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ABSTRACT 
The overall aim of this research is to develop a high-presence sound system for an emergency drill 
simulator using a virtual reality display system that runs on a personal computer.  Previous studies 
have reported systems that provide high-presence sound, but these systems needed powerful 
computers to perform the required processing.  With our proposed method, the processing is reduced 
by using a discontinuous moving sound image given by discrete coordinates.  We evaluated the 
synchronization of the moving sound image by conducting an experiment in which pairs of stimuli 
were compared.  In the experiment, moving sound images with different speeds were compared in 
order to obtain a threshold for the number of discrete coordinates of the moving sound image to realize 
high presence.  We analyzed the relationship between the evaluations and the speed using a paired 
comparison method.  The results showed that the evaluation of the realism depended on the speed of 
the sound image. 
 
Keywords: Moving sound image, Discontinuous moving sound image, Subjective evaluation, Pair 
comparison method 

1. INTRODUCTION 
A number of systems have been developed to reproduce highly realistic sound.  For example, Ise 

et al. developed a high-presence interactive sound field (1) based on the boundary-surface control 
(BoSC) principle (2).  Poletti defined the theory of three-dimensional sound systems on the basis of 
spherical harmonics (3).  Highly realistic sound systems are necessary to produce higher immersion, 
such as virtual reality content.  For example, Hamasaki et al. developed a 22.2 multichannel sound 
system for ultra-high-definition television systems (4).  However, such systems are very expensive 
because they require a powerful computer to perform a huge amount of calculations. 

Our aim is to develop a highly realistic sound system for an emergency drill simulator and to have 
the system run on a personal computer.  Reducing the frame rate enables the size of transmitted video 
to be reduced (5).  We have proposed a method for reducing the amount of required processing by 
giving discrete coordinates to a sound image and moving it discontinuously.  In many cases, sound 
image was given by the difference of sound pressures and time delay as in stereo system.  In our 
experiments, sound image was given by an acoustical panning technique; the difference of sound 
pressures, and it was obtained good localization (6). 

The moving sound image was shown with a continuous movie.  When visual capture occurred, the 
moving sound image was perceived as being natural (7).  Some studies have clarified the conditions 
under which visual capture occurs for a continuous moving image (8, 9).  However, the conditions 
under which it occurs when a discontinuous moving sound image is displayed remain unclear.  
Moreover, the effect of the speed of the sound image on the conditions has not been investigated. 

In this paper, we propose a moving sound image technique that uses a visual effect to simplify 
sound images.  In this study, we presented moving sounds in conjunction with moving sound icons 
at fast and slow speeds with stereo speakers.  We conducted an experiment to evaluate the 
synchronization between a sound image moving discontinuously and a movie of icon moving 
continuously. 
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2. TECHNIQUE FOR MOVING SOUND IMAGE 
We proposed a technique to reduce the amount of processing by using a sound image that moves 

discontinuously (6).  The sound image was moved the same distance and at the same speed by using the 
difference in sound pressure between left and right channels.  Figure 1 shows the concept of the moving 
sound and movie and figure 2 shows the definition of the parameters for sound image localization.  Let D 
be the length of an arc between two loudspeakers which the center is the observer.  The velocity of the sound 
image 𝑣𝑣 is given by the following equation: 

v = D/(tmax – t0). (1) 
When the sound image is given different levels in stereo speakers by using an acoustical panning 

technique.  It was easy for reducing the amount of required processing (10).  Our previous research shows 
that accuracy of the sound image localization was high, and the location identification was around the 
theoretical value (6). 

The amplitudes of the left channel 𝐴𝐴𝐿𝐿 and the right channel 𝐴𝐴𝑅𝑅 are different.  Here, S(t) is the input 
signal, 𝑃𝑃𝐿𝐿 is the sound pressure output from the left, and 𝑃𝑃𝑅𝑅 is the sound pressure output from the right 
channel, with 𝑃𝑃𝐿𝐿 and 𝑃𝑃𝑅𝑅 thus given by the following equations, 

𝑃𝑃𝐿𝐿 = 𝐴𝐴𝐿𝐿𝑆𝑆(𝑡𝑡), 
𝑃𝑃𝑅𝑅 = 𝐴𝐴𝑅𝑅𝑆𝑆(𝑡𝑡). 

(2) 
(3) 

The sound pressure at the center of the observer’s head is given by the following equation: 
𝑃𝑃 = (𝐴𝐴𝐿𝐿 + 𝐴𝐴𝑅𝑅)𝑆𝑆(𝑡𝑡). (4) 

In Figure 2, x gives the location of the sound image on the arc between loudspeakers centered at the 
observer.  The arc is divided in the number of 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚.  The amplitudes of the left channel and the 
right channel at x are given by 

𝐴𝐴𝐿𝐿 = 𝐶𝐶1(𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑥𝑥) 
𝐴𝐴𝑅𝑅 = 𝐶𝐶1𝑥𝑥 
𝐴𝐴𝐿𝐿 + 𝐴𝐴𝑅𝑅 = 𝐶𝐶2 

(5) 
(6) 
(7) 

where 𝐶𝐶1 and 𝐶𝐶2 are constants, and P is always constant because the distance between the sound 
image and observer is also constant.  Figure 3 shows the time waveform of 𝑃𝑃.  The time waveform 
of 𝑃𝑃𝐿𝐿 and 𝑃𝑃𝑅𝑅 in the case where 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚 = 4 is shown in Figure 4 and the waveform in the case where 
𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚 = 150 is shown in Figure 5.  The icon for movie moved same direction as the sound image at 
30fps.  The icon size is constant because it moved on the arc. 

We presented sound and movie stimuli and evaluate whether they were perceived as being 
synchronized by using a paired comparison method. 

 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 

 
 

Figure 2 – Location examples of sound image 
Each location 𝑥𝑥𝑖𝑖 is of a moving sound image 

Figure 1 - The concept of the moving sound 
and movie 
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3. EXPERIMENTS TO EVALUATE SYNCHRONIZATION 
We measured the synchronization between a moving sound image and a moving icon.  The type 

of sound used for moving sound is the siren of a Japanese ambulance in both experiment.  The 
Doppler effect didn’t include in the experiment because the sound image was moved the same distance 
and speed from the observer. 

3.1 Stimuli Patterns 
The length of the stimuli had four patterns: 1.3 s, 2.5 s, 5.0 s, and 10 s; therefore, the speeds of the 

sound image were 36.8 deg/s, 18.4 deg/s, 9.2 deg/s, and 4.6 deg/s, respectively.  The total number of 
discrete coordinates for the sound images was 150.  We used an ambulance as the icon for the moving 
sound.  The movie stimuli were produced at 30 fps. Table 1 shows the four patterns of stimuli used 
in the subjective experiment. 

 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 

Figure 5 – Time waveforms of sound stimuli in 
left and right channels, where 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚= 150 

Figure 4 – Time waveforms of sound stimuli in 
left and right channels, where 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚= 4 

Table 1  Categories of stimuli 

Figure 3 – Time waveform for mixed right channel and left channel 
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3.2 Experimental environment and procedure  
The stimuli were played back using 24-inch PC monitors (DELL P2416) and USB loudspeakers 

(Towa Electronics, Olasonic TW-S7).  The distance between the monitor and the observer was 60 cm 
and the viewing angle 46 degrees.  The 11 observers were college students in their twenties. 

We presented a pair of stimuli to the observer and asked to him or her to indicate on a questionnaire 
whether the moving sound was synchronized with the moving icon.  Figure 6 shows a conceptual 
representation of the experiment.  Four patterns of stimuli were arranged as six different pairs and 
we presented these pairs to each observer in a random order.  For each pair of stimuli, the stimulus 
presented first was named A and the stimulus presented second was named B.  The interval between 
A and B was 2 s.  After all the pairs were presented, we showed the stimuli in reverse order for each 
pair. In the questionnaire, the observers entered their evaluations of the synchronization on a 7-point 
scale.  The evaluations were analyzed using Ura’s method of paired comparison (11). 

 
 
 
 
 
 
 
 
 
 
 

 
 

4. ANALYSIS OF ACCURACY AND SYNCHRONIZATION MEASUREMENTS  
Figure 7 shows the analysis of these evaluations.  As shown in the figure, speed affected the 

evaluation of the synchronization.  The arrow in the figure shows the confidence interval used to 
assess the significance.  The case where the speed was 18.4 deg/s is considerably different from the 
case where the difference was 36.8 deg/s.  It indicates that when the speed is faster, the evaluation is 
lower.  Figure 8 shows the analysis results for the relationship between the number of sound images 
𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚 and the evaluation of the synchronization and Table 2 shows the ten patterns of stimuli used in 
the subjective experiment (12).  A number next to a letter in the figure indicates the value of 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚.  
In the case where the speed of the sound source is 9.2 deg/s, there is no great difference in the 
evaluations between S150 to S10, in the result for this speed means that 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚 = 10 is not over the 
threshold for being proposed as the number of locations of a continuous moving sound.  In contrast, 
in the case where the speed of the sound source is 18.4 deg/s, there is a considerable difference in the 
evaluations between F150 to F10, in the result for this speed means that 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚  = 10 is over the 
threshold for being proposed as the number of locations of a continuous moving sound.  In summary, 
when the number of sound images was less, the evaluation was lower. 

These experiments demonstrated that speed affects the evaluation of synchronization, as shown in 
Figures 7 and 8.  When the speed was faster, the length of video was shorter.  We think that the 
decreasing synchronization was due to the length of time available for presentation of the sound image 
icon being too short when the speed was fast.  

To construct a system meeting the objective of this research, we need to obtain a threshold for the 
number of discrete coordinates for a moving sound image when the observer moves the head to search 
for the sound source. 

 
 
 
 
 
 
 
 

Figure 6 – Experiment composition 

4830



 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5. CONCLUSIONS 
Our aim was to reduce amount of processing used to generate visual effects for developing a high-

presence sound system that runs on a personal computer.  In this study, we measured the effect of the 
speed of a sound image on the synchronization between sound and movie.  The analysis of the 
evaluations of the synchronization shows that the evaluation of realism depends on the speed of the 
sound image.  In future work, we will investigate sound images moving at various speeds. 
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