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ACOUSTIC SPACE-SHARING WITH MULTIPLE PARAMETRIC ARRAY LOUDSPEAKERS FOR DAILY SPORTS AND EXERCISE

In this paper, we propose an exercise support system utilizing an acoustic sound. In particular, we propose the acoustic space-sharing system with the parametric array loudspeaker (PAL) for daily sports and exercise. The PAL can reproduce the acoustic sound only on a straight line. In the proposed method, we arrange some PALs considering the size of the room and directional characteristics of them, such as the directional angle and the sound attenuation distance. Using this system, we can reproduce multiple music signals in one room without a physical separation like a wall and it is expected that people can take multiple exercises in the same room, for example, dance on the left half and fitness on the right half. Furthermore, it is considered that exchanges among people doing each activity will also become active and people's exercise will be promoted further. In this paper, we actually constructed the gymnasium with the acoustic space-sharing system for daily sports and exercise by formulating suitable positions of PALs in the proposed method, and carried out performance evaluation experiment for the acoustic space-sharing in the gymnasium. From the result of the experiment, we confirmed the effectiveness of the proposed system.

INTRODUCTION

In daily life, exercise is very important in keeping health. When we take the exercise such as dance or fitness, we often use a piece of music [START_REF] Karageorghis | The psychophysical effects of music in sport and exercise: A review[END_REF][START_REF] Karageorghis | Music in sport and exercise: An update on research and application[END_REF]. If we reproduce a music from a dynamic loudspeaker in one room, everyone in the room can hear the music, so that only one activity can be done in that room. In other words, people who want to do other activities need to find another room to avoid being disturbed. If it is possible to perform multiple activities without physical separation like a wall, the space can be utilized effectively. Moreover, the communication among users will become more active, and their exercise can be promoted. Thus in this paper, to achieve the goals above, we propose an acoustic space-sharing system with multiple PALs for daily sports and exercise. The PAL [START_REF] Westervelt | Parametric acoustic array[END_REF][START_REF] Aoki | Parametric loudspeaker-characteristics of acoustic field and suitable modulation of carrier ultrasound[END_REF][START_REF] Shi | Development of parametric loudspeaker[END_REF][START_REF] Yang | Parametric loudspeaker: from theory to applications[END_REF] achieves high directivity by utilizing an ultrasonic wave. When we place multiple PALs, we can reproduce multi-ple musics in a room. In other words, different musics can be reproduced in different areas of the room. In this way, by using this system, we divide the space into multiple areas with acoustic sounds and share the space with multiple people who want to do different activities, so we call this system "acoustic space-sharing. Moreover, we also propose the suitable arrangement of PALs to divide the space with acoustic sounds for proposed acoustic space-sharing system. We formulate positions of PALs considering the size of the room and directional characteristics of PALs, such as the directional angle and the sound attenuation distance. In this paper, we put our proposed system into practice at a newly-built gymnasium located in Ritsumeikan University in Japan and confirm the effectiveness of the propose system. In addition, we introduce some applications of the acoustic space-sharing for sports or exercise.

PARAMETRIC ARRAY LOUDSPEAKER

The PAL can realize a sharper directivity by utilizing the ultrasonic wave and can form a narrow audible area called "audio spot [START_REF] Yoneyama | The audio spotlight: An application of nonlinear interaction of sound waves to a new type of loudspeaker design[END_REF]. Figure 1 shows the PAL and Fig. 2 shows the overview of the audio spot. As shown in Fig. 2, the PAL can reproduce the audible sound only on a straight line. Figure 3 shows the directional characteristic of the PAL. We assume the audio spot where the sound pressure level (SPL) is more than 60 dB as the "target area. In Fig. 3, d P (m) and w P (m) are the depth and width of the target area. The d P agrees with the sound attenuation distance of the PAL. The w P is indicated as follows:

w P = L P + 2d P tan θ P , ( 1 
)
where L P (m) and θ P (deg.) represent the diameter and the directional angle of the PAL. Figure 4 shows the directivity of the PAL and the dynamic loudspeaker. In Fig. 4, SPL of observation positions are shown with color. As shown in Fig. 4, we can confirm that the PAL has much sharper directivity than the dynamic loudspeaker. From the result of the measurement, the directional angle of the dynamic loudspeaker is about 31 deg., on the other hand, that of the PAL θ P is about 9 deg. as shown in Fig. 4. Figure 5 shows the relationship between the distance and the SPL of the audible sound. From the result of the measurement shown in Fig. 5, the sound attenuation distance of the dynamic loudspeaker is about 4 m, on the other hand, that of the PAL d P is about 18 m. The PAL realizes sharper directivity by emitting an amplitude modulated (AM) wave. Figure 6 shows the overview of reproducing the audible sound from the PAL. The AM wave v AM (t) is designed by modulating the amplitude of the ultrasonic wave called carrier wave with the audible sound. The intensely emitted AM wave is demodulated into the original audible sound by non-linear interactions in the air [START_REF] Chen | Research on an improved amplitude modulation method of audio directional loudspeaker[END_REF][START_REF] Pompei | The use of airborne ultrasonics for generating audible sound beams[END_REF]. The v AM (t) is indicated as follows: 

v AM (t) = (1 + m • v S (t))v C (t), (2) 
m = A S A C , ( 3 
) v C (t) = A C cos(2πf C t), (4) 
v S (t) = A S cos(2πf S t), (5) where t represents a time index, v C (t) and v S (t) represent the carrier wave and the audible sound, f C and f S represent frequencies of the carrier wave and the audible sound, A C and A S represent maximum amplitudes of the carrier wave and the audible sound and m(0 < m ≤ 1) represents an amplitude modulation factor. Equation ( 2) can be transformed as follows by trigonometric functions.

v AM (t) = A C cos(2πf C t) + A 2 S 2 {cos(2π(f C -f S )t) + cos(2π(f C + f S )t)}. (6) 
From Eqn. ( 6), we can confirm that the AM wave consists of the carrier frequency (f C ), the sum frequency (f C + f S ) and the difference frequency (f C -f S ). When the AM wave is emitted from the PAL with the intense power, the difference frequencies between the above frequencies are demodulated into the original audible sound by the nonlinear interaction in the air. The demodulated sound has a sharper directivity due to the ultrasonic wave. Therefore, the PAL can reproduce the audible sound in a particular area.

ACOUSTIC SPACE-SHARING SYSTEM WITH PARAMETRIC ARRAY LOUDSPEAKER

Suggestion of acoustic space-sharing system

In this paper, we propose a acoustic space-sharing system by utilizing the sharper directivity of the PAL. Fig- ure 7 shows the overview of the proposed system, acoustic space-sharing system. As shown in Fig. 7, in the proposed system, the space is divided into two areas, Area A and B, where different sounds are reproduced. The proposed method is composed of two steps. The 1st step involves the arrangement of PALs and the 2nd step involves emitting sounds from PALs. In the 1st step, we arrange several PALs in suitable positions to let the reproduced sounds of PALs cover the whole area considering the size of the room and the directional characteristics of PALs. In Section 3.2, we discribe the suitable arrangement of PALs in this system. In the 2nd step, we emit sounds from PALs. The proposed system utilizes two sound sources, v SA (t) and v SB (t), and performs amplitude modulation. The AM sound sources v AMA (t) and v AMB (t) are indicated as follows:

v AMA (t) = (1 + m • v SA (t))v C (t), (7) 
v AMB (t) = (1 + m • v SB (t))v C (t). (8) 
The AM sound source v AMA (t) is emitted by PALs in the Area A, and v AMB (t) is emitted by PALs in the Area B. The emitted sounds from each PAL reach only on the straight line, thus we can reproduce the sound source signal v AMA (t) only in the Area A. This is also applied to the Area B. By doing this, we can divide the space with acoustic signals without physical separation like a wall and it is expected that users can take multiple exercises in one open space with different musics. And, by utilizing this system, exchange between users doing different activites can be expected, which promotes the communication among users and supports user's sports or exercise to keep their health.

We introduce an application in the gymnasium. In this application, as mentioned above, two different musics were reproduced in Areas A and B, and different exercises were done in each area. Figure 8 shows the photograph of this exercise. The front area in Fig. 8 is Area A and the other area is Area B. As shown in Fig. 8, a stretch class is held in Area A and a soccer class is held in Area B. In this way, users can do different exercises in the same space without being divided into separate rooms.

Arrangement of PALs in proposed system

In this section, we discribe formulating suitable positions of PALs in this system. Figure 9 shows the overview of the arrangement of PALs. In Fig. 9, d (m) and w (m) denote the depth and width of the room, respectively. The (x n , y n ) (m) indicates the coordinate of the n-th (0 ≤ n ≤ 2N ) PAL arranged along the width direction on opposing walls. The proposed method arranges PALs so that sounds from PALs reaches the whole each area. In case of d ≤ 2d P , we arrange PALs on opposing walls only along the width direction of the room and emit some sounds to the whole area as shown in Fig. 9.

We first explain the suitable interval and number of PALs arranged on opposing walls along the width direction of the room. In Fig. 9, w in is the interval of PALs. In the proposed system, PALs are arranged to reproduce sounds in the each area of the room. The w in is indicated to satisfy the following equation:

L P < w in < w P . ( 9 
)
The prposed system arrange N PALs with an interval of w in on the wall in the each side. The number of PALs N is calculated as follows:

N =                ⌊ w Area w in ⌋ -1, if ( w Area w in ∈ N ) , ⌊ w Area w in ⌋ , otherwise, (10) 
where w Area is the width of the area such as Area A and B. Second, we explain the suitable positions of PALs. Assuming that (x 0 , y 0 ) is the end position of the area, x 1 and x 2i+1 (1 ≤ i < N ) denote positions of PALs in the opposite side to the end position and calculated as follows:

x 0 + L P 2 < x 1 < x 0 + w P 2 , ( 11 
)
x 2i+1 = x 1 + i • w in . ( 12 
)
On the other hand, x 2 and x 2i+2 (1 ≤ i < N ) are positions of PALs in the same side to the end position and calculated as follows:

x 1 < x 2 < x 3 , ( 13 
)
x 2i+2 = x 2 + i • w in . (14)
Then, y n is indicated as follows: By emitting AM sounds from PALs arranged on opposing walls along the width direction, we reproduce sounds to whole area in case of d ≤ 2d P . However, in case of d > 2d P , the sound does not reach the center area of the each area by arranging PALs only along the width direction. To reproduce sounds all over the center area, we have to arrange more PALs to improve the SPL and increase the width and depth of the target area of the PAL. With the arrangement above, we can construct the proposed system in the room and divide the space by some sounds considering the size of the room and directional characteristics of the PAL. 

y n = { 0, if (n ∈ even) , d, if (n ∈ odd) . ( 15 
)

EVALUATION EXPERIMENT 4.1 Experimental environment

To confirm the performance of the acoustic spacesharing system, we carried out evaluation experiments in the gymnasium. We construct our proposed system in a gymnasium located in Ritsumeikan University in Japan. This is a facility within Ritsumeikan University and students or local residents can use. Figure 10 shows the gymnasium. In this facility, we arrange 12 PALs on the wall as shown in Fig. 11. Figure 12 shows the overview of the gymnasium. In this experiment, we set the left end of the gymnasium as the reference, and we define that Area A is 4-21 m and that of Area B is 21-38 m in horizontal concerning the structure of the building. Table 1 shows parameters of the proposed system in this experiment. By emitting different musics from 6 PALs of each area, we can divide the gymnasium into two areas, Areas A and B. For example, people in the Area A can listen to dance music, and people in the Area B can listen to the fitness music. As shown in Fig. 12, six PALs are arranged symmetrically in the center of the gymnasium.

Experimental conditions

Tables 2 and3 show the experimental conditions and experimental equipment. Figure 13 shows the experimental arrangement. As shown in Fig. 13, we measured the sound at one row of the center in the gymnasium. The interval of observation positions is 1 m. We calculated the SPL of each observation position. The SPL is calculated by extracting the direct sound from impulse response obtained by the time stretched pulse (TSP) method [START_REF] Aoshima | Computer-generated pulse signal applied for sound measurement[END_REF]. In this experiment, we evaluate four conditions as follows:

• Conventional (Area A): Reproducing the sound from the dynamic loudspeakers arranged in Area A.

• Proposed (Area A): Reproducing the sound from the 10.48465/fa.2020.0294 PALs arranged in Area A.

• Conventional (Area B): Reproducing the sound from the dynamic loudspeakers arranged in Area B.

• Proposed (Area B): Reproducing the sound from the PALs arranged in Area B.

As the proposed system, we reproduce the sound from the PALs at Areas A or B. Furthermore, we carried out the experiment when we arranged the dynamic loudspeakers at the same point as the PALs.

Experimental results

Figure 14 shows the result of the evaluation experiment. The horizontal axis shows the observation position and vertical axis shows SPL of the measured signals. Each line shows the results for each condition. As shown in Fig. 14, in the proposed system, we can respectively reproduce the sound only to the target area. Furthermore, in the proposed system, we confirm the sound reaches almost the whole space of each area. On the other hand, in the case of utilizing the dynamic loudspeakers, we confirm that the sound reaches the non-target area. Table 4 shows SPL average for each area and SNR of the each condition. In this study, SNR means SPL difference between the target area and the non-target area. SNR is calculated as follows:

SNR = 10 log 10 S target S non-target , ( 16 
)
where S target and S non-target indicate the power of the measured signal in the target area and non-target area.

From the result, in the proposed system, we can confirm that the SNR is over 10 dB and the proposed system can reproduce the sound only in the target area without reaching that sound the non-target area. From these results, we confirmed that the proposed system can reproduce multiple sounds in the same space and can divide the space with the acoustic sound. Figure 16. Dancing exercise along many generation with the acoustic space-sharing system.

APPLICATIONS OF ACOUSTIC SPACE-SHARING FOR DAILY SPORTS AND EXERCISE

In this section, we introduce some applications of the acoustic space-sharing system with the PAL. Here, we pick up two applications applied to exercise as below.

Case A : Radio calisthenics in the town

We pick up the radio calisthenics in the town. The radio calisthenics is a Japanese traditional exercise. People gather in the park and exercise together listening to the music reproduced from the radio. Thus this exercise is called "radio calisthenics." This radio calisthenics is aimed at improving physical strength and maintaining health. However, when this exercise is held at the park in the town, the loudly spreading music becomes a noise pollution for neighboring residents. To solve this problem, we carried out the radio calisthenics with the acoustic space-sharing system. Figure 15 shows the photograph of this exercise. In this exercise, we arrange the PALs in the park and reproduce radio calisthenics' music from each loudspeaker. By doing this, we can reproduce the music only in the park, and noise pollution to the neighborhood can be solved. In this way, in addition to reproducing multiple sounds in the same space, it is also possible to divide quiet areas and music areas by the proposed system.

Case B : Multi-Generation exchanging exercise

As another case, we introduce the multi-generation exchanging exercise with dancing. In this exercise, we arrange multiple PALs in the small park, and reproduce three musics from the PALs to divide the park into three areas, kids area, adult area and senior area. In each area, dance announcements and musics for each age are reproduced and people enjoy dancing by listening to each sound. Figure 16 shows the photograph of this exercise. As shown in Fig. 16, people of various generations participated and gathered in the same place, it becomes possible to communication people who do not usually interact. In this way, our goal is to promote people's exercise and to promote exchanges between people who is exercising further by using the acoustic space-sharing system.

CONCLUSIONS

In this paper, we proposed the acoustic space-sharing system with the PAL for daily sports and exercise. By using this system, we can divide the space with the acoustic sound. In other words, we can divide area without physical separation like a wall, thus people can take multiple activities in the one space. From the result of the evaluation experiment, we can confirm the effectiveness of the acoustic space sharing system. In the future, we attempt to create suitable sound sources for the acoustic space-sharing system.
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 1 Figure 1. Parametric array loudspeaker (PAL) (MIT-SUBISHI, MSP-50E).
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 2 Figure 2. Overview of the audio spot by PAL.
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 3 Figure 3. Directional characteristic of PAL.
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 4 Figure 4. Directivity of the dynamic loudspeaker and PAL.
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 5 Figure 5. Relationship between distance and SPL of audible sounds.
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 6 Figure 6. Overview of reproducing the acoustic sound from PAL.
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 7 Figure 7. Overview of the proposed acoustic spacesharing system.
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 8 Figure 8. Exercise event in the gymnasium.
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 9 Figure 9. Overview of the arrangement of PALs.
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 10 Figure 10. Gymnasium in Ritsumeikan university.
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 111 Figure 11. PAL arranged in the gymnasium.
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 12 Figure 12. Overview of the gymnasium.
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 13 Figure 13. Experimental arrangement for the proposed system.

Figure 14 .

 14 Figure 14. SPL distributions of each condition.
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 4 Figure 15. Radio calisthenics in the town with the acoustic space-sharing system.

Table 2 .

 2 Experimental conditions.

	Reverberation time	1.5 s
	Ambient noise level L A	36.3 dB
	Carrier frequency	40 kHz
	Sampling frequency	96 kHz
	Quantization	16 bits
	Sound sources	TSP signal (0-8 kHz)

Table 3 .

 3 Experimental equipment.

	PAL	MITSUBISHI, MSP-50E
	Modulator	MITSUBISHI, PS-30M
	Dynamic loudspeaker	FOSTEX, FE83E
	A/D, D/A converter	RME, FIREFACE UFX
	Power amplifier	YAMAHA, IPA8200
	Microphone	SONY, ECM-88B
	Microphone amplifier	THINKNET, MA2016C
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