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ABSTRACT

It is very important to study the number of re-
quired channel signals in the sound field repro-
duction technique based on wavefield synthesis.
Although there are many studies of objective af-
fect such as wavefront accuracy, there are not so
much studies of the subjective affect such as sound
field perception. Therefore, the subjective assess-
ment was designed in order to evaluate the num-
ber of required channel signals, that were synthe-
sized by convolving a sound source to room trans-
fer functions of free field, on the directional per-
ception.

In the low-reverberation room, a circle loud-
speaker array of which radius is 2m was set on
the horizontal plane. The subject evaluated the di-
rectional perception of the sound image that was
reproduced at the distance of 3 and 4m by play-
ing simultaneously channel signals from the loud-
speakers of which intervals were set at 10, 15, 20,
30 and 45 degrees, respectively. As a result, it
was subjectively confirmed that 24 channel sig-
nals were enough to reproduce the directional per-
ception of 5 degrees accuracy if the control area
was the circle of radius 2m.

1. INTRODUCTION

Wavefield synthesis method [1, 2, 3] is the tech-
nique to reproduce the sound field as that in other
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Fig. 1. Conceptual diagram of wavefield synthesis
method

place. A conceptual diagram is shown in Fig.1.
When a microphone array placed at the control
area records channel signals and a loudspeaker ar-
ray placed at the reproduction area plays channel
signals, wavefronts of the control area are synthe-
sized in the reproduction area based on Huygens
principle. Since it needs to transmit a great num-
ber of channel signals from the control area to the
reproduction area, it is very important to evaluate
the number of required channel signals to design
the reproduction system.

There are 2 approaches in the evaluation of the
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Fig. 2. Position of loudspeakers and sound images

number of required channel signals, e.g. objective
or subjective one. Although there are many stud-
ies [4, 5] due to the objective approach, in which
the physical accuracy of synthesized wavefronts
is evaluated, there are not so much studies due to
the subjective approach, in which the accuracy of
the sound field perception is evaluated. In this pa-
per, the number of channel signals is evaluated ac-
cording to the subjective approach.

Sound field perception has dimensions as fol-
lows [6]: directional perception, distant percep-
tion and spatial impression. Although it is neces-
sary to conduct the subjective assessment for each
perception to evaluate the number of required chan-
nel signals, only the directional perception is treated
in this paper.

2. SUBJECTIVE ASSESSMENT FOR
DIRECTIONAL PERCEPTION

2.1. Environment

Subejctive assessment was performed in the low-
reverberation room of which reverberation time
is about 80ms. Twenty-three loudspeakers were
set on the arc of radius 2m as shown in Fig.2.
Grey circles indicate sound images reproduced by
the loudspeaker array. A background room noise
level was 25.0dB(A) and a sound pressure level

was set to about 60dB(A) at the position of the
subject. The subject’s head was fixed by a head-
rest and the subject was not able to see the loud-
speakers by an acoustical transparent curtain in
front of the loudspeakers.

2.2. Synthesis of Multi-channel Signals

White noise and speech of which the duration was
1sec were used as a dry source. Since the di-
rectional perception mainly depends on the direct
sound from a sound source, a free space was as-
sumed to caluculateith channel signalxi(n) from
the source signals(n).Thenxi(n) is calculated as
shown in Equation (1),

xi(n) =
d − r

di

s(n − round

(
diFs

c

)
), (1)

wherer(= 2m) is the distance between the subject
and each loudspeaker ,d(= 3 & 4m) is the distance
between the subject and the sound source,Fs(=
48kHz) is a sampling frequency andc(= 340m/s)
is a sound velocity.di, the distance between the
sound source and the loudspeakeri, is calculated
as shown in Equation (2),

di =
√

d2 + r2 − 2dr cos(φ − θi), (2)

whereφ andθi are the azimuth of the sound source
and theith loudspeaker.

Six experimental conditions about the number
of channel signals are shown in Fig.3. In con-
trol condition (a), that is the ordinary condition
of sound source localization, the subject listens
the sound source from each loudspeaker. In other
5 conditions (b)-(f), the subject listens the sound
image synthesized with 15, 11, 7, 5 and 3 loud-
speakers, respectively. The direction was set from
-15◦ to 15◦ at 5◦ intevals and the distance of the
sound image was set on 3 and 4m.

2.3. Experimental Design

Subjects were 8 graduate students (4 males and 4
females). The design of the subjective assessment
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Fig. 3. Conditions of the number of channel signals

Fig. 4. Design of the subjective assessment

is shown in Fig.4. The subjective assessment was
divided into 2 sessions for each dry source. The
dry source’s order was randomized in each sub-
ject. In each session, after 14 practice trials, 336
main trials were performed. Rest times were in-
troduced in every 84 main trials. The breakdown
of practice trials and main trials are shown in Ta-
ble 1.

2.4. Experimental Procedure

The subject was instructed to report the direction
of sound during 4sec after listening the stimulus
1-second long. Subjects reported tthe direction
due to a scale which is placed in front of the sub-
ject and marked from -25◦ to 25◦ at 2.5◦ intervals.
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(b) 10º Azimuth Interval
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(c) 15º Azimuth Interval
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(d) 20º Azimuth Interval
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(e) 30º Azimuth Interval
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Fig. 5. Results of the localization experiment

Table 1. Breakdown of trials

Number Value
Practice (14) = 1 distance 3m

× 7 directions 0◦, ±5◦, ±10 ◦ & ±15 ◦

× 2 conditions (a) and (b) shown in Fig.3
Main (336) = 2 distances 3 & 4m

× 7 directions 0◦, ±5◦, ±10 ◦ & ±15 ◦

× 6 conditions From (a) to (f) shown in Fig.3
× 4 repetitions

2.5. Results and Discussions

Experimental results of localization are shown in
Fig.5. In the control condition, perceived direc-
tions are almost same as the presented directions.
In the 10◦ and 15◦ azimuth interval, perceived di-
rections are near to those of the control condition.
On the other hand, in 20◦, 30◦ and 45◦ azimuth
interval condiitons perceived directions tend to be
biased towards 0◦.

The reason of bias is explained by using the
example of 45◦ azimuth interval as shown in Fig.6.
The subject localizes the sound image which is
synthesized based on channel singals from 3 (0◦
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Fig. 6. Cause of the bias
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Fig. 7. Results of the mean square error

and±45◦) loudspeakers (Fig.6(a)). The channel
signal from the 0◦ loudspeakerx0(n) is the fastest
sound to be heard because the distance between
the sound source and the 0◦ loudspeakerd0 is the
shortest. On the other hand, the other sounds to be
heard from±45◦ loudspeakers are delayed more
than 1ms from the sound radiated by the 0◦ loud-
speaker because the distance between the sound
source and the±45◦ loudspeakersd±45 is the 0.001c[m]
longer thand0 (Fig.6(b)). Because of the prece-
dence effect ofx0(n), only x0(n) contributes the
perceptual localization (Fig.6(c)).

The accuracy threshold is discussed by calcu-
lating the mean square error between presented
directions and perceived directions as shown in
Equation (3),

MSE =

√√√√ 1

N

N∑
i=1

(Di − D′
i)

2, (3)

whereD, D′ andN are the presented direction,
the perceived direction and the number of direc-
tions. Results of the mean square error is shown
in Fig.7. When the azimuth interval is less than
15◦, the MSE is same as the control condition at
2◦. Thus, it is considered that the accuracy of 2
◦ in terms of MSE is practical threshold. Fifteen
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degrees azimuth interval correspons to 24 loud-
speakers on the circle of radius 2m.

3. CONCLUSION

The number of required channel signals in the di-
rectional perception was evaluated. As a result, it
was subjectively confirmed that the mean square
error of the practical accuracy threshold was about
2 degrees. It means that 24 channels is enough
to realize the sound field inside a circle of 2m
radius. The future works involve the evaluation
of the number of required channel signals for the
spatial impression and the development of the lo-
calization model that is able to predict the results
of this subjective assessment.
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