tour simulation have been discussed in sections 4.4 and 5.3 

respectively. Table 6.2 summarizes the spatial frequencies, scene velocities and 

'spatial velocities' of this pa削cular virtual simulation. 

Table 6.2. The values of scene velocities, spatial frequencies and spatial 

velocities of a pa民icular virtual simulation with 30 minutes duration 

Scene movement velocity Spatial frequency Spatial velocity 

In x“ axis, Vx= 9.5944 Average radial spatial SVx= 2.0014 

frequency, SFradia1-= 0.2086 

In y皿axis, Vy= 3.1137 Average horizontal spatial SVy= 0.4844 

frequency, SFhor1zonta1 = 0.1556 

In z-axis, V 2 = 0.5919 Average vertical spatial SV2 = 0.0792 

frequency, SFvertica1 = 0.1338 

In r。II-axis, V时I= 1.4143 Average radial spatial SVroll = 0.2950 

frequency, SFradial·巳 0.2086

In pitch-axis, Vpitch = 1.6331 Average vertical spatial SVpitch = 0.2186 

frequency, SFvertica1 = 0.1338 

In yaw-axis, Vyaw = 10.9898 Average horizontal spatial SVyaw = 1.7096 

frequency, SFhorizonta1 = 0.1556 
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Chapter 7 Studies of effects of scene oscillation axes on 

cybersickness with a head-coupled virtual reality 

system (Experiment one) 

7.1 Purpose 。f the experiment 

One of the reasoning behind the development of the ‘spatial velocity’ metric is 

that visual scene movement is a major contribution factor towards cybersickness 

generation. This experiment will investigate the effects of adding visual scene 

m。vement in different axes to the rated level of cybersickness. 

7.2 Objective and hypotheses 

An experiment was conducted to study the effects of scene oscillations on 

cybersickness. The objective was to determine the relationship between axes of 

visual scene oscillation and the rated level of cybersickness. It is hypothesized 

that (i) visual scene oscillation in the pitch axis will produced higher rated level 。f

cybersickness than scene oscillations in the yaw and roll axes; (ii) virtual 

environment without scene oscillations would produce lower level of sickness. 

The former hypothesis is base on Griffin (1991 ). He suggested that due to 

gravitational force, head pitch movement may produce a stronger stimulus to the 

vestibular system than the head yaw movement. In 1971, Benson and Guedy 
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reported that pitch axis head oscillations would produce higher levels of sickness 

incidence when compared with yaw axis head oscillations. Lawther and Griffin 

(1986, 1988) proposed that low frequency (about 0.2 Hz) whole-body oscillations 

in pitch and the vertical axes were statistically correlated with seasickness 

incidence. Head movements in pitch and roll are much more nauseogenic. Some 

measurements of vessel motion and consequent seasickness amongst 

passengers reported that the vomiting incidence and illness were linearly related 

to the vertical z” axis acceleration (Griffin et al., 1988). In addition, rotation about 

off-vertical axis (z” axis) of car motion can cause symptoms of motion sickness. If 

human respond differently to physical oscillations in different axes, then it is 

hypothesized that human will also respond differently to scene oscillation of 

different axes. 

7 .3 Dependent and independent variables 

In this study, three independent variables were used: (i) duration of exposure to 

virtual reality simulation (0 to 20 minutes); (ii) scene oscillation directions 

(oscillation in pitch, yaw and roll axes); and (iii) with and without scene oscillation. 

This design was consistent with previous studies on cybersickness (Regan and 

Price (1995), So (1994)). 

During the simulation, the visual scene would oscillate at a constant angular 

velocity (Figure 7 .1). The range of scene oscillation was chosen to be 120。
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（士60。） because this is appropriate to the normal range of neck rotation and 

flexion (right, left, dorsal and ventral) are not more than 120。（Figure 7.2). In 

addition, this range of oscillation is expected in a typical virtual reality simulation. 

An angular velocity of 30。 per second was used and the frequency of scene 

oscillation was 0.125Hz. 
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Figure 7 .1 a Snapshots illustrating the scene oscillation in pitch axis 
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” 60° +60。

Figure 7.1 b Snapshots illustrating the scene oscillation in yaw axis 
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Figure 7 .1 c Snapshots illustrating the scene oscillation in roll axis 

Neck Flexion, dorsal (a) 
ventral (b) 

Neck Flexion, right (a) 
left (b) 

Figure 7.2 Maximum range of neck motion 

Neck rotation, right (a) 
le仕（b)

The simulation took place in a darkened environment so that the only visual 

stimulus came from the VR4 head“ mounted display. The laboratory was air­

conditioned in 。rder to eliminate the temperature and ventilation variables. The 

temperature of the room was kept at about 23°C and the relativity humidity was 
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about 58%. During the twenty minutes simulation, subjects could hear a white 

noise of 60 d日A via the head phone of the head“ mounted display. 

The dependent variables were: (i) level of sickness rating; (ii) sickness symptoms 

and (iii) rated realism of simulation. A motion sickness history questionnaire 

(Appendix A) was used to estimate subjects’ susceptibility of motion sickness. 

The questionnaire has been used in previous studies (So, 1994). 

Before the simulation, subjects were asked to complete a symptom checklist 

containing 27 items (adapted from Kennedy et al., 1993, see Appendix B). After 

the simulation, subjects were required to fill out this checklist again to compare 

repo忧ed symptoms before and after the simulation. Examples of symptoms 

included:‘general discomfort’;'fatigue’;‘headache’;'eyestrain’;‘sweating’ and 

‘nausea’. These symptoms were associated with four levels of severity: (i) none, 

(ii) slight, (iii) moderate, and (iv) severe. Other symptoms such as blurred 'vision’; 

'stomach awareness’ and 'vertigo’ were given a choice of 'yes’ and ‘no'. 

A seven point subjective rating scale was used to measure the level of 

unpleasant feeling during the simulation (see Appendix C). This scale ranged 

from ‘no symptom’ to 'moderate nausea’ scale. After the twenty minutes 

experiment, the realism of the virtual environment was measured using a 

simulation assessment questionnaire (modified from Regan and Price, 1993a, 

Appendix D). 
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7 .4 Apparatus and VR software 

The simulation was developed using a virtual reality authoring software (dVISE) 

running on a Silicon Graphics ONYX workstation. The general arrangement of 

experimental apparatus is presented in Figure 7.3. A Polhemus 3-SPACE 

magnetic tracker was used to measure head position and orientation at 30 

samples per second. 丁his tracker was mounted on top of a head嗣mounted

display (FOV of VR4 head” mounted display: 48° horizontal 36° ve同ical).

Same visual scenes were presented to both eyes and the images completely 

overlaid each other (i.e. biocular images). The images were focused around at 

two feet in front of the display and were continuously updated according to head 

orientation at 30 frames per second. 丁he weight of the head-mounted display 

was 0.935kg and the pixel resolution was 742 (horizontal) 230 (vertical). 
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head tracking system 

Computer sensor 
-graphics generation 
嗣head movement 
recording 

head” mounted display (HMO) 
system 

HMO 

Figure 7 .3 Illustration of arrangement of experimental apparatus 

7.5 Visual scene content of the simulation 

During the twenty minutes simulation, the visual scene consisted of some 

buildings, several railways, grassland, a train station and a blue sky (Figure 7 .1). 

ln this study the visual scene would either be space stationary (a control 

condition) or oscillate in the pitch, yaw or roll axes. 丁he axis co-ordination is 

illustrated in Figure 7.4. 
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roll 

+y 
Lateral 

Figure 7.4 Illustration of the three rotational directions 

7.6 Method and Design 

Sixteen male Chinese volunteers pa民icipated in the experiment. They were staffs 

and students at the Hong Kong University of Science and Technology (age: 19 t。

39; mean = 26). Four conditions were investigated in this experiment: scene 

oscillations in pitch, yaw, and roll axes and no oscillation. During each condition, 

subjects would be exposed to a twenty minutes virtual reality simulation. Before 

the subjects pa削cipated the experiment, they were asked to complete a motion 

sickness history questionnaire. All subjects participated the four conditions with 

an interval not less than 7 days between each condition. The orders of 

presenting the conditions were balanced with four 4 4 Latin squares design. Also, 

for the same subject, the time of each simulation was kept approximately the 
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same (e.g. if the subject was exposed to the first simulation at 11 :00 a.m., he 

would be exposed to the second simulation also at 11 :OO a.m. a week later). All 

subjects received a sum of HK$200 to compensate for their time. 

The experimental procedure were consistent with So (1994) and Regan (1995). 

The sixteen subjects were briefed about the experiment and were then asked to 

read and sign a consent form. They were informed that they could withdraw from 

the experiment at any time on request and under no obligation to give reasons 

for withdrawal or to attend again for experimentation. At the beginning of the 

experiment, subjects were asked to rest for five minutes to minimize any 

unwanted influence from any previous activities. The subjects were then required 

to complete a ‘sickness symptom checklist’, adapted from Kennedy et al., (1993) 

(see Appendix B). The inter pupilla叩 distance of the subjects was measured prior 

to their data sessions so that the distance between left and right display of the 

head” mounted display (HMO) could be adjusted accordingly. Subjects would 

then put on the HMO and one minute practice was given to the subjects to 

familiarize themselves with the equipment. During this one minute practice, 

subjects were allowed to move their heads to inspect the virtual environment that 

they were ‘immersed’ in, but during the twenty minutes simulation, they were 

asked to keep their head steady in a straight ahead position. Subjects remained 

seated throughout the simulation. The chair they sat had a back-rest, a lumber 

support and two arm-rests. Before the simulation, the height of the chair was 

adjusted according to the subjects’ preference. In this study, the scene motions 
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were controlled during the 20 minutes of the simulation (scene oscillation in pitch, 

yaw or roll direction as well as a control condition with no scene movement). At 

five” minute intervals from the start of the simulation, subjects were verbally asked 

to rate their symptoms of nausea on a seven-point nausea scale (see Appendix 

C). After the simulation session, the subject were asked to complete another 

‘sickness symptom checklist' and a 'simulation assessment questionnaire’ 

(Appendix D). 

7.7 Results and discussion 

7.7.1 Result of sickness rating and symptoms between with and with。ut

scene oscillati。n conditions 

7.7.1.1 Effect of scene movement on nausea ratings 

A two factor (scene movement * duration) analysis of variance (ANOVA) was 

pe斤。rmed on the variance scores of nausea ratings for each. There was 

significant interaction between the two factors. In the with scene movement and 

without scene movement conditions, the nausea ratings increased with duration, 

but the rate of increase in the nausea ratings of the with scene movement 

condition was higher than that of the without scene movement condition 

(F(4,310)=7.82, p=0.0001, see Appendix F: Table F.1) This analysis showed that 

by comparing the control condition (without scene movement) with the other 

58 



three conditions (scene oscillation in pitch, yaw and roll axes), there was a 

significant difference between the nausea ratings (F(1,310)=107.88, p=0.001, 

see Appendix F: Table F.1). Post-hoc Student Newman Keuls (SNK) test showed 

that the mean nausea rating of the 'with’ scene movement condition was 

0.95417, while the value of the ‘without’ scene movement condition was 0.2000 

(see Appendix F: Table F.2). This indicated that scene movement might cause 

higher nausea ratings (vection-induced sickness). It may because in the with 

scene movement condition, the inconsistent information of visual and vestibular 

systems cause cybersickness. This can be explained by the sensory conflict 

theory. In contrast, there was no visual-vestibular c。nflict in the without scene 

movement condition. According to the cue心onflict theory, there should be little or 

no motion sickness in this condition. 

7.7.1.2 Duration effect on nausea ratings 

Result of ANOVA indicated that the duration has a significant main effect on 

nausea r时ings in the ‘with’ scene movement condition (F侣，255)=50.28,

p=0.0001, see Appendix F：丁able F.3). Post-hoc SNK test showed that the effect 

of exposure duration was significant after 5 minutes (see Appendix: F：丁able

F.4), although the increase was not significant after 15 minutes of the simulation. 
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Also, result of ANOVA indicated that the duration has a significant main effect on 

nausea ratings in the ‘without’ scene movement condition (F(4,7曰：3.67,

p=0.0087, see Appendix F: Table F.5). Post-hoc SNK test showed that the effect 

of exposure duration was significant after 1 O minutes (see Appendix F: Table 

F.6), although the increase was not significant after 15 minutes of the simulation. 

Although, duration anticipated significant effect on nausea rating in the 'without’ 

scene movement condition, the mean nausea ratings after 20 minutes was 

0.4375. Furthermore by comparing the duration effect on nausea ratings between 

the 'with’ and 'without’ scene movement conditions, the results of ANOVA 

showed that, at each five minutes intervals (except at the beginning of the 

simulation) the nausea ratings in the ‘with’ scene movement condition were 

significantly higher than that of the 'without’ scene condition (see Appendix F: 

Table F.7 & Table F.8）.丁his suggests that the increase in nausea ratings in a 

dynamic virtual environment simulation is significant higher than that in a 

stationary virtual environment. 
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丁he means of nausea ratings with standard deviation of the four different 

conditions are shown in Figure 7.5. 

with scene movement 
without 
scene movement 

pitch Yaw Roll c。ntrol

2.5 

2 

0.5 

5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 

Minutes after the start of the experiment 

Figure 7.5. Nausea ratings after the sta川 of the Experiment one (4 conditions) 

7.7.1.3 Comparing the sickness symptoms and profiles between with 

and with。ut scene movement c。nditi。ns

Kennedy et al. (1993a) developed a procedure to score the ‘symptom checklist 

questionnaire’. Sixteen items out of 28 were used in the calculation. The 16 items 

were marked with * in Appendix B. These 16 items were divided into three sub­

scales …一 Nausea, Oculomotor and Disorientation. In addition, there was a Total 

Severity measure (Total sickness score). According to the scoring method, 
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Nausea sub回scale includes symptoms such as general discomfort, increased 

salivation, sweating, nausea, difficulty concentrating, stomach awareness and 

burping. Scores on the Oculomotor sub嗣scale are related to the symptoms such 

as general discomfort, fatigue, headache, eyestrain, difficulty focusing, difficulty 

concentrating and blurred vision. Score on the Disorientation sub-scale are 

related to symptoms such as difficulty focusing, nausea, fullness of head, blurred 

vision, dizziness and vertigo. Variable score (O:None, 1 :slight, 2:Moderate, 

3:Severe; or O:No, 1 :Yes) is assigned for each symptom. The score is multiplied 

by a weight (the value of each weight can be O or 1 as shown in Appendix E). 

丁he weighted total is obtained by summing the weighted values down the sub­

scale column. The scores of nausea, Oculomotor and Disorientation are then 

obtained by multiplying the weighted totals (values just calculated in the previous 

step) with appropriate scaling factors. Finally, the Total Severity (Total sickness 

score) is obtained by summing all the totals and then applies the weight multiplier 

to the sum. The scoring method is shown in Appendix 巳

The numbers of subjects who repo付ed any symptom before and after the 

experiment (4 conditions) are shown in the following figures. Figure 7.6a 

presents the Nausea sub-scale, Figure 7 .7b illustrates the Oculomotor sub-scale 

and the Disorientation sub-scale is shown in Figure 7.6c. Figure 7.6d points out 

the 12 symptoms of the symptom checklist questionnaire that are not classified in 

the three sub“ scales. 
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C1: Scene oscillation in pitch axis 
C2: Scene oscillation in yaw axis 
C3: Scene oscillation in roll axis 
C4: Control = no scene oscillation 
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16 

C1: Scene oscillation in pitch axis 
C2: Scene oscillati。n in yaw axis 
C3: Scene oscillation in roll axis 
C4: Control = no scene oscillation 
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Figure 7.6b 
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Figure 7.6c 
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Figure 7.6d Number of subjects showing the other 12 symptoms (not classified in the three sub心cales) before and after 
the Experiment one (4 conditions). 
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Figures 7.6a and 7.6b describe that 10 subjects, in pitch, yaw and roll scene 

oscillati。n conditions, suffered signs of 'general discomfort' after the experiment 

while in control conditions, the number is 9. Comparing the ‘general discomfort' 

with other symptoms in Nausea sub-scale, it was the mostly repo同ed symptom 

(more subjects suffered from it after the experiment). Besides,‘difficulty 

concentrating’ was the second most frequently rep。民ed symptom. Figure 7.6b 

illustrates that the numbers of subjects rep。而ng each symptom on the 

Oculomotor sub-scale after the experiment were general higher than the other 

tw。 sub-scales (Nausea and Disorientation). By comparing the number of 

subjects suffering form symptoms, the most frequently reported symptoms were 

‘eye strain’ and 'fatigue’, More than 8 subjects suffered from ‘eye strain’ and 

more than 9 subjects suffered from 'fatigue’ in all conditions. For example, with 

condition of scene oscillation in roll axis, 5 subjects repo民ed slight 'eye strain' 

and 8 repo叫ed moderate 'eye strain' after the experiment. Eye stain is a ve叩

common repo忱ed symptom in simulator sickness (Kennedy et al., 1990, 1994). 

Since the images presented on the head mounted display were focused at about 

2 feet in this experiment, the consequence might be fatigue of eyes muscles and 

ne『vous. 'Fullness of head' and 'difficulty focusing' were the common repo民ed

symptoms of Disorientation sub-scale. Figure 7.6d illustrates that 'boredom’ and 

'drowsiness’ were also frequently repo吠ed.

By comparing the 27 sickness symptoms between with and without scene 

movement conditions, nearly all symptoms except ‘drowsiness’ were less 

frequently repo付ed (fewer subjects suffered from) in the 'without’ scene 
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virtual stationary a in exposure that suggests This condition. 行1ove付1ent

cause fewer symptoms head嗣mounted display would 

compared to a dynamic virtual environment simulation. 

a environment through 

Figure 7.7 illustrates the pre-immersion, post” immersion and change sickness 

profiles tor all conditions in the experiment (4 conditions). These profiles can be 

used to compare the side effect produced with other virtual reality or simulator 

method. 丁he descriptive systems using the same symptom checklist scoring 

statistics is shown in Appendix F: Table F.9. 
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By investigating the pre-immersion sickness profiles, the results of ANOVA 

indicated that there were no significant differences in Nausea (N), Oculomotor 

(0), Disorientation (D) sub-scores and Total Sickness score (TS) among the 4 

conditions (N: F(3,60）巳1.49, p=0.2263; 0: F(3,60)=0.46, p口0.7134; D: 

F(3,60)=1.36, p=0.2625; T: F(3,60}=0.66, p=0.5789; see Appendix F: Table F.1 O, 

F .11 , F .12 & F .13 respectively). These results indicated that, subjects in different 

conditions were equally healthy before pa忱icipated the experiment. 

By comparing the post” immersion with pre” immersion sickness profiles of each 

condition individually, the results of ANOVA showed that there were significant 

differences in Nausea (N}, Oculomotor (0), Disorientation (D) sub” scales and 

Total sickness score (TS) (see Appendix F: Table F.14, F.15, F.16 & F.17 

respectively). 

Figure 7.7 points out that, the sickness profiles for the 4 conditions are similar. 

The scores of Oculomotor (0) were highest, Disorientation (D) were medium 

while that of Nausea (N) were the lowest (i.e. O>D>N). The change profile of 

sickness score of without scene movement (control condition) was lower than 

that of the other three conditions. 

By investigating the change of sickness profiles ( di何erence of post and pre­

immersion sickness profiles), the mean total sickness score of control condition 

(without scene movement) was 10.753, this values was smaller than those of the 
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other three conditions (scene movement in pitch: 26.414, scene movement in 

yaw: 26.881, scene movement in roll: 32.725). The results of ANOVA showed 

that the difference between with and without scene movement conditions were 

significant in sickness score of Nausea sub-scale (F(1,62}=7, p=0.0103), 

Oculomotor (F(1,62)=7.74, p=0.0072), Disorientation (F(1,62)=6.93, p=0.0107) 

and the total sickness score 丁S (F(1,62}=8.83, p=0.0042, see Appendix F: Table 

F.18). Post-hoc SNK test proved that, simulation with scene movement would 

introduce significantly higher sickness score in Nausea (N), Oculomotor (0), 

Disorientation (D) and hence higher Total Sickness score (TS) to the su同ects

compare with simulation without scene movement (see Appendix F: Table F.19). 

Figure 7.6a, 7.6b and 7.6c describe the individual symptoms of the three sub­

scales while Figure 7.7 displays the average score (mean value of the 16 

subjects) of the three sub帽scales. Inspecting the results of these two graphs, the 

Oculomotor sub-score was noted to be the highest, which was mainly due to 

eyestrain and fatigue. Comparing the sickness profiles of this experiment with 

other repo阳d profiles of flight simulator (with CRT display), similar profiles were 

presented (Kennedy et al., 1994). On the other hand, it points out reverse of 

symptom profiles with other VE system. Other virtual reality systems generally 

have propo削onately more Nausea and Disorientation and less Oculomotor 

problem (N>D>O) (Kennedy et al., (1997); Regan (1993}}. This contradiction may 

be due to fatigue and eyestrain, because subjects had to concentrate on the 
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task. Furthermore, since the virtual image was focus at 2 feet in front of the 

display, user may suffer from eyestrain. 

7.7.2 Result of Sickness ratings and sympt。ms among scene oscillation in 

pitch, yaw and roll axes 

7”7.2.1 Effect of scene m。vement in different 。scillati。n axes on 

nausea ratings 

As mentioned before, the nausea ratings were significantly different between with 

and without scene movement. But within the scene movement condition, there 

were no significant differences among the three scene oscillations in the three 

different rotational axes (F (2,225)=0.75, p=0.4733, see Appendix F: Table F.20). 

It meant that, scene oscillation in pitch, or in yaw, or in roll would produce about 

the same level of nausea ratings. 

7.7.2.2 Durati。n effect on nausea ratings 

During the 20 minutes of the simulation, the nausea ratings increased with 

duration and become significant after five minutes with conditions of scene 

。scillation in pitch (F(4,75)=21.25, p=0.0001 ), yaw (F(4,75)=23.68, p=0.0001) 
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and roll (F(4, 75)=11.32, p=0.0001) axes (see Appendix F: Table F.21 & F.22). 

丁he highest values of nausea ratings (mean of the 16 subjects) we陪 recorded at 

20 minutes for scene oscillation in all three axes. At 20 minutes, there was no 

significant difference among the nausea ratings with pitch, yaw, and roll 

oscillations (F(2,45)=0.2, p=0.82, see Appendix F: Table F.23). 

7.7.2隧3 c。mparing the sickness sympt。ms and pr。，files am。ng scene 

oscillation in pitch, yaw and roll axes 

As mentioned before, the dominant symptoms of each condition in each sub­

scale (Nausea, Oculomotor and Disorientation) were about the same. Besides, 

all conditions had the similar sickness profiles. In Nausea sub”sca悟， the

dominant symptoms were 'general discomfort' and 'difficulty concentration'. 'Eye 

strain' and 'Fatigue’ were the dominant symptoms in Oculomotor sub心cale, while 

the dominant symptoms of Disorientation sub-scale were 'difficulty focusing' and 

'fullness of head'. Inspection of Figure 7.7 demonstrates that scene oscillation in 

roll axis condition resulted in the largest increase in sickness scores. Result of 

ANOVA indicated that there were no significant differences in Nausea sub-score 

(F(2,45) =1.06, p=0.3565), Oculomotor sub-score (F(2,45)=0.11, p=0.8927), 

Dis。rientation sub-score (F(2,45)=0.41, p=0.6671 ），丁otal sickness score (F 

(2,45)=0.35, p=0.7092, see Appendix F: Table F.24). 
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In addition, 2 subjects in roll scene oscillation condition, and 2 subjects in control 

condition reported that they suffered slight 'neck strain' after the experiment. 

Since throughout the whole experiment, subjects were asked to keep their head 

stationary, this might lead to neck muscle fatigue due to the weight of the head 

mounted display (0.935g). 

7.7.3 The motion sickness history questionnaire results 

The ten questions on motion sickness history questionnaire were scored 

(Appendix A). Question one, asked how many times the subjects traveled as a 

passenger in different type of transpo吭， while questions two and three asked how 

many times the subjects felt ill or vomited in the types of transpo阶 mentioned in 

question one. In order to get a meaningful result we divided the result of question 

two by question one, and que剖ion three by question one. For question one to 

question three, numerical number O was assigned to 'Never’, 1 to ‘1’, 257 for the 

option ‘257 or more', while the 。ther options, the average number of the interval 

of the option were assigned to it. For example, if the option is '65-256’ then the 

numerical number 161 were assigned to it. After the above calculation, the result 

of questions two and three were represented as percentages. Numerical values 

were assigned to represent these percentages, 0 for Never, 1 for (>0% to 20%), 

2 for (>20% to 40%), and so on. So the lowest value was zero and the highest 

value was 5 for each kind of transpo民 in question two and question three. For 
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question four, numeric value 1 was assigned to 'Yes’ option and O to 'No’. In 

question five, numerical values 1 to 4 were assigned to 'Never’ to ‘Always’ 

respectively. The option ‘Much less than average’ to 'Much more than average’ in 

question six were represented by numerical values form 1 to 5. For question 

seven to question ten, the assignment of numerical values to options was 一～ O:

‘Never’, 1:‘1’, 2:‘2-4’, 3: '5-16’, 4:‘17-64’, 5: '65-256’, 6:‘257 or more'. 

In the calculation of motion sickness susceptibility, only question six and question 

seven were used. It is because, question six asked the subject’s susceptibility to 

moti。n sickness while question seven asked the subject how many times have 

they suffered travel sickness (sea, air and land transp。民） in their life. Regan 

(1995) used four questions to determine the motion sickness susceptibility of the 

subjects. The four question are: (i) How often would you say you get airsick, (ii) 

How often would you say you get seasick, (iii) How often would you say you get 

carsick and (iv) How susceptibility to motion sickness do you feel you are. Which 

are just similar the questions six and seven in this study. 

Since only question six and seven were directly related to motion sickness 

susceptibility, only these two questions were used to determine the subject’s 

susceptibility to motion sickness. Since the minimum score in question 6a, 6b 

were both 1 but O in question 7, while the highest score in question 6a and 6b 

were 5, but 6 in question 7. Therefore, the minimum score for the motion 

sickness susceptibility was 2 and maximum score was 16. According to the 
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subjects' score on these two questions su同ects were classified as having low 

motion sickness susceptibility if they scored between 2 to 4, moderate motion 

sickness susceptibility if they scored between 5 to 1 O, or high motion sickness 

susceptibility if they scored between 11 to 16. 

According to the above method, the result showed that there was 1 subject 

(6.25%) being classified as having low motion sickness susceptibility, 13 

(81.25%) in the class of moderate motion sickness susceptibility, and 2 (12.5%) 

in the class of high motion sickness susceptibility. 

Correlation was carried out on the motion sickness history questionnaire. The 

result showed that there were no significant correlation between the nausea 

rating at 20 minutes (highest nausea rating) and motion sickness susceptibility. In 

addition, computer or video game experience, fair ground simulators experience 

and fill ill or got sick in transport experience were in general not correlated with 

motion sickness susceptibility and highest nausea rating. 

7.7.4 The simulati。n assessment result 

了he results of ANOVA indicated that there were no significant differences in the 

answers to question 2 (Q2), question 3 (Q3}, question 4 (Q剖， question 5 (Q5) 
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and question 6 (Q6) among the 4 conditions. Table 7.1 summarizes the ANOVA 

results (for details see Appendix F: Table F.25). 

Table 7.1 A问OVA results for answers to question 1 to 6 of simulation 

assessment questionnaire 

(Note that* indicated a significant effect at p<0.05 level) 

Item (Question) ANOVA Result 

Question 1 (Q1) F(3,60) = 20.99, p=0.0001 * 

During the simulation, did you feel that 

you were moving? 

(Perception of vection) 

Question 2 (Q2) F(3,60) = 1.76, p=0.1652 

How uncomfortable was the head-

mounted display (HMD)? 

(Uncomfo民ed of HMD) 

Question 3 (Q3) F(3,60) = 0.561, p=0.6781 

How c。mpletely did you believe you 

were part of the virtual environment? 

(Sense of presence) 

Question 4 (Q4) F(3,60) = 0.38, p=0.7696 

How flat and missing in depth did the 

w。rid appear? 

(Flat & missing of VE) 

Question 5 (Q5) F(3,60) = 1.29, p=0.2865 

How excited do you feel after the 

experience? 

(Excitement) 

Question 6 (Q6) F(3,60) = 0.60, p=0.6171) 

How real was the graphics simulation? 

(Realism of simulation) 

76 



Inspection of Table 7.1 shows that, the answer to question 1 (01: perception of 

vection) were significantly different among the four conditions. It was because in 

control condition, the scene was stationary through the 20 minutes simulation. 

Therefore subjects pa同icipating under this condition would not perceive apparent 

self-motion. 

Pearson correlation tests were performed among the answer to items (Q个06) of 

Table 7.1 and nausea rating at 20 minutes of the simulation (see 丁able 7.2) 

Although the correlation coefficients were not ve叩 high, some items showed that 

the p values were less than 0.05. ‘Believe pa忱。f virtual environment' correlated 

with ' Apparent self幽motion' (r=0.28591, p=0.022). It means that the sense of 

presence increase, the feeling of apparent of self-motion would also increase. 

'Believe pa民 of virtual environment' correlated with 'flat and missing in depth of 

the virtual environment，，‘exciteme时’ and ‘Realism of the simulation. While ‘ 

Realism of the simulation were also correlated with 'Flat and missing in depth of 

virtual environment' and ‘excitement’. Besides, 'apparent self-motion' shows 

correlation with nausea rating after 20 minutes of the simulation (r= 0.41958, 

p=O. 00061). 
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Table 7.2 

01 

02 

03 

04 

05 

06 

Nausea 
rating 
after 20 
minutes 

Inter心orrelation coefficients for answers to question 1 to 6 of the 

simulation assessment form and nausea rating after a 20 minutes 

VR simulation 

01 02 03 04 05 06 Nausea 
rating at 
20 
minutes 

1 -0.01694 0.28591 0.21375 0.36008 0.21948 0.41958 
。 0.8943 0.022 0.0899 。曾0035 0.0814 0.0006 

-0.01694 -0.06237 0.19876 蝇0.14509 ”。.01196 0.2982 
0.8943 。 0.6244 0.1154 0.2527 0.9253 0.0167 

0.28591 -0.06237 1 0.31614 0.39161 0.48621 0.13213 
0.022 0.6244 。 0.0109 0.0014 0.0001 0.298 

0.21375 0.19876 0.31614 0.07472 0.31011 0.20259 
0.0899 0.1154 0.0109 。 0.5574 0.0126 0.1084 

0.36008 -0.14509 0.39161 0.07472 0.4447 -0.00077 
0.0035 0.2527 0.0014 0.5574 。 0.0002 0.9952 

0.21948 -0.01196 0.48621 0.31011 0.4447 1 0.03016 
0.0814 0.9253 0.0001 0.0126 0.0002 。 0.813 

0.41958 0.2982 0.13213 0.20259 ”0.00077 0.03016 

0.0006 0.0167 0.298 0.1084 0.9952 0.813 。

7.8 Summary 

In conclusion, over the 20 minutes immersive VR simulation presented via a 

head” mounted display, nausea ratings increased significantly with time. Besides, 

the presence of scene movement significantly increased the levels of 

cybersickness. The results indicated that a stationary scene of VR simulation 
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might cause less sickness than a dynamic VR simulation. In addition, there were 

no significant differences among the nausea ratings obtained with scene 

oscillations in three different rotational axes 一一 pitch, yaw and roll. 丁his did not 

agree with the hypothesis that pitch axis oscillation should result in higher levels 

of cybersickness 篝 A possible reason is that the hypothesis was based on 

literature concerning real physical motion rather than virtual scene oscillation. 

With actual physical head movements, due to gravitation force, the head pitch 

movement (along the gravitational force vector) would produce a stronger 

stimulus to the vestibular system. Since the yaw head movement is 

perpendicular to the gravitational force, it would produce weaker stimulus to the 

vestibular system. Therefore, many past studies reported that pitch head 

movement would produce stronger levels of motion sickness (Gri仔in, 1991; 

Benson and Guedy, 1971). The result of Experiment one showed that pitch 

vection produced about the same level of cybersickness as compared with yaw 

vection and roll vection. In Experiment one, subjec怡 did not have body or head 

movements, so no matter how the scene oscillated in the simulation, the same 

signal (constant gravitational force) was received by the vestibular system. As 

the scene oscillations in the three axes had the same magnitude and frequency, 

the level of visual-vestibular conflict were about the same in the pitch, yaw and 

roll vection conditions. Acc。rding to the sensory conflict theo叩， similar conflict 

would produce similar levels of vection-induced motion sickness. 
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The result of motion sickness questionnaire suggested that there was no 

evidence for relationship between levels of repo民ed cybersickness (nausea) 

ratings and their self-rated susceptibility to motion sickness. 

Analysis of pre-immersion and post帽immersion symptom checklist suggested that 

the VR system with head” mounted display would cause high Oculomotor 

problems (due to eye-strain) in this experiment. Also, there were no significant 

differences among the sickness profiles (Nausea sub幽score, Oculomotor sub­

score, Disorientation sub帽score and Total Sickness score) among scene 

oscillations in pitch, yaw, and roll axes. 

All in all, the result of this experiment has confirmed that visual scene movement 

plays an important role in generating cybersickness. 
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Chapter 8 Studies 。f e何·ects 。f scene vel。city on cybersickness 

with a head-c。upled virtual reality system 

(Experiment two) 

8.1 Purpose of this experiment 

Scene velocity is one of the two main components of the proposed ‘spatial 

velocity’ metric for quantifying scene movement. It is important to conduct an 

experiment to confirm that scene velocity will influence the level of 

cybersickness. 

8.2 Objective and hypothesis 

An experiment was conducted to study the effects of scene velocity on 

cybersickness. The specific objective was to determine the relationship between 

scene velocity and the rated level of cybersickness. It is hypothesized that the 

higher the visual scene velocity the higher the rated level of cybersickness. 
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8.3 Dependent and independent variables 

In this study, two independent variables were used: (i) duration of exposure to 

virtual reality simulation (0 to 30 minutes), (ii) scene velocity (5 different levels). 

Table 8.1 summarizes the spatial frequencies, scene velocities and spatial 

velocities of the five conditions. Since the virtual environment of the 5 conditions 

were the same ,the spatial frequencies were the same for the 5 different 

conditions (Five representative snapshots of the virtual environment are 

illustrated in Figure 4.3 of Chapter 4). The time histo叩 curves of scene 

displacements and scene velocities of the 5 conditions are shown in Appendix L, 

M, N, 0 and p respectively. 
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丁able 8.1 Spatial frequencies, scene velocities and spatial velocities of the 

five scene velocity conditions 

Level of scene velocity 

2 3 4 

r. 口1.s scene Translational X” axis 3.4331 4.3636 6.0001 9.5944 

velocity [v] (m/s) Y-axis 1.0743 1.4118 1.9367 3.1137 

Z-axis 0.222 0.2586 0.3626 0.5919 

Rotational Roll 0.4984 0.5851 0.8241 1.4143 

(deg/s) Pitch 0.5634 0.7785 1.0541 1.6331 

Yaw 3.7916 4.9556 6.8278 10.9898 

Spatial Horizontal (cyc/deg) 0.1556 

frequency [SF] Vertical (cyc/deg) 0.1338 

Radial (cyc/deg) 0.2086 

Spatial Velocity 丁ranslational X“ axis 0.7161 0.9102 1.2516 2.0014 

[SV] ( cyc-m/s-deg) Y“ axis 0.1671 0.2196 0.3013 0.4844 

Z-axis 0.0297 0.0346 0.0485 0.0792 

Rotational Roll 0.1040 0.1221 0.1719 0.2950 

(cyc/s) Pitch 0.0754 0.1042 0.1411 0.2186 

Yaw 0.5898 0.7709 1.0621 1.7096 

Average translational scene velocity 1.5765 2.0113 2.7665 4.4333 

(m/s) [X”axis+Y唰axis+Z”axis]

Average rotational scene velocity 1.6178 2.1064 2.902 4.6791 

(deg/s) [Pitch+Yaw+Roll] 

Average translational spatial velocity 0.3043 0.3882 0.5338 0.8550 

(cyc-m/s,deg) [X-axis+Y”axis＋乙axis]

Average rotational spatial vel。city 0.2564 0.3324 0.4584 0.7411 

(cyc/s) [Pitch+Yaw+Roll] 
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23.9864 

7.7843 

1.4789 

3.5357 

4.0827 

27.4745 

5.0036 

1.2109 

0.1979 

0.7375 

0.5464 

4.2739 

11.0832 

11.6976 

2.1375 

1.8526 



During the virtual guided tour simulation, subjects would travel through a virtual 

city passively on a pre-determined close loop path. The motion of the path 

contains movement in x (fore-and” aft), y (lateral), z (ve民ical), pitch, yaw and roll 

axes. 

The simulation took place in a darkened environment so that the only visual 

stimulus came from the VR4 head” mounted display町丁he laboratory was ai俨

conditioned in order to eliminate the temperature and ventilation variables. 丁he

temperature of the room was kept at about 23。c and the relativity humidity was 

about 58%. 

丁he dependent variables were: (i)the level of sickness rating, (ii) level of apparent 

self-motion (vection) ratings, (iii) sickness symptoms and (iv) rated realism of 

simulation. A motion sickness history questionnaire (Appendix K) was used to 

estimate subjects’ susceptibility to motion sickness. The questionnaire was 

developed by R.H.Y. So and Colleen Finney and has been used in an internal 

course project in the IEEM department of HKUST (1997). 

Before the simulation, subjects were asked to complete a symptom checklist 

containing 27 items (adapted from Kennedy et al., 1993, see appendix 8). After 

the simulation, subjects were required to fill out this checklist again to compare 

repo民ed sympt。ms before and after simulation. 
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A seven point subjective rating scale (adapted from Golding and Kerguelen, 

1992) was used to measure the level of unpleasant feeling during the simulation 

(see Appendix C). This scale ranged from 'no symptom’ to 'moderate nausea’ 

scale. A four point subjective rating scale (see 丁able 8.2) was used to measure 

the level of apparent self” motion illusion (vection) during the virtual simulation. 

Table 8.2. 丁he four point apparent self-motion rating scale 

Apparent self“ motion ratings Definitions 

。 No 

Slight 

2 Moderate 

3 Strong 

After the 30 minutes experiment, the realism of the virtual environment was 

measured using a simulation assessment questionnaire (modified from Regan 

and Price, 1993a, see Appendix D). 

8.4 Apparatus and virtual reality software 

丁he simulation was developed using a virtual reality authoring software (dVISE) 

running on a Silicon Graphics ONYX2 workstation. The general arrangement of 
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experimental apparatus is described in Chapter 7: Figure 7 .3. A Polhemus 3” 

SPACE magnetic tracker was used to measure head position and orientation at 

30 samples per second. This tracker was mounted on top of a head-mounted 

display (VR4: 48° horizontal 36。 Ve时ical).

Same visual scenes were presented to both eyes and the images completely 

overlaid each other (i.e. biocular images）.丁he images were focused at around 2 

feet in front of the display and were continuously updated according to head 

orientation at 30 frames per second. The weight of the head-mounted display 

was 0.935kg and the pixel resolution was 7 42 (horizontal) 230 (ve川ical).

8.5 Visual scene c。ntent of the simulati。n

During the 30 minutes simulation, the visual scene consisted of some buildings, 

several railways, power lines, a train station, trains, workers, some billboards, 

bridges, grasslands, traffic lights and a blue sky with some white clouds. 

8.6 Meth。d and Design 

Sixty male Chinese volunteers pa付icipated in the experiment. They were staffs 

and students of the Hong Kong University of Science and 丁echnology (age: 19 to 

39). They were randomly assigned to one of the 5 conditions. Each condition has 

86 



12 subjects pa民icipating. Five levels of scene velocity were investigated in this 

experiment：丁he spatial frequencies, scene velocities and spatial velocities of the 

5 conditions are summarized in 丁able 8.1. All experimental procedures were the 

same in the 5 conditions, except the scene velocity. During each condition, 

subjects would be exposed to a 30 minute virtual reality simulation. Before the 

subjects participated the experiment, they were asked to complete a 

colorblindness test and a motion sickness history questionnaire. All subjects 

received HK$50 to compensate for their time. 

The 60 subjects were briefed about the experiment and were then asked to read 

and sign a consent form. They were informed that they could withdraw from the 

experiment at any time on request and under no obligation to give reasons for 

withdrawal or to attend again for experimentation. At the beginning of the 

experiment, subjects were asked to rest for five minutes to minimize any 

unwanted influence from previous activities. 丁he subjects were then required to 

complete a 'sickness symptom checklist’, adapted from Kennedy (1993, see 

Appendix B). The inter pupilla叩 distance of the subjects was measured prior to 

their data sessions so that the distance between left and right display of the 

head-mounted display (HMO) could be adjusted accordingly. Subjects would 

then put on the HMO and one minute practice was given to the subjects to 

familiarize themselves with the equipment. During this one minute practice, 

subjects were allowed to move their heads to inspect the virtual environment that 

they were 'immersed’ in. Subjects remained seated throughout the simulation. 
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The chair they sat had a back” rest, a lumber suppo付 and two arm-rests. Before 

the simulation, the height of the chair was adjusted according to the subjects’ 

preference. In this study, the scene motions were controlled during the 30 

minutes of the simulation. At 30 seconds intervals from the start of the simulation, 

subjects were asked verbally to tum their heads to the right (about 55。～65°) and 

then face straight again. Further 30 seconds they were verbally asked to turn 

their heads to the left (55°～65。） and then face straight again. These kind of 

discrete head movements were repeated over the whole 30 minutes simulation. 

At five-minute intervals from the sta同 of the simulation, subjects were verbally 

asked to rate their symptoms of nausea on a seven-point nausea scale 

(Appendix C) and level of apparent self-motion (vection) on a four-point scale 

(Table 8.2). After the simulation session, the subject were asked to complete 

another ‘sickness symptom checklist' and a ‘simulation assessment 

questionnaire’(Appendix D). 
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8.7 Result and Discussion 

8.7.1 Results 。f sickness ratings and symptoms in five different levels 。f

scene vel。city

8.7.1.1 Effects 。f scene velocity and durati。n 。n nausea ratings 

A two factors (scene velocity * duration) ANOVA was performed for the 

dependent variable of nausea ratings (see Appendix Q: Table Q.1 ）.丁here was 

no significant interaction between the two factors (F(24,385)=0.79, p=0.7515). 

The five different scene velocities were significantly different in nausea ratings. A 

post-hoc Student Newman Keuls (SNK) test showed that scene velocity level 

4(average translational velocity = 4.4333, average rotational velocity =4.6791) 

and scene velocity level 5(average translational velocity =11.0832, average 

rotational velocity = 11.6976) were not significantly different from each other but 

significantly different form the scene velocity level 3 (average translational 

velocity = 2.7665, average rotational velocity =2.902), scene velocity level 

2{average translational velocity = 2.0113, average rotational velocity = 2.1064) 

and scene velocity level 1 (average translational velocity = 1.5765, average 

rotational velocity = 1.6178). In addition, the SNK test also illustrated that scene 

velocity level 3, level 2 and level 1 were not significantly different from each other 

(see Appendix Q: Table Q.2). Nine subjects withdrew from the experiment before 
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the end of the experiment because they suffered from 'moderate nausea’(6 on 

the scale of Appendix C). Five out of those nine subjects were participating in the 

scene velocity level 4, three in the scene velocity level 5 and 1 in the scene 

velocity level 3. 丁his suggested that simulation with average translational velocity 

=11.0832 and average rotational velocity = 11.6976 was more nauseogenic than 

other conditions of this experiment. For the purpose of data analysis, after a 

subject withdrew from the experiment, a nausea rating of 6 was assigned until 

the end of the simulation. Besides, the values of apparent self“ motion ratings of 

the time they withdrew were assigned until the end of the simulation. 

Duration anticipated significant effect on nausea ratings (f (6,385)=29.12, 

p=0.0001) (see Appendix Q : Table Q.1 ). On the whole, the SNK test showed 

that nausea ratings were significantly different after 10 minutes (see Appendix Q: 

Table Q.3). Besides, by investigating the effect of duration on nausea ratings of 

each condition individually, the mean nausea ratings increased significantly with 

exposure duration in all conditions (see Appendix Q: Table Q.4a ＆丁able Q.4b). 

Although the increases were not significant even after 25 minutes of simulation in 

all condition. The mean nausea ratings as function of exposure duration with 

stand derivation of the 5 conditions are shown in Figure 8.1 
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Figure 8.1 Mean nausea ratings as function of exposure duration with stand 

derivation of the 5 different scene velocity conditions 

8.7.1.2 Effects of scene velocity and durati。n 。n apparent self-motion 

ratings 

A two factors (scene velocity * duration) ANOVA was performed for the 

dependent variable of apparent self-motion ratings (see Appendix Q: Table Q.5). 

There was no significant interaction between the two factors (F(24,385)=0.47, 

p=0.9862). The five different scene velocities were significantly different in 

apparent self-motion ratings (f (4,385)=5.13, p=0.0005). A post-hoc Student 

Newman Keuls (SNK) test showed that scene velocity level 4(average 

translational velocity = 4.4333, average rotational velocity = 4.6791) and scene 
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velocity level S(average translational velocity =11.0832, average rotational 

velocity = 11.6976) we陪 not significantly different from each other but 

significantly different form the scene velocity level 3 (average translational 

velocity 巳 2.7665, average rotational velocity = 2.902), scene velocity level 

2(average translational velocity = 2.0113, average rotational velocity = 2.1064) 

and scene velocity level 1 (average translational velocity = 1.5765, average 

rotational velocity = 1.6178). In addition, The SNK test also showed that scene 

velocity level 3, level 2 and level 1 were not significantly different from each other 

(see Appendix Q: Table Q.6). 

Duration anticipated significant effect on apparent self-motion ratings 

(F(6,385)=33.79, p=0.0001) (see Appendix Q ：丁able Q.5). On the whole, the 

SNK test showed that apparent self” motion ratings were significantly different 

after 5 minutes (see Appendix Q: Table Q.7). Besides, by investigating the effect 

of duration on apparent self-motion ratings of each condition individually, the 

mean apparent self-motion ratings increased significantly with exposure duration 

in all conditions (see Appendix Q: Table 8a ＆丁able 8b). However the increases 

were not significant even after 25 minutes of simulation in all condition. 丁he

mean apparent self回motion ratings as function of exposure duration with stand 

derivation of the 5 conditions are shown in Figure 8.2. 
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Figure 8.2. Mean apparent self-motion ratings as function of exposure duration 

with stand derivation of the 5 different scene velocity conditions 

Scene velocity showed significant effect on nausea and apparent self-motion 

ratings, nausea ratings showed a strong correlation with apparent self” motion 

ratings (r=0.81267, p=0.0001). It indicated that the higher the perception of 

vection, the VR users would suffer higher rated level of nausea and vice versa. It 

confirmed the senso叩 conflict theo印，
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8.7.1.3 C。mparing the sickness sympt。ms and pr。files am。ng the five 

different levels 。f scene velocity 

The numbers of subjects who repo同ed any symptom before and after the 

experiment (5 conditions) are shown in the following figures. Figure 8.3a 

presents the Nausea sub-scale, Figure 8.3b illustrates the Oculomotor sub-scale 

while the Disorientation sub-scale is described in Figure 8.3c. Figure 8.3d points 

out the 12 symptoms of the symptom checklist that are not classified in the three 

sub-scales. 
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Comparing the ‘general discomfort' with other symptoms in Nausea sub·心cale

(see Figure 8.3a), it was the mostly repo民ed symptom (more subjects suffered 

from it after the experiment). Besides,‘difficulty concentrating' was the second 

most frequently repo付ed. Figure 8.3b shows that ‘general discomfo『t’ and

'fatigue’ were frequently repo同ed in all conditions. Figure 8.3 c illustrates that 

'difficulty focus' and ‘fullness of the head' were frequently reported symptoms in 

the Disorientation sub心cale. Figure 8.3d describes that 'boredom’ and 

‘drowsiness’ were also frequently repo同ed.

Figure 8.4 illustrates the pre嗣immersion, post” immersion and change sickness 

profiles (difference between pre and post) for all subjects in the experiment (5 

conditions). The descriptive statistics is shown in Appendix Q: Table Q.9. By 

investigating the pre” immersion profile, there were no significant differences on 

Nausea sub” score (N}, Oculomotor sub-score (0), Disorientation sub嗣score (D) 

and Total Sickness Score (TS) among the 5 different levels of scene velocity （时：

F(4,55}=0.16, p=0.9596; 0: F(4,55)=0.24, p=0.9150; D: F(4,45)=0.62, p=0.6495; 

TS: F(4,45)=0.06, p=0.9937, see Appendix Q: Table Q.10, Q.11, Q.12, Q.13 

respectively). This result indicated that, subjects in different conditions were 

equally healthy before participating in the experiment. By comparing the post恤

immersion with pre” immersion sickness profiles of each condition, the sub” score 

of Nausea (N), Oculomotor (0), Disorientation (D) and Total Sickness score (TS) 

were significantly different (see Appendix Q: Table Q.14, Q.15, Q.16 & Q.17). 
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丁he result showed that after the 30 minutes virtual guided tour simulation, the 

subjects felt uncomfortable. 

严
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velocity scene different five the 。fsickness 
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The sickness profiles were distinguishable between the 5 conditions. Table 8.3 

summarizes the ranking of the three sub” scores of each condition. 
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丁able 8.3 Ranking of Nausea, Oculomotor and Disorientation sub-scores for 

the 5 different scene velocity conditions 

Scene velocity Ranking of Nausea (N), Oculomotor (0) and Disorientation (D) 

sub-scores 

Level 1 D (mean: 31.3200) > 0 (mean: 29.6883) > N (mean: 18.2850) 

Level2 0 (mean: 32.8467) > N (mean: 27.0300) > D (mean: 26.6800) 

Level3 。（mean: 24.3600) > N (mean: 23.8500) > 0 (mean: 22. 1080) 

Level4 N (mean: 50.8800) > D (mean: 40.6000) > 0 (mean: 35.3733) 

Level5 D (mean: 47.5600) > N (mean: 38.9550) > 0 (mean: 30.3200) 

According to the table, the sickness profiles may be related to the scene velocity. 

Different scene velocities may give different sickness profiles. Scene velocity 

level 5(average translational velocity =11.0832, average rotational velocity 口

11.6967) and scene velocity level 3 (average translational velocity = 2.7665, 

average rotational velocity = 2.902) showed similar sickness profiles (D>N>O), 

but the values of the three sub唰scores in scene velocity level 5 were higher than 

those of scene velocity 3. Table 8.4 summarizes the ran挝ng of Total Sickness 

score (TS) of the change profiles among the 5 different scene velocity conditions. 
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丁able 8.4 Ranking of Total Sickness Score (TS) of the change profiles among 

the 5 different scene velocity conditions 

Order Scene velocity with the value of the 

Total Sickness Score (TS) in the 

change profiles 

Level 4 （丁S = 45.8150) 

2na Level 5 (TS = 45.5033) 

3『α Level 2 （丁S = 33.9717 

4m Level 1 （丁S = 30.2317) 

5m Level 3 (TS= 26.8033) 

Further, The results of ANOVA reported that scene velocity did not show 

significant effect in Nausea (N), Oculomotor (0), Disorientation (0) sub-scores 

and the Total sickness score (TS) on the change sickness profiles (N: 

F(4,55)=2.04, p=0.1021; 0: F(4,55)=0.61, p=0.6600; D: F(4,55)=1.21, p=0.3191; 

TS: F(4,55)=1.1, p=0.3639; see Appendix Q : Table Q.18, Q.19, Q.20, & Q.21 ). 

8. 7.2 The moti。n sickness hist。ry questionnaire results 

Questi。n 1 of the motion sickness history questionnaire (Appendix K), asked the 

percentage that the subjects having experienced motion sickness while travelling 

as a passenger in car/taxi, buses, cross-fer叩， jet-foil, train (MTR/KCR) and 
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motion 

sickness while travelling as a passenger in these different types of transpo同 are

shown in Figure 8.5 while Table 8.5 illustrates the number of subjects showing 

the corresponding symptoms experienced while travelling as passenger in these 

different type of transports. 
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Table 8.5 

Types of 

transport 

Carsffaxis 

Buses 

Cross嗣ferry

Jet-foil 

丁rains

(M丁R/KCR)

Elevators 

Number of subjects (Experiment two) showing the corresponding 

symptoms when they were suffering from motion sickness in 

different type of transpo民

Numbers of subjects showing the corresponding symptoms when 

they were suffering from motion sickness in this type of transport 

Sweating Nausea Dizziness Headache Vomiting 

4 15 2 。

2 7 19 5 。

4 6 15 。 。

2 7 12 2 。

。 2 6 。

。 5 2 。

In general, over 60% of the subjects did not experience motion sickness in 

cars/taxis, buses, cross” .ferry, jet-foil, trains and elevators in the past 12 months 

respectively. For those who experienced motion sickness in these transports, the 

most frequently rep。同ed option was ’1% - 10%’ and the percentage was: 87.5 % 

in car/taxis; 84% in buses; 90% in cross” ferry; 72% in jet斗oil, 100% in trains and 

83% in elevators. Besides, Table 8.5 illustrates that 'Dizziness’ was the most 

frequently rep。rted symptom in all types of transpo忧
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Question 3 of the motion sickness history questionnaire measured the subjects' 

motion sickness susceptibility. It classified subjects into 5 different groups: 'Not 

at all’;‘Slight’;‘Moderately';‘Very’; and 'Extremely’. Table 8.6 summarizes the 

numbers of subjects being classified into different groups of motion sickness 

susceptibility of each condition individually. 

Table 8.6 

Scene 

velocity 

Level 1 

Level2 

Level3 

Level4 

Level5 

Numbers of subjects (Experiment two) being classified into different 

groups of motion sickness susceptibility of each scene velocity 

condition individually 

Numbers of subjects being classified into different groups of motion 

sickness susceptibility 

Not at all Slight Moderately Very Extremely 

9 2 。 。

9 2 0 。

9 2 。 。

9 2 。 。

2 8 2 。 。

The results of question 3 indicated that, the motion sickness susceptibilities of 

the 5 conditions were about the same. Correlation was performed between the 

score of motion sickness susceptibility and the nausea ratings after 30 minutes of 

the simulation (highest nausea ratings). The correlation coefficient r=0.19282 
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with p=0.1391, it suggested that there was no significant correlation between 

nausea ratings and motion sickness susceptibility. 

8.7.3 The simulation assessment results 

Analysis of variance were carried out, the scene velocity did not show a 

significant effect in the answers to question 1 (Q1: Did you feel you were moving 

during the experiment?), the answers to question 2 (Q2: How uncomforted of 

HMO?), the answers to question 3 (Q3: How completely did you believe you were 

part of virtual environment?) and the answers to question 5 (Q5: How excited do 

you feel after the experiment?), (Q1 :F侣，55)=0.57, p=0.6836; Q2: F(4,55)=1.22, 

p=0.3125; Q3: F件，55)=1.81, p=0.1409; Q5: F侣，55)=1.15, p=0.3418).But the 

scene velocity anticipated significant effects on the answers to question 4 (Q4: 

How flat and missing in depth did the world appear?) (F(4,55)=2.57, p=0.0481) 

and the answers to question 6 (Q6: How real was the graph simulation?) 

(F(4,55)=3.1, p=0.0255). The ANOVA results were summarized in Appendix Q: 

丁able Q.22. 

In addition, correlation was performed among the answers to the 6 questions with 

the nausea ratings and apparent self-motion ratings after 30 minutes of the 

simulation. The answer to question 1 (Q1: Did you feel you were moving during 

the experiment?) showed a strong correlation with nausea ratings and apparent 
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self” motion ratings after 30 minutes of the simulation (r= 0.6832, p=0.0001; r= 

0.8783, p口0.0001 respectively）.丁his result confirms the senso叩 conflict theo『y

once more - the stronger the perception of vection, the higher the rated level of 

cybersickness. Besides, although the correlation coefficient ( r ) between the 

answers to question 3 (Q3: How completely did you believe you were pa时 of

virtual environment?) and the answers to question 1 (Q1: Did you feel you were 

moving during the experiment?) was equal to 0.44517, the p value was 0.0004. It 

suggested that the higher the pe陀eived sense of presence in the virtual 

environment, the higher the perception of apparent movement. 

8.8 Summary 

Over the 30 minutes immersive VR simulation presented via a head-mounted 

display, both nausea ratings and apparent self-motion ratings increased with 

exposure duration. Levels of cybersickness (nausea) increased significantly 

(p<0.001) with increasing scene velocity (e.g. 3.4m/s r.m.s. to 24 m/s r.m.s. in 

fore-and-aft axis). Besides, nausea ratings showed a strong correlation with 

apparent self-motion ratings (r=0.81267, p=0.0001 ). It indicated that higher 

perception of vection can cause higher rated level of nausea in VR users. This is 

consistent with the senso叩 conflict theo叩·

The results of motion sickness questionnaires suggested that there were no 

correlated relationship between the level of repo此ed nausea ratings and the self-

寸
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rated susceptibility of motion sickness. 丁his agrees with the finding of Experiment 

one. 

Analysis of pre and post immersive symptom checklist suggested that the 

sickness profiles might be functions of scene velocity. In addition, the levels of 

apparent self吁notion cease to increase after a critical value of scene velocity 

(e.g. about 25m/s for translational scene movement). There is a trend for the 

Disorientation sub-score to increase with increasing scene velocity. A possible 

reason is that, when the scene is moving in a very high velocity, people cannot 

see what is being presented in the scene clearly and cause dizziness and 

vertig。. Since, dizziness and vertigo are within the Disorientation sub-score, 

therefore, the score increases as scene velocity increases. 

The results of the simulation assessment questionnaires indicated that the higher 

the rated levels of sense of presence in the virtual environment, the higher the 

rated levels of apparent movement ( or illusion of movement). 

All in all, the result of this experiment has confirmed that scene velocity can 

significantly influence the nausea levels resulted from cybersickness occurrence. 
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Chapter 9 Studies of effects of scene complexity 。n

cybersickness with a head田coupled virtual reality 

system (Experiment three) 

9.1 Purp。se 。f this experiment 

Scene complexity is one of the two main components of the proposed 'spatial 

velocity’ metric for quantifying scene movement. It is impo批ant to conduct an 

experiment to confirm that scene complexity will influence the level of 

cybersickness. 

9.2 Objective and hyp。thesis

An experiment was conducted to study the effects of scene complexity on 

cybersickness. The specific objective was to determine the relationship between 

scene complexity and the rated level of cybersickness. It is hypothesized that the 

higher the visual scene complexity will produced higher rated level of 

cybersickness. 
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9.3 Dependent and independent variables 

In this study, two independent variables were: (i) duration of exposure to virtual 

reality simulation (0 to 30 minutes), (ii) scene complexity (3 different levels: high, 

medium and low). Table 9.1 summarizes the spatial frequencies, scene velocities 

and spatial velocities of the three conditions. The scene velocities of the 3 

conditions were the same. 丁he time history curves of scene displacements and 

scene velocities of the 3 conditions are shown in Appendix 0. Five representative 

snapshots of the 3 different scene complexity conditions are shown in Figure 9.1, 

9.2 and 9.3 respectively. 

Picture I Picture II Picture Ill 

Picture IV Picture V 
Figure 9.1 Five representative snapshots of high scene c。mplexity condition 
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Picture I Picture II Picture Ill 

Picture IV Picture V 
Figure 9.2 Five representative snapshots of medium scene complexity 

condition 

Picture I Picture II Picture Ill 

Picture IV Picture V 
Figure 9.3 Five representative snapshots of low scene complexity condition 
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Table 9.1 Spatial frequencies, scene velocities and spatial velocities of the 

three scene complexity conditions 

Level of scene complexity 

High Medium Low 

r.m.s scene 丁ranslational X-axis 9.5944 

velocity [v] (m/s) Y-axis 3.1137 

Z-axis 0.5919 

Rotational Roll 1.4143 

(deg/s) Pitch 1.6331 

Yaw 10.9898 

Spatial Horizontal (cyc/deg) 0.1556 0.03358 0.00338 

frequency [SF] Vertical (cyc/deg) 0.1338 0.03038 0.0002 

Radial (cyc/deg) 0.2086 0.04588 0.00338 

Spatial 丁ranslational X-axis 2.0014 0.44019 0.03243 

Velocity [SV] ( cyc-m/s,deg) Y-axis 0.4844 0.10456 0.01052 

Z” axis 0.0792 0.01798 0.00012 

Rotational Roll 0.2950 0.0649 0.0048 

(cyc/s) Pitch 0.2186 0.0496 0.0003 

Yaw 1.7096 0.3690 0.0371 

Average translational scene velocity 

(m/s) [X-axis+Y蝇axis+Z-axis]
4.4333 

Average rotati。nal scene velocity 

(deg/s) [Pitch+Yaw+Roll] 
4.67907 

Average translational spatial velocity 

( cyc-m/s-deg) [X-axis+ Y-axis+Z-axis] 
0.8550 0.18758 0.01436 

Average rotational spatial velocity 

(cyc/s) [Pitch+Yaw+Roll] 
0.74106 0.16118 0.01408 
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During the virtual guided tour simulation, subjects would travel through a virtual 

city passively on a pre-determined close loop path. The motion of the path 

contained movement in x (fore-and-a町， y (lateral), z (ve民ical), pitch, yaw and roll 

axes. 

The simulation took place in a darkened environment so that the only visual 

stimulus came from the VR4 head” mounted display. The laboratory was air­

conditioned in order to eliminate the temperature and ventilation variables. The 

temperature of the room was kept at about 23°C and the relativity humidity was 

about 58%. 

The dependent variables were: (i) the level of sickness 「ating, (ii) level of 

apparent self-motion (vection) ratings, (iii) sickness symptoms and (iv) rated 

realism of simulation. A motion sickness histo叩 questionnaire (Appendix K) was 

used to estimate subjects’ susceptibility to motion sickness国丁he questionnaire 

was developed by R.H.Y. So and Colleen Finney and has been used in an 

internal course project in the IEEM department of HKUS丁（1997).

日efore the simulation, subjects were asked to complete a symptom checklist 

containing 27 items (adapted from Kennedy et al., 1993, see Appendix 8). After 

the simulation, subjects were required to fill out this checklist again to compare 

repo此ed symptoms before and after simulation. 
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A seven point subjective rating scale (adapted from Golding and Kerguelen, 

1992) was used to measure the level of unpleasant feeling during the simulation 

(see Appendix C). This scale ranged from ‘no symptom’ to 'moderate nausea’ 

scale. A four point subjective r挝ing scale (see Chaper 8：丁able 8.2) was used to 

measure the level of apparent self-motion (vection) during the virtual simulation. 

After the 30 minutes experiment, the realism of the virtual environment was 

measured using a simulation assessment questionnaire (modified from Regan 

and Price, 1993a, see Appendix D). 

9.4 Apparatus and virtual reality s。ftware

The simulation was developed using a virtual reality authoring software (dVISE) 

running on a Silicon Graphics ONYX2 w。rkstation. 丁he general arrangement of 

experimental apparatus is described in Chapter 7: Figure 7.3. A Polhemus 3-

SPACE magnetic tracker was used to measure head position and orientation at 

30 samples per second. This tracker was m。unted on top of a head-mounted 

display (VR4: 48。 horizontal 36。 ve同ical).

Same visual scenes were presented to both eyes and the images completely 

overlaid each other (i.e. biocular images). The images were focused at around 2 

feet in front of the display and were continuously updated according to head 
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orientation at 30 frames per second. The weight of the head-mounted display 

was 0.935kg and the pixel resolution was 742 (horizontal) 230 (ve此ical).

9.5 Visual scene content of the simulati。n

During the 30 minutes simulation, the visual scene of high complexity condition 

consisted of some buildings, several railways, power lines, a train station, trains, 

workers, some billboards, bridges, grasslands, traffic lights and a blue sky with 

some white clouds. 

The visual scene of medium complexity condition consisted of some building, 

lands, a bridge and a blue sky. 

The visual scene of low complexity condition consisted some buildings, lands 

and a blue sky. The color of the buildings, lands were about the same (pale 

blue). 

9.6 Method and Design 

Thirty-six male Chinese volunteers pa刘icipated in the experiment. They were 

staffs and students of the Hong Kong University of Science and 丁echnology

(age: 19 to 39）.丁hey were randomly assigned to one of the 3 conditions. Each 

condition had 12 subjects pa刘icipated. 丁hree levels of scene complexity were 

investigated in this experiment: The spatial frequencies, scene velocities and 
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spatial velocities of the 3 conditions are summarized in Table 9.1. All 

experimental procedures were the same in the 3 conditions, except the scene 

complexity. During each condition, subjects would be exposed to a 30 minutes 

virtual reality simulation. Before the subjects pa民icipated the experiment, they 

were asked to complete a colorblindness test and a motion sickness history 

questionnaire. All subjects received HK$50 to compensate for their time. 

丁he 36 subjects were briefed about the experiment and were then asked to read 

and sign a consent form. They were informed that they could withdraw from the 

experiment at any time on request and under no obligation to give reasons for 

withdrawal or to attend again for experimentation. At the beginning of the 

experiment, subjects were asked to rest for five minutes to minimize any 

unwanted influence from previous activities. The subjects were then required to 

complete a 'sickness symptom checklist,’ adapted from Kennedy ( 1993) 

(Appendix B). The inter pupilla叩 distance of the subjects was measured prior to 

their data sessions so that the distance between left and right display 。f the 

head” mounted display (HMD) could be adjusted accordingly. Subjects would 

then put on the HMD and one minute practice was given to the subjects to 

familiarize themselves with the equipment. During this one minute practice, 

subjects were allowed to move their heads to inspect the virtual environment that 

they were ‘immersed’ in. Subjects remained seated throughout the simulation. 

The chair they sat had a back-rest, a lumber support and two arm-rests. Before 

the simulation, the height of the chair was adjusted according to the subjects’ 
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preference. In this study, the scene motions were controlled du 「ing the 30 

minutes of the simulation. At 30 seconds intervals from the start of the simulation, 

subjects were asked verbally to turn their heads to the right (about 55°～65。） and 

then face straight again. Further 30 seconds they were verbally asked to turn 

their heads to the left (55°~65°) and then face straight again. 丁hese kind of 

discrete head movements were repeated over the whole 30 minutes simulation. 

At five-minute intervals from the start of the simulation, subjects were verbally 

asked to rate their symptoms of nausea on a seven” point nausea scale 

(Appendix C) and level of apparent self-motion (vection) on a four-point scale 

(Chapter 8: Table 8.2). After the simulation session, the subject were asked to 

complete another ‘sickness symptom checklist' and a ‘simulation assessment 

questionnaire' (Appendix D). 
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9. 7 Result and Discussion 

9.7.1 Results of sickness ratings and symptoms in three different levels 。f

scene complexity 

9.7.1.1 Effects 。f scene complexity and durati。n 。n nausea ratings 

A two factors (scene complexity * duration) ANOVA was performed for the 

dependent variable of nausea ratings (see Appendix R: Table R.1 ）.丁here was 

significant interaction between the two factors (F(12,231 )=1.84, p=0.0426）.丁he

ANOVA result illustrated that, scene complexity anticipated significant effect on 

nausea ratings (F(2,2321 )=34.48, p=0.0001 ). The 3 scene complexities were 

significantly different from each other (see Appendix R：丁able R.2). The mean 

nausea rating of high scene complexity condition was 2.0476, while 0.9167 in 

medium scene complexity condition and 0.2262 in low scene complexity 

condition. This results pointed 。ut that increase in scene complexity would lead 

to significant increase in rated level of nausea ratings. Five subjects withdrew 

from the experiment before the end of the experiment because they suffered 

from ‘moderate nausea’(6 on the scale of Appendix C). These five subjects were 

participating in the high scene complexity condition. For the purpose of data 

analysis, after a subject withdrew from the experiment, a nausea rating of 6 was 

assigned until the end of the simulation. Besides, the values of the apparent self-

118 



motion ratings of the time they withdrew were assigned unit the end of the end of 

the simulation. 

Duration anticipated significant effect on nausea ratings (F(2,231 )=1 O, p=0.0001) 

(see Appendix R : Table R.1 ). On the whole, the SNK test showed that nausea 

ratings were significantly different after 10 minutes of the simulation (see 

Appendix R：丁able R.3). Besides, by investigating the effect of duration on 

nausea ratings of each c。ndition individually, the mean nausea ratings increased 

significantly with exposure duration in all conditions (see Appendix R: Table R.4a 

＆丁able R.4b). The on-set of significant effect on nausea ratings in high scene 

complexity condition was after 10 minutes of the simulation, 10 minutes in 

medium scene complexity condition and after 25 minutes in low scene complexity 

condition. Although the increases were not significant even after 25 minutes of 

simulation in all conditions. The mean nausea ratings as function of exposure 

duration with stand derivation of the 3 conditions are shown in Figure 9.4 
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Minutes after the start of the experiment 
Figure 9.4 Mean nausea ratings as function of exposure duration with stand 

derivation of the 3 different scene complexity conditi。ns

9.7.1.2 巨ffects of scene c。mplexity and durati。n on apparent self-motion 

ratings 

A two factors (scene complexity * duration) ANOVA was pe付ormed for the 

dependent variable of apparent self-motion ratings (see Appendix R: Table R.5). 

There was significant interaction between the two factors (F(12,231 }=2.6, 

p=0.0029). Besides, the 3 different scene complexities were significantly different 

in apparent self-motion ratings (F(2,231 )=61.71, p=0.0001 ). A post” hoc Student 

Newman Keuls (SNK) test showed that high scene complexity condition (mean of 

apparent self-motion rating = 1.2976) were significantly different from median 
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scene complexity condition (mean of apparent self-motion rating = 0.3333) and 

low scene complexity condition (mean of apparent self-motion rating = 0.2262). 

In addition, The SNK test also showed that medium scene complexity condition 

was not significantly different from low scene complexity condition on apparent 

self-motion ratings (see Appendix R: Table R.6). 

Duration anticipated significant effect on apparent self” motion ratings 

(F(6,231)=9.37, p=0.0001) (see Appendix R: Table R.5). On the whole, the SNK 

test showed that apparent self“ motion ratings were significantly different after 5 

minutes (see Appendix R: Table R.7). Besides, by investigating the effect of 

duration on apparent self-motion ratings of each condition individually, the mean 

apparent self-motion ratings increased with exposure duration in all conditions. 

But the increase was significant only in high scene complexity condition (see 

Appendix R: Table R.8a & Table R.8b). Although the increase was not significant 

even after 20 minutes of the simulation. In addition, the mean apparent self” 

motion ratings as function of exposure duration with stand derivation of the 3 

conditions are shown in Figure 9.5. Scene complexity showed significant effect 

on nausea and apparent self-motion ratings, nausea ratings showed a strong 

correlation with apparent self” motion ratings (r=B.6235, p=0.0001 ). 
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Figure 9.5 Mean apparent self-motion ratings as function of exposure duration 

with stand derivation (SD) of the 3 different scene complexity 

conditions 

9.7.1.3 Comparing the sickness symptoms and profiles among the three 

different levels of scene complexity 

The numbers of subjects who repo阶ed any symptom before and after the 

experiment (3 conditions) are shown in the following figures. Figure 9.6a 

presents the Nausea sub-scale, Figure 9.6b illustrates the Oculomotor sub-scale 

while the Disorientation sub-scale is described in Figure 9.6c. Figure 9.6d points 

out the 12 symptoms of the symptom checklist that are not classified in the three 

sub-scales. 
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Comparing the 'general discomfort' with other symptoms in Nausea sub-scale 

(see Figure 9.6a). It was the mostly repo付ed symptoms (more subjects suffered 

from it after the experiment). Besides,‘difficulty concentrating’ was the second 

most frequently repo付ed symptom. Figure 9.6b shows that 'general discomfort' 

and 'fatigue’ were frequently repo民ed in all conditions. Figure 10.6c illustrates 

that 'difficulty focus' and 'fullness of the head' were frequently repo内ed symptoms 

in the Disorientation sub-scale. Figure 9.6d illustrates that ‘boredom’ and 

'drowsiness’ were also frequently repo付ed.

Figure 9.7 illustrates the pre-immersion, post-immersion and change sickness 

profiles (di何erence between pre and post) for all subjects in the experiment (3 

conditi。ns）.丁he descriptive statistics are shown in Appendix R：丁able R.9. By 

investigating the pre-immersion profile, there were not significantly different on 

Nausea sub-score (N), Oculomotor sub-score (0), Disorientation sub” score (D) 

and Total Sickness Score （丁S) among the 3 different levels of scene complexity 

(N: F(2,33)=0, p=1; 0: F(2,33)=1.09, p=0.3465; D: F(2,33)=1.06, p=0.3564; TS: 

F(2,33)=0.90, p=0.4171, see Appendix R：丁able R.10, R.11, R.12, R.13 

respectively). This result indicated that, subjects in different conditions were 

equally healthy before pa叫cipating in the experiment. By comparing the post 

immersion with pre-immersion sickness profiles of high and medium scene 

complexity conditions individually, the sub幢score of Nausea (N), Oculomotor (0), 

Disorientation (D) and Total Sickness score (TS) were significantly different (see 

Appendix R：丁able R.14, R.15, R.16 ＆民17). While in the low scene complexity 
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condition, Nausea (N), Oculomotor (0) sub” scores and 丁otal sickness score 

were significant different between the pre and post immersion. But the pre and 

(F(1,22)=2.20, not significantly different sub国scoreDisorientation post were 

virtual guided tour minutes 30 result showed that after the 

simulation, it made subjects feel unc。mfortable.

p=0.1522). The 
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The change sickness profiles were distinguishable between the 3 conditions. 

丁able 9.2 summarizes the ranking of the three sub” scores for each conditions. 
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丁able 9.2 

Scene 

Ranking of Nausea, Oculomotor and Disorientation sub“ scores for 

the 3 scene complexity conditions 

Ranking of Nausea (N), Oculomotor (0) and Disorientation (D) 

complexity sub” scores 

High N (mean: 50国8800) > D (mean: 40.6000) > 0 (mean: 35.3733) 

Medium D (mean: 26.6800) > 0 (mean: 25.2667) > N (mean: 23.0550) 

Low 0 (mean: 7.5800) > N (mean: 6.3600) > D (mean: 2.3200) 

According to the table, the shape of sickness profiles may be related to the level 

of scene complexity. Different scene complexity may give different sickness 

pr。files.

Table 9.3 summarizes the ranking of Total Sickness score (TS)of the change 

profiles among the 3 different scene complexity conditions. 

Table 9.3 Ranking of Total Sickness score (TS) of the change profiles among 

the 3 different scene complexity conditions 

Order Level of scene complexity with the 

value of the Total Sickness score （丁S)

of the change profiles 

High (TS= 45.8150) 

2nd Medium (TS = 28.3617) 

3rd Low (TS = 6.8567) 
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In addition, the results of ANOVA reported that scene complexity anticipated 

significant effect in Nausea (N}, Oculomotor (0), Disorientation (0) sub蛐scores

and the Total Sickness score (TS) in the change sickness profiles (N: 

F(2,33}=7.05, p=0.0028; 0: F(2,33}=4.12, p=0.0253; D: F(2,33)=5.2, p=0.0109; 

TS: F(2,33}=5.82, p=0.0068; see Appendix R: Table R.18, R.19 R.20 & R.21). 

Post-hoc SNK tests showed that high scene complexity condition led to high 

Nausea, Oculomotor and Disorientation problems to the subjects (see Appendix 

R Table R.22, R.23, R.24 and R.25 respectively). Besides, the low scene 

complexity condition introduced less Nausea, Oculomotor, and Disorientation 

problem to the subjects compared with the high and medium scene complicity 

conditi。ns.

9. 7 .2 The motion sickness hist。ry questionnaire results 

Question 1 of the motion sickness history questionnaire (Appendix K}, asked the 

percentage that the subjects have experienced motion sickness while travelling 

as a passenger in car/taxi, buses, cross-ferry, jet-foil, train (MTR/KCR) and 

elevators in the past 12 months. The number of subjects showing motion 

sickness while travelling as a passenger in these different types of transpo民 are

shown in Figure 9.8 while 丁able 9.4 illustrates the number of subjects showing 
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丁able 9.4 

Types of 

transport 

Cars!Taxis 

Buses 

Cross” ferry 

Jet”foil 

丁rains

(MTR/KCR) 

Elevators 

Number of subjects showing the corresponding symptoms while 

they suffering from motion sickness in different type of transp。此

Number of subjects showing the corresponding symptoms while 

they SU仔ering from motion sickness in this type of transpo内

Sweating Nausea Dizziness Headache Vomiting 

。 2 5 。

2 5 6 2 。

2 4 10 3 

。 2 6 。 。

。 。

。 。 。

In general, over 55% subjects did not experience motion sickness in cars/taxis, 

buses, cross-ferry, jet嗣foil, trains and elevators in the past 12 months 

respectively. For th。se who experienced motion sickness in these transpo此s, the 

most frequently repo同ed option was ’1% - 10%’ and the percentage were: 100 % 

in car/taxis; 91.7% in buses; 93.8% in cross-ferry; 90.9% in jet-foil, 100% in trains 

and 100% in elevators. 丁able 9.5 illustrates that ‘Dizziness’ was the most 

frequently repo民ed symptom in all types of transpo比

Question 3 of the motion sickness history questionnaire measured the subjects’ 

motion sickness susceptibility. It classified subjects into 5 different groups:‘Not at 
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all’；‘Slight’；‘Moderately’；‘Ve旷； and ‘Extremely＇.丁able 9.5 summarizes the 

numbers of subjects being classified into different groups of motion sickness 

susceptibility of each condition individually. 

丁able 9.5 

Scene 

complexity 

High 

Medium 

Low 

Numbers of subjects being classified into different groups of motion 

sickness susceptibility of each scene velocity condition individually 

Numbers of subjects being classified into different groups of motion 

sickness susceptibility groups 

Not at all Slight Moderately Very Extremely 

9 2 。 。

9 2 。 。

1 9 2 。 。

The results of question 3 indicated that, the motion sickness susceptibilities of 

the 3 conditions were about the same. Correlation was pe付ormed between the 

score of motion sickness susceptibility and the nausea ratings 30 minutes of the 

simulation. The correlation coefficient r=0.0512 with p=0.766, it suggested that 

there was no significant correlation between nausea ratings and motion sickness 

susceptibility. 
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9.7.3 The simulati。n assessment results 

Analysis of variance was carried out, the scene complexity did not show 

significant effect on the answers to question 2 (Q2: How uncomforted of HMO?) 

(F(2,33)=1.34, p=0.2764). But scene complexity anticipated significant effects on 

the answers to question 1 (Q1: Did you feel you were moving during the 

experiment?), the answers to question 3 (03: How completely did you believe 

you were pa民 of virtual environment?), the answers to question 4 (Q4: How flat 

and missing in depth did the world appear?), the answers to question 5 (QS: How 

excited do you feel after the experiment?), and the answers to question 6 (Q6: 

How real was the graph simulation?) (Q1:F(2,33)=10.83, p=0.0002; Q3: 

F(2,33)=11.59, p=0.0002; Q4: F(2,33)=6.48, p=0.0042; QS: F(2,33)=3.59, 

p=0.0389; Q6: F(2,33)=47.75, p=0.0001). The ANOVA results are summarized in 

Appendix R: Table R.26 and the SNK results .are illustrated in Appendix R: Table 

R.27. In conclusion, in the high scene complexity condition, subjects perceived 

higher level of vection and sense of presence in the virtual environment. Beside 

the rated level of realism in the high scene complexity was the highest. It might 

because, in the high scene complexity condition, the buildings were mapped with 

some real pictures of buildings on them. Beside the billboards were mapped with 

some real photos of cars and people, all these might give a stronger sense of 

realism to the scene. 
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In addition, correlation was performed among the 6 questions with the nausea 

ratings and apparent self-motion ratings after 30 minutes of the simulation (see 

Appendix R: Table R.28. the answers to question 1 (Q1: Did you feel you were 

moving during the experiment?) showed a strong correlation with nausea ratings 

and apparent self-motion rating after 30 minutes of the simulation (r= 0.8326, 

p=0.0001; r= 0.9076, p=0.0001 respectively). This result confirms the sensorγ 

conflict theory once more 一 the stronger the perception of vection, the higher the 

rated level of cybersickness. Besides, although the correlation coefficient ( r ) 

between the answers to question 3 (Q3: How completely did you believe you 

were pa忱 of virtual environment?) and the answers to question 1 (Q1: Did you 

feel you were moving during the experiment?) was equal to 0.52053, the p value 

was 0.0013. It suggested that the higher the perception of sense of presence in 

the virtual environment, the higher the perception of moving in a dynamic virtual 

environment. 

Furthermore, 'Believe pa忱 of virtual environment, Q3’ correlated with ‘巨xcitement

Q5’(r=0.6263, p=0.0001; r=0.6671, p=0.001 respectively).‘Flat and missing in 

depth Q4’ showed a negative correlation with ‘Realism of the virtual environment' 

(r=r=0.5879’p=0.0002). Furthermore, 'Excitement, Q5’ correlated with ‘Realism of 

the virtual environment' (r=0.60685, p=0.0001 ). Nausea ratings after the 

simulation were found to be correlated with the rated level of realism (Q5) and 

the sense of presence (Q3) (r=0.51962, p=0.0014; r=0.40023, p=0.0172 
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respectively）.丁his suggests that the realism might be a factor in causing visually蝴

induced cybersickness. Furthe「 investigation of it is desirable. 

9.8 Summary 

Over the 30 minutes immersive VR simulation presented via a head“ mounted 

display, both nausea ratings and apparent sel仁motion ratings increase with 

exposure duration. Besides, increase the scene complexity could significantly 

increase the rated levels of cybersickness (p<0.001 ). Fu此hermore, nausea and 

apparent self-motion ratings showed a significant high correlation (r=0.86235, 

p=0.0001). 

The results of motion sickness questionnaires suggested that there were no 

correlation between the level of reported nausea ratings and scores on motion 

sickness susceptibility. This agrees with the findings of both Experiments one 

and two. 

Analysis of pre and post immersive symptom checklist suggested that the 

sickness profiles could be functions of scene complexity. 丁he Nausea sub-score 

increased with increasing scene complexity 
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Similar to Experiments one and two, the results of the simulation assessment 

questionnaires indicated that the higher the rated levels of sense of presence in 

the virtual environment, the higher the rated levels of apparent movement (or 

illusion of movement). Nausea ratings at 30 minutes of the simulation were found 

to correlate with the rated level of realism of the simulation and the sense of 

presence in the virtual environment. 

All in all, the result of this experiment has confirmed that scene complexity can 

significantly influence the levels of cybersickness. 
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Chapter 10 General Discussion, c。nclusion and 
Recommendations 

10.1 General discussion 

10.1.1 Discussion 。f experimental findings 

As mentioned in Chapters two and three, many studies have reported and 

confirmed that cybersickness is a type of vection-induced motion sickness. 

Although studies concerning cybersickness have been repo民ed, studies 

investigating the fundamental variables such as scene rotational axes were not 

found. In order to determine the cause of sickness, a study of the effects of 

scene movement in different axes is necessa叩. An experiment (Experiment one) 

has been conducted to study the effects of rotational scene oscillations in 

different axes 。n cybersickness (Chapter seven). This experiment also has a 

control condition in which subjects were exp。sed to a head” steered virtual 

environment without scene oscillation. The results of Experiment one showed 

that subjects exposed to a virtual environment with scene oscillation for a 

duration longer than five minutes suffered significant increase in nausea ratings. 

When subjects were exposed to virtual environment without scene oscillation, the 

increase in nausea ratings was significantly lower than those conditions with 

scene oscillations，丁his suggests that cybersickness is mainly caused by scene 

movement and confirms that cybersickness is vection-induced. There was a 
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significant interaction between scene movement and duration on nausea ratings. 

With and without scene movement, the nausea ratings increased with duration, 

but the rate of increase in the present of scene movement was higher than that in 

the absence of scene movement. A possible reason is that, in the presence of 

scene movement, the inconsistent information perceived through the visual 

system (e.g. scene movement) and the vestibular systems (e.g. body and head 

movement) induce symptoms of sickness. This is consistent with the senso叩

conflict theo叩（see Chapter two). As the duration of exposure increased, the 

sickness symptoms accumulated, therefore, both nausea ratings and Simulator 

Sickness Questionnaire (SSQ) scores increased with duration. In the condition 

with no scene movement, there was no visual-vestibular conflict. According to the 

sensory conflict theo叩， there should be no repo时ed sickness symptoms in this 

condition. However, this was not the case because slight levels of general 

discomfort or unpleasant symptoms could have been caused by the mere 

wearing of head-mounted display. As the slight unpleasant symptom 

accumulated over times, so were the nausea ratings (score 2 is the ’unpleasant' 

symptom, however slight, see Appendix C) and SSQ scores (SSQ symptoms 

included general discomfort, see Appendix B). In the condition without scene 

movement, the accumulation of sickness was mainly characterized by general 

discomfort rather than nausea. When sickness data obtained with and without 

scene oscillations were compared, significant differences were found. These 

differences confirmed once more that visual stimulus (e.g. scene oscillations) 

would significantly influence the rated level of cybersickness. Research on 
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cybersickness should, therefore, be concentrated on the effects of visual 

stimulus. However, a review of literature shows that there is no quantitative unit 

to measure visual stimuli in a virtual environment (see Chapters two and three). 

A quantifying unit called ‘Spatial Velocity (SV)' is proposed in Chapters five and 

six to quantify visual stimuli. SV is a metric to measure both the scene complexity 

and the speeds of navigation within a virtual environment (i.e. spatial velocity = 

scene complexity x scene velocity). Algorithms to measure the 'spatial velocity' of 

a virtual reality simulation has been documented and explained in Chapter six. In 

order to verify that the proposed 'spatial velocity' metric is a useful measure of 

scene movement for the study of cybersickness, two experiments were 

conducted. These two experiments studied the effect of scene velocity 

(Experiment two) and scene c。mplexity (Experiment three) on rated level of 

cybersickness (see Chapters eight and nine). The reason for conducting these 

two experiments is that, if 'spatial velocity' is a useful measure to quantify scene 

movement for the studies of cybersickness, both of its c。mponents (i.e. scene 

complexity and scene velocity) should have significant effects on rated levels of 

cybersickness. The results of Experiments two and three suggested that 

increases in either scene velocity or scene complexity would significantly 

increase the nausea ratings and the cybersickness symptoms as measured by 

SSQ. 丁hus 'Spatial Velocity’ is an appropriate quantitative metric to measure 

visual stimuli in a virtual environment. Besides, the results of Experiment three 

showed that, there was a significant interaction between scene complexity and 

duration on nausea and apparent self-motion ratings. 丁his is not surprising as 
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scene movement with higher complexity will cause higher levels of sickness and 

sickness can accumulate with time. Furthermore, nausea and apparent self刷

motion ratings were significantly correlated with each other (0.86235, p口0.0001).

This is consistent with the senso叩 conflict theory in which cybersickness is a 

type of vection-induced motion sickness. According to the senso叩 conflict theory, 

the greater the conflict between the information received from the visual and 

vestibular systems, the higher the level of sickness. Consequently, in the 

condition with higher scene complexity, subjects perceived higher level of vection 

(reflected in the higher rated level of apparent self-motion ratings), which was in 

conflict with the stationa叩 body movement perceived by the vestibular system. 

As a resu扰， sickness occurred. 

10.1.2 

10.1.2.1 

Discussi。n 。n the p。tential applications of the pr。posed

’Spatial Velocity' (SV) metric 

Correlated relationships between ’Spatial Vel。city' and rated 

levels of cybersickness 

The proposed use of SV to quantify visual stimuli in a virtual environment is of 

great importance because it can be used to compare the results of different 

studies. For example, cybersickness studies involve different virtual reality 

simulations can use 'spatial velocity’ as the independent variable and the nausea 
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ratings or the sickness scores as the dependent variables. As a consequent, 

results of different studies can be directly compared. Of course, other factors 

such as field-of” view, stereoscopic presentation, gender of the subjects, will also 

affect the comparison. Nevertheless, this research represents the first step 

towards a universal metric to quantify visual stimuli responsible for the generati。n

of cybersickness. Future research to include the effects of other factors are 

presented in Section 10.2. Example plots of 'Spatial Velocity’(SV) for the 3 

experiments are shown in Figure 10.1 and Figure 10.2. Inspection of Figure 10. 1 

shows that total sickness severity scores increased with increasing SV in both 

fore-and-aft and yaw axes. This confirms that SV do influence the levels of 

cybersickness and can be used as a quantifying metric for virtual scene 

m。vement. 丁he absence of significant effects in other axes could be due to the 

lack of SV in those axes. This explanation is strengthened by the results of 

Experiment one. Inspection of Figure 10.2 showed that an increase in SVs in 

pitch, yaw, and roll axes can also produce a corresponding increase in nausea 

ratings. 
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Figure 10.1 
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Nausea ratings sc。res after 20 minutes exposure 

士 Experiment on scene complexity （缸阳imen叫
L.J Experiment on scene velocity (Experiment 2) 
× 缸阳riment on oscillation ax回（Experiment 1) 

Figure 10.2 Increase in nausea ratings after 20 minutes exposure of virtual 

simulation with different r.m.s. levels of ‘spatial velocity’ in the six 

axes 

10.1.2.2 F。rmulati。n 。f Cybersickness D。se Value (CSDV) 

As noted by a review of literature, the British standard 6841 (BSI, 1987) defines a 

Motion Sickness Dose Value (MSDV) to predict level of seasickness. 丁his MSDV 

uses a vibration stimulus measurement (i.e. vertical ship motion acceleration) to 

predict the percentage of passengers that will feel seasick after a given exposure 

to ship motion. The general form of MSDV is: 
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MSDV = [1 an(t) dt ]11n 

Where 毡’ is the frequency weighted ship motion acceleration in vertical axis (unit: 

ms勺， n is either 2 or 4, and 丁 is the exposure period of ship motion in seconds. 

Griffin and Lawther (1988) repo时ed that vomiting incidence and illness 

magnitude of seasickness were found to be significantly correlated to the root 

mean square magnitude of the vertical z-axis acceleration and duration of 

exposure. 

In a virtual environment, visual stimuli have been identified to have significant 

influence on rated level of cybersickness. Since visual stimuli can be quantified 

by ‘spatial velocity’, so 'spatial velocity’ can be treated as the basic unit to be 

accumulated within a dose value for predicting cybersickness. As a result, it is 

believed that the proposed quantitative metric (‘spatial velocity’) can contribute 

towards the formulation of a Cybersickness Dose Value (CSDV). A general form 

of CSDV is as follows: 

CSDV = [ r SVn(t) dt ]11n 

A dose is proposed to be a time integral of SV over the exposure period (T). 
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10.2 Limitati。ns and future work 

As this is the first step in proposing a metric to quantify visual stimuli for the study 

of cybersickness, there are some limitations in the proposed 'spatial velocity' 

metric and the proposed formulation of Cybersickness Dose Value. The 

limitations can be grouped into four categories: (i) the methods used to calculate 

'spatial velocity'; (ii) display恤related factors; (iii) task” related factors, and (iv) 

subject“ related factors. 

(I) The methods used to calculate 'spatial velocity’ 

In this study, the gray scale values of a captured scene were used in the 

calculation of 'spatial velocity'. Although previous literature has shown that color 

do not affect levels of vection ” induced motion sickness, future studies to verify 

the effects of color and to include the influence of color in the ’SV’ metric are 

desirable. Besides, 'spatial frequency' was used to quantify the complexity of the 

gray mapped scene. Explanations of the use of 'spatial frequency' instead of 

Michelson Contrast are presented in Chapter four. Future development work of 

the 'spatial velocity' measurements can include the uses of both colors and 

Michelson Contrast. 

In addition, the number of snaps shots taken for a virtual environment simulation 

and the methods used in calculating the average dominant spatial frequency 
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were arbitrarily chosen in this early stage of research. Further studies to 

determine the optimal algorithms are necessa叩·

(II) Display” related factors. 

As mentioned in the review of literature, display's field”。f-view and stere。scopic

presentation have significant effects on levels of cybersickness. For example, 

Dizio and Lackner (1997) repo时ed that reducing the display's field皿of锢view form 

126。 to 67° reduced the sickness rating by half. 巨nrlich (1997) repo位ed that 

stereoscopic condition was more nauseogenic than biocular condition. This 

research used a field-of” view of 48。（horizontal）× 36。（ve民ical) and biocular 

presentation. For future research, it is appropriate to add weighting factors 

concerning display峭related factors to the formulation of a CSDV. 

（阳） Task-related factors 

Regan (1995) repo付ed that, repeated嘱runs of virtual reality simulation with 

separation of less than one week could significantly decrease (not eliminate) the 

cybersickness level. Future work on Cybersickness Dose Value should include 

an additional weighting factor to account for the effects of repeated exposure. 

The results of all three experiments indicated that, beyond about 15 minutes, 

nausea ratings do not increase linearly with duration. Further investigation of the 

effects of longer duration of exposure is desirable. 
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(IV) Subject” related factors 

Past studies showed that, females were more susceptible to simulator sickness 

(Kennedy at al., 1995) and cybersickness (Regan and Price, 1993; Kolasinski, 

1996; Rich and Braun, 1996). In addition, Stem (1993) rep。刘ed that Chinese 

females were more susceptible to vection-induced motion sickness. Therefore, 

further investigation of the effects of human race and gender are desirable if a 

universal Cybersickness Dose Value (CSDV) is required. In view of the effects of 

short-term adaptation (i.e. effects of repeated” run with a separation of less than 

one week, as discussed in the last paragraph), a factor related to the level of 

training may be added to the CSDV. Further studies to confirm this are needed. 

10.3 C。nclusi。n

A 'spatial velocity' metric has been developed to measure and quantify the scene 

movement perceived by a user during a virtual reality simulation. 'Spatial velocity' 

consists of two comp。nents: (i) 'spatial frequency' to quantify scene complexity 

and (ii) velocity to quantify scene velocity relative to a user's viewpoint. 丁WO

experiments (Experiments two and three) have been conducted to study the 

effects of scene complexity and velocity (i.e. the two key components of 'spatial 

velocity’) on levels of cybersickness and vection illusion. Data showed that 
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sickness ratings increase with increasing 'spatial velocity' in yaw and fore-and-aft 

axes. This finding is important because it indicated that 'spatial velocity can be 

used as a predictive measure of cybersickness. The ’spatial velocity' metric is the 

first of its kind for quantifying visual stimuli in a virtual environment. 丁his

proposed 'spatial velocity' makes the formulation of a Cybersickness Dose Value 

(CSDV) possible. A simple form of CSDV using 'spatial velocity' as the basic unit 

has been presented and the use of 'spatial velocity’ to establish a CSDV is also 

discussed. 

With the proposed ’spatial velocity' metric, researchers within the field of 

cybersickness research can express the measured sickness as functions of 

'spatial velocity'. This will facilitate direct comparisons of experimental results 

among different studies. Such comparisons will further the understanding on why 

virtual reality simulation will cause symptoms of cybersickness. With a CSDV, 

engineers can customize a virtual reality simulation system to reduce levels of 

cybersickness. The understanding of the sho民comings of virtual reality systems 

will enable their effective and appropriate uses in training simulation and multi” 

media applications. Furthermore, guidelines and safety standards base on a 

CSDV can be developed for virtual reality training systems. 
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Appendix A 

This appendix is a motion sickness history question to ask the subjects’ motion 
sickness experience. Chapter 7 (Effects of scene rotation axes on cybersickness 
with a head” coupled virtual reality system (Experiment 1)) of the thesis is related 
to this appendix. 

PREVIOUS SICKNESS EXPERIENCE 
cont idential 

Instructions: please fill in this questionnaire. Circle below the answer which most 
closely corresponds to your own experiences. However, feel free to add any 
comments you would like to make at the end of the questionnaire. 

In the 12ast 12 months how many times have you travelled as a passenger in the 
following modes of transport? 

Taxi Never 2-4 5-16 17” 64 65-256 257 or more 
Buses/C。aches Never 2嗣4 5-16 17-64 65-256 257 or 付，ore

Small boats Never 2-4 5-16 17” 64 65-256 257 or more 
Ferry Never 1 2-4 5-16 17-64 65幡256 257 or more 
Aeroplanes Never 2-4 5蝇16 17-64 65-256 257 or more 
丁rains/MTR Never 1 2-4 5-16 17-64 65” 256 257 or more 
other - specify 

Never 2-4 5-16 17-64 65-256 257 or more 

In the oast 12 months how many times have y。u 担且且 whilst travelling as a 
passenger on the following types of transport? 

Never 1 2 3-4 
Never 1 2 3-4 
Never 1 2 3” 4 
Never 1 2 3-4 
Ne叫，er 1 2 3-4 
Never 1 2 3-4 

2. 

Taxi 
Buses/Coaches 
Small boats 
Ferry 
Aeroplanes 
丫rains/MTR
other - specify 

Never 1 3” 4 

QUQUnonOQUQU 555555 

5蝴8

9-16 
9-16 
9-16 
9” 16 
9” 16 
9” 16 

9-16 

17 or 付1ore
17 or more 
17 or more 
17 orπ，ore 

17 or more 
17 or 付，ore

17 or more 

In the last 12 months how many times have you Y.Q皿且垒g whilst travelling as a 
passenger on the following types of transport? 

Never 1 2” 4 5-16 
Never 1 2-4 5-16 
Never 1 2-4 5-16 
Never 1 2“ 4 5-16 
Never 1 2-4 5-16 
Never 1 2-4 5-16 

3. 

Taxi 
Buses/C。aches
Small boats 
Ferry 
Aeroplanes 
Trains/MTR 
other - specify 

2 

Never 2-4 5” 16 
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17” 64 
17-64 
17-64 
17-64 
17-64 
17-64 

17-64 

65” 256 
65-256 
65“ 256 
65-256 
65“ 256 
65-256 

65-256 

257 or more 
257 or 仔，ore

257 or more 
257 or more 
257 or more 
257 or more 

257 or more 



4. 
Cars 
Buses/Coaches Y 
Small boats 
Ferry 
Aeroplanes 
Trains/MTR 
other - specify 
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5. Would you avoid any of the following types of transport because of motion 
sickness? 

Cars Never Occasionally Often Always 
Buses/Coaches Never Occasionally Often Always 
Small boats Never Occasionally Often Always 
Ferry Never Occasionally Often Always 
Aeroplanes Never Occasionally Often Always 
Trains/MγR Never Occasionally Often Always 
other - specify 

Never Occasionally Often Always 

6. Which of the following best indicates your susceptibility to motion sickness relative to 
others of the same age? (higher susceptibility means that y。u are m。re likely to feel 
motion sickness) 

a) As a child (up to the age of 12) 

Much less less than Average 
than average 

average 

b) at tour oresent age 

Much less less than Average 
than average 

average 

More than 
average 

Much more 
than 

average 

More than 
average 

Much more 
than 

average 

7. 1n.立♀旦」if.§. how many times have you suffered from travel sickness 
(air, sea and land transpor吗？

Never 1 2 “ 4 5-16 17” 64 65 ” 256 257 or more 

8. lln the oast 12 months. how many times have you played computer games? 

Never 1 2” 4 5-16 17-64 65” 256 257 or more 

9. In the oast 12 months. how many times have you played a video game in an arcade? 

Never 1 2-4 5-16 17幽64 65” 256 257 or more 

10. In the oast 12 months. how many times have you been on a fair ground motion 
simulator? (e.g. those in the Ocean Park) 

Never 1 2“ 4 5-16 17-64 65 ” 256 257 orπ1ore 
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Appendix B 

丁his appendix is a symptom checklist containing 27 items (adapted from 
Kennedy et al., 1993) which is used to measure symptoms. Chapter ?(Effects of 
scene rotation axes on cybersickness with a head-coupled virtual reality system 
(Experiment 1 )), Chapter 8 (Studies of effects of scene velocity on cybersickness 
with a head-coupled virtual reality system (Experiment 2)), and Chapter 9 
(Studies of effects of scene complexity on cybersickness with a head-coupled 
virtual reality system (Experiment 3)) are related to this appendix. 

SYMPTOM CHECKLIST 

confidential 

Pre-exposure instructions: please fill in this questi。nnaire. Circle below if any 。f the 
symptoms apply to you now. You will be asked to fill this again after the simulation 
minutes exposure. 

Post-exposure instruction: please fill in this questionnaire 。nee more. Circle below if any 
。f the symptoms apply to y。u now. 

*1. General discomfort None Slight Moderate Severe 
*2. Fatigue None Slight Moderate Severe 
3. Boredom None Slight Moderate Severe 
4. Drowsiness None Slight Moderate Severe 
食5. Headache None Slight Moderate Severe 
*6. Eyestrain None Slight Moderate Severe 
食7. Difficulty focusing None Slight M。derate Severe 
*8. Salivation increase None Slight Moderate Severe 
9. Salivation decrease None Slight Moderate Severe 
*10. Sweating None Slight Moderate Severe 
*11. Nausea None Slight Moderate Severe 
*11. Difficulty concentrating None Slight Moderate Severe 
12. Mental depression No Yes 
*13. Fullness of the head" No Yes 
*14. Blurred vision No Yes 
*15. Dizziness eyes open No Yes 
*16. Dizziness eyes close No Yes 
*17. Vertigo No Yes 
18. Visual flashbacks* No Yes 
19. Faintness No Yes 
20. Aware of breathing No Yes 
21. Stomach awareness No Yes 
22. Loss of appetite No Yes 
23. Increased appetite No Yes 
24. Desire to move bowels No Yes 
25. Confusion No Yes 
*26. Burping No Yes 
*27. Vomiting No Yes 
28. Other No Yes 
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Appendix C 

This appendix is a seven” point nausea rating scale used to measure the level of 
nausea ratings during the experiment (adapted from Golding and Kerguelen, 
1992) Chapter 7（巨ffects of scene rotation axes on cybersickness with a head“ 

coupled virtual reality system (Experiment 1 )), Chapter 8 (Studies of effects of 
scene velocity on cybersickness with a head“ coupled virtual reality system 
(Experiment 2)), and Chapter 9 (Studies of effects of scene complexity on 
cybersickness with a head” coupled virtual reality system (Experiment 3)) are 
related to this appendix. 

Rating Definition 

。 No symptoms 

Any unpleasant symptoms ,however slight 

2 Mild unpleasant symptoms, e.g. stomach awareness, sweating 

but no nausea 

3 Mild nausea 

4 Mild to moderate nausea 

5 Moderate nausea but can continue 

6 Moderate nausea, want to stop 
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Appendix D 

This appendix is a simulation assessment form used to measure the level of 
realism of the vi巾al reality simulation (modified form Regan, 1995). Chapter 
?(Effects of scene rotation axes on cybe阳ickness with a head-coupled virtual 
陪ality system (Experiment 1 日， Chapter 8 (Studies of effects of scene velocity on 
cybersickness with a head” coupled virtual reality system (Experiment 2日， and
Chapter 9 (Studies of effects of scene complexity on cybersickness with a head” 

coupled vi忱ual reality system (Experiment 3)) a陪 related to this appendix. 

SIMULATION ASSESSMENT 

confidential 
lnstructi。ns: please fill in this questi。nnaire about your experience with the 
币。upled simulation. Circle appropriate for each question. 

1. During the simulation, did you feel that you were moving? 

Totally A lot Somewhat A little Not at all 

2. How uncomfortable was the head” mounted display? 

Totally A lot Somewhat A little Not at all 

3. How completely did you believe you were pa忱。f the virtual environment? 

丁otally A lot Somewhat A little Not at all 

4. How flat and missing in depth did the world appear? 

Totally A lot Somewhat Ali忧le Not at all 

5. How excited do you feel after the experience? 

丁otally A lot Somewhat A little Not at all 

6. How real was the graphics simulation? 

Totally A lot Somewhat A little Not at all 

7. Any remarks? 
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Appendix E 

This appendix illustrates the c。mputation method to calculate the simulation 
sickness score (Nausea sub-score, Oculomotor sub恻score, Disorientation sub­
score and the Total Sickness severity, adapted form Kennedy et al., 1993). 
Chapter ?(Effects of scene rotation axes on cybersickness with a head-coupled 
virtual reality system (Experiment 1 日， Chapter 8 (Studies of effects of scene 
velocity on cybersickness with a head-coupled virtual reality system (Experiment 
2)), and Chapter 9 (Studies of effects of scene complexity on cybersickness with 
a head-coupled virtual reality system (Experiment 3)) are related to this 
appendix. 

Computation of SSQ Scores 

Weights for Symptoms 

Disorientation 

1 
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Oculomotor 
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Nausea 
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[1 ]* 

Symptoms 
(Scored 0, 1,2,3) 

General discomfort 
Fatigue 
Headache 
Eye strain 
Diffic川ty focusing 
Increased salivation 
Sweating 
Nausea 
Difficulty concentrating 
Fullness of head 
Blurred vision 
Dizzy (eyes open) 
Dizzy (eyes closed) 
Vertigo 
Stomach awareness 
Burping 

丁otal [3] 

Score 
N = [1] x 9.54 
Q = [2) X 7.58 
D = [3] x 13.92 

TS= ([1] + [2] + [31) x 3.74 

* Total is the sum obtained by adding the symptoms scores. Omitted scores are zero 
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Appendix F 

This appendix illustrates the statistical results of Experiment one. Chapter 7 
(Studies of effects of scene rotation axes on cybersickness with a head-coupled 
virtual reality system) is related to this appendix. 

丁able F.1 ANOVA result for nausea ratings (between with and without scene 

movement conditions) 

Source OF ss Mean Square F Value Pr> F 
CONDS 34.1260417 34.1260417 107.88 0.0001* 
MINUTES 4 67.3437500 16.8359375 53.22 0.0001* 
CONDS*MINUTES 4 9.8895833 2.4723958 7.82 0.0001* 
Error 310 98.062500 0.316331 
(Note that * indicate a significant effect 挝 p=0.05)

丁able F.2 SNK test on the effect of scene movement on nausea 
SNK Grouping Mean N scene movement 

A 0.95417 240 with 
B 0.20000 80 without 

(Note that means with the same le忧er are not significantly di何erent)

Table F.3 ANOVA result for nausea (duration effect on nausea ratings in the 
, 

Source OF ss Mean Square F Value Pr> F 
LEVELS 2 0.5583333 0.2791667 0.75 0.4733 
MINUTES 4 74.8083333 18.7020833 50.28 0.0001* 
LEVELS*MINUTES 8 1.4416667 0.1802083 0.48 0.8666 
Error 225 83.6875000 0.3719444 
(Note that * indicate a significant effect at p=0.05} 

Table F.4 SNK test on the effect of duration on nausea ratings in the with 
scene movement condition 

SNK Grouping Mean N MINUTES 
A 1.5417 48 20 
A 
A 1.3958 48 15 
B 1.1458 48 10 
C 0.6875 48 5 
D 0.0000 48 。

(Note that means with the same letter are not significantly different) 
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Table F.5 ANOVA result for nausea (duration effect on nausea ratings in the 
without scene movement condition) 

Source OF SS Mean Square F Value Pr> F 
LEVELS O 0.00000000 
MINUTES 4 2.42500000 0.60625000 3.67 0.0087* 
LEVELS*MINUTES O 0.00000000 
Error 75 12.37500000 0.16500000 

(Note that * indicate a significant effect at p=0.05) 

Table F.6 SNK test on the effect of duration on nausea ratings in the without 
scene movement condition 

SNK G「ouping Mean N MINUTES 

B 
B 
B 
B 
B 
B 

A 0.4375 16 20 
A 
A 
A 
A 

0.3125 

0.2500 

0.0000 

16 15 

16 10 

16 5 

B 0.0000 16 0 
（时ote that means with the same letter are not significantly di忏erent)

Table F.7 ANOVA for nausea ratings (comparison between with and without 

At 5 minutes interval 
Source OF ss Mean Square F Value Pr> F 
CONDS 5.67187500 5.67187500 28 圃56 0.0001 * 
Error 62 12 .31250000 0.19858871 
At 10 minutes interval 
Source OF SS Mean Square F Value Pr 〉俨
CONDS 9.63020833 9.63020833 28.46 0.0001* 
Error 62 20.97916667 0.33837366 
At 15 minutes interval 
Source OF ss Mean Square F Value Pr> F 
CONDS 14.0833333 14.0833333 35.04 0.0001* 
巨rror 62 24.9166667 0.4018817 
At 20 minutes interval 
Source OF ss Mean Square F Value Pr> F 
Model 14.6302083 14β302083 22.76 0.0001 * 
Error 62 39.8541667 0.6428091 
(Note that * indicate a significant effect at p=0.05) 
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Table F.8 SNK test for nausea ratings (comparison between with and without 

At 5 minutes interval 
SNK Grouping Mean N CONDS 

A 0.6875 48 with 
巴 0.0000 16 without 

At 10 minutes interval 
SNK Grouping Mean N CONDS 

A 1.1458 48 with 
B 0.2500 16 without 

At 15 minutes interval 
SNK Grouping Mean N CONDS 

A 1.3958 48 with 
B 0.3125 16 without 

At 20 minutes interval 
SNK Grouping Mean N CONDS 

A 1.5417 48 with 
B 0.4375 16 without 

(Note that means with the same le白er are not significantly different) 
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Table F.9 The descriptive statistics of the pre, post and change sickness 
score (Nausea, Oculomotor) 

Nausea Sub-score 
Level Time N Mean 
Pitch After 16 16.695 
Pitch Bef。re 16 1.1925 
Pitch Change 16 15.503 
Roll After 16 27.4275 
Roll Before 16 3.5775 
Roll Change 16 23.85 
Yaw After 16 22.06125 
Yaw Before 16 5.36625 
Yaw Change 16 16.695 

without After 16 7.155 
without Before 16 2.385 
without Change 16 4.77 

Oculomotor subscale 
Level Time N Mean 
Pitch After 16 35.0575 
Pitch Before 16 7.58 
Pitch Change 16 27.478 
Roll After 16 41.21625 
Roll Before 16 9.475 
Roll Change 16 31.741 
Yaw After 16 37.9 
Yaw Before 16 6.6325 
Yaw Change 16 31.268 

without After 16 19.42375 
without Before 16 5.685 
without Change 16 13.7386 
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Table F.9 The descriptive statistics of the pre, post and change sickness 
score (Disorientation，丁otal sickness score) 

Level 
Pitch 
Pitch 
Pitch 
Roll 
Roll 
Roll 
Yaw 
Yaw 
Yaw 

without 
without 
without 

Level 
Pitch 
Pitch 
Pitch 
Roll 
Roll 
Roll 
Yaw 
Yaw 
Yaw 

without 
without 
without 

Table F.10. 
Source 
LEVELS 
Error 

Disorientation subscale 
Time N 
After 16 

Before 16 
Change 16 

After 16 
Before 16 

Change 16 
After 16 

Before 16 
Change 16 

After 16 
Before 16 

Change 16 

Total Sickness Sc。re
Time N 
After 16 

Before 16 
Change 16 

After 16 
Before 16 

Change 16 
After 16 

Before 16 
Change 16 

After 16 
Before 16 

ChanQe 16 

ANOV A result on Nausea sub-score of 
OF SS Mean Square 

3 152.160019 50.720006 
60 2042.072775 34.034546 

Mean 
26.1 
。

26.1 
31.32 
1.74 

29.58 
30.45 
2.61 
27.84 
7.83 
。

7.83 

Mean 
30.855 
4.2075 
26.648 

39.50375 
6.545 

32.959 
35.53 
6.0775 
29.453 
14霄4925

3.74 
10.7525 

re immersion profiles 
FValue Pr>F 
1.49 0.2263 

Table F.11. ANOVA result on Oculomotor sub-score of pre immersion profiles 
Sour℃e OF SS Mean Square F Value Pr > F 
LEVELS 3 125.685875 41.895292 0.46 0.7134 
Error 60 5501.450300 91.690838 
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Table F.12. ANOVA result on Disorientation sub-score of pre immersion 
rofiles, (degree of freedom of error is 60 

Source DF SS Mean Square F Value Pr> F 
LEVELS 3 81.7452000 27.2484000 1.36 0.2625 
Error 60 1198.9296000 19圃9821600

丁able F .13. ANO VA result on Total Sickness score of pre immersion profiles, 
degree of freedom of error is 60 

Source DF SS Mean Square F Value Pr> F 
LEVELS 3 90.9194000 30.3064667 0.66 0.5789 
Error 60 27 48.5634000 45.8093900 

Table F.14. ANOVA result on Nausea sub-score (comparison between pre and 

Scene movement in pitch axis ( 
Source DF ss Mean Square F Value Pr> F 
Model 1922.62005 1922.62005 16.35 0.0003* 
Error 30 3526.69950 117.55665 
Scene movement in yaw axis 
Source DF ss Mean Square F Value Pr> F 
Model 2229.78420 2229.78420 9.50 0.0044* 
Error 30 7042.02255 234.73409 
Scene movement in roll axis 
Source DF ss Mean Square F Value Pr> F 
Model 4550.58000 4550.58000 13.70 0.0009* 
Error 30 9965.77020 332.19234 
No scene movement 
Source DF SS Mean Square F Value Pr> F 
TIME 182.023200 182.023200 4.29 0.0471* 
Error 30 1274.162400 42.472080 
(Note th副＊ indicate a significant effect at p=0.05) 
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Table F.15. ANOVA result on Oculomotor sub-score (comparison between pre 

Scene movement in pitch axis (degree of freedom of error is 30) 
Source OF ss Mean Square F Value Pr> F 
Model 6040.10405 6040.10405 15.04 0.0005* 
Error 30 12051 .4 7990 401.71600 
Scene movement in yaw axis (degree of freedom of error is 30) 
Source OF ss Mean Square F Value Pr> F 
Model 7821.25245 7821.25245 17.47 0.0002* 
Error 30 13430.43350 447.68112 
Scene movement in roll axis (degree of freedom of error is 30) 
Source OF ss Mean Square F Value Pr> F 
Model 8060.05561 8060.05561 23.00 0.0001* 
Error 30 10510.93018 350.36434 
No scene movement (degree of freedom of error is 30) 
Source OF ss Mean Square F Value Pr> F 
Model 1510.02601 1510.02601 9.99 0.0036* 
Error 30 4535.46457 151.18215 
(Note that * indicate a significant effect at p=0.05) 

τable F.16. ANOVA result on Dis。rientation sub-score (comparison between 

Scene movement in pitch axis (degree of freedom of error is 30) 
Source OF ss Mean Square F Value Pr> F 
Model 1 5449.68000 5449.68000 10.85 0.0025* 
Error 30 15065.33760 502.17792 
Scene movement in yaw axis (degree of freedom of error is 30) 
Source OF ss Mean Square F Value Pr> F 
Model 6200.52480 6200.52480 11.31 0.0021* 
Error 30 16445.92320 548.19744 
Scene movement in roll axis (degree of freedom of error is 30) 
Source OF ss Mean Square F Value Pr> F 
Model 6999.81120 6999.81120 20.55 0.0001* 
Err。r 30 10221.17760 340.70592 
No scene movement (degree of freedom of error is 30) 
Source OF ss Mean Square F Value Pr> F 
Model 490.471200 490.471200 7.64 0.0097* 
Error 30 1925.553600 64.185120 
(Note that* indicate a significant effect at p=0.05) 
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丁able F.17. ANOVA result on Total Sickness score (comparison between pre 

Scene movement in pitch axis ( degree of freedom of error is 30) 
Source OF ss Mean Square F Value Pr> F 
Model 5680.71405 5680.71405 16.90 0.0003* 
Error 30 10081.56270 336.05209 
Scene movement in yaw axis (degree of freedom of error is 30) 
Source OF ss Mean Square F Value Pr> F 
Model 6939.59805 6939.59805 15.67 0.0004* 
Error 30 13284. 72310 442.82410 
Scene movement in roll axis (degree of freedom of error is 30) 
Source OF Squares Square F Value Pr> F 
Model 8690.23361 8690.23361 24.11 0.0001* 
Error 30 10811.54057 360.38469 
No scene movement (degree of freedom of error is 30) 
Source OF ss Mean Square F Value Pr> F 
Model 924.930050 924.930050 9.64 0.0041* 
Error 30 2877 .948700 95.931623 
(Note that * indicate a significant effect at p=0.05) 
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丁able F.18 ANOVA result for three subscales and total sickness score between 
with and without scene movement conditions 

Nausea subscale 
Source DF ss Mean Square F Value Pr> F 
Model 2322.69188 2322.69188 7.00 0.0103* 
Error 62 20561.03730 331.62963 
Oculomotor subscale 
Source DF ss Mean Square F Value Pr> F 
Model 3236.71053 3236.71053 7.74 0.0072* 
主rror 62 25936.77657 418.33511 
Disorientation subscale 
Source DF ss Mean Square F Value Pr> F 
Model 4804.80120 4804.80120 6.93 0.0107* 
Error 62 43004.03040 693.61339 
Total sickness score 
Source DF ss Mean Square F Value Pr> F 
Model 4301.84267 4301.84267 8.83 0.0042* 
Error 62 30193.10882 486.98563 
(Note that * indicate a significant effect at p=0.05) 

Table F.19 SNK test on the effect of scene m。vement on the three subscale 
and the total sickness score (result between with and without scene 

Nausea subscale 
SNK Grouping Mean N CONDS 

A 18.683 48 with 
8 4.770 16 with。ut

Oculomotor subscale 
SNK Grouping Mean N CONDS 

A 30.162 48 with 
8 13.739 16 without 

Disorientation subscale 
SNK Grouping Mean N CONDS 

A 27.840 48 with 
8 7.830 16 without 

了。tal Sickness score 
SNK Grouping Mean N CONDS 

A 29.686 48 with 
B 10.752 16 without 

(Note that means with the same le忧er are not significantly di何erent)
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Table F.20 ANOVA result for nausea ratings (among scene oscillation in pitch, 
yaw and roll axes) 

Source DF SS Mean Square F Value Pr> F 
LEVELS 2 0.5583333 0.2791667 0.75 0.4733 
MINUTES 4 74.8083333 18.7020833 50.28 0.0001* 
LEVELS*MINUTES 8 1.4416667 0.1802083 0.48 0.8666 
Error 225 83.6875000 0.3719444 
(Note that * indicate a significant effect at p=0.05) 

Table F.21 ANOVA result for duration effect on nausea ratings of each scene 

Scene oscillation in pitch axis 
Source OF ss Mean Square F Value Pr> F 
Model 4 27.6250000 6.9062500 21.25 0.0001* 
Error 75 24.3750000 0.3250000 
Scene oscillation in yaw axis 
Source OF ss Mean Square F Value Pr> F 
Model 4 24.5500000 6.1375000 23.68 0.0001* 
巨rror 75 19.4375000 0.2591667 
Scene oscillation in roll axis 
Source OF ss Mean Square F Value Pr> F 
Model 4 24.0750000 6.0187500 11.32 0.0001* 
Error 75 39.8750000 0.5316667 
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Table F.22 SNK test result for duration effect on nausea ratings of each scene 
,, 

Scene oscillation in pitch axis 
SNK Grouping Mean N MINUTES 

A 1.5625 16 20 
A 
A 1.5000 16 15 
A 
A 1.2500 16 10 
B 0.6875 16 5 
C 0.0000 16 0 

Scene oscillation in yaw axis 
SNK Grouping Mean N MINUTES 

A 1.6250 16 20 
B 1.2500 16 15 
日

C B 0.9375 16 10 
C 
C 0.6250 16 5 

。 0.0000 16 0 
Scene oscillation in roll axis 

SNK Grouping Mean N MINUTES 
A 1.4375 16 20 
A 
A 1.4375 16 15 
A 

B A 1.2500 16 10 
B 
B 0.7500 16 5 

C 0.0000 16 0 
(Note that means with the same letter are not significantly different) 

Table F.23 SNK test result of duration effect on nausea ratings among scene 
oscillation in pitch, yaw and roll oscillation 

SNK Grouping Mean N MINUTES 
A 1 .5417 48 20 
A 
A 
B 
C 
D 

1.3958 
1.1458 
0.6875 
0.0000 

48 15 
48 10 
48 5 
48 0 

(Note that means with the same letter are not significantly different) 
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Table F.24 ANOVA result for Nausea, Oculomotor, Disorientation sub-scores 
and the Total Sickness score of the change sickness profiles in the 
three scene oscillations conditions. 

Nausea subscale 
Source DF ss Mean Square F Vall』e Pr> F 
Model 2 652.249800 326.124900 0.76 0.4745 
Error 45 19362.717900 430.282620 
Oculomotor subscale 
Source DF ss Mean Square F Value Pr> F 
Model 2 174.763217 87.381608 0.17 0.8454 
Error 45 23323.707375 518.304608 
Disorientation subscale 
Source DF ss Mean Square F Value Pr> F 
Model 2 96.8832000 48.4416000 0.05 0.9483 
Error 45 40981.593600 910.7020800 
Total Sickness score 
Source DF ss Mean Square F Value Pr> F 
Model 2 319.966350 159.983175 0.26 0.7752 
Error 45 28114.201775 624.760039 
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Table F.25 ANOVA It for Q1 to Q6 of simulat' 
Q1: Did you feel you were moving during the experiment? 
Source DF ss Mean Square F Value Pr> F 
CONDS 19.3802083 19.3802083 55.94 0.0001* 
Error 62 21.4791667 0.3464382 
Q2: How uncomforted of HMO? 
Source DF SS Mean Square F Value Pr> F 
CONDS 3.00000000 3.00000000 4.13 0.0463 
Error 62 45.00000000 0.72580645 
Q3: How c。mpletely did you believe you were pa民 of virtual environment? 
Source OF SS Mean Square F Value Pr> F 
CONDS 0.63020833 0.63020833 1.48 0.2291 
Error 62 26.47916667 0.42708333 
Q4: How flat and missing in depth did the world appear? 
Source DF SS Mean Square F Value Pr> F 
CONDS 0.33333333 0.33333333 0.62 0.4346 
巨rror 62 33.41666667 0.53897849 
Q5: How excited do you feel after the experiment? 
Source DF SS Mean Square F Value Pr> F 
CONDS 1.02083333 1.02083333 2.19 0.1441 
Error 62 28.91666667 0.46639785 
Q6: How real was the graph simulation? 
Source OF SS Mean Square F Value Pr> F 
CONDS 0.18750000 0.18750000 0.32 0.5732 
Error 62 36.25000000 0.58467742 
(Note that* indicate a significant effect at p=0.05) 
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Appendix G 

丁his appendix illustrates the steps to capture a still picture in an Onyx 
workstation. Chapter 4(Method to quantify scene content in virtual environment) 
of the thesis is related to this appendix. 

Steps to capture a picture in an Onyx workstation 

1 . Place the mouse pointer over the option 'Desktop’ and then press the left 
button. A toolbox containing the ‘ Unix cell’ option will automatically 
appear. 

2. Place the mouse pointer over the 'Unix cell' option and then press the le白
button. A new Unix cell will automatically appear. 

3. 丁ype the command ‘snapshot’ in the Unix cell. A command button control 
with the name ‘snapshot’ will appear. 

4. Move the virtual environment windows, s。 that the upper left corner of the 
picture just coincides with the lower right corner of the snapshot command 
button. (Remark: Not the upper le白 corner of the windows, since we just 
want to capture the picture without the border of the display window) 

5. Move the mouse pointer to the lower right corner of the snapshot 
command button, the mouse pointer will automatically change into a 
camera icon. Press and hold the left button and move the mouse to the 
lower right corner of the picture. Release the mouse, a red line will just 
surround the edges of the picture. 

6. Place the mouse pointer over the snapshot command button and then 
press left button, another toolbox will automatically appear beside the 
snapshot command button. Move the mouse to the 咏Jew filename’ option 
and press the left button. A textbox will appear, type the name with 
extension 'rgb’(e.g. figure.rgb) and then press ‘Enter'. 

7. Place the mouse pointer over the snapshot command button again and 
press the left button. Move the mouse pointer over the ‘save & exit' option 
and then press the left button. 

8. Now the pa民icular view of the virtual environment is captured with file 
name figure.rgb in the current working directory. 
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Appendix H 

丁his appendix illustrates the steps to store a picture in portable graymap file 
format ‘pgm’ in an Onyx workstation. Chapter 4 (Method to quantify scene 
content in virtual environment) is related to this appendix. 

Steps to store a picture in ‘pgm’ format in an Onyx workstation 

1. Place the mouse pointer over the ‘Des阳op option’ and press the left 

bu忱。n. A toolbox containing the ‘Unix cell' will automatically appear. 

2. Place the mouse pointer over the 'Unix cell' option and press the left 
button. A new Unix cell will automatically appear. 

3. Type the command 'xv’ in the Unix cell. A window with the name of the 
picture browser 'XV’ exists. ‘xv’ is developed by John Broadley. 

4. Move the mouse pointer over the ‘xv’ wind。w and press left button. A ‘xv 
control' form will automatically appear. 

5. Place the mouse pointer over the 'load’ command button and press left 
button of the mouse, a 'XV load' form will appear. Then choose the file you 
want to browser (e.g. figure.rgb). After you have chosen the picture to 
browser, the picture will automatically appear. 

6. Move the mouse pointer to the 'XV’ control form and then press the ‘save’ 
command button. A 'XV save’ form will appear. Inside the “XV save’ form, 
turn on the ‘PBM (ascii)' radio button (which is in the Format option) and 
then choose the ‘Greyscale’ radio button (which is inside the Color option). 
Now the textbox of the save file name will show the filename of the picture 
with extension 'pgm’(e.g. figure.pgm). Press the 'OK’ button. A new file 
(e.g. figure.pgm) is saved in the current working directory. 

7. You can move the mouse pointer over the 'XV control' form again and 
then press the ‘丁extView’ command to view the gray scale of each pixel of 
the picture, which is stored in ‘pgm’ format. 
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Appendix I 

The appendix illustrates the program code used to extract the gray scales of the 
pixels of a picture (necessary for the calculation of spatial frequencies of the 
picture). Chapter 4 (Method to quantify scene content in virtual environment) of 
the thesis is related to this appendix. 

C++pr。gramming c。de use to extract gray scale 。f a picture 

#include <iostream.h> 
#include <fstream.h> 
#include <string.h> 
#include <malloc.h> 
#include <stdlib.h> 
#include <Stdio.h> 
#include <math.h> 

char 叮npu甘ile = new char[256]; 
char *outputfile = new char[256]; 
char 叮nputline = new char[256]; 
int coll[150]; 
int count_coll; 
int in…count; 
int out_c。unt;

float mt, rt; 
int mtget; 

void 
main() 
{ 

int filename; 
int width, height; 
char 句口new char[1 O]; 
inti, j, k; 
int count; 
int temp; 

cout <”Please input the file name:“; 

cin > inputfile;
cout <”\n";

count= O; 

ifstream infile(inputfile, ios::in); 
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infile.getline(inputline, 150); 
infile.getline(inputline, 150); 
infile.getline(inputline, 150); 
c = strtok(inputline, 11 ”); 
width = atoi(c); 
c = strtok(NULL,”“); 
height= atoi(c); 
infile.getline(inputline, 150); 

// Put all of the tokens into a file "all11 
sprintf( outputfile, 11all'’); 
ofstream oFile(outputfile, ios::out); 

while (infile.getline(inputline, 150)) { 
c = strtok(inputline,””); 
oFile 《 C 《飞nu;

while (c = strtok(NULL,””)){ 
oFile 《 C 《飞nu;

oFile.close(); 
in file .close(); 

sprintf(inputfile,”all"); 
ifstream infile1 (inputfile, ios::in); 

cout 《”丁ransforming "; 

// Write the widht files II w1, w2, ..... " 
for 0=1 ;j<=height;j++) { 

c。unt = O; 
sprintf ( outputfile,”w%d”, j); 
ofstream oFile(outputfile, ios::out); 
while (count < width) { 

count++; 
infile1 .getline(inputline, 150); 
cout <”,“;
c = strtok(inputline，飞。”）；
oFile 《 C 《飞nu;

oFile 《叫n”；
oFile.close(); 

infile1 .close(); 

// Write the height files ” h1 ，怡，．．．．．
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for 0=1 ;j<=Width;j++) { 
sprintf(inputfile，飞II”）；
ifstream infile(inpu甘ile, ios::in); 

cout 《飞”；
sprintf(outputfile, "h%d”, j); 
ofstream oFile(outputfile, ios::out); 

for (i=1; i <= j; i++) { 
infile.getline(inputline, 150); 

c = strtok(inputline，气。”）；
oFile 《 C 《气n";

for (i=1; i < height; i++) { 
for (k=1; k <= width; k++) { 

infile.getline(inputline, 150); 

C = st民ok(inputline，“＼。”）；
oFile 《 C 《飞n”；

oFile 《飞n”；
oFile.close(); 
infile.close(); 

cout <”\n”;
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Appendix J 

This appendix illustrates the program code of a MATLAB file that is used to 
calculate the spatial frequencies of a picture. Chapter 4(Method to quantify scene 
content in virtual environment) of the thesis is related to this appendix. 

Pr。gram code of MATLAB t。 calculate the spatial frequencies of a picture 

%h_resol is the original horizontal resolution of the bitmap 
[pixels] 

%v_resol is the original vertical resolution of the bitmap 
[pixels] 

%h_FOV is the original horizontal FOV of the display apparature (VR4) 
[degrees] 

%v二FOV is the original vertical FOV of the display apparature (VR4) 
[degrees] 

%h_sr is the original horizontal sampling rate 
[ sample( s )/degree] 
%v_sr is the original vertical sampling rate 
[sample(s)/degree] 
%SF…h is an array, which store the average spatial frequency SF 
% value within each row 
[cycle/degree] 
%SF _vis an array, which store the average spatial frequencies SF 
% value within %each col 
[cycle/degree] 
%ave一SF_h is the average horizontal spatial frequency SF of total rows 
% 
[cycle/degree] 
%ave… SF _vis the average vertical spatial frequency SF of total columns 
% 
[cycle/degree] 
%ave_radial_SF is the average radial spatial frequency SF 

[cycle/degree] 

threshol=1000; %a threshole value used in the PSD graph; 
h_resol=640; %original horizontal resoll』tion;
v_resol=480; %original vertical resolution; 
h_FOV=48; %original horizontal FOV; 
v_FOV=36; %original vertical FOV; 
h_sr=h_resol/h_FOV; %original horizontal sampling rate; 
v_sr=v_resol/v_FOV; %original vertical sampling rate; 

%Eliminate the edge effect, cut 1 % pixels in left, right, top and bottom each 
%it is because, during snapshoting of the virual scene, it may introduce some 
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%black line in the edge of the picture, it may affect the result of spatial 
%frequency of the pitcure 

percent=1 ”（ 1/100）吃；
new_h_resol=round(h_resol*percent); 
new_ v _resol=round(v _resol*percent); 
new_h_FOV=round(h…FOV*percent); 
new…v _FOV=round(v _FOV*percent); 
new h sr=new h resol/new h FOV; 
new v sr=new v resol/new v FOV; 

%new horizontal resolution; 
%new vertical resolution; 
%new horizontal FOV; 
%new vertical FOV; 
%new horizontal sampling rate; 
%new vertical sampling rate; 

%since we have ignored the four edges, when we calculate the average spatial 
%freqencies 
%the counting is not read from the first row to final row & first column to final 
column 
%the values should be 
new_ 1 st_row=round((v_resol-new_v_resol)/2+ 1 ); 
new_ 1 st_col=round((h_resol-new_h_resol)/2+ 1 ); 
new_final_row=new_v_resol+new_ 1 st_row -1; 
new_final_col=new_h_resol+new_ 1 st_col-1; 

%disp('lnitializing the value of SF _h & SF _vat the beginning') 
SF h=O; 
SF _v=O; 

%disp（＇…“’”唰…
%disp(’‘); 
disp(") 
disp（℃ALCULA丁E THE AVERAGE HORIZONTAL SPATIAL FREQUENCY OF 
THE GRAPH, Please Wait...') 

for k = new_ 1 st_row : new一final_row,

file; 

%read the total no. of width files 
%disp('……··” 
wk= ['w' int2str(k)]; 
%int2str c。nvert the integer no. to a string respresentation; 

%read the w1 dile 1 剖， h2 the 2nd ... 
psd_ wk=['psd_ w’ int2str(k)]; 
%open a PSD output file to store data for each input files; 

· filename = [wk]; %name of the input 

ofilename = [psd_wk ’.bct']; %name of the 
output file; 

%if -exist(filename), break, end 
eval(['load 'filename]); 
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rate; 

j=O; 

%eval function allow to read or stores files in order; 
x = eval(wk); %Process 

data in matrix X; 

for counter=1 :new h resol, 

new_x(counter)=x(new_ 1 st_col+counter-1); 
end 

%since we have eliminated the edges, the original horizontal 
%input 
%should also eliminate the head and tail 

y = psd(new_x); 
eval(['save ’ ofilename ' y -ascii -tabs']); 
m=size(y, 1 ); %read the cutoff no. of y, 

%which is about half of the sampling 

%disp('initializing s。此 before each run'); 
sort=O; 
%array to store the positions where peaks ocurr 

%disp('initializing peak before each run'); 
peak=O; %the value of the peaks 
%disp(’initialize j before each run'); 

if y(1 )>y(2) 
j=j+1; peakO)=y(1); so叫）＝1;

else 
j=j; 

end 

for i=2:(m-1), 
if (y(i)>y(i斗）) & (y(i)>y(i+ 1)) 

j=j+ 1; peakO)=y(i); so忱。）＝i;
else 

j=j; 
end 

end 

if y(m)>y(m嗣1)
j=j+1; peak(j)=y(m); so忱。）＝m;

else 
J=J; 

end 
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length/2)+ 1 

end 

end 

max_no = max(peak); 
%read the value of the highest peak of PSD graph 

%disp('initializing sum before each run'); 
sum= O; 
%disp('initializing number before each run'); 
number= O; 

if peak==O 
SF _h(k}=O; 
%disp（时＊＊＊＊＊＊＊＊ No peak exist m川川制）；

else 
%disp('********** At least one peak or more exist ＊＊＊＊＊＊＊＊川）；

for counter=1 :j, 

end 

if (peak(counter)>(max_no/2)) & 
(peak(counter)>threshol) 

sum 出 sum+ ((so付（counter)-
1 ）气（new_h_sr/2)/(m-1 ))); number= 
number+1; 

%The n。. of sample in a PSD=(FFT 

%Berdat, J.S. and A.G. Piersol (1980) 
Enng. %Application of correlation and 

%and spectral analysis(Wiley:NY) 
%number; 

else 
SU付1 = sum; number=number; 

end 

if number == 0 
SF _h(k)=O; 

else 
SF _h(k) = (sum/number); 

end 

%disp('Total no. of peaks those values are greater than 
%0.S*maximum peak value'); 
number; 

total=0;%calculate the average horizontal spatial frequency of the graph 
for file = new_ 1st＿叩row:new_final_row,

total= total + SF _h(file); 
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end 

ave SF h=total/new v resol; 
ave SF h 

%disp('########################################################## 
######’); 
%disp(1########################################################## 
######’); 
%disp('########################################################## 
######’); 
%disp("); 
%disp(”); 

disp(’CALCULATE THE AVERAGE VERTICAL SPATIAL FEQUENCY OF 丁HE
GRAPH, Please Wait...') 
disp(") 

eliminate 

for k=new_ 1 st_col:new_final_col, 
%read the total no. of height file; 

%read h 1 dile 1 鼠， h2 the 2nd ... ; 
hk = ['h' int2str(k)]; 

psd_hk=['psd…h' int2str(k)]; 
%open a out file to store PSD data for each input file; 

filename = [hk]; %name of the input file; 
ofilename = [psd_hk 1.txt']; %name of the output file; 

%if ~exist(filename), break, end 
eval(['load I filename]); 

%eval function allow to read or store files in order; 
z = eval(hk}; % Process data in matrix X. 

for counter=1 :new_v…resol, 
new_z(counter)=z(new_ 1 st_row + counter 斗）；

end 

%Since we have eliminate the edges, we should also 

%the head and tail of the input vertical files 

y = psd(new_z}; 
%calculate the PSD function of the input variable; 

eval(['save ' ofilename I y -ascii ” tabs']); 
m=size(y, 1 ); 
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occur; 

j=O; 

%read the cutoff no. of y, 
%which is about equal half of the sampling 
rate; 

%disp('initializing sort before each run'); 
sort=O; %array to store the position where peaks 

%disp(’initializing peak before each run'); 
peak巳O; % The value of the peaks; 
%disp('initialize j before each run'); 

if y( 1 )>y(2) 
j=j+ 1; peakO)=y(1 ); so忱。）＝1;

else 
j=j; 

end 

for i=2:(m嗣 1 ), 
if (y(i)>y(i斗）） & (y(i)>y(i+ 1)) 

j=j+ 1; peakO)=y(i); so忱。）＝i;
else 

J=J; 
end 

end 

if y(m)>y(m叶）
i=i+1; peakO)=y(m); so叫）＝m;

else 
J=J; 

end 

max_no = max(peak); 
%read the value of the highest peak of PSD graph 

%disp(’initializing sum before each run'); 
sum= o; 
%disp('initializing number before each run'); 
number= O; 

if peak==O 
SF一v(k)=O;
%disp('********** No peak exist 川川川制）；

else 

%disp（时＊＊＊＊＊＊＊＊ At least one peak or more exist H忖＊＊＊＊川）；
for counter=1 :j, 
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length/2)+ 1 

end 

end 

end 

if (peak(counter)>(max_no/2)) & 
(peak( counter)>threshol) 

sum 口 sum+ ((so同（counter）嗣
1)*((new_v…sr/2)/(m斗）））； number= 
number+1; 

% The no. of sample in a PSD=(FFT 

%Berdat, J.S. and A.G. Piersol (1980) 
Enng. %Application of correlation and 

%and spectral analysis(Wiley:NY) 

number; 
else 

sum = sum; number=number; 
end 

if number==O 
SF _v(k)=O; 

else 
SF _v(k) = (sum/number); 

end 

%disp（寸otal no. of peaks those values are greater than 
0.5*maximum peak value'); 
number; 

total=O; %calculate the average vertical spatial frequency of the graph 
f。r file = new_ 1 st_col:new_finat_col, 

total= total+ SF一v(file);
end 

ave SF_ v=total/new_h_resol; 
ave SF v 

disp('The average radial spatial frequency of the graph is’); 

ave＿幡radial_SF=sqrt((ave_SF_v."2)+(ave…SF _h."2)) 
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SF h口SF h'; 
SF _v=SF _v'; 
%open a file and write all necessa叩 data
fid=fopen(’SP','w'); 
fprintf(fid, 'Horizontal spatial frequency of each row\n'); 
fprin甘（fid, '%f\n’, SF _h); 
fprintf (fid，’Ve吠ical spatial frequency of each column\n'); 
fprintf (fid，’%叭旷， SF一v);
fprin甘（fid，’Average horizontal spatial frequency 出%叭旷，ave_SF_h); 
fprintf(fid, 'Average vertical spatial frequency= %f\n',ave…SF _v); 
fprin甘（fid, 'Average spatial frequency ＝%叭门’，ave_radial_SF);
fcl。se('all');
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Appendix K 

This appendix illustartes a motion sickness susceptibility survey. 了his survey is 
being conducted to examine the motion sickness susceptibility of the subjects. 
Details of experiments are documented in Chapter 8 (Studies of effects of visual 
scene velocity on cybersickness with a head-coupled virtual reality system). 
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Appendix L 

This appendix illustrates the scene displacement graphs in x (fore-and“a时， y
(lateral), z (ve民ical}, pitch, yaw and roll axes of scene velocity level 1 of 
Experiment two. Details of the experiment are documented in Chapter 8 (Studies 
of effects of visual scene velocity on cybersickness with a head-coupled virtual 
reality system). 
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丁his appendix illustrates the scene velocity graphs in x (fore嗣and-aft), y (lateral), 
z (ve同ical), pitch, yaw and roll axes of scene velocity level 1 of Experiment two. 
Details of the experiment are documented in Chapter 8 (Studies of effects of 
visual scene velocity on cybersickness with a head-coupled virtual reality 
system). 
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Appendix M 

This appendix illustrates the scene displacement graphs in x (fore-and-aft), y 
(lateral), z (vertical), pitch, yaw and roll axes of scene velocity level 2 of 
Experiment two. Details of the experiment are documented in Chapter 8 (Studies 
of effects of visual scene velocity on cybersickness with a head国coupled virtual 
reality system). 
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丁his appendix illustrates the scene velocity graphs in x (fore-and吐白）， y (lateral), 
z (ve忱ical), pitch, yaw and roll axes of scene velocity level 2 of Experiment two. 
Details of the experiment are documented in Chapter 8 (Studies of effects of 
visual scene velocity on cybersickness with a head” coupled virtual reality 
system). 
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Appendix N 

This appendix illustrates the scene displacement graphs in x (fore-and” aft), y 
(lateral), z (ve民ical), pitch, yaw and roll axes of scene velocity level 3 of 
Experiment two. Details of the experiment are documented in Chapter 8 (Studies 
of effects of visual scene velocity on cybersickness with a head-coupled virtual 
reality system). 
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丁his appendix illustrates the scene velocity graphs in x (fo阳－and-aft), y (lateral), 
之（ve民ical), pitch, yaw and roll axes of scene velocity level 3 of Experiment two. 
Details of the experiment are documented in Chapter 8 (Studies of effects of 
visual scene velocity on cybersickness with a head” coupled virtual reality 
system). 
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Appendix 0 

τhis appendix illustrates the scene displacement graphs in x (fore-and-aft), y 
(I础eral), z (ve付ical), pitch, yaw and roll axes of scene velocity level 4 of 
Experiment two. Details of the experiment are documented in Chapter 8 (Studies 
of effects of visual scene velocity on cybersickness with a head-coupled virtual 
reality system). 
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丁his appendix illustrates the scene velocity graphs in x (fore蝴and-aft), y (lateral), 
z (ve民ical), pitch, yaw and roll axes of scene velocity level 4 of Experiment two. 
Details of the experiment are documented in Chapter 8 (Studies of effects of 
visual scene velocity on cybersickness with a head” coupled virtual reality 
system). 
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Appendix P 

This appendix illustrates the scene displacement graphs in x (fore-and-a衍， y
(lateral), z (ve同ical), pitch, yaw and roll axes of scene velocity level 5 of 
Experiment two. Details of the experiment are documented in Chapter 8 (Studies 
of effects of visual scene velocity on cybersickness with a head-coupled virtual 
reality system). 
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This appendix illustrates the scene velocity graphs in x (fore”and-a仕）， y (lateral), 
z (ve叫ical), pitch, yaw and roll axes of scene velocity level 5 of 在xperiment two. 
Details of the experiment are documented in Chapter 8 (Studies of effects of 
visual 产cene velocity on cybersickness with a head心oupled virtual reality 
system). 
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Appendix Q 

This appendix illustrates the statistical results of 在xperiment two. Chapter 8 
(Studies of effects of scene velocity on cybersickness with a head” coupled virtual 
reality system) is related to this appendix. 

在xperimental studies of effects of scene velocity on cybersickess with a head­
coupled virtual reality system 

丁able Q.1 ANOVA result for nausea ratings in 5 different scene velocity 
conditions 

Source DF ss Mean Square F Value Pr> F 
Scene velocity 4 113.652381 28.413095 14.87 0.0001* 
Duration 6 333.866667 55.644444 29.12 0.0001 * 
Scene velocity * duration 24 36.180952 1.507540 0.79 0.7515 
Error 385 735.583333 1.910606 
(Note that * indicate a significant effect at p=0.05) 

丁able Q.2 SNK test on the effect of scene velocity on nausea 
SNK Grouping Mean N Scene velocity 

A 2.0476 84 level 4 
A 
A 1. 7262 84 level 5 
B 1.0833 84 level 2 
B 
日 0.8929 84 level 3 
B 
B 0.6667 84 level 1 

(Note that means with the same le忧er are not significantly different) 

Table Q.3 SNK test on the effect of duration on nausea ratings 
SNK Grouping Mean N Duration (minutes) 

A 2.5667 60 30 
A 
A 2.2500 60 25 
B 1.6833 60 20 
B 

C B 1 .3333 60 15 
C 
C 0.8667 60 10 

D 0.2833 60 5 
D 
D 0.0000 60 0 

(Note that means with the same letter are not significantly different) 
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Table Q.4a ANOVA result on the effect of duration on nausea ratings of each 

Scene velocity level 1 
s。urce DF ss Mean Square F Value Pr> F 
Model (duration) 6 31.1666667 5.1944444 9.19 0.0001* 
Error 77 43.5000000 0.5649351 
Scene velocity level 2 
Source DF ss Mean Square F Value Pr> F 
Model (duration) 6 46.0000000 7.6666667 9.16 0.0001 * 
Error 77 64.4166667 0.8365801 
Scene velocity level 3 
Source DF ss Mean Square F Value Pr> F 
Model (dur副ion) 6 47.9523810 7.9920635 7.15 0.0001* 
Error 77 86.0833333 1.1179654 
Scene velocity level 4 
Source DF ss Mean Square F Value Pr> F 
Model (duration) 6 126.142857 21.023810 4.66 0.0004* 
Error 77 347.666667 4.515152 
Scene velocity level 5 
Source DF ss Mean Square F Value Pr> F 
Model (duration) 6 118.785714 19.797619 7.86 0.0001* 
Error 77 193.916667 2.518398 
(Note that * indicate a significant effect at p=0.05) 
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Table Q.4b. SNK test on the effect of duration on nausea ratings of each 
” J - • .，”咽，，

Scene velocity level 1 
SNK Grouping Mean N Duration (minutes) 

A 1.7500 12 30 
A 

B A 1.2500 12 25 
B 
B C 0.9167 12 20 

C 
D C 0.4167 12 15 
D C 
D C 0.2500 12 10 
D 
D 0.0833 12 5 
D 0.0000 12 。

Scene velocity level 2 
SNK Grouping Mean N Duration (minutes) 

A 2.1667 12 30 
A 
A 1.9167 12 25 
A 

B A 1.4167 12 20 
B 
日 C 1.0000 12 15 
B C 
B C D 0.7500 12 10 

C D 
C D 0.3333 12 5 

D 
D 0.0000 12 。

Scene vel。city level 3 
SNK Grouping Mean N Duration (minutes) 

A 2.0833 12 30 
A 

B A 1.7500 12 25 
B A 
B A C 1.1667 12 20 
自 C 
B C 0.8333 12 15 

C 
C 0.3333 12 10 
C 
C 0.0833 12 5 

C 0.0000 12 。
(Note that means with the same le忧er are not significantly di何erent)
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ratings of each SNK test on the effect of duration on nausea 
condition individually (Scene velocity levels 4 & 5) 

Scene velocity level 4 
SNK Grouping 

Table Q.4b. 

Duration (minutes) N Mean 

C 
C 
C 
C 
C 

Scene velocity level 5 
SNK Grouping 
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A 
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(Note that means with the same letter are not significantly di仔erent)
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12 

12 

1.2500 

0.2500 

丁able Q.5 

Source OF 88 Mean 8quare F Value Pr> F 
8cene velocity 4 12.176190 3.044048 5.13 0.0005* 
Duration 6 120.414286 20.069048 33.79 0.0001* 
8cene velocity * Duration 24 6.657143 0.277381 0.47 0.9862 
Error 385 228.666667 0.593939 

201 

ANOVA result for apparent self-motion ratings in 5 different scene 
locity condit' 

(Note that * indicate a significant effect at p=0.05) 



Table Qβ SNK test on the effect of scene velocity on apparent self-motion 
旦坠毁

SNK Grouping 

8 
8 
8 
8 
8 
8 

A 
A 
A 

Mean 
1.2976 

1.0952 

0.9762 

0.8929 

N 
84 

84 

84 

84 

Scene velocity 
level 4 

level 5 

level2 

level 3 

8 0.8095 84 level 1 
(Note that means with the same letter are not significantly di仔erent)

Table Q.7 SNK test on the effect of duraf . t self“ motion rat' 
SNK Grouping Mean N duration (minutes) 

A 1.6333 60 30 
A 

8 A 1.5000 60 25 
日 A 
8 A 1.3333 60 20 
8 
8 1.1833 60 15 

C 0.9000 60 10 
D 0.5500 60 5 
E 0.0000 60 。

(Note that means with the same letter are not significantly different) 
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Table Q.8a. ANOVA result on the effect of duration on apparent sel卜motion
- - ·-- －’『，

Scene velocity level 1 
Source OF ss Mean Square F Value Pr> F 
Model (duration) 6 16.9523810 2.8253968 6.04 0.0001* 
Error 77 36.0000000 0.4675325 
Scene velocity level 2 
Source OF ss Mean Square F Value Pr> F 
Model (duration) 6 18.7857143 3.1309524 6.86 0.0001 * 
Error 77 35.1666667 0.4567100 
Scene velocity level 3 
Source OF ss Mean Square F Value Pr> F 
Model (duration) 6 17.9523810 2.9920635 5.75 0.0001* 
Error 77 40.0833333 0.5205628 
Scene velocity level 4 
Source OF ss Mean Square F Value Pr> F 
Model (duration) 6 36.4761905 6.0793651 7.19 0.0001* 
Error 77 65.0833333 0.8452381 
Scene velocity level 5 
Source OF ss Mean Square F Value Pr> F 
Model (duration) 6 36.9047619 6.1507937 9.05 0.0001* 
巨rror 77 52.3333333 0.6796537 
(Note that * indicate a significant effect at p=0.05) 
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丁able Qβb SNK test on the effect of duration on apparent self-motion ratings of 
『”’ ’ －宇『F 喃喃 F ·- ’咽，． •J - 、，，

Scene velocity level 1 
SNK Grouping Mean N Duration (minutes) 

A 1.4167 12 30 
A 

B A 1.1667 12 25 
日 A 
日 A 1.0833 12 20 
B A 
B A 0.9167 12 15 
B A 
B A C 0.6667 12 10 
自 C 
日 C 。.4167 12 5 

C 
C 0.0000 12 。

Scene velocity level 2 
SNK Grouping Mean N Duration (minutes) 

A 1.3333 12 20 
A 
A 1.3333 12 25 
A 
A 1.3333 12 30 
A 
A 1.2500 12 15 
A 
A 1.0000 12 10 
A 
A 0.5833 12 5 
B 0.0000 12 。

Scene velocity level 3 
SNK Grouping Mean N Duration (minutes) 

A 1.5000 12 30 
A 

B A 1.2500 12 25 
B A 
B A 1.1667 12 20 
日 A 
B A 1.0000 12 15 
B A 
B A 0.7500 12 10 
B 
B C 0.5833 12 5 

C 0.0000 12 。
(Note that means with the same letter are not significantly di忏erent)
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SNK test on the effect of duration on apparent self ” motion ratings of 
each condition individually (scene velocity level 4 &5) 

Scene velocity level 4 
SNK Grouping 
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A 
A 
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Table Q.9 丁he descriptive statistics of the pre, post and change sickness 

Nausea sub” scale 
Scene Velocity Time N Mean SD 

Level Post 12 19.0800 22.2806 
Level Pre 12 0.7950 2.7540 
Level Change 12 18.2850 20.9242 
Level 2 Post 12 28.6200 27.2881 
Level 2 Pre 12 1.5900 3.7134 
Level 2 Change 12 27.0300 27.5396 
Level 3 Post 12 25.4400 34.3568 
Level 3 Pre 12 1.5900 5.5079 
Level 3 Change 12 23.8500 34.6367 
Level 4 Post 12 51.6750 39.3257 
Level 4 Pre 12 0.7950 2.7540 
Level 4 Change 12 50.8800 40.1326 
Level 5 Pos1飞 12 40.5450 31.2790 
Level 5 Pre 12 1.5900 3.7134 
Level 5 Change 12 38.9550 32.1486 

Oculomotor sub-scale 
Scene velocity Time N Mean SD 
Level Post 12 33.4783 25.7473 
Level Pre 12 3.7900 6.8564 
Level Change 12 29.6883 24.2858 
Level 2 Post 12 36.0050 24.2140 
Level 2 Pre 12 3.1583 5.0677 
Level 2 Change 12 32.8467 24.8964 
Level 3 Post 12 27.7933 19.7486 
Level 3 Pre 12 5.6850 8.6274 
Level 3 Change 12 22.1083 18.4141 
Level 4 Post 12 34.1100 24.5088 
Level 4 Pre 12 3.7900 6.8564 
Level 4 Change 12 30.3200 19.9241 
Level 5 Post 12 39.7950 24.2140 
Level 5 Pre 12 4.4217 6.0106 
Level 5 Change 12 35.3733 22.7017 
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丁able Q.9 The descriptive statistics of the pre, post and change sickness 
, 

Disorientation sub“ scale 
Scene velocity Time N Mean SD 

Level Post 12 33.6400 29.9483 
Level Pre 12 2.3200 5.4184 
Level Change 12 31.3200 27.9190 
Level 2 Post 12 27.8400 27.1999 
Level 2 Pre 12 1.1600 4.0184 
Level 2 Change 12 26.6800 27.4951 
Level 3 Post 12 24.3600 30.9131 
Level 3 Pre 12 0.0000 0.0000 
Level 3 Change 12 24.3600 30.9131 
Level 4 Post 12 42.9200 32.7575 
Level 4 Pre 12 2.3200 5.4184 
Level 4 Change 12 40.6000 31.1025 
Level 5 Post 12 48.7200 37.7733 
Level 5 Pre 12 1.1600 4.0184 
Level 5 Change 12 47.5600 35.8390 

了。tal sickness score 
Scene velocity Time N Mean SD 
Level Post 12 33.0367 26.8198 
Level Pre 12 2.8050 5.0744 
Level Change 12 30.2317 25.4389 
Level 2 Post 12 36.4650 28.3543 
Level 2 Pre 12 2.4933 4.6036 
Level 2 Change 12 33.9717 28.7699 
Level 3 Post 12 30.2317 28.9900 
Level 3 Pre 12 3.4283 6.2701 
Level 3 Change 12 26.8033 29.2248 
Level 4 Post 12 48.6200 34.6833 
Level 4 Pre 12 2.8050 5.0744 
Level 4 Change 12 45.8150 32.2566 
Level 5 Post 12 48.6200 29.4056 
Level 5 Pre 12 3.1167 4.4634 
Level 5 Chanae 12 45.5033 28.4309 
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了able Q.10. ANOVA result on Nausea sub-score 。f pre immersion profiles 
Source DF SS Mean Square F Value Pr> F 
Model (scene velocity) 4 9.10116000 2.27529000 0.16 0.9596 
Error 55 803.9358000 14.61701455 

Table Q.11. ANOVA result on Oculomotor sub-score of pre immersion profiles 
Source DF SS Mean Square F Value Pr> F 
Model (scene velocity) 
Error 

4 44.049907 11.0124767 0.24 0.9150 
55 2532.86963 46·.0521752 

Table Q.12. ANOVA result on Disorientation sub” score of pre immersion profiles 
Source DF SS Mean Square F Value Pr> F 
Model (scene velocity) 4 45.212160 11.3030400 0.62 0.6495 
Error 55 1001.12640 18.2022982 

Table Q.13. ANOVA result on 丁otal Sickness score of pre immersion profiles 
Source DF SS Mean Square F Value Pr> F 
Model (scene velocity) 4 6.06129333 1.51532333 0.06 0.9937 
Error 55 1451.2135000 26.38570000 

Table Q.14. ANOVA result on Nausea sub-score (comparison between pre and 

Scene velocity level 1 
Source DF ss Mean Square F Value Pr 〉俨
Model 2006.04735 2006.04735 7.96 0.0099* 
巨rro 『 22 5544.12330 252.00560 
Scene velocity level 2 
Source DF ss Mean Square F Value Pr> F 
Model 4383.72540 4383.72540 11.56 0.0026* 
Error 22 8342.73000 379.21500 
Scene velocity level 3 
Source DF ss Mean Square F Value Pr> F 
Model 3412.93500 3412.93500 5.64 0.0267* 
Error 22 13318.03080 605.36504 
Scene vel。city level 4 
Source DF ss Mean Square F Value Pr> F 
Model 15532.6464 15532.6464 19.99 0.0002* 
Error 22 17095.0122 777.0460 
Scene velocity level 5 
Source 。F ss Mean Square F Value Pr> F 
Model 9104.95215 9104.95215 18.35 0.0003* 
Error 22 10913.80770 496.08217 
(Note that* indicate a significant effect at p=0.05) 
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Table Q.15. ANOVA result 。n Oculomotor sub-score (comparison between pre 

Scene velocity level 1 
Source DF ss Mean Square F Value Pr> F 
Model 5288.38282 5288.38282 14.90 0.0008* 
Error 22 7809.28237 354.96738 
Scene velocity level 2 
Source DF ss Mean Square F Value Pr> F 
Model 6473.42107 6473.42107 21.16 0.0001* 
巨rror 22 6731.97487 305.99886 
Scene velocity level 3 
Source DF ss MeanSquare F Value Pr> F 
Model 2932.67042 2932.67042 12.63 0.0018* 
Error 22 5108.83157 232.21962 
Scene velocity level 4 
Source DF ss Mean Square F Value Pr> F 
Model 5515.81440 5515.81440 17.03 0.0004* 
Error 22 7124.59360 323.84516 
Scene velocity level 5 
Source DF ss Mean Square F Value Pr> F 
Model 7507.63627 7507.63627 24.12 0.0001* 
Error 22 6846.88767 311.22217 
(Note that * indicate a significant effect at p=0.05) 

Table Q.16. ANOVA result on Disorientation sub-score (comparison between 

Scene velocity level 1 
Source DF ss Mean Square F Value Pr> F 
Model 5885.65440 5885.65440 12.71 0.0017* 
Error 22 10188.88320 463.13105 
Scene velocity level 2 
Source DF ss Mean Square F Value Pr> F 
Model 4270.93440 4270.93440 11.30 0.0028* 
Error 22 8315.80800 377.99127 
Scene velocity level 3 
Source DF ss Mean Square F Value Pr> F 
Model 3560.45760 3560.45760 7.45 0.0122* 
Error 22 10511.82720 477.81033 
Scene velocity level 4 
Source DF ss Mean Square F Value Pr> F 
M。del 9890.16000 9890.16000 17.94 0.0003* 
Error 22 12126.54720 551.20669 
Scene velocity level 5 
Source DF ss Mean Square F Value Pr> F 
Model 13571.7216 13571.7216 18.81 0.0003* 
Error 22 15872.6976 721.4863 
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Table Q.17. ANOVA result on Total Sickness score (comparison between pre 

Scene velocity level 1 
Source DF ss Mean Square F Value Pr> F 
Model 5483.72202 5483.72202 14.72 0.0009* 
Error 22 8195.56797 372.52582 
Scene velocity level 2 
Source DF ss Mean Square F Value Pr> F 
Model 6924.44482 6924.44482 16.78 0.0005* 
Error 22 9076.78677 412.58122 
Scene velocity level 3 
Source DF ss Mean Square F Value Pr> F 
Model 4310.51207 4310.51207 9.80 0.0049* 
Error 22 9677.08793 439.86763 
Scene velocity level 4 
Source DF ss Mean Square F Value Pr> F 
Model 12594.0854 12594.0854 20.50 0.0002* 
巨rror 22 13515.5185 614.3417 
Scene velocity level 5 
Source DF ss Mean Square F Value Pr> F 
Model 12423.3201 12423.3201 28.09 0.0001* 
Error 22 9730.7071 442.3049 
(Note that * indicate a significant effect at p=0.05) 

Table Q.18 ANOVA result for Nausea sub-score of the change sickness 
refiles in 5 different scene velocity conditions 

Source DF Squares Square F Value Pr> F 
Model 4 8206.21260 2051.55315 2.04 0.1021 
Error 55 55441.23300 1008.02242 
(Note that * indicate a significant effect at p=0.05) 

Table Q.19 ANOVA result for Oculomotor sub幽score of the change sickness 
refiles in 5 different scene velocity conditions 

Source DF Squares Square F Value Pr> F 
Model 4 1193.17791 298.29448 0.61 0.6600 
Error 55 27071.54047 492.20983 
(Note that * indicate a significant effect at p=0.05) 

Table Q.20 ANOVA result for Disorientation sub“ score of the change sickness 
rofiles in 5 different scene velocity conditions 

Source DF Squares Square F Value Pr> F 
Model 4 4572.88704 1143.22176 1.21 0.3191 
Error 55 52171.60320 948.57 460 
(Note that* indicate a significant effect at p=0.05) 
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Table Q.21 ANOVA result for Total sickness score of the change sickness 
refiles in 5 different scene velocity conditions 

Sour℃e DF Squares Square F Value Pr> F 
Model 4 3690.39513 922.59878 1.1 O 0.3639 
Error 55 45955.09417 835.54717 
(Note that * indicate a significant effect at p=0.05) 

Table Q.22 ANOVA It for Q1 to Q6 of simulat' 
Q1: Did you feel you were moving during the experiment? 
Source DF ss Mean Square F Value Pr> F 
Model (scene velocity) 4 1.76666667 0.44166667 0.57 0.6836 
Error 55 42.41666667 0.77121212 
Q2: How unc。mforted of HMO? 
Source DF ss Mean Square F Value Pr> F 
Model (scene velocity) 4 3.56666667 0.89166667 1.22 0.3125 
Error 55 40.16666667 0.73030303 
Q3: How completely did you believe you were part of virtual environment? 
Source DF ss Mean Square F Value Pr> F 
Model (scene velocity) 4 5.06666667 1.26666667 1.81 0.1409 
巨rror 55 38.58333333 0.70151515 
Q4: How flat and missing in depth did the world appear?) 
Source DF ss Mean Square F Value Pr> F 
Model (scene velocity) 4 4.43333333 1.10833333 2.57 0.0481 
Error 55 23.75000000 0.43181818 
Q5: How excited do you feel after the experiment? 
Source DF ss Mean Square F Value Pr> F 
Model (scene velocity) 4 3.06666667 0.76666667 1.15 0.3418 
Error 55 36.58333333 0.66515152 
Q6: How real was the graph simulation? 
Source DF ss Mean Square F Value Pr> F 
Model (scene velocity) 4 6翩43333333 1.60833333 3.10 0.0225 
Err。r 55 28.50000000 0.51818182 
(Note that* indicate a significant effect at p=0.05) 
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Appendix R 

This appendix illustrates the statistical results of Experiment three. Chapter g 
(Studies of effects of scene complexity on cybersickness with a head倒coupled
virtual reality system) is related to this appendix. 

Experimental studies of effects of scene complexity on cybersickess with a head­
coupled virtual reality system 

Table R.1 

Source OF ss Mean Square F Value Pr> F 
Scene complexity 2 142.055556 71.027778 34.48 0.0001 * 
Duration 6 123.539683 20.589947 10.00 0.0001 * 
Scene complexity * Duration 12 45.555556 3.796296 1.84 0.0426* 
Error 231 475.833333 2.059885 

ANOV A result for nausea ratings in 3 different scene complexity 
conditions 

(Note that * indicate a significant effect at p=0.05) 

丁able R.2 SNK test on the effect of scene complexity on nausea 
SNK Grouping Mean N scene complexity 

A 2.0476 84 high 
B 0.9167 84 median 
C 0.2262 84 low 

(Note that means with the same le忧er are not significantly different) 

丁able R.3 SNK test on the effect of duration on nausea ratings 
SNK Grouping Mean N Duration (minutes) 

A 2.0556 36 30 
A 
A 
A 
A 

25 36 1.7500 R
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1.4167 
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0.8333 
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0.0000 
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n
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u
 

EEE 

(Note that means with the same letter are not significantly different) 
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Table R.4a ANOVA result on the effect of duration on nausea ratings of each 

High scene complexity 
Source DF ss Mean Square F Value Pr> F 
Model (minutes) 6 126.142857 21 町023810 4.66 0.0004* 
Error 77 347.666667 4.515152 
Medium scene complexity 
Source OF ss Mean Square F Value Pr> F 
Model (duration) 6 38.6666667 6.4444444 4.21 0.0010* 
Error 77 117.7500000 1.5292208 
Low scene complexity 
Source DF ss Mean Square F Value Pr> F 
Model (minutes) 6 4.28571429 0.71428571 5.28 0.0001* 
在rror 77 10.41666667 0.13528139 
(Note that * indicate a significant effect at p=0.05) 
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Table R.4b. SNK test on the effect of duration on nausea ratings of each 
condition individually (3 conditions) 

High scene complexity 
SNK Grouping Mean N Duration (minutes) 

A 3.5833 12 30 
A 
A 
A 
A 
A 
A 
A 
A C 

C 
C 
C 
C 0.0000 

Medium scene complexity 
SNK Grouping 

A 
A 
A 
A 
A 
A 
A 
A 
A 

n
u
口
M
R
u
a
u
R
u
a
u民
u

B 
B 
B 
B 
B 
B 
B 
B 
B 

Low scene complexity 
SNKGr。uping

A 
A 

RURURURMRMaMnuRURURM 

3.2500 

2.6667 

2.4167 

1.7500 

0.6667 

Mean 
1.9167 

1.5833 

1.3333 

0.8333 

0.6667 

0.0833 

0.0000 

Mean 
0.6667 
0.4167 

0.2500 

0.1667 

0.0833 

0.0000 
0.0000 

12 25 

12 20 

12 15 

12 10 

12 

12 

5 

0 

N Duration (minutes) 
12 30 

12 25 

12 20 

12 15 

12 10 

12 5 

12 0 

N Duration (minutes) 
12 30 A 
12 25 

12 20 

12 15 

12 10 

12 5 
12 0 

(Note that means with the same letter are not significantly different) 
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ANOVA result for apparent self-motion ratings in 3 different scene 
complexity conditions 

Sour℃e OF SS 
Scene complexity 2 58.5000000 
Duration 6 26.6507937 
Scene complexity* Duration 12 14.7777778 
Error 231 109.5000000 
(Note that * indicate a significant effect at p=0.05) 

F Value Pr> F 
61.71 0.0001 * 
9.37 0.0001 * 
2.60 0.0029* 

Mean Square 
29.2500000 
4.4417989 
1.2314815 

0.4740260 

Table R.5 

SNK test on the effect of scene complexity on apparent self” motion 
旦旦坐

SNK Grouping 
A 
B 
B 
B 

N Scene complexity 
84 high 
84 median 

Mean 
1.2976 
0.3333 

Table R.6 

84 low 0.2262 

(Note that means with the same letter are not significantly di忏erent)

Table R.7 SNK test on the effect of duration on apparent self-motion ratings 
S问K Grouping Mean N Duration (minutes) 

A 1.0000 36 30 
A 
A 
A 
A 
A 
A 
A 
A 

36 25 

36 20 

36 15 

0.9167 

0.8056 

0.6944 
RURURMRURU 

36 10 

0.3333 36 5 
C 0.0000 36 0 

(Note that means with the same letter are not significantly di何erent)

0.5833 
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Table R.8a. ANOVA result on the effect of duration on apparent self-motion 
, , 

High scene complexity 
Source DF ss Mean Square F Value Pr> F 
Model (duration) 6 36.4761905 6.0793651 7.19 0.0001* 
Error 77 65.0833333 0.8452381 
Medium scene complexity 
Source DF ss Mean Square F Value Pr> F 
Model 6 3.16666667 0.52777778 1.29 0.2718 
Error 77 31.50000000 0.40909091 
Low scene c。mplexity
Source DF ss Mean Square F Value Pr> F 
Model (duration) 6 1.78571429 0.29761905 1.77 0.1155 
巨rror 77 12.91666667 0.16774892 
(Note that* indicate a significant effect at p=0.05) 
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丁able R.Bb SNK test on the effect of duration on apparent self-motion ratings of 
”’甲’…－冒…， －－··啊，町－· ·-, 

High scene complexity 
SNK Grouping Mean N Duration (minutes) 

A 2.0000 12 30 
A 
A 1.9167 12 25 
A 

B A 1.6667 12 20 
B A 
B A 1.5000 12 15 
B A 
B A 1.2500 12 10 
B 
B 0.7500 12 5 

C 0.0000 12 。

Medium scene complexity 
SNK Grouping Mean N Duration (minutes) 

A 0.5000 12 20 
A 
A 0.5000 12 25 
A 
A 0.5000 12 30 
A 
A 0.4167 12 15 
A 
A 0.3333 12 10 
A 
A 0.0833 12 5 
A 
A 0.0000 12 0 

Low scene complexity 
SNK Grouping Mean N Duration (minutes) 

A 0.5000 12 30 
A 
A 0.3333 12 25 
A 
A 0.2500 12 20 
A 
A 0.1667 12 15 
A 
A 0.1667 12 10 
A 
A 0.1667 12 5 
A 0.0000 12 0 

(Note that means with the same letter are not significantly di何erent)
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Table R.9 丁he descriptive statistics of the pre, post and change sickness 
•-, ………, • _ ..町，－·－·＇＇ ·--- ___ , ....,, 

Nausea sub“ score 
Scene complexity 丁imes N Mean SD 

high Post 12 51.675 39.3256623 
high Pre 12 0.795 2.7539608 
high Change 12 50.88 40.1326491 
low Post 12 7.155 10.0674638 
low Pre 12 0.795 2.7539608 
｜。w Change 12 6.36 8.467946 

median Post 12 23.85 30.3049465 
median Pre 12 0.795 2.7539608 
median Change 12 23.055 30.0192061 

Oculomotor sub-score 
Scene complexity Times N Mean SD 

high Post 12 34.11 24.5087851 
high Pre 12 3.79 6.856368 
high Change 12 30.32 19.9241434 
low Post 12 8.8433333 8.4489777 
low Pre 12 1.2633333 2.950511 
low Change 12 7.58 7.9170518 

median Post 12 29.6883333 27.1302655 
median Pre 12 4.4216667 6.0106479 
median Change 12 25.2666667 28.0531383 

Disorientation sub-score 
Scene complexity Times N Mean SD 

high Post 12 42.92 32.7575157 
high Pre 12 2.32 5.4183527 
high Change 12 40.6 31.102477 
low Post 12 2.32 5.4183527 
low Pre 12 。 。

low Change 12 2.32 5.4183527 

Total sickness score 
Scene complexity Times N Mean SD 

high Post 12 48.62 34.6833332 
high Pre 12 2.805 5.0744359 
high Change 12 45.815 32.2565761 
low Post 12 7.7916667 9.0855948 
low Pre 12 0.935 2.324715 
low Change 12 6.8566667 8.1055125 

median Post 12 31.1666667 35.0238509 
median Pre 12 2.805 3.9467835 
median Change 12 28.3616667 35.3535972 
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丁able R.10. ANOVA result on Nausea sub-score of pre immersion profiles 
Source OF SS Mean Square F Value Pr> F 
Scene complexity 2 0.000000 0.000000 o.oo 1.0000 
Error 33 250.281900 7.584300 

丁able R.11. ANOVA result on Oculomotor sub-score of pre immersion profiles 
Source OF SS Mean Square F Value Pr > F 
Scene complexity 2 67.0324667 33.5162333 1.09 0.3465 
Error 33 1010.2750333 30.6143949 

Table R.12. ANOVA result on Disorientation sub嗣score of pre immersion profiles 
Source OF SS Mean Square F Value Pr> F 
Scene complexity 2 32.2944000 16.1472000 1.06 0.3564 
Error 33 500.5632000 15.1685818 

丁able R.13. ANOVA result on Total Sickness score of pre immersion profiles 
Source OF SS Mean Square F Value Pr> F 
Scene complexity 2 27.9752000 13.9876000 0.90 0.4171 
Error 33 514.0443000 15.5771000 

Table R.14. ANOV A result on Nausea sub-score ( comparison between pre and 

High scene complexity 
Source OF ss Mean Square F Value Pr> F 
Model (time) 15532.6464 15532.6464 19.99 0.0002* 
Error 22 17095.0122 777.0460 
Medium scene complexity 
Source OF ss Mean Square F Value Pr> F 
Model (time) 3189.19815 3189.19815 6.89 0.0155* 
Error 22 10185.71490 462.98704 
Low scene complexity 
Source OF ss Mean Square F Value Pr> F 
Model (time) 242.697600 242.697600 4.46 0.0464* 
Error 22 1198.319400 54.469064 
(Note that * indicate a significant effect at p=0.05) 
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Table R.15. ANOVA result on Oculomotor sub” score (comparison between pre 
『酬’ • 嘈啊F …F帽” 咽’F … 『－ 胃圃，，

High scene complexity 
Source DF ss Mean Square F Value Pr> F 
Model (time) 5515.81440 5515.81440 17.03 ·0.0004* 
Error 22 7124.59360 323.84516 
Medium scene complexity 
Source DF ss Mean Square F Value Pr> F 
Model 3830.42667 3830.42667 9.92 0.0047* 
Error 22 8493.97113 386.08960 
Low scene complexity 
Source OF ss Square F Value Pr> F 
Model (time) 344.738400 344.738400 8.61 0.0077* 
Error 22 880.998133 40.045370 
(Note that * indicate a significant effect at p=0.05) 

Table R.16. ANOVA result on Disorientation sub画score (comparison between 

High scene complexity 
Source OF ss Mean Square F Value Pr> F 
Model (time) 9890.16000 9890.16000 17.94 0.0003* 
Error 22 12126.54720 551.20669 
Medium scene complexity 
Source 。F ss Mean Square F Value Pr> F 
Model (time) 3907.62240 3907.62240 5.05 0.0350* 
Error 22 17019.14880 773.59767 
Low scene complexity 
Source DF ss Mean Square F Value Pr> F 
Model (time) 32.2944000 32.2944000 2.20 0.1522 
Error 22 322.9440000 14.6792727 
(Note that * indicate a significant effect at p=0.05) 
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Table R.17. ANOVA result on 丁otal Sickness score ( comparison between pre 

High scene complexity 
Source DF ss Mean Square F Value Pr> F 
Model (time) 12594.0854 12594.0854 20.50 0.0002* 
Error 22 13515.5185 614.3417 
Medium scene complexity 
Source DF ss Mean Square F Value Pr> F 
Model (time) 4826.30482 4826.30482 7.77 0.0107* 
Error 22 13664.71957 621.12362 
Low scene complexity 
Source DF ss Mean Square F Value Pr> F 
Model (time) 282.083267 282.083267 6.41 0.0190* 
Error 22 967.475667 43.976167 
(Note that * indicate a significant effect at p=0.05) 

Table R.18 ANOVA result for Nausea sub-score of the change sickness 
rofiles in 3 different scene complexity conditions 

Source DF SS Mean Square F Value Pr> F 
Scene complexity 2 12139.9362 6069.9681 7.05 0.0028* 
Error 33 28418.3721 861.1628 
(Note that* indicate a significant effect at p=0.05) 

Table R.19 ANOVA result for Oculomotor sub-score of the change sickness 
rofiles in 3 different scene complexity conditions 

Source DF SS Mean Square F Value Pr> F 
Scene complexity 2 3421.84782 1710.92391 4.12 0.0253* 
Error 33 13712.92747 415.54326 
(Note that * indicate a significant effect at p=0.05) 

Table R.20 ANOVA result for Disorientation sub-score of the change sickness 
rofiles in 3 different scene complexity conditions 

Source DF SS Mean Square F Value Pr> F 
Scene complexity 2 8924.01920 4462.00960 5.20 0.0109* 
Error 33 28338.33600 858.73745 
(Note th副＊ indicate a significant effect at p=0.05) 
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Table R.21 ANOVA result for Total sickness score of the change sickness 
profiles in 3 different scene complexity conditions 

Source DF SS Mean Square F Value Pr> F 
Scene complexity 2 9139.34242 4569.67121 5.82 0.0068* 
在rror 33 25916.69153 785.35429 
(Note that * indicate a significant effect at p=0.05) 

丁able R.22 SNK test on the effect of scene complexity on Nausea sub-score of 
the 3 conditions 

SNK Grouping Mean N scene complexity 
12 high A 50.88 

B 23.06 12 median 
B 
B 6.36 12 low 

(Note that means with the same letter are not significantly di仔erent)

Table R.23 SNK test on the effect of scene complexity on Oculomotor sub” 

score of the 3 conditions 
SNK Grouping Mean N scene complexity 

A 30.320 12 high 
A 
A 25.267 12 median 

B 7.580 12 low 

(Note that means with the same le忧er are not significantly different) 

丁able R.24 SNK test 。n the effect of scene complexity on Dis。rientation sub” 

score of the 3 conditions 
SNK Grouping Mean N scene ocmplexity 

B 
B 

A 40.60 12 high 
A 
A 25.52 12 median 

B 2.32 12 low 
(Note that means with the same letter are not significantly di忏erent)
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丁able R.25 SNK test on the effect of scene c。mplexity on Total sickness score 
of the 3 conditions 

SNK Grouping Mean 时 Scene complexity 

B 
B 

A 45.82 12 high 
A 
A 28.36 12 median 

B 6.86 12 low 
(Note that means with the same letter are not significantly different) 

丁able R.26 ANOVA It for Q1 to 06 of simulat' 
－宁？”－ -· --

Q1: Did you feel you were moving during the experiment? 
Source OF ss Mean Square F Value Pr> F 
Scene complexity 2 14.2222222 7.1111111 10.83 0.0002* 
Error 33 21.6666667 0.6565657 
Q2: How uncomforted of HMO? 
Source OF ss Mean Square F Value Pr> F 
Scene complexity 2 1.72222222 0.86111111 1.34 0.2764 
Error 33 21 .25000000 0.64393939 
Q3: How completely did you believe you were pa川 of virtual environment? 
Source OF ss Mean Square F Value Pr> F 
Scene complexity 2 15.1666667 7.5833333 11.59 0.0002* 
Error 33 21.5833333 0.6540404 
Q4: How flat and missing in depth did the world appear? 
Source OF ss Mean Square F Value Pr> F 
Scene complexity 2 8.66666667 4.33333333 6.48 0.0042* 
Error 33 22.08333333 0.66919192 
Q5: How excited do you feel after the experiment? 
Source DF ss Mean Square F Value Pr> F 
Scene complexity 2 5.05555556 2.52777778 3.59 0.0389* 
Error 33 23.25000000 0.70454545 
Q6: How real was the graph simulation? 
Source OF ss Mean Square F Value Pr> F 
Scene complexity 2 30.3888889 15.1944444 47.75 0.0001 * 
Error 33 10.5000000 0.3181818 
(Note that * indicate a significant effect at p=0.05) 
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Table R.27 SNK test on the effect of scene complexity on Q1 to Q6 of the 
lation assessment Quest' 

01: Did you feel you were moving during the experiment? 
SNK Grouping Mean N scene complexity 

A 1.8333 12 high 
日 0.5000 12 low 
B 
B 0.5000 12 median 

Q2: How uncomforted of HMO? 
SNK Grouping Mean N scene complexity 

A 1.6667 12 low 
A 
A 1.5833 12 high 
A 
A 1.1667 12 median 

03: How completely did you believe you were pa忱 of virtual environment? 
SNK Grouping Mean N scene c。mplexity

A 2.3333 12 high 
B 1.0000 12 median 
B 
B 0.9167 12 low 

04: How flat and missing in depth did the world appear? 
SNK Grouping Mean N scene complexity 

A 2.4167 12 low 
A 
A 2.0833 12 median 
日 1.2500 12 hi口h

Q5: How excited do you feel after the experiment? 
SNK Grouping Mean N scene complexity 

A 1.3333 12 high 
A 

B A 0.8333 12 median 
B 
B 0.4167 12 low 

06: How real was the graph simulation? 
SNK Grouping Mean N scene complexity 

A 2.6667 12 high 
B 1.5833 12 median 
C 0.4167 12 low 

(Note that means with the same letter are not significantly different) 
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Table R.28 Correlation coefficients with the p values of 6 questions of the simulation assessment form with the nausea 
& apparent self-motion ratings at 30 minutes 

QI 02 03 04 

01 1 
。

02 0.10401 1 
0.5521 。

03 0.52053 0.09412 
0.0013 0.5907 。

04 -0.33634 0.13074 ”。.43883 1 
0.0482 0.4541 0.0084 。

05 0.39907 -0.14081 0.62628 “ 0.42147 
0.0176 0.4198 0.0001 0.0117 

06 0.51722 ”0.17596 0.66712 -0.58791 
0.0015 0.312 0.0001 0.0002 

Nausea ratings 0.8326 0.02727 0.40023 -0.31534 
0.0001 0.8764 0.0172 0.065 

Apparent se吁· 0.90764 0.04990 0.48814 0.34916 
motion ratings 

05 

。

0.60685 

。”0001
0.37132 
0.0281 

0.35713 

Q6 

1 
。

0.51962 
0.0014 
0.5325 

Nausea ratings 

。

0.85181 

Apparent self­
motion ratings 

0.0001 0.7759 0.0029 0.0598 0.0352 0.001 0.0001 O 
01: Did you feel you were moving during the experiment?, 02: How uncomforted of HMO?, 03: How completely did you 
believe you were part of virtual environment?, 04: How flat and missing in depth did the world appear?, 05: How excited 
do you feel after the experiment?, 06: How real was the graph simulation? 
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Appendix S 

This appendix illustrates the full range of gray scale values (0帽255). Chapter 4 
(Method to quantify scene content in virtual environment) is related to this 
appendix. 

The full range of gray scale values （。”255)

。

255 

226 



Appendix T 

This appendix illustrates the method and steps to calculate the spatial 
frequencies of a dynamic virtual environment. Chapter 4 (Method to quantify 
scene content in virtual environment) is related to this appendix. 

Method to calculate the spatial frequencies of a dynamic virtual environment. 

Step 1: 丁ake five representative snapshots of the dynamic virtual 

environment 

For the ease of explanation, the pictures have been assigned as Picture I, 

Picture II, Picture Ill, Picture IV and Picture V. 

Step 2: Gray scale extraction 

The spatial frequencies of the five captured pictures will be calculated 

individually. First, it is necessa叩 to store the pictures in a format that containing 

the gray scale information of each pixel 。f the pictures. The gray scales of each 

pixel are then extracted. The gray scale of each pixel is an indication of the 

luminance level of that pixel. In addition, the information is stored in ASCII 

format. A file format called … po民able graymap file format 'pgm’ is used ( steps to 

store a picture in 'pgm’ format in an Onyx workstation is shown in Appendix H) 
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AC++ program (see Appendix I) has been developed to extract the gray scale of 

each pixel of the pictures. 

Step 3: Edge elimination 

Before calculating the spatial frequencies of the pictures, the edges of the 

pictures should be eliminated first. As some back lines in the edges of the picture 

may be introduced during the procedure of capturing a picture. These black lines 

could affect the values of spatial frequencies. By trial and error, the width of the 

black lines are usually less than 3 pixels, so it is appropriate to cut 1 % pixels in 

top, bottom, left and right sides of the picture and rescale the corresponding FOV 

respectively. For example, a picture with dimension 640 (horizontal)× 480 

(ve而cal) pixels and the field of view is 48° (horizontal)× 36° (vertical), the new 

dimensions and the corresponding FOV after the elimination are 627 (horizontal} 

× 470 (ve忱ical) pixels and 47° (horizontal)× 35° (vertical) respectively. 

Step 4: Extract the gray scale values of pixel within each row 

Treating the gray scales values of each row as a series of numbers 
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Step 5: Calculate Power Spectral density of a row 

After extraction of the gray scale series of each row, it is necessa叩 to calculate 

the Power Spectral Density (PSD) of these gray scale series. The calculation of 

the PSD distribution will involve the use of Fast Fourier 丁ransformation (FFT}. 

The PSD distribution graph will indicate the dominant frequencies of the gray 

scale series. Within a gray scale series there may be several dominant 

frequencies (showing peaks in the PSD graph). The meaning of the dominant 

frequencies in this study is satisfying the two following conditions at the same 

time: (i) greater than a threshold value, 1000, the hypothesis is that below that 

threshold value, human cannot perceive the luminance level changes. Further 

investigation of it is desirable; and (ii) frequencies at which the PSD graph shows 

peak values greater than half of the value of the highest peak occurs in the PSD 

distribution. After the dominant frequencies have been identified, the average 

value would be used to represent the average frequency of the pa民icular row. As 

a result, the following equation (Equation 丁.1) could be used to describe how to 

(the value 。f the peak at which the PSD graph') 

I:I 『，as a peak value > threshold value : 1 000 & I 
（…叫uer he r == ( l ha 
F叫il (i : ith row) ) (T。talnumber 。f peaks which a『e > the threshold l 

l value : 1000 & the half of the value of the max.peak) 

obtain the average frequency of each row: 

Equation T .1 
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Step 6: Calculate the average spatial frequency of a row 

Dividing the average frequency of the row by the horizontal field of view, the 

average spatial frequency of the row is obtained (see Equation T.2). 

(average sp甜叫四ncy )- F,,,u, 
of the row, SFrow(il (i: ith : row)) horizontal FOV 

Equation 丁2

Step 7: Calculate the average spatial frequencies of all rows 

丁he same procedures are repeated to calculate all average spatial frequencies of 

all rows. 

Step 8: Calculate the average horizontal spatial frequency of one picture 

The average hori之ontal spatial f阳quencies of Picture I (SFhorizont 

average 。f the values of the spatial frequencies of the rows (see Equation 丁.3)

n=lastrow 

( ) ):SFrow(o average horizontal spatial frequency 1=171删

of Picture I, SFho时zontal . picture I total number of rows 

Equation T.3 

230 



Step 9: Extract the gray scale values of pixel within each column 

丁reating the gray scales values of each column as a series of numbers. 

Step 10: Calculate the Power Spectral density of a column 

The same method is applied to calculate the average frequency of a column. 

( the value of the peak at which the PSD graph'\ 

II has a peak value > threshold value : 1000 & I 
（…叫叫巾。l叫：（ lhalf of the v副四川…ak j 丁

Favem O: jth column) ) (Total number of peaks which are> the threshold I 
\ value : 1000 & the half of the value of the max.peak) 

Equation T.4 

Step 11: Calculate the average spatial frequency of a column 

（剖er叫atial
E 一

of the column, SFco1umn 

Equation 丁.5
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Step 12: Calculate the average spatial frequencies of all columns 

Repeat the same calculating procedures to calculate all the average spatial 

frequencies of all columns. 

Step 13 Calculate the average vertical spatial frequency of a picture 

（、＝、SFcoaverage vertical spatial 仕equency) i=t；川1叩…v
, 

of Picture I, SFv町tical 国抖阳re 1 ) total number of columns 

Equation T.6 

Step 14: Calculate the average radial spatial frequency of a picture 

Besides, the radial spatial frequency of Picture I (SFradial-Picture 1) is calculated by 

Equation T.7 

（…ge创ia
E 一

of Picture ！’ SFra时di吕！副 Picu时 j

2 2 

SFhorizontal-Picturel + SFve巾al-Picture

ξquation 丁．γ
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Step 15: Calculate the average horizontal, vertical and radial spatial 

frequencies of all pictures 

Similarly, the average horizontal, vertical and radial frequencies of Picture II, 

Picture Ill, Picture lV and Picture V can be obtained by the same method. 

Step 16 Calculate the average horizontal, vertical and radial spatial 

frequencies of the dynamics virtual environment 

Finally, the average values of these five pictures can be used to represent the 

three axes spatial frequencies of the dynamic virtual environment simulation. 

V 

（）巳） ·. SF horizontal -Picture (k) average horizontal spatial frequency t:: 
。f an virtual environment, SFho『izontal

V 

（＼ γ肌ιe目iaverage ve忱icalsp础ial frequency 1一含1 
of an virtual environment, SFv町tical J 
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Equation T .8 

Equation T.9 



V 

（）口 γSF阪dia1 • average radial spatial frequency 台' of an virtual environment, SFractial total number of pictures 

亘quation T .10 

The spatial frequencies of the virtual environment represent the luminance level 

changes spatially over the whole simulation. 
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Appendix U 

The normal probability plots of nausea ratings, Nausea sub-score, Oculomotor 
sub-score, Disorientation sub-score and Total Sickness (TS) score of experiment 

Chapter 7 (Studies of effects of scene rotation axes on cybersickness with a 
head唰coupled virtual reality system is related to this appendix. 
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Figure U.1 Normal probability plot of nausea ratings of experiment 1 (effects of 
rotation axes on cybersickness) 
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Figure U.2 Normal probability plot of Nausea sub-score of experiment 1 
(effects of rotation axes on cybersickness) 
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Normal Probability Plot of the Residuals 
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Figure U.3 Normal probability plot of Oculomotor sub-score of experiment 1 
(effects of rotation axes on cybersickness) 
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Figure U.4 Normal probability plot of Disorientation sub” score of experiment 1 
(effects of rotation axes on cybersickness) 
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Normal Probability Plot of the Residuals 
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Figure U.5 Normal probability plot of 丁otal Sickness score of experiment 1 
(effects of rotation axes on cybersickness) 
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Appendix V 

丁he normal probability plots of nausea ratings, apparent self-motion ratings, 
Nausea sub-score, Oculomotor sub-score, Disorientation sub-score and Total 
Sickness （丁S) scores of experiment 2. 

Chapter 8 (Studies of effects of visual scene velocity on cybersickness with a 
head-coupled virtual reality system) is related to this appendix. 
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Figure V.1 Normal probability plot of nausea ratings of experiment 2 (e何ects of 
scene velocity on cybersickness) 
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Figure V .2 Normal probability plot of apparent self-motion ratings of 
experiment 2 ( e行ects of scene velocity on cybersickness) 
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Normal Probability Plot of the Residuals 
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Figure V.3 Normal probability plot of Nausea sub-score of experiment 2 
(e行ects of scene velocity on cybersickness) 
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Figure V .4 Normal probability plot of Oculomotor sub-score of experiment 2 
(effects of scene velocity on cybersickness) 
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Normal Probability Plot of the Residuals 
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Figure V.5 Normal probability plot of Disorientation sub唰score of experiment 2 
(effects of scene velocity on cybersickness) 
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Figure V.6 Normal probability plot of Total Sickness score of experiment 2 
(effects of scene velocity on cybersickness) 
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Appendix W 

The normal probability plots of nausea ratings, apparent self” motion ratings, 
Nausea sub-score, Oculomotor sub-score, Disorientation sub-score and Total 
Sickness (TS) scores of experiment 3. 

Chapter 9 (Studies of effects of scene complexity on cybersickness with a head­
coupled virtual reality system) is related to this appendix. 
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Figure W .1 Normal probability plot of nausea ratings of experiment 3 ( e忏ects of 
scene complexity on cybersickness) 
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Figure W.2 Normal probability plot of apparent self刊otion ratings of 
experiment 3 ( e何ects of scene complexity on cybersickness) 
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Normal Probability Plot of the Residuals 
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Figure W .3 Normal probability plot of Nausea sub-score of experiment 3 
(e仔ects of scene complexity on cybersickness) 
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Figure W.4 Normal probability plot of Oculomotor sub-score of experiment 3 
(effects of scene complexity on cybersickness) 
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Normal Probability Plot of the Residuals 
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Figure W .5 Normal probability plot of Disorientation sub-score of experiment 3 
(effects of scene complexity on cybersickness) 
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Figure WβNormal probability plot of Total Sickness score of experiment 3 
(e何ects of scene complexity on cybersickness) 

~ End ~ 

243 


	20220316161204540
	20220316161501326
	20220316161605188



