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Effects of Navigation Speed on Motion Sickness Caused by 
an lmmersive Virtual Environment 

Richard H. Y. So, W. T. Lo, and Andy T. K. Ho, Hong Kong University of Science and 
Technology, Clear Water Bay, Kowloon, Hong Kong 

This study investigated the effects of navigation speed on the level of motion sick­
ness during and after a 30-min head-steered virtual environment. Root-mean­
squares for 8 speeds in the fore-and-aft axis were 3, 4, 6, 8. 10, 24, 30, and 59 
m/s. Participants were 96 Chinese men. Both the nausea and vection ratings 
increased significantly with speeds increasing from 3 m/s to 10 m/s. At speeds 
exceeding I 0 m/s, the ratings stabilized. Navigation speeds were found to signifi­
cantly affect the onset times of vection and nausea but did not affect their rates of 
increase with duration of exposure. For the various Simulator Sickness 
Questionnaire scores, navigation speed had a significant inOucncc on only the 
oculomotor subscore. Actual or potential applications of this research include the 
prediction of sickness associated with simulation tours in a virtual environment 
at different navigation speeds. 

INTRODUCTION 

Motion sickness associated with exposure to 
virtual environments (YEs) has been the sub­
ject of many studies (see reviews in Stanney, 
Salvendy, et al., 1998, and Wilson. 1996). This 
type of sickness has been referred to as a type 
of vection-induced sickness (Hettinger, Berbaum. 
Kennedy, Dunlap. & Nolan, 1990) and is 
called cybersickness (McCauley & Sharkey, 
1992l. In aVE, operators can be exposed to 
moving scenes with a wide field of view in the 
absence of appropriate physical motion. This 
may cause the illusion of self-motion in the 
opposite direction (referred to as vection). 
Such experiences have been reported to be 
nauseogenic for participants navigating through 
aVE (e.g., Cobb, Nichols, Ramsey, & Wilson, 
1999; Lo & So, 2001; Regan, 1995; Stanney & 
Kennedy, 1998). 

Because vection and sickness can be generat­
ed by watching moving scenes in a YE, the effect 
of navigation speed on the level of cybersickness 
becomes an interesting line of research. How 
fast or slow should an operator navigate through 

a YE in order to minimize the occurrence of 
cybersickness? A review of the literature indi­
cates that although the effects of navigation 
methods have been studied (e.g., Hash & 
Stanney, 1995: level of control; Howarth & 
Finch, 1999: head-control vs. manual-control 
navigation; Regan. 1995: increased head move­
ment and speed of interactions: Rich & Braun, 
1996: presence or absence of active control of 
navigation), we know of no studies that have 
purposely investigated the effects of navigation 
speed on cybersickness. The study that comes 
closest to this objective seems to be Regan 
( 1995). in which participants in one group were 
instructed to interact with the YEs as fast as they 
could and members of the other group were free 
to control their own speed of interaction. Results 
showed that there was no significant difference 
in the Simulator Sickness Questionnaire (SSQ; 
Kennedy, Lane, Berbaum, & Lilienthal, 1993) 
scores between the two groups. However, the 
speeds of navigation through the YEs were not 
measured in that study. 

In lieu of studies on the effects of navigation 
speed on cybersickncss, we can review studies 
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concerning vection-induced sickness during 
exposure to moving scenes other than YEs. 
Hu, Stern. Vasey, and Koch ( 1989) reported 
that as the rotating speeds of an optokinetic 
drum with black and white stripes changed 
from 15°/s to 90°/s, symptoms of vection­
induccd sickness increased, peaked, and then 
declined. The peak in sickness occurred at 
60°/s. Muller, Wiest. and Deeckc ( 1990\ 
reported that the time taken for vection to 
occur shortened as the speed of rotating scene 
increased from I oo /s to 40° /s. Beyond 40° /s, 
the time remained similar for speeds up to 
200° /s. Muller et a!. used three different scene 
patterns (random dots. stripes, and checker­
board). for which they obtained similar results. 

The finding of Muller et a!. regarding the 
onset times of vection with different speeds of 
moving scene is consistent with those reported 
in Kennedy, l !ettinger, Harm, Ordy, and Dunlap 
( 1996). Kennedy and his colleagues reported 
that the time taken for vection to occur reduced 
as the speeds of the rotating drum increased 
from 20°/s to 130°/s, remained steady at speeds 
between I 30° /s to 160° /s. and increased at 
speeds between 160° /s to 220° /s. At the speeds 
of 20°/s and 220°/s, some participants failed to 
experience the sensation of vection. 

The three studies suggest that both vection 
and its associated sickness symptoms can be 
significantly affected by the speed of the mov­
ing scene. The previous studies investigated 
only circular 1•ection (i.e., vection along a rota­
tional axis). In aVE. as users navigate mainly 
in the fore-and-aft axis, it is expected that 
linear l'ection will occur (i.e., vection along a 
translational axis). 

This paper investigates the levels of vection 
and sickness during and after navigating 
through a VE at different speeds. The objec­
tives of the experiment were to determine the 
relationships among navigation speeds, rated 
levels of vection, and rated levels of cybcrsick­
ness and to investigate the interacting effects 
between speed and duration of exposure on 
nausea and vection ratings. 

We proposed two hypotheses: (a) Increasing 
navigation speed will increase ratings of vec­
tion and nausea up to a certain level, beyond 
which the ratings will stabilize until an upper 
speed is reached, and then the ratings will 
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decline (based on Hu et a!., 1989; Kennedy, 
Hettinger, eta!., 1996; and Muller et al., 1990). 
(b) The effects of navigation speed and the ef­
fects of exposure duration will have a significant 
interaction. The second hypothesis was based 
on previous physiological studies of vection­
induced sickness. Dichgans and Brandt ( 1972) 
reported a convergence of visual and vestibular 
information, which suggests that watching mov­
ing scenes will directly stimulate the vestibular 
neurons and cause the sensation of vection. 
Research has also shown that stimulation to the 
vestibular neurons will trigger responses in 
parts of the central nervous system that are 
associated with symptoms of sickness (Muth, 
Jokerst, Stern, & Koch. 1995; Stern et al., 
1985). Following this logic, we hypothesized 
that the duration as well as the moving speed 
of visual stimuli will affect the responses of the 
central nervous system. and, hence, there will 
be a significant interaction between the effects 
of navigation speed and the effects of duration 
of exposure. Readers can refer to Dichgans and 
Brandt ( 1978) for a detailed review of physio­
logical research on the generation of vection­
induced sickness. 

METHODS 

Participants 

The participants - 96 male Chinese univer­
sity students and staff between 19 and 38 
years of age- were paid HK $50 as compensa­
tion for their time. All were consenting volun­
teers without color blindness and had not been 
exposed to any VE within the previous 4 
weeks. 

Apparatus and the VE 

A Virtual Research VR4 (Virtual Research 
Systems. Inc., Aptos, CAl LCD head-mounted 
display with a 48" x 36° field of view was used, 
and a Polhemus 3-SPACE (Polhemus, Inc., 
Colchester, VT) magnetic tracker was mounted 
on the display to measure head position and 
orientation at a rate of 30/s. Attention was 
paid to ensure that the system response lags 
were similar across all eight navigation speed 
conditions. The VE was rendered using the 
dVISE (Division Ltd., PTC, Needham, MAl 
software running on a Silicon Graphics ONXY 
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Figure I . An example view of the virtual environment. 

II (Silicon Graphics, Mountain View, CA) work­
station . The VE was presented on the head­
mounted display in biocular mode. During 
exposure to the VE, the participants' viewpoint 
navigated along a predetermined path, and 
participants could steer their viewpoint using 
head movements. The VE contained a virtual 
city with trees, railway tracks, overhead cables, 
trains , a train station, and skyscrapers (Figure 
I). All participants were exposed to the same 
VE and the same navigation path, but each 
group of 12 participants was exposed to one of 
eight different navigation speeds. The path 
formed a closed loop, and the participants 
traveled the path more than once, the number 
of loops depending on the navigation speed. 

Experimental Design 

Speeds of 3.3 , 4.3, 5.9, 7.9. 9.5, 23.6, 29.6, 
and 59.2 m/s root mean square (RMS) in the 
fore-and-aft axis were investigated in a full fac­
torial between-subject experiment with eight 
conditions. Each condition was tested on 12 
participants. The duration of exposure to the 
VE was 30 min. The speeds of navigation 
inside the VE were measured using the view­
point of the participants as the origin (i.e., a 
moving origin). The fore-and-aft , lateral, and 
vertical directions represented the front-and­
back, left-and-right , and up-and-down direc­
tions relative to the participant (Figure 2) . The 

roll, pitch , and yaw angles represented the 
angles of rotation about the fore-and-aft, lateral, 
and vertical axes, respectively. 

The eight navigation speeds broken down 
along six axes are listed in Table 1. Inspection 
of Table I indicates that the navigation move­
ments are dominantly in the fore-and-aft and 
the yaw axes. As the navigation path was con­
structed to simulate a normal walking path, it 
is natural that there were fewer movements in 
the vertical, lateral, roll, and pitch axes. It 
should be noted that in the yaw axis, the 
speeds of pure scene movement introduced by 
navigation are shown along with the resultant 

Vertical axis 

roll 

I f. > Fore-and-aft axis 

Lateral axis 

Figure 2. Illustration of the viewer-centered coordi­
nate system used to measure the direction of naviga­
tion speed. 
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TABLE 1: Average Velocities (RMS) along Six Axes at the Eight Navigation Speeds Measured Using the 
Viewer-Centered Coordinate 

Levels of Navigat ion Speed 

Axes 2 3 4 5 6 7 8 

Fore and aft (m/s) 3.3 4.3 5.9 7 .9 9.5 23.6 29.6 59.2 

Lateral (m/s) 1.2 1.6 2.1 2 .9 3.4 8.7 10.8 21 .5 

Vertica l (m/s) 0.2 0.3 0.4 0 .5 0.6 1.5 1.8 3.7 

Roll (0 /s) 0.5 0 .6 0.8 1.2 1.4 3.5 4.4 8.8 

Pitch (0 / s) 0.6 0 .8 1.1 1.4 1.6 4.2 5.1 10.3 

Yaw (0 / s) 14.2 16.2 15.6 16.5 17.3 30.3 36.6 69.5 
*3.8 *4.9 *6.8 *9.1 *1 0.9 *27 .2 *34.1 *68.1 

* Indicates RMS velocity of scene movement in the yaw axis after excluding the scene movements resulting from participants' correct 
head-turning responses. 

speeds generated by the combination of head 
turns (see Procedure section) and navigation 
(Table 1 ). The reason for this separation is that 
the sense of self-motion induced by scene move­
ment caused by a correct head-turning response 
is a perception of real motion and not vection. 

Procedure 

Before VE exposure, all participants completed 
a precxposurc Simulator Sickness Questionnaire 
(SSG; Kennedy, Lane, et al., 1993). Each partici­
pant was then randomly assigned to one of the 
eight navigation speeds. If a participant reported 
any moderate symptom of discomfort or sick­
ness in the preexposure SSQ, the participant was 
asked to rest for I 0 min prior to filling in a sec­
ond preexposure SSQ. Participants sometimes 
experienced discomfort or sickness as they 
rushed to the laboratory in order to keep other 
appointments. Before the experiment, the partic­
ipants were educated about the difference 
between vection and perceived speed of the sur­
round scene and were reminded to rate only the 
level of vection. Kennedy, Hettinger, et al. 
( 1996) reported that participants can reliably 
separate vection from perceived speed. 

During the exposure, participants were 
asked to turn their heads horizontally to one 
side (covering about 45° in about I s), orally 
describe what they saw, and turn back to face 
the front. This was repeated once every 30 s, 

alternating between left and right, so as to 
encourage participants to be more involved in 
the VE. At 5-min intervals, participants were 
asked to orally rate their symptoms of nausea 
on a 7 -point scale and their sensation of vec­
tion on a 4-point scale. The 7-point nausea 
scale has previously been used in studies of 
cybersickness (e.g., Lo & So, 2001) and of 
motion sickness (Woodman & Griffin, 1997). 

After the exposure, the participants com­
pleted a postexposure SSQ. During the simula­
tion, if a participant reported the maximum 
rating of 6 on the nausea scale (moderate nausea, 
want to stop), the simulation was terminated 
and the participant were asked to complete the 
postexposure SSQ. For those participants, a 
score of 6 was assigned for the remaining verbal 
rating reports. The opportunity to terminate 
the simulation was enforced in order to fulfill 
the ethical requirements of the Human Subject 
Experimentation Committee at the Hong Kong 
University of Science and Technology. Of the 
96 participants, I 0 terminated the simulation 
in this way. 

RESULTS 

Analyses of Nausea and Vection Ratings 

Nausea and vection ratings are shown in 
Figures 3 and 4 as a function of navigation 
speed and duration of exposure. Inspection of 
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Figure 3. Nausea ratings at 5 , 10, 20, and 30 min after the sta rt of the na vigation tours of a VE at different 
scene veloci ti es (as indicated by the RMS scene veloci ty in the fore-a nd-aft axis). 

the two figures shows that as the duration of ex­
posure increased, both nausea and vection rat­
ings increased. Results of the analysis of variance 
(ANOVA) indicates that duration had signifi­
cant effects on both nausea ratings, f(6, 616) = 

52, p < .001. and vcction ratings, f(6 , 616) = 
55, p < .001. Inspection of Figures 3 and 4 
suggests that after 5 min of exposure. both 
nausea ratings and vection ratings started to 
increase. The results of Student-Ncwman-Keuls 
tests indicate that the increases in nausea and 
vection ratings with increasing duration were 
significant after I 0 and 5 min , respectively 
(nausea: p < .05; vection: p < .05). 

Inspecti on of Figures 3 and 4 show that 
both vection and nausea ratings can be divided 
into two regions: (a) at speeds from 3 to I 0 
m/s , both ratings increased with increasing 
speeds; (b) beyond 10 m/s, ratings stabilized. 
This pattern of an increas ing region followed 
by a stabili zing region is partially consistent 
with the hypothesis that as the speed of scene 
movement increases, vection and nausea will 
increase, stabilize , and then decline. Results of 
Student-Newman-Keul s groupings indicate 
that vection ratings peaked and became steady 
at speeds of 8 m/s or more , whereas nausea 
ratings peaked and became steady at speeds of 
10 m/s RMS or more (p < .05) . 

A two-factor (Speed x Duration) ANOVA 
showed that there was no significant intcrac-

tion between th e effects of speed and the 
effec ts of duration for either nausea ratings or 
vection ratings (p > . 95 ). Repea ted-measure 
ANOVAs were conducted on the vection and 
nausea data to test the effects of speed at each 
time interval (0, 5, 10, 15, 20, 25, and 30 min) 
and the effect of duration at each speed (3.3, 
4.4 , 5.9, 7.9, 9.5 , 23 .6. 29.6. 59.2 m/s) . Jn 
addition, the effects of speed on the onset 
times of moderate to strong vection (a rating 
of 2 or more) and mild to moderate nausea (a 
rating of 3 or more) were tested using ANOVAs. 
The onset times were defined as the time of 
exposure to the VE when the corresponding 
leve l of rating was first reported. Results of 
these ANOVAs are explored in the Discussion 
section. 

Analyses of the SSQ Data 

Figure 5 illustrates the changes of the total 
scores and Figure 6 illustrates the changes of 
the nausea (N), oculomotor (0) , and disorien­
tation (D) subscores as function of fore-and-aft 
navigation speeds. The calculation procedure 
of all the SSQ scores is according to Kennedy, 
Lane, et al. ( 1993). An ANOVA was conduct­
ed to tes t the main effects of exposure on the 
SSQ scores of before and after the exposure. 
Significant increases were found in the total, 
nausea, oculomotor, and disorientation sub­
scores (p < .00 I ) . Changes in SSQ scores were 
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Figure 4. Vection ratings at 5, I 0, 20, and 30 min after the start of the navigation tours of a VE at different 
scene velocities (as indicated by the RMS scene velocity in the fore-and-aft axis). 

calculated by subtracting the preex posure 
scores from the postexposure score (Figures 5 
and 6). Subsequent analyses of the effects of 
speed were conducted on these changes of 
SSQ scores. 

Comparison of Figures 5 and 6 shows that as 
the fore-and-aft RMS speeds increased from 3 
to 30 m/s, changes in total score had a pattern 
similar to those of nausea ratings and vection 
ratings, increasing with increased speeds up to 
l 0 m/s RMS, beyond which the values became 
steady. However, as the speeds increased from 
30 to 59 m/s RMS, total score started to 
increase again, whereas both nausea and vection 
ratings remained steady. A possibl e reason for 
the increase of total score at 59 m/s RMS is the 
increase in disorientation and oculomotor sub­
scores, as can be observed from Figure 6. 
Results of the ANOVA indicate that the naviga­
tion speed had only a marginal significant main 
effect on the oculomotor subscore (p < .1) and 
did not significantly influence other scores (total 
score: p > . I; nausea: p > .2; disorientation : p > 
.I). Possible reasons are discussed in the next 
section . 

Correlation tests showed that the vection 
rating, the nausea rating, and the postexposure 
SSQ scores were all significantly correlated 
with one another (p < .001). Besides their 
expected relationships being consistent with 
the theory of vection-induced motion sickness, 

another possible reason may be bias atttibutable 
to method variance (e.g., Kemery & Dunlap, 
1986). As all the measurements were obtained 
through questionnaires, the correlation re la­
tionships among these measures may have 
been inflated . Consequently, discussion in this 
article will focus less on the correlation effects 
among measurements. 

DISCUSSION 

In this study, both nausea and vection rat­
ings increased when speeds increased from 3 
to 10 m/s. Beyond 10 m/s, the ratings became 
steady and remained so up to the speed of 59 
m/s. Thi s conflic ts with the hypothes is that at 
high speed, vection and nausea ratings will 
decline. Kennedy, Hettinger, et al. (1996) re­
ported that circular vection reduced when the 
speed of an optokinetic drum increased beyond 
160°/s. In addition, at 220°/s , the black and 
white stripes inside the drum appeared to fuse 
together and led to failure of circular vection 
sensation . In th e present study, the "fusing" 
phenomenon did not occur. At the speed of 59 
m/s, all participants were still able to see and 
describe objects inside the VE as well as to 
experience vection. The obvious reason is the 
difference in the speed of scene movement. At 
a speed of 59 m/s in the fore-and-aft axis, the 
speed in the yaw axis was 68 rn/s , much slower 
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Figure 5. Increases in total sickness severity scores measured by the Simulator Sickness Questionnaire (SSQ) 
after a 30-min navigation tour of aVE at different scene velocities (as indicated by the RMS scene velocity in 
the fore-and-aft axis). 

than 160 m/s. Other possible reasons include 
the difference in the visual environment. In a 
VE, the visual scene is a three-dimensional per­
ception and therefore much more complicated 
than black and white stripes. 

Inspection of Figure 4 indicates that at 5 
min after the start of exposure, the mean vec­
tion rating obtained at 8 m/s RMS were much 
higher than those at other speeds. Repeated­
measures ANOVAs were conducted to investi­
gate the effects of duration at each speed and 
the effects of speed at each time interval. 
Results indicate that 5 min after the start of 
simulation, significant increases in vection rat­
ings were found only at the speed of 8 m/s (p 
< .05). After I 0 min, vection ratings signifi­
cantly increased at all speeds. This suggests 
that speed significantly affected the onset time 
of vection sensation, which was less than 5 
min at a speed of 8 m/s and between 5 to I 0 
min at speeds lower or higher than 8 m/s. 
Results of Student-Newman-Keuls analyses in­
dicate that the mean vection and nausea ratings 
increased significantly after 5 and 10 min, 
respectively (p < .05). This suggests that on 
average, the onset of vection sensation occurred 
earlier than that of nausea. This is consistent 
with current knowledge on the pathology of 
vection-induced motion sickness, which sug­
gests that watching moving scenes causes the 
sensation of vection and triggers responses by 

the central nervous system that are associated 
with symptoms of sickness. 

The nonsignificant interaction between the 
effects of navigation speed and the effects of 
the duration of exposure on both the nausea 
and vection ratings is somewhat surprising 
(p > . 9). It had been hypothesized that there 
would be a significant interaction between the 
effects of duration and speed. In other words, 
it was expected that viewing scene movements 
at speeds that cause stronger levels of vection 
and nausea symptoms would increase both 
symptoms at a higher rate as exposure contin­
ued. However, the hypothesized effects did not 
occur. Inspection of Figures 3 and 4 indicates 
that (with the exception of vection ratings at 5 
min) the curves showing the effects of speed 
on both vection and nausea ratings at each 
time interval are approximately parallel. 

In order to explain the lack of significant 
interactions between the effects of speed and 
duration, one has to look at the results of 
repeated-measure ANOVAs on the effects of 
speed at each duration and vice versa. Results 
of the repeated-measures ANOVAs show that 
after I 5 min of exposure the influence of speed 
on vection sensation became insignificant, and 
after 30 min of exposure the influence of speed 
on nausea ratings became insignificant, even 
though both nausea and vection ratings contin­
ued to increase with increasing duration of 
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Figure 6. Increases in the nausea (N). disorientation (0), and oculomotor (0 ) subscores after the navigation 
tours of a VE at different scene velocities (as indicated by the RMS scene velocity in the fore-&-aft axis). 

exposure from 0 to 30 min. These nonlinear 
effects are consistent with the finding that nav­
igation speed was affecting the onset times of 
vection and nausea ratings whereas the dura­
tion was affecting the intensity levels of vec­
tion and nausea ratings. In other words, at the 
start of exposure, the ratings at some speeds 
started to increase sooner than at other speeds. 
Therefore, the effects of speed were significant. 
However, as duration increased, ratings at all 
speeds increased, and the increasing effects of 
duration eventually overshadowed the effect of 
speed . Further analysis of the rating data indi­
cates that navigation speed significantly affects 
the onset times of moderate to strong vection 
(a vection rating of 2 or more) and the onset 
times of mild to moderate nausea (a nau sea 
rating of 3 or more) (p < .001 ). This supports 
the idea that navigation speed wa s affecting 
the onset times of vection and nausea. 

The finding that the effects of navigation 
speed were overshadowed by the effects of 
duration toward the end of the exposure pro­
vides a possible explanation for the lack of sig­
nificant effects of speed on most of the SSQ 
scores. Another possible reason is that at speeds 
of 8 and lO m/s, susceptible participants report­
ed earlier onset of vection and nausea, reached 
the maximum nausea rating ("moderate nausea, 
want to stop") before 30 min, and had to quit 
the exposure. This left room for participants 
exposed to the VE at other speeds to catch up. 

Out of the 10 participants who had reached the 
maximum nausea rating before 30 minutes. 5 
were exposed to the VE at the speed of 10 m/s. 
As shown in Figures 3 and 6, both the nausea 
ratings and the SSQ nausea scores peaked at the 
speed of I 0 m/s. Had the 5 participants who 
terminated the exposure before 30 min been 
able to carry on, the mean nausea rating and 
SSQ nausea score at 10 mls would have been 
even higher. Consequently, it can be deduced 
that the effect of speed on SSQ scores was con­
servative in this study. 

The visual content of a VE can vary greatly 
from one environmen t to another. Will the 
findings of this study be applicable in general 
or only to the particular VE used in this exper­
iment? We suggest that although the absolute 
value of speeds (e.g., I 0 m/s RMS in the fore­
and-aft direction) at which the vection and 
nausea ratings were at their maximum will be 
specific to this study, the pattern of change will 
be generally applicable. The consistency of the 
patterns of changes in vection and sickness rat­
ings with different speeds in this study and 
those reported in Hu et al. ( 1989) , Kennedy, 
Hettinger, et al. ( 1996) , and Muth et al. (1995) 
provides further support for the general applic­
ability of the pattern of changes. 

In this study participants perceived move­
ments of spatially contrasted elements in a VE, 
whereas in studies with an optokinetic drum, 
participants perceived movements of spatially 
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contrasted black and white stripes (e.g., Hu et al., 
1989, 1 997; Stern et al., 1 985). We acknowl­
edge that unless the densities of the spatially 
contrasted scenes in a VE and inside an opto­
kinetic drum can be measured and quantified, 
the effects of navigation speed among studies 
with different scenes cannot be directly com­
pared. The spatial frequency inside an opto­
kinetic drum can easily be calculated because of 
its regular pattern, but it is more difficult to 
measure the average spatial frequencies of aVE. 

Kennedy, Berbaum. and Smith ( 1993), Ken­
nedy, Drexler, and Berbaum ( 1994), and Kenne­
dy, Berbaum, Dunlap, and Hettinger ( 1996) 
developed the first automated method to quan­
tify the visual stimulus for the study of cyber­
siekness. The reported method was referred to 
as the "human judged kinematics cluster score" 
(Kennedy, Berbaum, et al., 1996). This score 
has been shown to correlate with levels of cyber­
sickness. However, as reported by Kennedy and 
his colleagues. this method involved analyses of 
videotapes of virtual scenes by human observers 
and was subjective. So and Lo (2000) reported 
an automatic and objective method to sample, 
measure, and calculate a metric to represent the 
average spatial frequencies (in cycles per de­
gree) of aVE. Using this metric (called spatial 
velocity), the eight navigation velocities in this 
study can be converted to eight levels of scene 
movement with units of cycles per second (or 
cycles x meters/second x degree in translational 
axes). Future studies on the effects of navigation 
speed will be combined with measurements of 
the spatial complexity of the YEs. 

This study used only male Chinese partici­
pants; future experiments should include 
female participants. Kolasinski ( 1995) reported 
a significantly higher level of cybersickness 
(SSQ scores) with female participants, and 
Stern, Hu, Leblanc, and Koch ( 1 993) reported 
a significantly higher susceptibility to vection­
induced motion sickness in Chinese American 
women than in African American and Euro­
pean American women. 

CONCLUSION AND FUTURE WORK 

In this study, vection sensation and sickness 
symptoms increased with increasing navigation 
speeds from 3m/s to 1 Om/s RA1S. Beyond I Om/s 
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RMS, both vection and sickness stabilized and 
remained steady as speed~ increased further to 
59m/s RMS. This is consistent with previous 
findings on the effects of rotating speed on cir­
cular vection. Further, it was found that the 
mean onset time of vection sensation is earlier 
than that of nausea. This is, again, consistent 
with current knowledge that cybersickness is a 
type of vection-induced motion sickness. 

This study has shown that navigation speed 
can significantly affect levels of vection during the 
first 5 min of exposure to a VE. When the dura­
tion of exposure is longer than I 5 min, the effects 
of speed on vection became insignificant. For 
nausea, the effect~ of speed were significant after 
10 min into the exposure and became insignifi­
cant after 30 min. Because of ethical require­
ments, participants could km1inate the exposure 
when they passed a moderate level of nausea. 
This restricted the effects of navigation speeds 
and possibly caused the effect of speed on the 
postexposure SSQ scores to be insignificant. It is 
desirable that future studies seek special ap­
proval to raise the allowable level of sickness. 

Evidence has been found to suggest that 
navigation speed will significantly affect the 
onset times of vection sensation and nausea but 
will not accelerate their rates of increase with 
increasing duration. The lack of significant 
interaction between the effects of duration of 
exposure and navigation speed indicates that 
there is no multiplicative effect between the two 
factors- a useful finding for research on the 
prediction of severity levels of cybersickness. 

In this study, navigation movements were 
mainly in the fore-and-aft and yaw axes. Future 
studies to investigate the effects of scene move­
ments in other axes are desirable. In addition, 
methods to analyze the scene complexity of a 
virtual environment should be used in future 
experiments investigating the effects of speed. 
We acknowledge that all measurements of vec­
tion and sickness symptoms in this study were 
derived from questionnaires; future studies 
should include obiective measurements, such 
as posture stability tests. 
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