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Abstract. Visual environments are evolving rapidly along with the populariza-
tion of high resolution and wide field-of-view displays. However, there is a 
concern that these environments may give negative effects on viewers’ health 
such as visually-induced motion sickness (VIMS). Previous studies reported 
that some physiological indices were useful to assess the effect of visual stimu-
lation. However, we have little knowledge about temporal relationship between 
the severity of sickness and the change in the physiological indices. In this 
study, the average mutual information has been employed to investigate this  
relationship. The analysis of experimental data has suggested that there is a pos-
sibility to detect a sign of VIMS prior to the development of symptoms of 
VIMS with the physiological indices. 
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1   Introduction 

In recent years, people are often exposed to a moving picture taken by an amature 
cameraman who does not have any special knowledge for filming. This is because a 
video camera has come down in price and posting private videos on the Internet has 
been expanded. In this situation, some cases were reported in which people suffered 
from visually-induced motion sickness (VIMS) during or after watching a video 
including unexpected whole image motion and vibration [1]-[4]. 

Some previous studies reported that not only questionnaires but also physiological 
indices were useful to detect the symptoms of VIMS. In particular, variations in  
the parasympathetic cardiac activity [5]-[6], skin conductance [7]-[8] and gastric 
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tachyarrhythmia [7][9]-[10] are considered to be affected by VIMS. The authors also 
proposed a physiological index (ρmax) and reported that this index decreased 
significantly when people suffered from VIMS [11]-[14]. However, the temporal 
relationship between the change in the physiological state and the development of 
VIMS based on a subjective score has not been clarified yet.  

The aim of this study is to reveal the temporal relationship between the 
physiological indices and the subjective score obtained from subjects suffering from 
VIMS. In the experiment of this study, both the subjective score and the physiological 
parameters were measured simultaneously, and the average mutual information [15] 
was calculated to measure the statistical dependence between them. 

2   Methods 

2.1   Experiment 

Fifty-one healthy adults (22 males and 29 females; 26.6 ± 9.3 years) participated in 
the experiment. A 37-inch liquid crystal display (resolution: 1920 × 1080 pixels, 
brightness: 100 cd/m2) was used to show a video to each subject. The subject sat on a 
chair placed 70cm away from the display, which gave 60.5 × 40.3 degree field of 
view, and watched a self-produced video for 27min30s after adaptation to darkness. 
The video included unexpected whole image motion and vibration (20min) which 
would induce VIMS. Before and after the moving image, a wholly gray screen with 
no image was presented to the subjects for 5min30s and 2min, respectively. 

During the experiment, biological signals were measured in the way hereinafter 
described. ECG and finger photo-plethysmogram were measured by physiological 
amplifiers (ECG100C, PPG100C; BIOPAC System Inc.), and they were stored by a 
data recording device (MP-100; BIOPAC System Inc.), whose voltage resolution and 
sampling rate were 16bit and 1kHz, respectively. The subject rated the symptom of 
VIMS on a scale of zero to four with a joystick every 1min. It is regarded that the 
higher this subjective score (SS) was, the more severe the symptom of VIMS was. 

Informed consent was obtained from each subject before the experiment. And the 
experimental protocol was approved by the University’s Internal Review Board. 

2.2   Data Analysis 

Only 23 subjects’ data (10 males and 13 females; 27.6 ± 10.0 years) could be ana-
lyzed because artifacts, measurement noise or mistakes in measuring were found in 
the other subjects’ data. 

In this study, to investigate the relationship between the subjective score and the 
physiological index, the averaged mutual information (I) which shows the statistical 
dependence between changing patterns (increased, decreased or changed little) of 
variables was calculated. Heart rate variability (HRV), its low-frequency component 
(LFHR) from 0.05 Hz to 0.15Hz and high-frequency component (HFHR) from 0.15 Hz 
to 0.45Hz were chosen as the physiological index to calculate I. In addition to these 
indices, ρmax was also chosen. The index ρmax is defined as the maximum cross-
correlation coefficient between heart rate and pulse transmission time whose  
frequency components are limited to Mayer wave-related frequencies. 
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By its nature, I between arbitry variables X and Y does not contain directional in-
formation, in other word, I does not show causality between X and Y. Whereas, it is 
possible to detect causality between X and Y by the calculation of I using XL instead of 
X. XL is the time series which lags behind X by L [16]. 

3   Results and Discussion 

Figure 1 a) shows changes in ρmax and SS of a subject. SS increased at 8min, 11min, 
19min and 22min, and ρmax decreased at around these points of time. Fig.1 b) shows 
the average mutual information I between SS and ρmax of this subject. In this figure, I 
was the highest at time lag L=-1min. This result means that his physiological state had 
changed 1 minute before he felt the sensation of VIMS. 

Figure 2 shows relationships between time lag L and the mean values of I 
calculateded from four physiological indices a) ρmax, b) HRV, c) LFHR and d) HFHR. In 
these figures, the mean I at an arbitrary time lag L0 was obtained as the value aver-
aged only in subjects whose I were the highest at L0. 

In Fig.2, I obtained from ρmax and HFHR showed higher level than those from other 
physiological indices. This agrees with the results of previous studies which reported 
that the changes in ρmax and HFHR were associated with the development of motion 
sickness [5]-[6] [11]-[14]. 

Meanwhile, between ρmax and HFHR, there was a difference in the time lag when 
the relation of the physiological index with SS was strengthened. This means that  
the physiological reaction seen in HFHR appeared at almost the same time as the sub-
jective evaluation changed, while the reaction in ρmax appeared before or after the sub-
jective evaluation changed. The cause of this result has not been clear. However, the  
 

 

 

Fig. 1. a) Changes in ρmax (black line) and subjective score SS (gray line) of a subject and b) the 
average mutual information I between them 
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Fig. 2. The mean values of the average mutual information I between subjective score SS and 
four physiological indices a) ρmax, b) HRV, c) LFHR and d) HFHR. Bar graph at each time lag 
represents the number of subjects whose I were the highest at that time lag. 

difference in the autonomic nervous activity may be a candidate of the causes. It is 
well known that HFHR reflects the parasympathetic nervous activity while ρmax is ob-
tained from Mayer wave component which is related to both the sympathetic and the 
parasympathetic nervous activities [17]-[19]. 

In general, the dependence between the physiological index and the subjective 
score is not necessarily linear. However, this problem can be avoided by analyzing I 
which shows the statistical dependence of the two variables. 

4   Conclusion 

In this study, the average mutual information was employed to investigate the tempo-
ral relationship between a subjective evaluation score and some physiological indices. 
The result showed that the physiological states of some subjects changed prior to the 
development of VIMS symptoms. 

In future works, it is necessary to analyze other physiological indices in the above 
way, such as gastric tachyarrhythmia which has been frequently reported to have rela-
tionship with motion sickness. Moreover, to confirm the validity of the proposed 
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method, the number of sampling points of the subjective score should be increased by 
carrying out experiments in which the duration of watching a video is extended or one 
subject watches the same video over and over again. 
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