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Interacting Effects of Frequency, Velocity and Amplitude on Vection  

for Yaw and Roll Visual Oscillations 

by FU, Xiaojin  

Department of Industrial Engineering and Logistics Management 

The Hong Kong University of Science and Technology 

ABSTRACT 

The phenomenon of vection (also termed as self-motion illusions) is commonly perceived by 

stationary observers when watching coherently moving visual stimuli. For oscillatory visual 

stimuli, the effects of oscillation frequency on vection along the fore-and-aft axis have been 

studied with fixed velocity and fixed amplitude by Chen (2014). The two-frequency-response 

hypothesis, which explained inconsistent effects of frequency in literature, was proposed. 

This dissertation extends his work to yaw and roll visual oscillations. Effects of frequency, 

velocity, and amplitude are investigated. Two experiments for yaw and roll vection were 

conducted respectively. In each experiment, there were five levels of frequency, rms velocity, 

and amplitude. Results showed that under constant rms velocity, yaw vection decreased as 

frequency increased; and under constant amplitude, yaw vection presented an inverted U-

shape with increasing frequency. Thus, frequency response for yaw vection supported the 

two-frequency-response hypothesis. As for roll vection, vection dropped as frequency 

increased no matter whether rms velocity or amplitude was fixed. It was also found that 

visual oscillations of the same frequency but different amplitudes and velocities generated 

different vection magnitudes for both yaw and roll vection. Findings suggested that frequency 

alone should not be regarded as a sufficient predictor for perceived vection magnitude. 

Analyses of the effects of amplitude indicated that the larger the amplitude, the stronger the 

vection. As for the effects of velocity, yaw vection presented an inverted U-shape with 

increasing velocity; while roll vection decreased as velocity increased. Interestingly, three 

different frequency responses of vection provoked by constant amplitude visual oscillation 

were found for yaw, roll and fore-and-aft vection. This suggested that there might be different 

motion perception mechanisms for visual system along different directions. 
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CHAPTER 1 : INTRODUCTION 

1.1 Illusory self-motion (Vection) 

Illusory self-motion describes a phenomenon that self-motion is perceived while no physical 

movement is taking place in fact. This phenomenon is also termed as vection. Taking a 

typical experience for example, when people are sitting on a stopped train and watching a 

moving train which is next to the stopped one, people often feel that their train appears to 

move in the opposite direction of the near one and the train aside seems to be stationary. 

Vection is frequently perceived in everyday life, simulators, movie theatres, and virtual 

environment (Hettinger et al., 2014). 

Vection can be generated through different sensory modalities. Visually induced self-motion 

illusions are most commonly seen phenomenon and have been extensively studied over a 

century (Dichgans and Brandt, 1978; Andersen and Dyer, 1987). Besides visual cues, other 

nonvisual cues, such as auditory (Riecke et al., 2009; Väljamäe, 2009), vestibular (Lepecq et 

al., 2006; Fetsch et al., 2009), tactile (Dichgans & Brandt, 1978) cues, can also contribute to 

producing vection. This dissertation is about visually induced vection.    

Vection is successfully utilized to simulate self-motion and widely applied in entertainment 

industry. Vection provides a high degree of self-presence in virtual environment. In IMAX 

theatres, coherent optical flows and 3D special effects are combined to generate compelling 

self-motion illusions. It provides people with immersive experience. Another successful 

application is theme park rides in which multisensory cues are integrated to induce motion. 

For example, the most popular ride Soarin’ at Disney’s Epcot theme park brings the feeling 

of hang glider flight using a large projection dome and aerially captured footage. In the ride, 

people feel they are moving forward from one landmark to the next with only limited actual 

movements (Figure 1.1).  

In recent years, with the rapid development of virtual reality (VR) technologies, vection has 

captured more and more attention. Facilitating vection to simulate self-motion in virtual 

environment can be very compelling. Riecke (2010) suggested that the nature of vection and 

the factors affecting vection should be carefully investigated to improve overall experience 

and effectiveness of VR.  
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In this study, research gaps concerning vection as functions of visual oscillation frequency, 

amplitude, and rms (root-mean-square) velocity along the yaw and roll axis are identified. 

 

Figure 1.1 The theme park ride Soarin’ using vection to facilitate forward motion (cited from 

https://disneyworld.disney.go.com/attractions/epcot/soarin/) 

1.2 Vection induced by visual oscillations 

Visual oscillating scenes can generate illusive feeling of body vibration. Suppose it is a 

sinusoidal oscillation, the relation between the three factors, which are rms velocity (v), 

frequency (f), and amplitude (A), is v=√2πfA. Frequency is thought to be one of the most 

important characteristics of visual oscillations. There have been a lot of studies about 

frequency responses of visually induced motion sickness (VIMS) trying to identify the band 

of frequency which is most likely to provoke sickness (Dul et al., 2004; Lin et al., 2005; Diels 

and Howarth, 2012; Chen et al., 2016).  

https://disneyworld.disney.go.com/attractions/epcot/soarin/
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However, only a few studies explored vection elicited by visual oscillation. Berthoz et al. 

(1975) found that vection magnitude decreased as oscillation frequency increased from 0.01 

Hz to 1 Hz for horizontal linear optical flow stimuli. In the meanwhile, some studies argued 

that frequency was not the dominant factor determining vection. Firstly, velocity played a 

crucial role in illusions of self-motion. De Graaf et al. (1990) investigated that circular 

vection along yaw axis was determined by angular velocity instead of temporal frequency. 

And Chen (2014) discovered that linear vection along fore-and-aft axis was dominated by 

velocity rather than frequency. Secondly, amplitude of visual oscillation was also found to 

dominate vection. Chow et al. (2007) reported that vection changed significantly when visual 

oscillations were at the same RMS velocity but different amplitudes. Their works indicated 

that frequency, velocity, and amplitude had interactive effects on the level of vection 

magnitude. This thesis is intended to clarify the interaction effect. The experiment design of 

Chen (2014)’s study was adopted, which had five levels for each of the three factors, i.e., 

frequency, velocity, and amplitude.    

Directions of visual oscillations are one of the key characteristics which have been studied 

with frequency response of visually induced motion sickness (VIMS) and vection. Previous 

studies showed that different rotational visual oscillations, i.e., pitch, yaw, and roll, have 

similar effects on the level of VIMS (Lo and So, 2001). As for translational visual 

oscillations (fore-and-aft, lateral, and vertical), there were no significant differences in 

vection magnitudes and the level of VIMS (Chen et al., 2011). This study is also intended to 

study the effects of different oscillating directions on vection. Oscillations along the yaw and 

roll axes were studied in the thesis. 

1.3 Objectives and hypotheses  

This study aims to investigate the effects of frequency, velocity, and amplitude of visual 

oscillations on yaw and roll vection, and the effects of oscillating directions on vection.   

Major hypotheses of this dissertation are listed in the following, 

H1: vection is not dominated by oscillation frequency alone, but is affected by frequency, 

velocity, and amplitude interactively.  

H2: when visual oscillations are along different directions, the effects of frequency, velocity, 

and amplitude on vection are different. 
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1.4 Thesis outline  

The followings are the summaries for each chapter of this thesis. 

Chapter 1 briefly introduces the phenomenon “self-motion illusions (vection)”. And then it 

leads in the research questions addressed in this thesis by reviewing studies on the frequency 

response of vection.      

Chapter 2 reviews previous research on visually induced vection, and emphasis will be laid 

on vection induced by visual oscillations. 

Chapter 3 summarizes experimental setups and measurements used in this study. 

Chapter 4 presents the work of Experiment 1, which studied the effects of frequency, velocity, 

and amplitude of visual oscillation, along the yaw axis, on vection.  

Chapter 5 presents the work of Experiment 2, which studied the effects of frequency, velocity, 

and amplitude of visual oscillation, along the roll axis, on vection. 

Chapter 6 discusses the findings, implications, and limitations of this study.    
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CHAPTER 2 : LITERATURE REVIEW 

2.1 Visual-vestibular interactions  

Perception of self-motion is a multisensory integration process involving sensory information 

from visual, vestibular, somatosensory, and auditory systems (Borah et al., 1988; Greenlee et 

al., 2016). And it depends on visual and vestibular afferents to a great extent (Mergner et al., 

2000). The interactions of visual and vestibular have been studied for a long history 

(Dichgans and Brandt, 1978).  

The vestibular system provides information about movement and spatial orientation of the 

body. Body movements are divided into rotational movements and translational movements. 

Respectively, there are two components in vestibular responding to these two forms of 

movements. The semicircular canals detect rotational accelerations. And the otoliths sense 

linear accelerations and gravitation. However, both components fail to detect constant or low 

frequency velocity motion. Studies have found that it was less effective for the vestibular to 

sense low frequency motion, but more effective to sense high frequency (>1 Hz) 

accelerations (Benson et al., 1990; Diener et al., 1982). Howard (1986) observed that motion 

at frequency lower than 0.1 Hz was prone to be underestimated or even undetected. Thus, the 

vestibular contribution to self-motion perception is considered to possess high pass 

characteristics.  

The limited ability of the vestibular system to perceive self-motion is compensated by other 

sensors. Visual inputs are considered to be the most important. It contains reliable 

information about movement velocity, distance, heading direction, and spatial position 

(Gibson, 1950).  Vection is found to be more easily induced by visual inputs at lower 

frequency, and the visual system is featured by low pass characteristics (Andersen and 

Braunstein, 1985). One evidence was that vection magnitude dropped as visual oscillation 

frequency ranging from 0.01 Hz to 1 Hz (Berthoz et al., 1975).  
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The information provided by visual system and vestibular sometimes conflict. For an 

instance, if visual cues of acceleration motion are received but vestibular cues are not, a 

stationary observer would perceive weak self-motion or not perceive self-motion. In this 

situation, visual-vestibular conflict impairs vection. On the other hand, if visual system 

dominates self-motion perception (for example when a stationary observer views a visual 

motion of constant velocity), a strong self-motion illusion is likely to be sensed (Lishman and 

Lee, 1973).  

In this dissertation, all visual motion stimuli are sinusoidal oscillations of which motion 

acceleration varies over the time. When stationary subjects are exposed to them, inputs from 

visual system and vestibular conflict due to the absence of vestibular cues. Palmisano et al. 

(2000) found that the larger the mismatch between actual vestibular cues and the expected 

vestibular cues, the larger the vection is impaired. There is more mismatch in roll vection 

than yaw vection because of the absence of the gravitational acceleration cue detected by the 

otoliths (Lo and So, 2001). Therefore, roll vection is expected to be weaker than yaw vection.   

2.2 Measurements of vection 

The sensation of vection is a subjective and complicated process to quantify yet. In laboratory 

study, measurement techniques can be mainly divided into psychological measures, 

behavioral measures, and physiological measures (Hettinger et al., 2014). 

Vection intensity measures the strength of the perceived self-motion or how intense the 

sensation of self-motion is. Subjective scales are commonly used to assess it. Vection onset 

time or vection latency refers to the time it takes to perceive vection for the first time from 

exposure to vection generating stimuli. Other measures, such as duration of the vection 

sensation, estimations of the perceived displacement, illusory body tilt and self-motion 

velocity, are also frequently adopted regarding to research goals (Väljamäe, 2009).  

Postural sway is a behavioral measure. It indirectly assesses vection intensity and is often 

combined with subjects’ subjective vection intensities.   

Researchers have also tried to develop physiological measurement technologies, including 

afternystagmus (nystagmus after exposure to vection generating stimuli), electrodermal 

activity and cardiovascular responses, EEG, MEG (magnetoencephalography), PET (positron 

emission tomography), fMRI (functional magnetic resonance) et al.  
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2.3 Factors affecting levels of visually induced vection 

Researchers have tried to find out how the parameters of vection generating stimuli affect the 

sensation of vection for a long history, especially for visual stimuli. Some of the most 

important factors of visual stimuli are briefly presented below.  

Velocity of optical flow is one of the important factors. Hu et al. (1989) found that vection 

magnitude increased as optokinetic drum rotation speed increased from 15 to 60 degrees per 

second, then vection dropped as rotation speed further increased to 90 degrees per second. 

There were 4 levels of constant rotation speed: 15, 30, 60, and 90 degrees per second in their 

study. Similar findings regarding to circularvection were observed by Young (1978). As for 

linearvection, there was a similar pattern that the sensation of vection increased to a saturated 

point then dropped as optical velocity increased. For vection induced by stimuli on a ground 

surface, Tamada and Seno (2015) found that subjective strength of vection increased by 50% 

as the speed increased from 0.375 m/s to 1.5 m/s.  

The effects of spatial frequency of the visual stimuli on vection has been well investigated as 

well. In Brandt et al. (1975)’s study, it was found that roll vection magnitude increased as 

spatial frequency increased until 30% of the visual stimulus area was filled by pattern 

elements. In Hu et al. (1997)’s study, the interior of the optokinetic drum (360 degrees) was 

evenly covered by 6, 12, 24, 48, and 96 pairs of black-and-white stripes. And they found yaw 

vection magnitude peaked at the intermediate spatial frequency of 24 pairs.   

Field of view (FoV) subtended by the visual stimulus is another important visual factor. 

Andersen and Braunstein (1985) observed that linear vection can be induced by a stimulus in 

the central visual field of size as small as 7.5 degrees. Brandt et al. (1973) found that vection 

magnitude was lower in condition where FoV is only 30 degrees than condition with full 

FoV. It indicated that the size of FoV significantly influenced vection magnitude. Basting et 

al. (2007) investigated the effect of the size of FoV on vection intensity using a head-

mounted display (HMD) in a virtual environment (VE). They found that a decrease of the 

FOV invoked a decrease of the intensity of perceived vection. 

In this dissertation, temporal frequency, amplitude, rms velocity, and directions of visual 

oscillation will be investigated. Discussions and literature review regarding these factors are 

presented in the following.  
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2.3.1 Directions of vection 

Vection can be induced in different directions. The directions in which people feel 

themselves move are always in the opposite of the directions of the visual motions. 

Regarding the directions, vection is categorized into linearvection (including fore-and-aft, 

lateral, and vertical) and circularvection (including yaw, roll, and pitch) (Figure 2.1). 

Exposure to different types of visual stimuli, people may perceive linear motion, rotational 

motion, or combinations of linear and rotational motion.   

 
Figure 2.1 Six degrees of body-centric motion (So and Lo, 2001) 

Yaw vection was first studied by Mach in 1875, probably the earliest study on vection. In 

laboratory, the optokinetic drum has been typically used to study yaw vection for a long 

history (Brandt et al., 1973; Teixeira and Lackner, 1979; Jong et al., 1981; Hu et al., 1989; 

Hu et al., 1992; Muth et al., 1995; Bubka et al., 2006; Ji et al., 2009). Yaw vection is the 

most frequently studied type of vection up to now. The experience of yaw vection can be 

divided into four stages: 1. once the visual stimulus is set to start moving at constant speed, 

subjects do not perceive any self-motion and the visual stimulus appears to be moving only; 

2. some seconds later, subjects started to feel that the moving of the visual stimulus gradually 

slow down and their body seems to move increasingly fast in the opposite direction of the 

visual motion; 3. in the following, subjects feel a steady state of self-motion and visual 

motion, which indicates vection is the strongest and saturated (Brandt et al., 1973); 4. at last, 

perception of self-motion may disappear intermittently due to eye blink or other interruptions.       
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In early days without various display technologies, roll vection and pitch vection were 

induced by devices like circular disk or hollow sphere with coherent pattern (Dichgans et al., 

1972; Howard et al., 1988). Nowadays, roll vection and pitch vection is commonly studied by 

HMD (Head Mounted Display), large-screen projectors, virtual reality devices and so on. The 

experience of roll vection and pitch vection is similar; however, it is different from yaw 

vection. Howard (1986) observed that, during the time vection is perceived, subjects feel that 

body is rotating continuously but is tilt around a fixed angle.  

In 1970s and 1980s, linearvection was induced by devices such as moving rooms (Lee and 

Lishman, 1975), projection systems which projected linear motion on the walls of a 

stationary room (Berthoz et al., 1978). Recently, technologies, like virtual reality devices and 

large displays, have made it much easier to facilitate linearvection. The perception of 

linearvection is similar to yaw vection. Fore-and-aft vection has received most attention and 

been most frequently studied in linearvection. 

As for directions effect on vection induced by visual oscillations, there are only a few studies 

directly related. Table 2.1 is a summary of them. 



10 

Table 2.1 Studies investigating effects of directions on vection induced by visual oscillation 

 
Oscillation 

direction 
FoV 

Oscillation 

amplitude and 

rms velocity 

Oscillation 

frequency 
Results 

Chen 

(2006) 

Fore-and-aft, 

Lateral, 

Vertical 

48 deg. 

(horizontal)  

x 

36 deg. 

(vertical) 

Amplitude  

(+-18m) 

Rms velocity  

(15 m/s) 

 

 

0.12 Hz Between-subject design: Subjects 

experienced more feeling of vection 

when along lateral axis than the 

fore-and-aft and vertical axis. 

Within-subject design: There were 

no significant differences between 

the 3 directions. 

Chow 

(2008) 

Roll 

 

 

200 deg. 

(horizontal)  

x 

50 deg. 

(vertical) 

Fixed rms 

velocity  

(49.5 deg./s) 

0.05, 0.1, 

0.2, 0.4, 0.8 

Hz 

The difference in vection magnitude 

between 2 directions was not 

significant for 5 frequency 

conditions. Fore-and-aft Fixed rms 

velocity  

(44.5 m/s) 

Diels 

(2008) 

Roll 

 

 

 

65 deg. 

(horizontal)  

x 

59 deg. 

(vertical) 

Amplitude  

(+-60 deg.)  

Rms velocity  

(30 deg./s) 

0.125 Hz 

 

 

 

Vection magnitude was 

significantly higher when along the 

roll axis.  

Fore-and-aft Rms velocity 

(18.4 deg./s) 

0.025 Hz 

Roll 

 

 

 

65 deg. 

(horizontal)  

x 

59 deg. 

(vertical) 

Amplitude  

(+-60 deg.)  

Rms velocity  

(48 deg./s) 

0.2 Hz 

 

 

Vection magnitude was 

significantly higher when along the 

roll axis. 

Fore-and-aft Rms velocity  

(24 deg./s) 

Chen (2006) investigated three translational directions (fore-and-aft, lateral, and vertical). In 

experiment adopted between-subject design, subjects experienced more feeling of vection 

when along the lateral axis than the fore-and-aft and vertical axis. Somehow, in within-

subject design experiment, there were no significant differences between the 3 directions. 

Chow (2008) compared roll vection and fore-and-aft vection. And he found the difference in 

vection magnitude between 2 directions was not significant for 5 frequency conditions (0.05, 

0.1, 0.2, 0.4, and 0.8 Hz). However, Diels (2008) observed that vection magnitude was 

significantly higher when along the roll axis than the fore-and-aft axis.  

In this dissertation, yaw and roll vection produced by oscillatory visual stimuli were of 

interest to be studied and compared. As mentioned earlier, roll vection is associated with 

more sensory mismatch, and expected to be weaker than yaw vection. This mismatch is 

supposed to lead to different effects of these two directions on oscillatory vection. 
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More discussion about the effects of directions on vection induced by visual oscillations will 

be presented along with factors temporal frequency, rms velocity, and amplitude in the 

following. 

2.3.2 Temporal frequency 

For motion sickness induced by physical motion, temporal frequency, amplitude and the 

acceleration of the motion are considered to be important characteristics (Griffin, 2012). 

Kennedy et al. (1996) suggested that visual oscillation frequency should also play an 

important role in producing vection and VIMS. Table 2.2 is a summary of studies that 

investigated temporal frequency’s effects on vection. 
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Table 2.2 Studies investigating effects of temporal frequency on vection 

 Oscillation 

direction 
FoV 

Frequency 

manipulation 

Frequency 

band 
Results 

Berthoz et 

al. (1975) 

Fore-and-aft   0.01 to 1 Hz Vection magnitude 

decreased as frequency 

increased. 

Post et al. 

(1989) 

Yaw   Fixed amplitude 

(+-0.85 deg. and 

3.4 deg.)   

0.125, 0.25, 

0.5, 1, 2, 4 

Hz 

Vection magnitude 

decreased as frequency 

increased. 

Babler & 

Ebenholtz 

(1989) 

Roll   Fixed amplitude 

(+-15 deg.) 

0.013, 0.027, 

0.053, 0.107, 

0.213 Hz 

For vection-sensitive 

subjects, vection peaked at 

0.213 Hz. 

Previc et al. 

(1993) 

Roll  115 deg. 

(horizontal) 

x 105 deg. 

(vertical)  

Fixed amplitude 

(+-20 deg.) 

0.03, 0.06, 

0.12, 0.25, 

0.50 Hz 

Vection magnitude peaked 

at 0.25 Hz.  

Chen (2006) Fore-and-aft 48 deg. 

(horizontal) 

x 36 deg. 

(vertical)  

Fixed amplitude 

(+-18 m) 

0.0375, 0.1, 

0.1875, 

0.375, 0.75, 

1.875 Hz 

Vection magnitude was 

significantly higher when 

the frequency was 0.75 Hz.  

Lateral Fixed amplitude 

(+-18 m) 

0.0375, 0.1, 

0.1875, 0.375 

Hz 

Vection magnitude was 

significantly higher when 

the frequency was 0.1875 

Hz. 

Yaw Fixed amplitude 

(+-41 deg.) 

0.0375, 0.1, 

0.1875, 0.375 

Hz 

Vection magnitude was 

significantly lower when the 

frequency was 0.0375 Hz. 

Diels (2008) Fore-and-aft 65 deg. 

(horizontal) 

x 59 deg. 

(vertical) 

Fixed rms 

velocity  

(24 deg./s) 

0.025, 0.05, 

0.1, 0.2 Hz 

There was no significant 

difference between 

conditions with different 

frequency. 

0.2, 0.4, 0.8, 

1.6 Hz 

Vection magnitude 

decreased as frequency 

increased. 

Chow (2008) Roll 

 

 

200 deg. 

(horizontal) 

x 50 deg. 

(vertical) 

Fixed rms 

velocity  

(49.5 deg./s) 

0.05, 0.1, 0.2, 

0.4, 0.8 Hz 

Vection magnitude 

decreased as frequency 

increased. 

Fore-and-aft Fixed rms 

velocity  

(44.5 m/s) 

Vection magnitude 

decreased as frequency 

increased. 

Chen (2014) Fore-and-aft 200 deg. 

(horizontal) 

x 50 deg. 

(vertical) 

Fixed amplitude 

(+-12.5, 25, 50, 

100, 200 deg.) 

0.05, 0.1, 0.2, 

0.4, 0.8 Hz 

With the same amplitude, 

vection magnitude increased 

as frequency increased. 

Fixed rms 

velocity (11, 22, 

44, 89, 178 

deg./s) 

With the same rms velocity, 

vection magnitude decreased 

as frequency increased. 

Chen et al. 

(2016) 

Fore-and-aft 220 deg. 

(horizontal) 

x 56 deg. 

(vertical) 

Fixed rms 

velocity 

(44.5m/s) 

0.05, 0.1, 0.2, 

0.8 Hz 

Vection magnitude 

decreased as frequency 

increased. 
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As we can see, among the studies, different apparatus, directions of visual oscillation, visual 

stimuli, size of FoV, and frequency ranges were applied. And another important difference is 

the manipulation of frequency, which was observed by Chen (2014). In some studies, 

frequency changed with varying amplitude while rms velocity was constant. In other studies, 

frequency was manipulated by changing rms velocity while oscillation amplitude was kept 

constant. We summarized frequency manipulations for studies in Table 2.2.  

From the view of oscillation directions, vection along fore-and-aft has been most frequently 

investigated. Studies found that vection magnitude decreased as frequency increased (Diels, 

2008; Chow, 2008; Chen, 2014; Chen et al., 2016). In their studies, rms velocity was fixed 

and frequency changed with amplitude. However, in studies where frequency was 

manipulated by changing rms velocity while keeping amplitude constant, different findings 

were obtained. Chen (2006) observed that vection magnitude peaked at 0.75 Hz, and Chen 

(2014) found that vection magnitude increased as frequency increased. What in common in 

these two studies was that there were an increasing trend when frequency was lower than 

0.75 Hz. From discussion above, it indicates that different manipulation of frequency results 

in different frequency responses of vection. In fact, Chen (2014) pointed out there were two 

types of frequency responses for vection according to whether the amplitude or the rms 

velocity of the visual motion was fixed. In his study, along the fore-and-aft axis, vection 

magnitude increased as frequency increased when the amplitude was fixed; while vection 

decreased as frequency increased when the rms velocity was fixed. 

For yaw vection (Table 2.2.1), findings regarding to effects of frequency were inconsistent. 

Post et al. (1989) found that vection became weaker with increasing frequency if the 

oscillation magnitude was small (peak-to-peak amplitude < 7 degrees). Differently, Chen 

(2006) found that vection was significantly smaller at the lowest frequency (0.0375 Hz). The 

same frequency manipulation (varying rms velocity and fixing amplitude) was found to be 

used in their studies. Somehow, the frequency ranges they studied were different. In Post’s 

study, frequency ranged from 0.125 to 4 Hz. In Chen’s study, frequency ranged from 0.0375 

to 0.375 Hz. In addition, the oscillation amplitude was much larger in Chen’s study (peak-to-

peak amplitude = 82 degrees). These differences in experiment design might cause 

inconsistent conclusions. To sum up, the effects of frequency remain unclear for yaw vection; 

therefore, more work is needed.  
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Table 2.2.1 Studies investigating effects of temporal frequency on yaw vection 

 Oscillation 

direction 
FoV 

Frequency 

manipulation 
Frequency band Results 

Post et al. 

(1989) 

Yaw   Fixed amplitude 

(+-0.85 deg. and 

3.4 deg.)   

0.125, 0.25, 0.5, 

1, 2, 4 Hz 

Vection magnitude 

decreased as frequency 

increased. 

Chen 

(2006) 

Yaw 48 deg. 

(horizontal) 

x 36 deg. 

(vertical)  

Fixed amplitude 

(+-41 deg.) 

0.0375, 0.1, 

0.1875, 0.375 Hz 

Vection magnitude was 

significantly lower 

when the frequency was 

0.0375 Hz. 

As for roll vection (Table 2.2.2), Chow (2008) found that vection magnitude decreased as 

frequency increased. In his study, frequency was manipulated by changing amplitude and 

keeping rms velocity constant. Differently, Babler and Ebenholtz (1989) and Previc et al. 

(1993) found there was an increasing trend in roll vection with increasing frequency below 

0.213 Hz. In their studies, they varied rms velocity and fixed amplitude to manipulate 

frequency. Their work indicate there might be two types of frequency responses for roll 

vection according to different frequency manipulations.   

Table 2.2.2 Studies investigating effects of temporal frequency on roll vection 

 Oscillation 

direction 
FoV 

Frequency 

manipulation 

Frequency 

band 
Results 

Babler & 

Ebenholtz 

(1989) 

Roll   Fixed amplitude 

(+-15 deg.) 

0.013, 0.027, 

0.053, 0.107, 

0.213 Hz 

For vection-sensitive 

subjects, vection peaked at 

0.213 Hz. 

Previc et al. 

(1993) 

Roll  115 deg. 

(horizontal) 

x 105 deg. 

(vertical)  

Fixed amplitude 

(+-20 deg.) 

0.03, 0.06, 

0.12, 0.25, 

0.50 Hz 

Vection magnitude peaked 

at 0.25 Hz.  

Chow 

(2008) 

Roll 

 

 

200 deg. 

(horizontal) 

x 50 deg. 

(vertical) 

Fixed rms 

velocity (49.5 

deg./s) 

0.05, 0.1, 0.2, 

0.4, 0.8 Hz 

Vection magnitude 

decreased as frequency 

increased. 

Comparing vection along fore-and-aft axis and along roll axis, if the same frequency 

manipulation was applied, the trends of frequency response of vection were similar. An 

important difference was that, when frequency was manipulated by changing rms velocity 

and fixing amplitude, the peak frequency was 0.75 Hz for fore-and-aft vection (Chen, 2006), 

but around 0.2 Hz for roll vection (Babler & Ebenholtz, 1989; Previc et al., 1993). It indicates 

that there might be a shift of frequency responses for vection along different directions. 
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Since there were so many differences in their studies, it is hard to draw a conclusion about 

temporal frequency’s effects on vection for different directions. In this dissertation, the same 

apparatus were used for roll and yaw vection. And frequency band was designed to range 

from 0.00625 to 1.6 Hz. In addition, both two manipulations of frequency were examined. 

2.3.3 Rms velocity and amplitude 

From the discussion above, it is clear that temporal frequency has a significant effect on 

vection induced by visual oscillation. As mentioned in Chapter 1, however, some studies 

showed that rms velocity and oscillation amplitude also played an important role, and argued 

that vection was not dominated by temporal frequency.  

In fact, due to the mathematical relation between temporal frequency (f), rms velocity (v), 

and oscillation amplitude (A) (v=√2πfA), when effects of frequency was investigated under 

constant amplitude, rms velocity also changed with frequency.  

Although there were very few studies directly investigating rms velocity’s effects, the effects 

can be inferred from studies on temporal frequency. Table 2.3 summarizes the effects of rms 

velocity on vection. In particular, column “Effects of rms velocity” of Table 2.3 is inferred 

from studies on frequency, except Chow (2008).  
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Table 2.3 Effects of rms velocity on vection 

 Oscillation 

direction 
FoV 

Rms velocity 

manipulation 
Freq Rms velocity Effects of rms velocity 

Babler & 

Ebenholtz 

(1989) 

Roll   Fixed 

amplitude  

(+-15 deg.) 

0.013, 

0.027, 

0.053, 

0.107, 

0.213 Hz 

0.87, 1.80, 

3.53, 7.13, 

14.20 deg./s 

For vection-sensitive 

subjects, vection 

peaked at 14.20 deg./s. 

Post et al. 

(1989) 

Yaw   Fixed 

amplitude  

(+-0.85 deg.)   

0.125, 

0.25, 0.5, 

1, 2, 4 

Hz 

0.47, 0.94, 

1.89, 3.78, 

7.5, 15 deg./s 

Vection decreased as 

rms velocity increased. 

Fixed 

amplitude  

(+-3.4 deg.)   

1.89, 3.78, 

7.5, 15, 30, 

60 deg./s 

Vection decreased as 

rms velocity increased. 

Fixed 

frequency 

  Vection increased as 

velocity increased. 

Previc et 

al. (1993) 

Roll  115 deg. 

(horizontal) 

x 105 deg. 

(vertical) 

Fixed 

amplitude  

(+-20 deg.) 

0.03, 

0.06, 

0.12, 

0.25, 

0.50 Hz 

2.67, 5.33, 

10.66, 22.21, 

44.43 deg./s 

Vection magnitude 

peaked at 22.21 deg./s.  

Chow 

(2008) 

Roll 

 

200 deg. 

(horizontal)

x 50 deg. 

(vertical) 

Fixed 

frequency 

0.05 Hz 

 

35, 70, 100, 

140 deg./s 

Vection was lower for 

the 35°/s velocity 

condition than 70°/s 

and 100°/s conditions. 

Chen 

(2014) 

Fore-and-

aft 

200 deg. 

(horizontal) 

x 50 deg. 

(vertical) 

Fixed 

amplitude  

(+-12.5 m) 

0.05, 0.1, 

0.2, 0.4, 

0.8 Hz 

2.78, 5.55, 

11.11, 22.21, 

44.43 m/s  

Vection magnitude 

increased as rms 

velocity increased. 

Fixed 

amplitude 

(+-25 m) 

5.55, 11.11, 

22.21, 44.43, 

88.86 m/s 

Fixed 

amplitude  

(+-50 m) 

11.11, 22.21, 

44.43, 88.86, 

177.72 m/s 

Fixed 

amplitude  

(+-100 m) 

22.21, 44.43, 

88.86, 

177.72, 

355.43 m/s 

Fixed 

amplitude  

(+-200 m) 

44.43, 88.86, 

177.72, 

355.43, 

710.86 m/s 

Chen 

(2006) 

Fore-and-

aft 

48 deg. 

(horizontal) 

x 36 deg. 

(vertical)  

Fixed 

amplitude  

(+-18 m) 

0.0375, 

0.1, 

0.1875, 

0.375, 

0.75, 

1.875 Hz 

3, 8, 15, 30, 

60, 150 m/s 

Vection was 

significantly higher 

when the rms velocity 

was 60 m/s. 

Lateral Fixed 

amplitude  

(+-18 m) 

0.0375, 

0.1, 

0.1875, 

0.375 Hz 
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m/s 

Vection was 

significantly higher 

when the rms velocity 

was 15 m/s. 

Yaw Fixed 

amplitude  

(+-41 deg.) 

0.0375, 

0.1, 

0.1875, 

0.375 Hz 

6.83, 18.22, 

34.15, 68.31 

deg./s 

Vection was 

significantly lower 

when the rms velocity 

was 6.83 deg./s. 
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From Table 2.3, studies showed inconsistent results for the effect of rms velocity. When 

vection was along the fore-and-aft axis, Chen (2014) found that vection increased as rms 

velocity increased over a large range of rms velocity (from 11.1 to 177.7 m/s); while Chen 

(2006) observed that vection peaked at an intermediate rms velocity (60 m/s). 

As for yaw vection (Table 2.3.1), results are not consistent as well. Vection magnitude 

decreased as rms velocity increased when amplitude was small (peak-to-peak amplitude = 1.7 

and 6.8 deg.) (Post et al, 1989). Somehow, for larger amplitude (82 deg.), vection was 

significantly small when velocity was slow (6.83 deg./s) (Chen, 2006). More work is needed 

to draw a conclusion about velocity’s effects for yaw vection.  

Table 2.3.1 Effects of rms velocity on yaw vection 

 Oscillation 

direction 
FoV 

Rms velocity 

manipulation 
Frequency Rms velocity 

Effects of rms 

velocity 

Post et 

al. 

(1989) 

Yaw   Fixed 

amplitude  

(+-0.85 deg.)   

0.125, 0.25, 

0.5, 1, 2, 4 

Hz 

0.47, 0.94, 1.89, 

3.78, 7.55, 

15.11 deg./s 

Vection 

decreased as rms 

velocity 

increased. 

Fixed 

amplitude  

(+-3.4 deg.)   

1.89, 3.78, 7.55, 

15.11, 30.21, 

60.42 deg./s 

Vection 

decreased as rms 

velocity 

increased. 

Fixed 

frequency 

  Vection 

magnitude was 

larger when rms 

velocity was 

larger. 

Chen 

(2006) 

Yaw 48 deg. 

(horizontal) 

x 36 deg. 

(vertical) 

Fixed 

amplitude  

(+-41 deg.) 

0.0375, 0.1, 

0.1875, 

0.375 Hz 

6.83, 18.22, 

34.15, 68.31 

deg./s 

Vection was 

significantly 

lower when the 

rms velocity was 

6.83 deg./s. 

For roll vection (Table 2.3.2), Babler & Ebenholtz (1989) found that vection peaked at 14.20 

deg./s, where amplitude was kept at 15 degrees. Previc et al. (1993) observed vection peaked 

at 22.21 deg./s, where amplitude was kept at 20 degrees. Their findings indicated a shift in 

effect of rms velocity regarding to different oscillation amplitudes. As for Chow’s (2008) 

study, where rms velocity was manipulated by fixed frequency, it was found that vection was 

significantly lower for the 35°/s velocity condition than 70°/s and 100°/s conditions.  
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Table 2.3.2 Effects of rms velocity on roll vection 

 Oscillation 

direction 
FoV 

Rms velocity 

manipulation 
Freq Rms velocity 

Effects of rms 

velocity 

Babler & 

Ebenholtz 

(1989) 

Roll   Fixed 

amplitude  

(+-15 deg.) 

0.013, 

0.027, 

0.053, 

0.107, 

0.213 Hz 

0.87, 1.80, 3.53, 

7.13, 14.20 

deg./s 

For vection-

sensitive 

subjects, vection 

peaked at 14.20 

deg./s. 

Previc et 

al. (1993) 

Roll  115 deg. 

(horizontal) 

x 105 deg. 

(vertical) 

Fixed 

amplitude  

(+-20 deg.) 

0.03, 

0.06, 

0.12, 

0.25, 0.50 

Hz 

2.67, 5.33, 

10.66, 22.21, 

44.43 deg./s 

Vection 

magnitude 

peaked at 22.21 

deg./s.  

Chow 

(2008) 

Roll 

 

200 deg. 

(horizontal)

x 50 deg. 

(vertical) 

Fixed 

frequency 

0.05 Hz 

 

35, 70, 100, 140 

deg./s 

Vection was 

significantly 

lower for the 

35°/s velocity 

condition than 

70°/s and 100°/s 

conditions. 

Similar to rms velocity, summary of oscillation amplitude’s effects is presented in Table 2.4. 

There were no analyses on effects of amplitude in the original paper. The column “Effects of 

amplitude” in Table 2.4 is my analyses of their data. 
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Table 2.4 Effects of amplitude on vection 

 Oscillation 

direction 
FoV 

Amplitude 

manipulation 
Frequency Amplitude 

Effects of 

amplitude 

Post et 

al. (1989) 

Yaw   Fixed 

frequency 

0.125 Hz 0.85, 3.4 

deg. 

Vection was 

larger when 

amplitude was 

larger. 

0.25 Hz 

0.5 Hz 

1 Hz 

2 Hz 

4 Hz 

Diels 

(2008) 

Fore-and-aft 65 deg. 

(horizontal) x 

59 deg.  

(vertical) 

Fixed rms 

velocity  

(24 deg./s) 

0.025, 

0.05, 0.1, 

0.2 Hz 

216, 108, 

54, 27 deg. 

There was no 

significant 

difference 

between 

conditions with 

different 

amplitude. 

0.2, 0.4, 

0.8, 1.6 Hz 

27, 13.5, 

6.8, 3.4 deg. 

Vection 

magnitude 

increased as 

amplitude 

increased. 

Chow 

(2008) 

Roll 

 

 

200 deg. 

(horizontal) x 

50 deg.  

(vertical) 

Fixed rms 

velocity  

(49.5 deg./s) 

0.05, 0.1, 

0.2, 0.4, 

0.8 Hz 

222, 111, 

55, 27.9, 

13.9 deg. 

Vection 

magnitude 

increased as 

amplitude 

increased. 
Fore-and-aft Fixed rms 

velocity  

(44.5 m/s) 

200, 100, 

50, 25, 12.5 

m 

Roll Fixed 

frequency and 

varying peak 

velocity (35, 

70, 100, 140 

deg./s) 

0.05 Hz 111, 222, 

318, 446 

deg. 

Vection 

magnitude was 

significantly 

lower for the 111 

amplitude 

condition. 

Chen 

(2014) 

Fore-and-aft 220 deg. 

(horizontal) x 

56 deg.  

(vertical) 

Fixed rms 

velocity  

(11 m/s) 

0.05, 0.1, 

0.2, 0.4, 

0.8 Hz 

50, 25, 

12.5, 6.25, 

3.1 m 

Vection 

magnitude 

increased as 

amplitude 

increased. 
Fixed rms 

velocity  

(22 m/s) 

100, 50, 25, 

12.5, 6.25 

m 

Fixed rms 

velocity 

 (44 m/s) 

200, 100, 

50, 25, 12.5 

m 

Fixed rms 

velocity 

 (89 m/s) 

400, 200, 

100, 50, 25 

m 

Fixed rms 

velocity  

(178 m/s) 

800, 400, 

200, 100, 

50 m 

Chen et 

al. (2016) 

Fore-and-aft 220 deg. 

(horizontal) x 

56 deg.  

(vertical) 

Fixed rms 

velocity 

(44.5m/s) 

0.05, 0.1, 

0.2, 0.8 Hz 

200, 100, 

50, 12.5 m 

Vection 

magnitude 

increased as 

amplitude 

increased. 
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Table 2.4.1 Effects of amplitude on yaw vection 

 Oscillation 

direction 
FoV 

Amplitude 

manipulation 
Frequency Amplitude 

Effects of 

amplitude 

Post et 

al. (1989) 

Yaw   Fixed 

frequency 

0.125 Hz 0.85, 3.4 

deg. 

Vection was 

larger when 

amplitude was 

larger. 

0.25 Hz 

0.5 Hz 

1 Hz 

2 Hz 

4 Hz 

Table 2.4.2 Effects of amplitude on roll vection 

 Oscillation 

direction 
FoV 

Amplitude 

manipulation 
Frequency Amplitude 

Effects of 

amplitude 

Chow 

(2008) 

Roll 

 

 

200 deg. 

(horizontal) x 

50 deg.  

(vertical) 

Fixed rms 

velocity  

(49.5 deg./s) 

0.05, 0.1, 

0.2, 0.4, 

0.8 Hz 

222, 111, 

55, 27.9, 

13.9 deg. 

Vection 

magnitude 

increased as 

amplitude 

increased. 

Roll Fixed 

frequency and 

varying peak 

velocity (35, 

70, 100, 140 

deg./s) 

0.05 Hz 111, 222, 

318, 446 

deg. 

Vection 

magnitude was 

significantly 

lower for the 111 

amplitude 

condition. 

In Table 2.4, 2.4.1, and 2.4.2, we found that vection magnitude increased as amplitude 

increased for all studies listed. 

2.4 Summary of literature review 

From the discussion above, although vection was found to be positively related with 

oscillation amplitude, the effects of temporal frequency and rms velocity on vection remain 

unclear. The effects of frequency on vection were confounded with effects of velocity and 

amplitude.  Previous studies indicated that temporal frequency, rms velocity, and oscillation 

amplitude affected the vection interactively. Research gaps concerning vection as functions 

of visual oscillation frequency, amplitude, and rms velocity are identified. 

It is also found that effects of oscillation directions on vection have been little studied. For 

yaw and roll vection (two types of rotational vection), roll vection is associated with more 

sensory mismatch. This mismatch is supposed to lead to different effects on oscillatory 

vection. Somehow, there has not been any study comparing yaw and roll vection. This 

dissertation first compared frequency responses of vection along the yaw and roll axes.  
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CHAPTER 3 : EXPERIMENTAL SETUPS AND MEASUREMENTS 

3.1 Apparatus 

An optokinetic drum is a large rotating cylinder with stimuli pattern on its interior surface 

(Figure 3.1). During the experiment, stationary subjects sit in the drum and watch the inner 

side of the rotating drum. 

 

Figure 3.1 A rotating optokinetic drum (cited from http://newswise.com/articles/the-

nauseating-taste-of-bitter) 

In both of the experiments in this dissertation, a virtual optokinetic drum is set up to apply 

visual stimuli with a large field of view (FoV). As illustrated in Figure 3.2, it is composed of 

three projectors and a cylindrical projector screen with a radius of around 115 centimeters. 

The visual stimuli are produced by a Visual Basic program in Microsoft Visual Basic 2008, 

and separated into three scenes by Triplehead2Go (Matrox Electronic Systems) 

simultaneously. Straight after that, the separated scenes are projected by the three projectors 

respectively into a coherent scene of 1920×480 pixel resolution. The scene is 120 cm high 

and 460 cm wide. The three projectors A, B, and C are mounted above the screen and tilted 

about 15 degrees below the horizontal. There are about 20 degrees overlap between the 

adjacent projected scenes. Distortions and overlaps were adjusted by a filter. The drum 

provided a large nominal 220°×55° (horizontal × vertical) FoV when subject sat at the center 

of the drum. The stimulus was played at 60 Hz refresh rate. 

http://newswise.com/articles/the-nauseating-taste-of-bitter
http://newswise.com/articles/the-nauseating-taste-of-bitter
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Figure 3.2 Setup of the virtual optokinetic drum (Guo, 2010) 

The chin-rest was fixed at the center of the drum to keep subjects’ head stationary, and of the 

same height with the projected scene’s center. Before the experiment, the chair was adjusted 

to a suitable height so that subject can rest their head comfortably on the chin-rest. The 

experiment was conducted in a dark room.  

Figure 3.3 shows a picture that a subject was doing Experiment 1. Subjects sat on an 

adjustable chair and put their head on the chin-rest. Videos were recorded to ensure that 

subjects fixed their eyes on the red cross and did not move their head. The setup of 

Experiment 2 was the same as Experiment 1 except that the visual stimuli were different.   
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Figure 3.3 Photo that a subject was taking experiment 

The details of the apparatus are shown in Table 3.1. 

Table 3.1 Specifications of apparatus 

Apparatus Specifications 

Stimuli generating computer Intel® core 2™computer; 

NVidia GeForce 7600 GT graphics card; 

2GB RAM; 

2.4GHz CPU. 

Projectors NEC LT-380 LCD projectors. 

Graphics expansion module Triplehead2Go (Matrox Electronic Systems). 

3.2 Vection generating stimuli 

In experiment 1 for yaw vection, the visual stimulus was composed of vertical alternated 

black-and-white stripes (Figure 3.4), which was similar to the ones used by previous studies 

(Hu et al., 1997; Bonato et al., 2004; Palmisano and Gillam, 1998). This kind of visual 

pattern is typically used to induce vection along the yaw axis. The primary dissimilarity was 

that a smooth sine wave gradient was applied to the pattern. It transited between the white 

stripe and black stripe in order to decrease flickering generated by aliasing. Each black stripe 

and white stripe extended a visual angle of 7.5° in width. The visual stimulus oscillated 

sinusoidally along the yaw axis. 
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Figure 3.4 Yaw vection generating stimulus in Experiment 1 

In Experiment 2 for roll vection, a checkerboard patterned tunnel visual stimulus was adopted 

to induce roll vection (Figure 3.5). Similar to the stimulus used by Duh et al. (2004), it was a 

radial pattern with eight pairs of black-and-white stripes. The tunnel was constructed in 

Autodesk 3ds Max 2013, and oscillations of the tunnel were rendered in Autodesk 3ds Max 

2013. Each frame of the oscillations was captured from the view into the tunnel. Then each 

frame was filtered with a 2-D Gaussian smoothing kernel with standard deviation of 2 in 

MATLAB R2015b, through which to decrease flickering generated by aliasing. The velocity 

of the visual stimulus varied sinusoidally along the roll axis. 

 

Figure 3.5 Roll vection generating stimulus in Experiment 2 

In both of the stimuli, a red cross was drawn in the central of the scene. During the 

experiments, subjects were instructed to fix their eyes on the cross. 
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3.3 Measurements 

3.3.1 Visual acuity 

All subjects participating in the experiments were required to have normal or correct-to-

normal visual acuity. Normal vision is known as 20/20 vision. Stereo Optical’s Model 2000 

Vision Tester was adopted to test subjects’ visual acuity (Figure 3.6). Subjects needed to pass 

both near and far point visual acuity tests for both eyes and each eye separately. For near 

point vision test, the viewing distance between the targets and subjects’ eyes is 14 inches, and 

for far point vision test, the distance is 20 feet. There are 14 targets corresponding to visual 

acuity from 20/200 to 20/13 in near or far point vision test. Each target is composed of 1 

complete ring and 3 broken rings, and subjects need to point out the position of the complete 

ring. All vision tests were carried out in a dark room. 

 

Figure 3.6 Optec 2000 Vision Tester (Stereo Optical Corp.) 
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3.3.2 Motion sickness susceptibility questionnaire short-form (MSSQ-short) 

A short form of motion sickness susceptibility questionnaire (MSSQ-short) was filled by all 

subjects. The questionnaire is designed to find out how susceptible to motion sickness 

subjects are (Golding, 1998). MSSQ-short and the scoring method are attached in Appendix 

3.1. It asks how often subjects feel sick or nauseated for following types of transport or 

entertainment: cars, buses or coaches, trains, aircraft, small boats, ships, swings in 

playgrounds, roundabouts in playgrounds, and big dippers or funfair rides. Same questions 

are asked for twice. One asks experience as a child (before age 12), and the other asks 

experience over the last 10 years. Based on the answers, MSSQ raw scores are computed to 

indicate subjects’ susceptibility to motion sickness.  

3.3.3 Simulator sickness questionnaires (SSQ) 

Simulator sickness questionnaires (SSQ) were filled by all the subjects before and after the 

exposure of visual motion, to evaluate how sick or not subjects feel. SSQ is developed by 

Kennedy et al. (1993), and provides a more valid evaluation for simulator sickness as 

distinguished from motion sickness. SSQ is a symptom checklist for sickness. Table 3.2 

shows 26 symptoms on the checklist. Each symptom is with four scales, which are “None”, 

“Slightly”, “Moderate”, and “Severe”. 

Table 3.2 SSQ symptom checklist 

1. General discomfort 10. Nausea 19. Aware of breathing 

2. Fatigue 11. Difficulty concentrating 20. Stomach awareness 

3. Boredom 12. Mental depression 21. Loss of appetite 

4. Drowsiness 13. "Fullness of the head" 22. Increased appetite 

5. Headache 14. Blurred vision 23. Desire to move bowels 

6. Eyestrain 15. Dizziness eyes open 

      Dizziness eyes close 

24. Confusion 

7. Difficulty focusing 16. Vertigo 25. Burping 

8. Salivation increase 

    Salivation decrease 

17. Visual flashbacks 26. Vomiting 

9. Sweating 18. Faintness 27. Other 
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Total scores and three sub-scores (nausea score, oculomotor score, and disorientation score) 

are obtained to rate the level of sickness (Kennedy et al., 1993). SSQ and the scoring method 

are attached in Appendix 3.2. In this dissertation, if subjects reported a total score larger than 

7.48 before exposure, they were required to take a rest of at least five minutes. After rest, 

they filled the questionnaire again. If the total score is still larger than 7.48, they were asked 

to do the experiment on another day (Stanney et al., 2002). 

3.3.4 Perceived Speed 

Perceived speed was subjectively measured in both experiments. The definition of perceived 

speed is “how fast subjects are feeling the patterns are travelling”. And subjects were 

instructed to know that perceived speed was not “the number of cycles of oscillations 

completed by the moving patterns per unit time”.  

Perceived speed was measured by a ratio-scale method (Chen, 2014). Subjects were asked to 

report the ratio of the average perceived speed of the signal condition relative to the reference 

condition. The average speed of the reference was assigned as 1, and there were 9 choices of 

ratios provided: 1/16, 1/8, 1/4, 1/2, 1, 2, 4, 8, and 16. In each condition of the experiment, 

subjects were first presented with a reference oscillation for 20 seconds, then a signal 

oscillation as long as subjects needed to estimate. Perceived speed was orally reported by 

subjects during the signal oscillation period.  

This task requires the skills of ratio scaling. Therefore, a line-length estimation test was 

carried out to ensure that subjects were able to compare and scale the average velocity. In the 

test, participants were asked to estimate the ratios of the length of a set of lines to a reference 

line. There were 7 ratio choices provided: 1/8, 1/4, 1/2, 1, 2, 4, and 8. Participants who failed 

the test with an R square less than 0.9 were excluded in the experiment (Parker et al., 1975). 
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3.3.5 Vection 

 
Figure 3.7 Description of vection magnitudes for each point 

In both experiments, vection magnitude was subjectively measured to find out the level of 

intensity that subjects experience self-motion illusions. Vection magnitude was rated in a 7-

point Likert scale ranging from 0 to 6, adopted from Chen (2014). Point 0 refers to feeling 

that “you are stationary and it is the image which appears to be moving only”; point 3 refers 

to feeling that “you are moving at the same speed as the image”; and point 6 refers to feeling 

that “you are moving and the image appears stationary” (Figure 3.7). If the sensation is more 

intensive, the rate is higher. During the experiment, subjects orally reported the vection 

magnitude ratings to the experimenter in the signal oscillation period. 
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CHAPTER 4 : EFFECTS OF FREQUENCY, VELOCITY AND AMPLITUDE ON 

VECTION FOR YAW VISUAL OSCILLATIONS 

This chapter presents the work of Experiment 1, which studied effects of frequency, velocity, 

and amplitude of visual oscillations for yaw vection. Frequency consists of five levels: 0.025, 

0.05, 0.1, 0.2, and 0.4 Hz; rms velocity consists of five levels: 8, 16, 32, 64, and 128 degrees 

per second; and amplitude consists of five levels: 18, 36, 72, 144, and 288 degrees. The 

experiment consisted of four repeated sessions in separate days adopting a within subjects 

design. Fourteen subjects (7 males) participated in the experiment. They were exposed to a 

virtual optokinetic drum, with alternated black-and-white stripes oscillating sinusoidally. 

Results supported the two-freqeuncy-response hypothesis proposed by Chen (2014). It was 

also found that visual oscillations of the same frequency produced different levels of vection 

(Vection increased at first and then decreased as rms velocity (or amplitude) increased).  

Analyses of the effects of amplitude indicated that the larger the amplitude, the stronger the 

vection. As for the effects of velocity, yaw vection presented an inverted U-shape with 

increasing velocity. 

4.1 Research gaps and objectives 

A detailed survey of literature in Chapter 2 showed that the effects of oscillation frequency, 

rms velocity, and amplitude on yaw vection for oscillatory visual stimuli remained unclear. 

The effects of frequency on vection were confounded with effects of velocity and amplitude. 

Experiment 1 aimed to fill this research gap. In this study, it is hypothesized that vection is 

not dominated by oscillation frequency alone, but is affected by frequency, velocity, and 

amplitude interactively. 

4.2 Methods 

This experiment was approved by the Human Subject and Research Ethics Committee in the 

Hong Kong University of Science and Technology. All of the subjects were asked to sign an 

informed consent form (see Appendix Ⅰ). And they were compensated for the participation in 

the experiment at the rate of 50 HKD per hour. 
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4.2.1 Participants 

One participant quitted after the first session of Experiment 1 due to extreme discomfort. And 

there were 14 students or research assistants (7 males), from Hong Kong University of 

Science and Technology, completing all of the four sessions in Experiment 1. These 14 

participants aged between 19 and 35 years with an average of 24.7 and a standard deviation 

of 3.6. All of them had normal or correct-to-normal visual acuity, and normal vestibule 

function. And none of them was under any medical treatment. The Motion Sickness 

Susceptibility Questionnaire Short-form (MSSQ-Short) was filled by participants to find out 

how susceptible they were to motion sickness (Golding, 1998; Golding, 2006). An average 

percentile score of 53.97% indicated that the sample was slightly susceptible.  

4.2.2 Apparatus and stimulus 

Apparatus and stimulus for Experiment 1 have been illustrated in detail in Chapter 3.  

4.2.3 Experimental design 

The framework of Chen (2014)’s experimental design was adopted. In this experiment, three 

independent variables were designed. Since the mathematical relationship between rms 

velocity (v), frequency (f), and amplitude (A) (v=√2πfA), there were three ways to express 

independent variables: 1. repetition, frequency, and amplitude; or 2. repetition, frequency, 

and rms velocity; or 3. repetition, rms velocity, and amplitude. Frequency consists of five 

levels: 0.025, 0.05, 0.1, 0.2, and 0.4 Hz; rms velocity consists of five levels: 8, 16, 32, 64, and 

128 degrees per second; and amplitude consists of five levels: 18, 36, 72, 144, and 288 

degrees. The following Table 4.1 presents all the 37 conditions of different combinations of 

velocity, amplitude, and frequency. 
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Table 4.1 Design of Experiment 1: 37 conditions 

Con

# 

freq 

(Hz) 

rms v 

(deg./s) 

amp 

(deg.) 

Con

# 

freq 

(Hz) 

rms v 

(deg./s) 

amp 

(deg.) 

Con

# 

freq 

(Hz) 

rms v 

(deg./s) 

amp 

(deg.) 

1 .4 8 4.5 14 .2 32 36 27 .4 256 144 

2 .2 8 9 15 .4 64 36 28 .00625 8 288 

3 .4 16 9 16 .8 128 36 29 .0125 16 288 

4 .025 2 18 17 .025 8 72 30 .025 32 288 

5 .05 4 18 18 .05 16 72 31 .05 64 288 

6 .1 8 18 19 .1 32 72 32 .1 128 288 

7 .2 16 18 20 .2 64 72 33 .2 256 288 

8 .4 32 18 21 .4 128 72 34 .4 512 288 

9 .8 64 18 22 .0125 8 144 35 .025 64 576 

10 1.6 128 18 23 .025 16 144 36 .05 128 576 

11 .025 4 36 24 .05 32 144 37 .025 128 1152 

12 .05 8 36 25 .1 64 144     

13 .1 16 36 26 .2 128 144     

Perceived vection magnitude and perceived speed were designed as dependent variables. 

Vection magnitude was measured by a 7-point Likert scale ranging from 0 to 6. Perceived 

speed was measured based on a ratio-scale method. The ratio of the average perceived speed 

of the signal condition relative to the reference condition was supposed to be estimated by 

subjects. Reference condition was the “middle one” (Con# 19) with frequency of 0.1 Hz (the 

middle of the frequency range), rms velocity of 32 deg./s (the middle of the rms velocity 

range), and amplitude of 72 degrees (the mddle of the amplitude range). The average speed of 

the reference was assigned as 1, and there were 9 choices of ratios provided: 1/16, 1/8, 1/4, 

1/2, 1, 2, 4, 8, and 16.  More details of these two measurements have been presented in 

Chapter 3.  

The experiment used a within-subject design. 

4.2.4 Experiment procedures 

Before the experiment, visual acuity test and line length estimation test were conducted. Then 

in a training session, participants who passed these two tests would be instructed about their 

tasks and matters needing attention in the experiment. Instructions for Experiment 1 is 

attached in Appendix 4.1.    

There were 4 repeated sessions for each subject. To reduce effects of habituation, the time 

interval, between two successive repeated sessions, was at least 7 days (Regan, 1995).  

In one session, each subject was exposed to all 37 conditions and each condition appeared 

once. Before each session, subjects filled the Pre-exposure Simulator Sickness Questionnaire 
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(SSQ). If the pre-SSQ total score was larger than 7.48, subjects were required to rest for 5 

minutes and filled the questionnaire again. If still larger than 7.48, subjects were asked to do 

the experiment on another day (Stanney et al., 2002). Then the formal session started. The 37 

conditions in a session were separated into 4 groups randomly. Each group contained 9 or 10 

conditions, and the order of the conditions was also random. In each group, subjects 

completed the 9 or 10 conditions successively. Between each group, there was a 10-minute 

rest at least until no symptoms is ‘Moderate’ in SSQ. At the end, subjects completed the post-

SSQ. 

For each condition in a group, Figure 4.1 shows the procedure. During the signal oscillation 

presenting, perceived speed and vection were orally reported by subjects. Subjects could have 

enough time to estimate. Then program will be switched to next condition. 

 

Figure 4.1 Experiment procedure for one condition 

4.3 Results  

Results of perceived speed and vection magnitude are shown respectively in the following. 

For each measurement, learning effects, effects of the three factors, and discussion on the 

results are presented. Correlation of vection and perceived speed accuracy is analyzed at last. 

4.3.1 Perceived speed 

4.3.1.1 Learning Effects 

Table 4.2 shows the descriptive statistics for perceived speed in the four repetitions. It can be 

seen from the table that the average of perceived speeds decreased as repetitions went on. 

Therefore, learning effects were tested first.  
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Table 4.2 Descriptive statistics for perceived speeds in 4 repetitions (deg./s) 

 
Mean 

Std. 

deviation 
Minimum 

25th 

percentile 
Median 

75th 

percentile 

Maximu

m 

Repetition 1 96.89 134.73 2 16 32 128 512 

Repetition 2 94.12 136.48 2 16 32 128 512 

Repetition 3 93.43 131.97 2 16 32 128 512 

Repetition 4 89.35 128.78 2 16 32 128 512 

The perceived speeds were not normally distributed (p<0.001, Shapiro-Wilk). Thus, non-

parametric tests were adopted here. Results showed that repetitions had a significant 

influence on perceived speed for 4 repetitions (p=0.013, Friedman). When the data from 

Repetition 1 were excluded, the effects of repetition did not exist (p=0.071, Friedman). 

However, when the data from Repetition 1 and 2 were excluded, learning effects were 

significant (p=0.023, Friedman). Thus, subjects were still learning in repetition 4. However, 

the learning trend does not bury the effects of frequency, rms velocity, and amplitude on 

perceived speed. The subsequent analysis is based on the average ratings of repetition 1, 2, 3, 

and 4 of each participant for each condition.  

4.3.1.2 Perceived speed under constant frequency 

Conditions of the same frequency were grouped together to see how perceived speed is 

affected by amplitude and rms velocity. Figure 4.2 plots the medians of perceived speed for 

five levels of frequencies: (a). 0.025 Hz, (b). 0.05 Hz, (c). 0.1 Hz, (d). 0.2 Hz, and (e). 0.4 Hz. 

There are two abscissas in the figure. The lower one represents rms velocity, and the upper 

one represents amplitude. Error bars for each condition represent the first and third quartiles 

of the participants’ ratings. Wilcoxon signed rank tests showed that perceived speed was 

significantly different for every pair of conditions under constant frequency (p<0.05).  

As the figure shows, perceived speed increased with increasing rms velocity (or amplitude). 

This is to our expectations because perceived speed and rms velocity should be strongly 

linear correlated. 
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Figure 4.2 Medians of perceived speed under constant frequency for five levels of 

frequencies: (a). 0.025 Hz; (b). 0.05 Hz; (c). 0.1 Hz; (d). 0.2 Hz; (e). 0.4 Hz. 



35 

 
Figure 4.2.1 Medians of perceived speed for conditions with different levels of rms velocity 

and amplitude 

4.3.1.3 Perceived speed under constant amplitude 

Under constant amplitude, Figure 4.3 shows the medians of the perceived speed for five 

levels of amplitudes: (a). 18 degrees, (b). 36 degrees (c). 72 degrees, (d). 144 degrees, and (e). 

288 degrees. The lower abscissa represents frequency, and the upper one represents rms 

velocity. Error bars for each condition represent the first and third quartiles of the 

participants’ ratings. Wilcoxon signed rank tests showed that perceived speed was 

significantly different for every pair of conditions under constant frequency (p<0.05).  

As the figure shows, perceived speed linearly increased with increasing frequency (or rms 

velocity). It is not surprising because perceived speed should change linearly with the visual 

oscillation rms velocity. 
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Figure 4.3 Medians of perceived speed under constant amplitude for five levels of 

amplitudes: (a). 18 degrees; (b). 36 degrees; (c). 72 degrees; (d). 144 degrees; (e). 288 

degrees. 
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Figure 4.3.1 Medians of perceived speed for conditions with different levels of rms velocity 

and frequency 

4.3.1.4 Perceived speed under constant rms velocity 

Under constant rms velocity, Figure 4.4 shows the medians of the perceived speed for five 

levels of rms velocities: (a). 8 deg./s, (b). 16 deg./s, (c). 32 deg./s, (d). 64 deg./s, and (e). 128 

deg./s. The lower abscissa represents frequency, and the upper one represents amplitude. 

Error bars for each condition represent the first and third quartiles of the participants’ ratings. 

The horizontal double sided arrows indicate significant differences in two conditions (p<0.05, 

Wilcoxon).  

These pairs of significantly different conditions show that perceived speed increased as 

frequency increased (or amplitude decreased). Especially when rms velocity was kept at 8 

and 16 deg./s, the trend was apparent. It was also observed that, when rms velocity was fixed 

at 8 and 16 deg./s, perceived speed was underestimated if frequency was below around 0.05 

Hz and overestimated if frequency was above around 0.05 Hz. Somehow, when rms velocity 

was fixed at 32, 64, and 128 deg./s, frequency response for perceived speed was flat. 
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Figure 4.4 Medians of perceived speed under constant rms velocity for five levels of rms 

velocities: (a). 8 deg./s; (b). 16 deg./s; (c). 32 deg./s; (d). 64 deg./s; (e). 128 deg./s. 
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Figure 4.4.1 Medians of perceived speed for conditions with different levels of frequency and 

amplitude 

4.3.1.5 Discussion 

Chen (2014) found that there were two frequency responses for perceived speed when visual 

oscillations were along the fore-and-aft axis. In his study, he described the two patterns: 

“One type of patterns is that when keeping the r.m.s. velocities of the 

stimuli constant, the frequency response curves are generally flat between 

0.05 Hz to 1.6 Hz but they gradually take on an increase trend with 

increasing frequency for r.m.s. velocities at 22 m/s or below. For the other 

pattern, perceived speeds increase significantly with increasing frequency 

when the amplitudes of the oscillating stimuli are kept constant.” 

In this dissertation, similar two-frequency-response was obtained when oscillations were 

along the yaw axis. When rms velocity was fixed, perceived speed increased as frequency 

increased if rms velocity was fixed at 8 and 16 deg./s; and perceived speed presented a flat 

frequency response if rms velocity was fixed at 32, 64, and 128 deg./s. When amplitude was 

fixed, perceived speed increased as frequency increased.  
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4.3.2 Vection magnitude 

4.3.2.1 Learning effects 

Table 4.3 shows the descriptive statistics for vection magnitude in the four repetitions. It can 

be seen from the table that the average of vection magnitudes increased as repetitions went 

on. Therefore, learning effects were tested first.  

Table 4.3 Descriptive statistics for vection magnitudes in 4 repetitions 

 
Mean 

Std. 

deviation 
Minimum 

25th 

percentile 
Median 

75th 

percentile 
Maximum 

Repetition 1 1.674 1.725 0 0 1 3 6 

Repetition 2 1.782 1.538 0 0 2 3 6 

Repetition 3 1.969 1.536 0 1 2 3 6 

Repetition 4 1.992 1.603 0 1 2 3 6 

The perceived vection magnitudes were not normally distributed (p<0.001, Shapiro-Wilk). 

Thus, non-parametric tests were adopted here. Results showed that repetitions had a 

significant influence on vection for 4 repetitions (p=0.038, Friedman). When the data from 

Repetition 1 were excluded, the effects of repetition still existed (p=0.004, Friedman). When 

the data from Repetition 1 and 2 were excluded, there was no learning effects (p=0.661, 

Friedman). Subjects’ performance was supposed to be stable in repetition 3 and 4. And the 

subsequent analysis is based on the average ratings of repetition 3 and 4 of each participant 

for each condition.  
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4.3.2.2 Vection magnitude under constant frequency 

Conditions of the same frequency were grouped together to see how vection is affected by 

amplitude and rms velocity. Figure 4.5 plots the medians of the vection magnitude for five 

levels of frequencies: (a). 0.025 Hz, (b). 0.05 Hz, (c). 0.1 Hz, (d). 0.2 Hz, and (e). 0.4 Hz. 

There are two abscissas in the figure. The lower one represents rms velocity, and the upper 

one represents amplitude. When rms velocity doubles, amplitude doubles to maintain the 

same frequency. Error bars for each condition represent the first and third quartiles of the 

participants’ ratings. The horizontal double sided arrows indicate significant differences in 

two conditions (p<0.05, Wilcoxon). These pairs of significantly different conditions show 

that when frequency is kept constant at 0.025 Hz and 0.05 Hz, there is a significant increase 

in the vection magnitude as rms velocity (or amplitude) increases. And when frequency is 

kept at 0.1 Hz, 0.2 Hz, and 0.4 Hz, the vection magnitude increases first then decreases 

significantly as rms velocity (or amplitude) becomes larger. 
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Figure 4.5 Medians of vection magnitude under constant frequency for five levels of 

frequencies: (a). 0.025 Hz; (b). 0.05 Hz; (c). 0.1 Hz; (d). 0.2 Hz; (e). 0.4 Hz. 
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Figure 4.5.1 Medians of vection magnitude for conditions with different levels of rms 

velocity and amplitude 

Friedman two-way analyses of variance show there are significant differences in vection 

magnitude ratings when the frequency is kept at 0.025 Hz (p=0.032), 0.1 Hz (p=0.001), 0.2 

Hz (p=0.006), and 0.4 Hz (p=0.000). It indicates significant effects of rms velocity (or 

amplitude) on vection magnitude. 

4.3.2.3 Vection magnitude under constant amplitude 

Under constant amplitude, Figure 4.6 shows the medians of the vection magnitude ratings for 

five levels of amplitudes: (a). 18 degrees, (b). 36 degrees (c). 72 degrees, (d). 144 degrees, 

and (e). 288 degrees. The lower abscissa represents frequency, and the upper one represents 

rms velocity. Error bars for each condition represent the first and third quartiles of the 

participants’ ratings. The horizontal double sided arrows indicate significant differences in 

two conditions (p<0.05, Wilcoxon). From the plots, it can be roughly seen that as the 

frequency (or rms velocity) increases, the median of vection magnitude increases first and 

then decreases. Significantly different pairs show that, as frequency (or rms velocity) 

increases, vection magnitude drops significantly when amplitude is retained at 36, 144, and 

288 degrees. While amplitude is kept at 72 degrees, vection magnitude increases first then 

decreases with increasing frequency (or rms velocity).   
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Figure 4.6 Medians of vection magnitude ratings under constant amplitude for five levels of 

amplitudes: (a). 18 degrees; (b). 36 degrees; (c). 72 degrees; (d). 144 degrees; (e). 288 

degrees. 
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Figure 4.6.1 Medians of vection magnitude for conditions with different levels of rms 

velocity and frequency 

Friedman tests find that vection ratings for conditions of the same amplitude are significantly 

different if the amplitude stays at 36 degrees (p=0.011), 144 degrees (p=0.001), and 288 

degrees (p=0.000), which means that frequency (or rms velocity) has significant main effects 

on vection magnitude. 

4.3.2.4 Vection magnitude under constant rms velocity 

Under constant rms velocity, Figure 4.7 shows the medians of the vection magnitude ratings 

for five levels of rms velocities: (a). 8 deg./s, (b). 16 deg./s, (c). 32 deg./s, (d). 64 deg./s, and 

(e). 128 deg./s. The lower abscissa represents frequency, and the upper one represents 

amplitude. Error bars for each condition represent the first and third quartiles of the 

participants’ ratings. The horizontal double sided arrows indicate significant differences in 

two conditions (p<0.05, Wilcoxon). The plots show that the median of vection decreases as 

the frequency increases (or the amplitude decreases). Results of Wilcoxon Signed Rank tests 

statistically support the trend. 



46 

 

Figure 4.7 Medians of vection magnitude ratings under constant rms velocity for five levels 

of rms velocities: (a). 8 deg./s; (b). 16 deg./s; (c). 32 deg./s; (d). 64 deg./s; (e). 128 deg./s. 
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Figure 4.7.1 Medians of vection magnitude for conditions with different levels of frequency 

and amplitude 

Conditions of the same rms velocity generate significant different vection magnitude when 

grouped by constant rms velocity 8 deg./s (p=0.001), 64 deg./s (p=0.001), and 128 deg./s 

(p=0.000). 

4.3.2.5 Discussions  

Comparing our results to previous relevant findings, similar profile patterns of frequency 

responses for yaw vection were found. In both Chen (2006)’s study, where frequency was 

manipulated by varying rms velocity and fixing amplitude (+-41 degrees), and our study 

(where amplitude was fixed at +-36 degrees), vection magnitude was lower when frequency 

was small. Chen (2006) found that vection magnitude was significantly lower when the 

frequency was 0.0375 Hz (experiment conditions with four level of frequencies: 0.0375, 0.1, 

0.1875, 0.375 Hz). In our study, vection magnitude was smaller when frequency was 0.025 

Hz than 0.05, 0.1, 0.2, and 0.4 Hz. Post et al. (1989) found that vection magnitude decreased 

as frequency increased (experiment conditions with six level of frequencies 0.125, 0.25, 0.5, 

1, 2, 4 Hz), where amplitude was fixed at +-0.85 degrees and 3.4 degrees. In our study, there 

was a decreasing trend for vection magnitude when frequency increased from 0.2 Hz to 1.6 

Hz when fixing amplitude.  
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Revisiting Chen (2014)’s proposition of two-frequency-response hypothesis, it was found 

that, for yaw vection, the hypothesis was supported. When frequency was manipulated by 

varying rms velocity and fixing amplitude, frequency response for vection magnitude 

presented an inverted U shape; and when frequency was manipulated by varying amplitude 

and fixing rms velocity, vection magnitude decreased as frequency increased.  

It was also found that frequency responses were different if motion axis was changed. When 

amplitude remained constant and frequency was manipulated by varying rms velocity, Chen 

(2014) showed that vection magnitude increased as frequency increased in the fore-and-aft 

axis. While in our study vection magnitude increased first and then decreased with increasing 

frequency when motions were along the yaw axis. When rms velocity was kept constant, i.e., 

manipulating frequency by changing amplitude, frequency responses were similar in two 

directions. It indicates that the interaction effect of the three factors varies due to different 

oscillation directions.   

In this study, we found that visual oscillations of the same frequency produced different 

levels of vection. When frequency remained unchanged, vection increased at first and then 

decreased as rms velocity (or amplitude) increased. It suggests that frequency alone should 

not be regarded as a sufficient predictor for perceived vection magnitude. This pattern can be 

interpreted by the effects of rms velocities and amplitudes on vection. Firstly, as rms velocity 

increased, vection ratings increased first then decreased (see Figure 4.6). It implied that 

vection was weak when rms velocity was too fast or too slow. Secondly, significant pairs of 

conditions in Figure 4.7 indicated that vection increased significantly as the amplitude 

increased if rms velocity was kept unchanged. Therefore, the increasing trend in Figure 4.5 

benefits from both increasing velocity and increasing amplitude. And when the velocity 

becomes too fast, the vection ratings drop because the gain of vection from larger amplitude 

cannot make up the loss from faster velocity.  
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4.3.3 Correlation of vection magnitude and perceived speed accuracy 

Perceived speed accuracy conveys more information about subjects’ performance. Chen 

(2004) measured perceived speed accuracy by the ‘perception bias’, which was defined as 

follows: 

 

Zero perception bias means a perfect perception; a positive bias means overestimation; and a 

negative bias means underestimation.  

Descriptive statistics of perception bias grouped by the same level of vection magnitude are 

summarized in Table 4.4. From the table, it is found that perception bias decreases from a 

positive value to a negative value gradually as vection magnitude ranges from 0 to 6. And the 

correlation between the perception bias and vection ratings is significantly negative 

(Spearman, rho=-0.093, p=0.000). Therefore, larger vection magnitude is associated with a 

smaller perception bias. It indicates that the presence of vection produces lower perceived 

speed. 

Table 4.4 Descriptive statistics of perception bias grouped by the same vection magnitude 

Vection 

magnitude 

Perception Bias 

Number of 

observations 
Mean 

Std. 

Deviation 
Min 

25 

percentiles 
Median 

75 

percentiles 
Max 

0 592 .2703 .73 -2 0 0 1 3 

1 383 .1070 .77 -2 0 0 1 2 

2 323 .1393 .78 -2 0 0 1 2 

3 439 .1116 .74 -2 0 0 1 3 

4 218 .0963 .74 -2 0 0 1 2 

5 78 -.0769 .88 -2 -1 0 0 2 

6 39 -.0256 .93 -2 0 0 1 2 
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CHAPTER 5 : EFFECTS OF FREQUENCY, VELOCITY AND AMPLITUDE ON 

VECTION FOR ROLL VISUAL OSCILLATIONS 

This chapter presents the work of Experiment 2, which studied effects of frequency, velocity, 

and amplitude of visual oscillations for roll vection. Frequency consists of five levels: 0.025, 

0.05, 0.1, 0.2, and 0.4 Hz; rms velocity consists of five levels: 8, 16, 32, 64, and 128 degrees 

per second; and amplitude consists of five levels: 18, 36, 72, 144, and 288 degrees. The 

experiment consisted of four repeated sessions in separate days adopting a within subjects 

design. Fourteen subjects (7 males) participated in the experiment. They were exposed to 

radial checker-board pattern oscillating along the roll axis. Results found that visual 

oscillations of the same frequency produced different levels of vection. Analyses of the 

effects of amplitude indicated that the larger the amplitude, the stronger the vection. As for 

the effects of velocity, roll vection decreased as velocity increased. For the two-frequency-

response hypothesis, only one frequency response, that vection dropped as frequency 

increased no matter whether rms velocity or amplitude was fixed, was observed here. 

5.1 Research gaps and objectives 

A detailed survey of literature in Chapter 2 showed that the effects of oscillation frequency, 

rms velocity, and amplitude on roll vection for oscillatory visual stimuli remained unclear. 

The effects of frequency on vection were confounded with effects of velocity and amplitude. 

Experiment 2 aimed to fill this research gap. In this study, it is hypothesized that vection is 

not dominated by oscillation frequency alone, but is affected by frequency, velocity, and 

amplitude interactively. 

5.2 Methods 

This experiment was approved by the Human Subject and Research Ethics Committee in 

Hong Kong University of Science and Technology. All of the subjects were asked to sign an 

informed consent form (see Appendix Ⅰ). And they were compensated for the participation in 

the experiment at the rate of 50 HKD per hour. 
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5.2.1 Participants 

There were 14 students or research assistants (7 males), from Hong Kong University of 

Science and Technology, completing all of the four sessions in Experiment 2. These 14 

participants aged between 23 and 31 years with an average of 25.4 and a standard deviation 

of 2.2. All of them had normal or correct-to-normal visual acuity, and normal vestibule 

function. And none of them was under any medical treatment. The Motion Sickness 

Susceptibility Questionnaire Short-form (MSSQ-Short) was filled by participants to find out 

how susceptible they were to motion sickness (Golding, 1998; Golding, 2006). An average 

percentile score of 46.46% indicated that the sample was slightly less susceptible. 

5.2.2 Apparatus and stimulus 

Apparatus and stimulus for Experiment 2 have been illustrated in detail in Chapter 3.  

5.2.3 Experimental design 

The framework of Chen (2014)’s experimental design was adopted. Similar to Experiment 1, 

in this experiment, three independent variables were designed. Since the mathematical 

relationship between rms velocity (v), frequency (f), and amplitude (A) (v=√2πfA), there 

were three ways to express independent variables: 1. repetition, frequency, and amplitude; or 

2. repetition, frequency, and rms velocity; or 3. repetition, rms velocity, and amplitude. The 

levels of oscillation frequency, rms velocity, and amplitude were designed to be the same 

with Experiment 1 for purpose of comparison between yaw and roll vection. Frequency 

consists of five levels: 0.025, 0.05, 0.1, 0.2, and 0.4 Hz; rms velocity consists of five levels: 8, 

16, 32, 64, and 128 degrees per second; and amplitude consists of five levels: 18, 36, 72, 144, 

and 288 degrees. The following Table 5.1 presents all the 37 conditions of different 

combinations of velocity, amplitude, and frequency. 
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Table 5.1 Design of Experiment 2: 37 conditions 

Con

# 

freq 

(Hz) 

rms v 

(deg./s) 

amp 

(deg.) 

Con

# 

freq 

(Hz) 

rms v 

(deg./s) 

amp 

(deg.) 

Con

# 

freq 

(Hz) 

rms v 

(deg./s) 

amp 

(deg.) 

1 .4 8 4.5 14 .2 32 36 27 .4 256 144 

2 .2 8 9 15 .4 64 36 28 .00625 8 288 

3 .4 16 9 16 .8 128 36 29 .0125 16 288 

4 .025 2 18 17 .025 8 72 30 .025 32 288 

5 .05 4 18 18 .05 16 72 31 .05 64 288 

6 .1 8 18 19 .1 32 72 32 .1 128 288 

7 .2 16 18 20 .2 64 72 33 .2 256 288 

8 .4 32 18 21 .4 128 72 34 .4 512 288 

9 .8 64 18 22 .0125 8 144 35 .025 64 576 

10 1.6 128 18 23 .025 16 144 36 .05 128 576 

11 .025 4 36 24 .05 32 144 37 .025 128 1152 

12 .05 8 36 25 .1 64 144     

13 .1 16 36 26 .2 128 144     

Perceived vection magnitude and perceived speed were designed as dependent variables. 

Vection magnitude was measured by a 7-point Likert scale ranging from 0 to 6. Perceived 

speed was measured based on a ratio-scale method. The ratio of the average perceived speed 

of the signal condition relative to the reference condition was supposed to be estimated by 

subjects. Reference condition was the “middle one” (Con# 19) with frequency of 0.1 Hz (the 

middle of the frequency range), rms velocity of 32 deg./s (the middle of the rms velocity 

range), and amplitude of 72 degrees (the mddle of the amplitude range). The average speed of 

the reference was assigned as 1, and there were 9 choices of ratios provided: 1/16, 1/8, 1/4, 

1/2, 1, 2, 4, 8, and 16.  More details of these two measurements have been presented in 

Chapter 3.  

The experiment used a within-subject design. 

5.2.4 Experiment procedures 

Before the experiment, visual acuity test and line length estimation test were conducted. Then 

in a training session, participants who passed these two tests would be instructed about their 

tasks and matters needing attention in the experiment. Instructions for Experiment 2 is 

attached in Appendix 5.1.     

There were 4 repeated sessions for each subject. To reduce effects of habituation, the time 

interval, between two successive sessions, was at least 7 days (Regan, 1995).  
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In one session, each subject was exposed to all 37 conditions and each condition appeared 

once. Before each session, subjects filled the Pre-exposure Simulator Sickness Questionnaire 

(SSQ). If the pre-SSQ total score was larger than 7.48, subjects were required to rest for 5 

minutes and filled the questionnaire again. If still larger than 7.48, subjects were asked to do 

the experiment on another day (Stanney et al., 2002). Then the formal session started. The 37 

conditions in a session were separated into 4 groups randomly. Each group contained 9 or 10 

conditions, and the order of the conditions was also random. In each group, subjects 

completed the 9 or 10 conditions successively. Between each group, there was a 10-minute 

rest at least until no symptoms is ‘Moderate’ in SSQ. At the end, subjects completed the post-

SSQ. 

For each condition in a group, Figure 5.1 shows the procedure. During the signal oscillation 

presenting, perceived speed and vection were orally reported by subjects. Subjects could have 

enough time to estimate. Then program will be switched to next condition. 

 

Figure 5.1 Experiment procedure for one condition 

5.3 Results  

Results of perceived speed and vection magnitude are shown respectively in the following. 

For each measurement, learning effects, effects of the three factors, and discussion on the 

results are presented. Correlation of vection and perceived speed accuracy is analyzed at last. 

5.3.1 Perceived speed 

5.3.1.1 Learning Effects 

Table 5.2 shows the descriptive statistics for perceived speed in the four repetitions. Learning 

effects were tested first.  
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Table 5.2 Descriptive statistics for perceived speeds in 4 repetitions (deg./s) 

 
Mean 

Std. 

deviation 
Minimum 

25th 

percentile 
Median 

75th 

percentile 
Maximum 

Repetition 1 72.35 109.97 2 8 32 64 512 

Repetition 2 71.78 107.75 2 8 32 64 512 

Repetition 3 74.03 111.57 2 8 32 64 512 

Repetition 4 74.32 114.51 2 8 32 64 512 

The perceived speeds were not normally distributed (p<0.001, Shapiro-Wilk). Thus, non-

parametric tests were adopted here. Results showed that repetitions had a significant 

influence on perceived speed for 4 repetitions (p=0.005, Friedman). When the data from 

Repetition 1 were excluded, the effects of repetition did not exist (p=0.16, Friedman). When 

the data from Repetition 1 and 2 were excluded, learning effects were not significant (p=0.47, 

Friedman). Subjects’ performance stabilized in the last three repetitions. The subsequent 

analysis is based on the average ratings of repetition 2, 3, and 4 of each participant for each 

condition.  

5.3.1.2 Perceived speed under constant frequency 

Conditions of the same frequency were grouped together to see how perceived speed is 

affected by amplitude and rms velocity. Figure 5.2 plots the medians of perceived speed for 

five levels of frequencies: (a). 0.025 Hz, (b). 0.05 Hz, (c). 0.1 Hz, (d). 0.2 Hz, and (e). 0.4 Hz. 

There are two abscissas in the figure. The lower one represents rms velocity, and the upper 

one represents amplitude. Error bars for each condition represent the first and third quartiles 

of the participants’ ratings. Wilcoxon signed rank tests showed that perceived speed was 

significantly different for every pair of conditions under constant frequency (p<0.05).  

As the figure shows, perceived speed increased with increasing rms velocity (or amplitude). 

This is to our expectations because perceived speed and rms velocity should be strongly 

linear correlated. 
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Figure 5.2 Medians of perceived speed under constant frequency for five levels of 

frequencies: (a). 0.025 Hz; (b). 0.05 Hz; (c). 0.1 Hz; (d). 0.2 Hz; (e). 0.4 Hz. 
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Figure 5.2.1 Medians of perceived speed for conditions with different levels of rms velocity 

and amplitude 

5.3.1.3 Perceived speed under constant amplitude 

Under constant amplitude, Figure 5.3 shows the medians of the perceived speed for five 

levels of amplitudes: (a). 18 degrees, (b). 36 degrees (c). 72 degrees, (d). 144 degrees, and (e). 

288 degrees. The lower abscissa represents frequency, and the upper one represents rms 

velocity. Error bars for each condition represent the first and third quartiles of the 

participants’ ratings. Wilcoxon signed rank tests showed that perceived speed was 

significantly different for every pair of conditions under constant frequency (p<0.05).  

As the figure shows, perceived speed linearly increased with increasing frequency (or rms 

velocity). It is not surprising because perceived speed should change linearly with the visual 

oscillation rms velocity. 
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Figure 5.3 Medians of perceived speed under constant amplitude for five levels of 

amplitudes: (a). 18 degrees; (b). 36 degrees; (c). 72 degrees; (d). 144 degrees; (e). 288 

degrees. 
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Figure 5.3.1 Medians of perceived speed for conditions with different levels of rms velocity 

and frequency 

5.3.1.4 Perceived speed under constant rms velocity 

Under constant rms velocity, Figure 5.4 shows the medians of the perceived speed for five 

levels of rms velocities: (a). 8 deg./s, (b). 16 deg./s, (c). 32 deg./s, (d). 64 deg./s, and (e). 128 

deg./s. The lower abscissa represents frequency, and the upper one represents amplitude. 

Error bars for each condition represent the first and third quartiles of the participants’ ratings. 

The horizontal double sided arrows indicate significant differences in two conditions (p<0.05, 

Wilcoxon).  

These pairs of significantly different conditions show that perceived speed increased as 

frequency increased (or amplitude decreased). Especially when rms velocity was kept at 8 

and 16 deg./s, the trend was apparent. It was also observed that, when rms velocity was fixed 

at 8 and 16 deg./s, perceived speed was underestimated if frequency was below around 0.05 

Hz and overestimated if frequency was above around 0.05 Hz. Somehow, when rms velocity 

was fixed at 32, 64, and 128 deg./s, frequency response for perceived speed was flat. 
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Figure 5.4 Medians of perceived speed under constant rms velocity for five levels of rms 

velocities: (a). 8 deg./s; (b). 16 deg./s; (c). 32 deg./s; (d). 64 deg./s; (e). 128 deg./s. 



60 

 
Figure 5.4.1 Medians of perceived speed for conditions with different levels of frequency and 

amplitude 

5.3.1.5 Discussion 

Chen (2014) found that there were two frequency responses for perceived speed when visual 

oscillations were along the fore-and-aft axis. In his study, he described the two patterns: 

“One type of patterns is that when keeping the r.m.s. velocities of the 

stimuli constant, the frequency response curves are generally flat between 

0.05 Hz to 1.6 Hz but they gradually take on an increase trend with 

increasing frequency for r.m.s. velocities at 22 m/s or below. For the other 

pattern, perceived speeds increase significantly with increasing frequency 

when the amplitudes of the oscillating stimuli are kept constant.” 

In this dissertation, similar two-frequency-response was obtained when oscillations were 

along the roll axis: 1. When rms velocity was fixed, perceived speed increased as frequency 

increased if rms velocity was fixed at 8 and 16 deg./s; and perceived speed presented a flat 

frequency response if rms velocity was fixed at 32, 64, and 128 deg./s. 2. When amplitude 

was fixed, perceived speed increased as frequency increased.  
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5.3.2 Vection magnitude 

5.3.2.1 Learning effects 

Table 5.3 shows the descriptive statistics for vection magnitude in the four repetitions. It can 

be seen from the table that the average of vection magnitudes decreased as repetitions went 

on. Therefore, learning effects were tested first.  

Table 5.3 Descriptive statistics for vection magnitudes in 4 repetitions 

 
Mean 

Std. 

deviation 
Minimum 

25th 

percentile 
Median 

75th 

percentile 
Maximum 

Repetition 1 2.738 1.821 0 1 3 4 6 

Repetition 2 2.608 1.826 0 1 3 4 6 

Repetition 3 2.593 1.734 0 1 3 4 6 

Repetition 4 2.521 1.750 0 1 3 4 6 

The perceived vection magnitudes were not normally distributed (p<0.001, Shapiro-Wilk). 

Thus, non-parametric tests were adopted here. Results showed that repetitions had a 

significant influence on vection for 4 repetitions (p=0.000, Friedman). When the data from 

Repetition 1 were excluded, the effects of repetition still existed (p=0.010, Friedman). When 

the data from Repetition 1 and 2 were excluded, learning effects was still exit (p=0.021, 

Friedman). However, for Repetition 2 and 3, the effects of repetition was not significant 

(p=0.181, Friedman). A previous study in our lab found that, as repetitions went on, subjects 

were trained to be insensitive to feel vection. The drop of vection magnitude in Repetition 4 

was supposed to be caused by the training effect. Subjects’ performance in Repetition 2 and 3 

was considered to be stabled. And the subsequent analysis is based on the average ratings of 

repetition 2 and 3 of each participant for each condition. 
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5.3.2.2 Vection magnitude under constant frequency 

Conditions of the same frequency were grouped together to see how vection is affected by 

amplitude and rms velocity. Figure 5.5 plots the medians of the vection magnitude for five 

levels of frequencies: (a). 0.025 Hz, (b). 0.05 Hz, (c). 0.1 Hz, (d). 0.2 Hz, and (e). 0.4 Hz. 

There are two abscissas in the figure. The lower one represents rms velocity, and the upper 

one represents amplitude. When rms velocity doubles, amplitude doubles to maintain the 

same frequency. Error bars for each condition represent the first and third quartiles of the 

participants’ ratings. The horizontal double sided arrows indicate significant differences in 

two conditions (p<0.05, Wilcoxon). These pairs of significantly different conditions show 

that when frequency is kept constant at 0.025 Hz, vection magnitude increases first and then 

decreases as rms velocity (or amplitude) increases. And when frequency is kept at 0.05 Hz, 

0.1 Hz, 0.2 Hz, and 0.4 Hz, the vection magnitude decreases significantly as rms velocity (or 

amplitude) becomes larger. 
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Figure 5.5 Medians of vection magnitude under constant frequency for five levels of 

frequencies: (a). 0.025 Hz; (b). 0.05 Hz; (c). 0.1 Hz; (d). 0.2 Hz; (e). 0.4 Hz. 



64 

 
Figure 5.5.1 Medians of vection magnitude for conditions with different levels of rms 

velocity and amplitude 

Friedman two-way analyses of variance show there are significant differences in vection 

magnitude ratings when the frequency is kept at 0.025 Hz (p=0.000), 0.05 Hz (p=0.000), 0.1 

Hz (p=0.000), 0.2 Hz (p=0.000), and 0.4 Hz (p=0.000). It indicates significant effects of rms 

velocity (or amplitude) on vection magnitude. 

5.3.2.3 Vection magnitude under constant amplitude 

Under constant amplitude, Figure 5.6 shows the medians of the vection magnitude ratings for 

five levels of amplitudes: (a). 18 degrees, (b). 36 degrees (c). 72 degrees, (d). 144 degrees, 

and (e). 288 degrees. The lower abscissa represents frequency, and the upper one represents 

rms velocity. Error bars for each condition represent the first and third quartiles of the 

participants’ ratings. The horizontal double sided arrows indicate significant differences in 

two conditions (p<0.05, Wilcoxon). Significantly different pairs show that, as frequency (or 

rms velocity) increases, vection magnitude drops significantly when amplitude is retained at 

36, 72, 144, and 288 degrees. While amplitude is kept at 18 degrees, vection magnitude 

increases first then decreases with increasing frequency (or rms velocity).   
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Figure 5.6 Medians of vection magnitude ratings under constant amplitude for five levels of 

amplitudes: (a). 18 degrees; (b). 36 degrees; (c). 72 degrees; (d). 144 degrees; (e). 288 

degrees. 
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Figure 5.6.1 Medians of vection magnitude for conditions with different levels of rms 

velocity and frequency 

Friedman tests find that vection ratings for conditions of the same amplitude are significantly 

different if the amplitude stays at 18 degrees (p=0.000), 36 degrees (p=0.000), 72 degrees 

(p=0.000), 144 degrees (p=0.000), and 288 degrees (p=0.000), which means that frequency 

(or rms velocity) has significant main effects on vection magnitude. 

5.3.2.4 Vection magnitude under constant rms velocity 

Under constant rms velocity, Figure 5.7 shows the medians of the vection magnitude ratings 

for five levels of rms velocities: (a). 8 deg./s, (b). 16 deg./s, (c). 32 deg./s, (d). 64 deg./s, and 

(e). 128 deg./s. The lower abscissa represents frequency, and the upper one represents 

amplitude. Error bars for each condition represent the first and third quartiles of the 

participants’ ratings. The horizontal double sided arrows indicate significant differences in 

two conditions (p<0.05, Wilcoxon). Significantly different pairs of conditions show that the 

median of vection decreases as the frequency increases (or the amplitude decreases). 
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Figure 5.7 Medians of vection magnitude ratings under constant rms velocity for five levels 

of rms velocities: (a). 8 deg./s; (b). 16 deg./s; (c). 32 deg./s; (d). 64 deg./s; (e). 128 deg./s. 
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Figure 5.7.1 Medians of vection magnitude for conditions with different levels of frequency 

and amplitude 

Conditions of the same rms velocity generate significant different vection magnitude when 

grouped by constant rms velocity 8 deg./s (p=0.000), 16 deg./s (p=0.000), and 128 deg./s 

(p=0.043). 
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5.3.2.5 Discussions  

Comparing our results to previous relevant findings, frequency responses of roll vection were 

different. Babler and Ebenholtz (1989) found that roll vection peaked at 0.213 Hz, and Previc 

et al. (1993) found that roll vection peaked at 0.25 Hz. In their studies, they varied rms 

velocity and fixed amplitude to manipulate frequency (amplitude in Babler and Ebenholtz’s 

study: +-15 degrees; amplitude in Previc et al.’s study: +-20 degrees). However, in our study, 

vection magnitude peaked at 0.05 Hz when frequency was manipulated by constant 

amplitude (+-18 degrees). There was a shift of the peak frequency comparing to their studies. 

Among these three studies, there were different control variables and experiment tasks. In 

Babler and Ebenholtz (1989)’s study, besides reporting vection, subjects were required to 

make prompt and continuous steering adjustments throughout the entire experiment session, 

which required attentional resources. Seno et al. (2011) observed that vection induction 

required attentional resources. In our study, subjects only needed to report vection and 

perceived speed. Differences in distribution of attentional resources may lead to the shift of 

peak frequency for vection. In addition, Babler and Ebenholtz used a real world stimulus 

rotating physically, while we projected the rotational movements onto a screen to elicit 

vection. Bodenheimer et al. (2016) reported that circular vection occurred more rapidly with 

a real world stimulus than a virtual one. In Previc et al. (1993)’s study, subject was instructed 

to maintain an erect stance, while in our study subjects maintained a sitting position, which 

may lead to different frequency responses of vection.     

Similar results were obtained comparing with Chow (2008)’s study, in which frequency was 

manipulated by fixed rms velocity (49.5 deg./s). Chow observed that vection magnitude 

decreased as frequency increased from 0.05 Hz to 0.8 Hz. Our study found that vection 

magnitude was significantly smaller when frequency was 0.05 Hz than 0.8 Hz if rms velocity 

was fixed at 32 and 64 deg./s.    

Revisiting Chen (2014)’s proposition of two-frequency-response hypothesis, it was found 

that, for roll vection, the hypothesis was not supported. Frequency responses for the two 

frequency manipulations are similar. When frequency was manipulated by varying rms 

velocity and fixing amplitude, vection magnitude decreased as frequency increased. Similarly, 

when frequency was manipulated by varying amplitude and fixing rms velocity, vection 

magnitude dropped with increasing frequency.  
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It was also found that frequency responses were different if motion axis was changed. When 

amplitude remained constant and frequency was manipulated by varying rms velocity, Chen 

(2014) showed that vection magnitude increased as frequency increased in the fore-and-aft 

axis. While in our study vection magnitude decreased with increasing frequency when 

motions were along the roll axis. When rms velocity was kept constant, i.e., manipulating 

frequency by changing amplitude, frequency responses were similar in two directions. It 

indicates that the interaction effect of the three factors varies due to different oscillation 

directions.   

In this study, we found that visual oscillations of the same frequency produced different 

levels of vection. When frequency was kept at 0.025 Hz, vection magnitude presented an 

inverted U shape with increasing frequency; and when frequency was kept at 0.05, 0.1, 0.2, 

and 0.4 Hz, vection magnitude decreased as frequency increased. It suggests that frequency 

alone should not be regarded as a sufficient predictor for perceived vection magnitude. This 

pattern can be interpreted by the effects of rms velocities and amplitudes on vection. Firstly, 

as rms velocity increased, vection ratings decreased (see Figure 5.6). It implied that the larger 

the rms velocity, the weaker the vection. Secondly, significant pairs of conditions in Figure 

5.7 indicated that vection increased significantly as the amplitude increased if rms velocity 

was kept unchanged. Therefore, in Figure 5.5, the vection ratings drop because the gain of 

vection from larger amplitude cannot make up the loss from faster velocity.  
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5.3.3 Correlation of vection magnitude and perceived speed accuracy 

Perceived speed accuracy and perception bias have been defined in Chapter 4.  

Descriptive statistics of perception bias grouped by the same level of vection magnitude are 

summarized in Table 5.4. From the table, it is found that perception bias decreases from a 0 

to a negative value gradually as vection magnitude ranges from 0 to 6. And the correlation 

between the perception bias and vection ratings is significantly negative (Spearman, rho=-

0.193, p=0.000). Therefore, larger vection magnitude is associated with a smaller perception 

bias. It indicates that the presence of vection produces lower perceived speed.  

 

Table 5.4 Descriptive statistics of perception bias grouped by the same vection magnitude 

Vection 

magnitude 

Perception Bias 

Number of 

observations 
Mean 

Std. 

Deviation 
Min 

25 

percentiles 
Median 

75 

percentiles 
Max 

0 319 0 0.79 -2 0 0 0 6 

1 336 -.0208 0.87 -2 0 0 0 5 

2 263 -.1103 0.77 -4 0 0 0 4 

3 560 -.0375 0.85 -2 0 0 0 4 

4 256 -.1992 1.02 -3 -1 0 0 3 

5 176 -.5852 1.03 -4 -1 -1 0 2 

6 162 -.8086 0.95 -4 -1 -1 0 1 
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CHAPTER 6 : DISSCUSION AND CONCLUSIONS 

 

6.1 Effects of oscillation directions on vection 

Effects of visual oscillation directions on vection are discussed in the following. 

6.1.1 Effects of oscillation directions on vection magnitude 

In this dissertation, vection along the yaw axis and roll axis was studied. As mentioned in 

Chapter 2, roll vection is associated with more sensory mismatch, and expected to be weaker 

than yaw vection. However, it is observed that roll visual oscillations will, in general, 

provoke stronger vection sensation.  

The rotational movements around the yaw axis can indicate the change of viewing directions. 

Yaw visual oscillations naturally occurred in life when human beings turn their head around 

or shake their head. When human beings turn their head around or shake their head, they have 

a sensation of their head movement but do not have a sensation of their body movement. This 

adaptation may result that yaw visual oscillations are inhibited to generate sensation of body 

rotations. Thus, yaw vection is harder to be generated than roll vection.    
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6.1.2 Effects of oscillation directions on frequency responses of vection 

In addition of Chen (2014)’s study, in which vection was along the fore-and-aft axis, vection 

of three different directions was compared in this section. In Experiment 1 for yaw vection, 

when frequency is fixed, vection magnitude presents an inverted U-shape pattern with 

increasing rms velocity (or amplitude) (see Figure 6.1). In Experiment 2 for roll vection, 

when frequency is fixed at 0.05, 0.1, 0.2, and 0.4 Hz, vection magnitude decreases as rms 

velocity (or amplitude) increases; and when frequency is fixed at 0.025 Hz, vection 

magnitude increases first and then decreases (see Figure 6.2). For roll vection, extending the 

rms velocity range, vection magnitude tends to drop with decreasing rms velocity, from 

evidence that vection is smaller with rms velocity of 2 deg./s than 4 deg./s when frequency is 

kept at 0.025 Hz. Thus, it is inferred that roll vection also presents an inverted U-shape 

pattern with increasing rms velocity under constant frequency. In both figures, the scale range 

of rms velocity (2 to 512 deg./s) and frequency (0.025 to 0.4 Hz) are the same. Results 

indicate, for different rotational vection, there is a horizontal shift of vection magnitude trend 

in response to increasing rms velocity (or magnitude) under constant frequency.  
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Figure 6.1 Vection magnitude under constant frequency for yaw vection  

 

Figure 6.2 Vection magnitude under constant frequency for roll vection 

For yaw, roll, and fore-and-aft directions, vection magnitude decreases as frequency increases 

(or amplitude decreases) under constant rms velocity (see Figure 6.3, 6.4, and 6.5). Results of 

Wilcoxon signed rank test statistically support this decreasing trend pattern. Within the 

ranges of the frequency, rms velocity, and amplitude studied in this dissertation and Chen 

(2014)’s study, it is found that different oscillation directions do not result in different 

frequency response for vection under constant rms velocity. 
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Figure 6.3 Vection magnitude under constant rms velocity for yaw vection 

 

Figure 6.4 Vection magnitude under constant rms velocity for roll vection 

 

Figure 6.5 Vection magnitude under constant rms velocity for fore-and-aft vection (Chen, 

2014) 
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Frequency responses under constant amplitude are different for vection along the yaw axis, 

roll axis, and fore-and-aft axis. For yaw vection, frequency response for vection presents an 

inverted U-shape pattern with increasing frequency (see Figure 6.6). For roll vection, vection 

magnitude decreases as frequency increases under constant amplitude (see Figure 6.7). For 

vection along the fore-and-aft axis, vection magnitude increases as frequency increases (see 

Figure 6.8). In summary, different oscillation directions result in different frequency response 

for vection under constant amplitude. It indicates there may be different motion perception 

mechanisms for visual system along different directions. 

 

Figure 6.6 Vection magnitude under constant amplitude for yaw vection  

 
Figure 6.7 Vection magnitude under constant amplitude for roll vection 
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Figure 6.8 Vection magnitude under constant amplitude for fore-and-aft vection (Chen,2014) 

6.2 Effects of rms velocity on vection induced by visual oscillations  

From Figure 4.5 to Figure 4.7, and Figure 5.5 to Figure 5.7, it is observed that plots for fixed 

rms velocity (Figure 4.7 and Figure 5.7) are relatively flatter than plots for fixed frequency or 

fixed amplitude. It indicates that rms velocity of the visual oscillations has a relatively 

stronger influence on vection than frequency and amplitude. In a view of neurophysiology, 

studies found that neurons in the cortical areas V1 and Middle Temporal (MT) were velocity 

tuned during the perception of visual motions (Burr and Thompson, 2011). Therefore, 

perception pathways of visual motions are dominated by some velocity-tuned neural circuits, 

which may lead to stronger influence of rms velocity on vection.  
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6.3 Conclusions, implications and limitations 

In summary, this thesis concludes: 

 Frequency response for yaw vection supported the two-frequency-response 

hypothesis. Results showed that under constant rms velocity, yaw vection decreased 

as frequency increased; and under constant amplitude, yaw vection presented an 

inverted U-shape with increasing frequency.  

 As for roll vection, vection dropped as frequency increased no matter whether rms 

velocity or amplitude was fixed. In other word, the two-frequency-response 

hypothesis was not supported. This indicated that the two-frequency-response 

hypothesis is axis dependent.   

 It was also found that visual oscillations of the same frequency but different 

amplitudes and velocities generated different vection magnitudes for both yaw and 

roll vection. Findings suggested that frequency alone should not be regarded as a 

sufficient predictor for perceived vection magnitude.  

 Analyses of the effects of amplitude indicated that the larger the amplitude, the 

stronger the vection for yaw and roll vection.  

 As for the effects of velocity, yaw vection presented an inverted U-shape with 

increasing velocity; while roll vection decreased as velocity increased.  

 Comparing vection along the three different directions, three different frequency 

responses under constant amplitude were found. It indicated there may be different 

motion perception mechanisms for visual system along different directions. 

This study implies that frequency alone should not be regarded as a sufficient predictor for 

perceived vection magnitude, since frequency, amplitude, and rms velocity affect vection 

interactively. And the significant effects of oscillation directions on vection implies that there 

may be different motion perception mechanisms for visual system along different directions. 

 



79 

Although important findings were obtained in this study, there are limitations worth 

mentioned: 

 Only abstract visual stimuli were adopted. Normally, vection is utilized to simulate 

self-motion in real settings. Studied found that natural visual-field features enhanced 

vection (Bubka and Bonato, 2010). The findings in this study are not sufficient to be 

directly applied to design oscillation parameters in real settings. 

 Only yaw and roll vection were investigated. Two frequency responses for vection 

along the lateral axis, vertical axis and pitch axis have not been studied yet.  

 Only young participants (age between 18 to 35) were included in the current study. 

Since it has been suggested that VIMS severity can be affected by the ages of 

individuals, the current results may not generalize to other populations, such as older 

people or children. 
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APPENDIX 3.1: MOTION SICKNESS SUSCEPTIBILITY QUESTIONNAIRE 

SHORT-FORM (MSSQ-SHORT) AND THE SCORING METHOD 
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APPENDIX 3.2: PRE-EXPOSURE AND POST-EXPOSURE SIMULATOR 

SICKNESS QUESTIONNAIRES (SSQ) 
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APPENDIX 4.1: INSTRUCTIONS FOR EXPERIMENT 1 
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APPENDIX 5.1: INSTRUCTIONS FOR EXPERIMENT 2 
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APPENDIX I: CONSENT FORM FOR HUMAN FACTORS EXPERIMENT 

PARTICIPATION 
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APPENDIX Ⅱ: RESULTS OF ANOVA ANALYSES FOR EXPERIMENT 1: YAW 

VECTION 

Three-way repeated measures ANOVA 

Independent variables: amplitude, rms velocity, repetition 
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 There was a significant main effect of amplitude, F(2.18, 28.334)=11.367, p=0.000. 

 There was a significant interaction between repeat and velocity, F(4.755, 

61.812)=2.914, p=0.022. 

Independent variables: frequency, rms velocity, repetition 
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 There was a significant main effect of velocity, F(1.654, 21.504)=5.258, p=0.018. 

 There was a significant main effect of frequency, F(1.746, 22.692)=8.797, p=0.002. 

 There was a significant interaction between repeat and velocity, F(4.923, 

64.005)=2.664, p=0.031. 

Independent variables: amplitude, frequency, repetition 
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 There was a significant interaction between repeat and amplitude, F(4.839, 

62.901)=3.979, p=0.004. 

 There was a significant interaction between frequency and amplitude, F(3.8, 

49.401)=9.177, p=0.000. 

 

Two-way repeated measures ANOVA 

Independent variables: amplitude, rms velocity 
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 There was a significant main effect of amplitude, F(4, 52)=17.153, p=0.000. 

 There was a significant interaction between amplitude and velocity, F(5.7, 

74.1)=3.822, p=0.003. 
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Independent variables: frequency, rms velocity 
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 There was a significant main effect of velocity, F(1.534, 19.946)=4.31, p=0.036. 

 There was a significant main effect of frequency, F(1.622, 21.082)=5.453, p=0.017. 

 

Independent variables: amplitude, frequency 
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 There was a significant main effect of frequency, F(1.465, 19.039)=3.97, p=0.047. 

 There was a significant interaction between amplitude and frequency, F(4.99, 

64.864)=8.687, p=0.000. 



107 

APPENDIX Ⅲ: RESULTS OF ANOVA ANALYSES FOR EXPERIMENT 2: ROLL 

VECTION 

Three-way repeated measures ANOVA 

Independent variables: amplitude, rms velocity, repetition 
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 There was a significant main effect of velocity, F(1.642, 21.341)=42.893, p=0.000. 

 There was a significant main effect of amplitude, F(1.682, 21.870)=15.05, p=0.000. 

Independent variables: frequency, rms velocity, repetition 
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 There was a significant main effect of velocity, F(1.854, 24.105)=29.958, p=0.000. 

 There was a significant main effect of frequency, F(1.87, 24.312)=7.852, p=0.003. 

 There was a significant interaction between frequency and velocity, F(6.026, 

78.341)=3.806, p=0.002. 

Independent variables: amplitude, frequency, repetition 
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 There was a significant main effect of repeat, F(1.954, 25.397)=4.119, p=0.029. 

 There was a significant main effect of frequency, F(1.356, 17.628)=39.94, p=0.000. 

 There was a significant main effect of amplitude, F(1.193, 15.512)=23.213, p=0.000. 

 There was a significant interaction between frequency and amplitude, F(3.821, 

49.676)=4.784, p=0.003.  

 

Two-way repeated measures ANOVA 

Independent variables: amplitude, rms velocity 
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 There was a significant main effect of velocity, F(1.794, 23.324)=45.499, p=0.000. 

 There was a significant main effect of amplitude, F(2.101, 27.314)=13.417, p=0.000. 
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Independent variables: frequency, rms velocity 
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 There was a significant main effect of velocity, F(2.19, 28.465)=33.279, p=0.000. 

 There was a significant main effect of frequency, F(2.552, 33.179)=6.411, p=0.002. 

 There was a significant interaction between frequency and velocity, F(6.177, 

80.307)=2.356, p=0.037. 

 

Independent variables: amplitude, frequency 
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 There was a significant main effect of frequency, F(1.5, 19.503)=30.841, p=0.000. 

 There was a significant main effect of amplitude, F(1.213, 15.764)=20.454, p=0.000. 

 There was a significant interaction between frequency and amplitude, F(4.343, 

56.46)=3.85, p=0.006. 
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