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ABSTRACT

The development of near 3D sound field reproduction techniques is an important part of achieving ultra-
realistic communication for applications such as 3D television and 3D teleconferencing. In this paper, the
principle of a near 3D sound field reproduction technique using wave field synthesis is defined from the
Kirchhoff-Helmholtz integral equation and two methods — dipole control and directional point control — are
proposed. The performance of the two methods was evaluated using computer simulation, which showed
that the performance of the dipole control method is very well, while the performance of the directional
point control method is enough if the directivity of the loudspeakers was unidirectional or shotgun.

1. INTRODUCTION

We have been investigating ultra-realistic communica-
tion techniques as shown in Fig. 1 [1]. If video and au-
dio can be more realistically reproduced in a 3D space by
applying 3D video and audio techniques, more realistic
forms of communication (e.g. 3D television, 3D telecon-
ferencing, etc.) will be possible than those currently pro-
vided by conventional video and audio techniques (HD
video and 5.1 ch audio). 3D sound field reproduction
techniques capable of providing the aural components
of ultra-realistic communication include binaural [2, 3],
transaural [4, 5, 6], stereo dipole [7], wave field synthe-
sis [8, 9, 10], and boundary surface control techniques
[11, 12, 13]. In this paper, we focus on wave field synthe-
sis and propose a 3D sound field reproduction technique
based on wave field synthesis.

Wave field synthesis is a 3D sound field reproduction
technique for reproducing wave fronts of a control area
in a listening area based on Huygens’ principle. Micro-
phones placed on the boundary of a control area record
the original sound and loudspeakers placed on the bound-
ary of the listening area then play the recorded sound.
The position of the loudspeakers is the same as that of the
microphones. Multiple listeners can listen to the sound
anywhere in the listening area without having to wear a
device such as headphones because this technique repro-
duces the sound field of a 3D space rather than the sound

field of binaural positions.

Conventional wave field synthesis systems have been
constructed based on the Kirchhoff-Helmholtz integral
equation, which mathematically defines Huygens’ prin-
ciple [14]. However, in these systems, the loudspeakers
are placed around the listeners and the sound field of the
inside of the loudspeaker array is reproduced, as shown
in Fig. 2(a). As a result, listeners cannot listen to sounds
around the sound sources.

In the proposed system, however, because the loudspeak-
ers are placed around the sound sources and the sound
field of the outside of the loudspeaker array is repro-
duced, as shown in Fig. 2(b), listeners can listen to
sounds around the sound sources. Thus, as shown in
Figs. 2(a) and 2(b), the direction of the microphones
and loudspeakers in the proposed system is the opposite
to that in the conventional system. Although the condi-
tion for reproducing wave fronts has been theoretically
studied in the conventional system [10], it was not the-
oretically studied in the proposed system. In addition,
while we assume that the sound field reproduced in the
proposed system is the near sound field, where the dis-
tance between the sound sources and listeners is less than
one meter, the condition for reproducing wave fronts in
the near sound field was not investigated in the proposed
system.
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Fig. 1: Future image of ultra-realistic communication us-
ing 3D video and 3D audio [1].

In this paper, near 3D sound field reproduction tech-
niques that enable listeners to listen to sounds around the
sound sources are proposed based on wave field synthe-
sis. The principle of the near 3D sound field reproduc-
tion technique is defined on the basis of the Kirchhoff-
Helmholtz integral equation and two methods — dipole
control and directional point control — are proposed in
Section 2. The performance of the two methods was
evaluated using computer simulation in Section 3.

2. PRINCIPLE OF NEAR 3D SOUND FIELD RE-
PRODUCTION TECHNIQUE

2.1. Kirchhoff-Helmholtz Integral Equation

As shown in the left of Fig. 3, if sound sources are
surrounded by a continuous boundary surface S, and rg
and r are the position vectors on S and on space V (the
outside of ), P(r,w) (sound pressure at r) is denoted as

follows:
1 56 OP(rs,w) e HIrTs
4z Jg ong [r—rg]

o (e JKr-rsl
- P(rg, a)) (—)}dS, (D)

Ir—rs|

Pr,w) =

where k is a wave number, and ng is the normal unit vec-
tor toward the outside of the continuous boundary sur-
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Fig. 2: Original sound field and reproduced sound field
in conventional and proposed systems.

face at rg. Eq. (1) shows that the sound pressure of the
space V is reproduced if the monopole sources (ampli-
tude BPgTSS"")) and dipole sources (amplitude —P(rs,w))
are played at rg.

However, to construct the system the boundary surface
S must be discretized since the monopole and dipole
sources are not placed continuously on S. As shown
in the right of Fig. 3, if r; is the position vector on §;
(ith element of a discrete boundary surface), and P(r;, w)
(sound pressure at r;) and oF (r' w) (sound pressure gradi-
ent at r;) are constant in §;, Eq (1) can be converted as

Continuous Boundary

Surface

Discrete Boundary

Discrete Surface n,

’Q

Fig. 3: Coordinates in Kirchhoff-Helmholtz integral
equation.
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follows:
M T
1 AP(r;,w) e /=il
Pr,w)=— » 4 —1"—2

(r,w) 4 ;{ on; r—r;|

o — jklr—r;|

— P(rj,w) | £ AS, ()
on;\ |r—rj

where M is the total number of elements of the discrete
boundary surface, AS; is the area of S;, and n; is the nor-
mal unit vector toward the outside of the discrete bound-
ary surface at r;. Eq. (2) shows that the sound pressure of
the space V is reproduced if the monopole sources (am-
plitude %) and dipole sources (amplitude —P(r;, w))
are played at M points (position r;).
2.2. Dipole Control Method

Sound pressure gradients &n””) and sound pressures
P(r;,w) were approximated by1 the sound pressures at

neighbor points as follows:

OP(ri,w) P(r},w) - P(r;,w)

on; Ad; ’ )
P, w)+ P ,w
P(r;,w) ~ (X )2 o ), (C))]

where, as shown in the right of Fig. 3, r;r and r;
are the position vector of the neighboring points at the
inside and outside of r;, and Ad;(= Irlfr —r;|) is the
distance between the neighboring points. The dipole
and monopole sources were also approximated by two
monopole sources at neighboring points as follows:

§ (e IMEril\ (kT ki
il S PR _ i 5
ani( [r—r; ) Adi( [r—rf| r—r;| ) )
1 1
oKl ] [ gmkexf] =kl
~ = + . 6
[r—r; 2( r—rf] r—r;] ) ©

If Egs. (3)-(6) are substituted for Eq. (2), the following
equation is derived:

1 M e—jklr—r[’l
P(r,w) = Z{P(l‘f,w) —
i=1 i
e M AS;
— P(r],w)——— ==t (7
)] }Adi @

Eq. (7) shows that the sound pressure of the space V is
reproduced if the monopole sources (amplitude P(r}, w))
are played at M points (position r;) and the monopole

(a) Dipole Control
Original Sound Field Reproduced Sound Field

.

xi(t)

_ X(t)

(b) Directional Point Control
Original Sound Field Reproduced Sound Field

.

Fig. 4: Near 3D sound field reproduction system based
on dipole control and directional point control methods.

sources (amplitude —P(r;,w)) are played at M points
(position r}").

A diagram of the near 3D sound field reproduction
system based on Eq. (7) (called the “dipole control
method”) is shown in Fig. 4(a). Firstly, M pairs of om-
nidirectional microphones were placed on the boundary
surface around the sound sources in the original sound
field and audio signals (x;r(t) and x; (1)) were recorded.
Secondly, M pairs of omnidirectional loudspeakers were
placed at the same position as the microphone pairs in the
reproduced sound field and the processed audio signals
(x] (1) and —x7 (1)) were played. As a result, since wave
fronts were reproduced on the outside of the boundary
surface, listeners on the outside of the boundary surface
experienced the feeling that the sound sources were be-
ing played on the inside of the boundary surface.

2.3. Directional Point Control Method
OP(r;,w)

The sound pressure gradients . were approximated
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as follows:
OP(rj,w) 9§ (Ae JHriTol
on;  Om\ |ri—ry
Ae—Jklri—rol 1
=- ( + jk)cos Bio
Ir;—rol \[r;—ro|
1
= —P(r,-,a))( + jk)cos Bio
|r; —ro

~ — jkP(r;,w)cos B

(ifk>> ! ) (8)
|r; — 1ol

where rp and A are the position vector and amplitude
of the sound sources in an original sound field, and
cosBi(= m) denotes the angle between the vector
n; and the vector r; —rg. The dipole sources were also
approximated as follows:

9 ( ejklrril) ejklrrfl( 1 )
— =- + jk|cos6;
on;\ |r—ry r—r; \|[r—r
e — Jklr—r|
~ —jk cos6;
[r—ri

1
(ifk > —) )
Ir —ry
n;-(r;-1)

where cosé;(= il r) denotes the angle between the
vector n; and the vector r; —r. If Egs. (8)-(9) are sub-
stituted for Eq. (2), the following equation is derived:

_jkll‘ rll

Z P(r;,w)* m—

(cos@; —cosb;p)AS; (10)

P(r,w) =

This equation is known as the Fresnel-Kirchhoff diffrac-
tion formula [15]. In the proposed system, since the di-
rection of vector r; —rg is almost the same as that of vec-
tor n;, it can be approximated as cos#j~1. Thus, (10)
can be converted as follows:

jk|l‘ ri|

ZP( ,,w) o (cos; —

P(r,w) ~ DAS;

—]k|l‘ ]

ZP( b @D AS (11)

where D;(= cos6; — 1) corresponds to the directivity of
the monopole sources placed at r;. Eq. (11) shows

that the sound pressure of the space V is reproduced if
the directional monopole sources (amplitude P(r;,w)) are
played at M points (position r;).

A diagram of the near 3D sound field reproduction sys-
tem based on Eq. (11) (called the “directional point con-
trol method”) is shown in Fig. 4(b). Firstly, M omnidi-
rectional microphones were placed on the boundary sur-
face around the sound sources in the original sound field
and audio signals (x;(#)) were recorded. Secondly, M di-
rectional loudspeakers were placed at the same position
as the microphones in the reproduced sound field and the
recorded audio signals (x;(¢)) were played. The direc-
tivity of the loudspeakers was toward the outside of the
boundary surface. As a result, because wave fronts were
reproduced on the outside of the boundary surface, lis-
teners on the outside of the boundary surface experienced
the feeling that the sound sources were being played on
the inside of the boundary surface.

The system based on the directional point control method
requires half the number of microphones and loudspeak-
ers compared with the system based on the dipole con-
trol method. However the approximations used in Egs.
(8) and (9) (k > |r ol and k> |) are valid if the dis-
tances (|r; —rg| and Ir r;|) are Very long. Thus, since
it is hard to say that the approximations are valid when
the distances are less than one meter such as the system
shown in Fig. 4, the performance of the directional point
control method may degrade compared with that of the
dipole control method. In Section 3, Computer simula-
tion is performed in order to evaluate whether the perfor-
mance of the directional point control method is enough
to construct the practical system.

3. COMPUTER SIMULATION

3.1. Simulation Environment

As shown in Fig. 5, 162 control points were placed on
a sphere with a radius of 0.4 m and 162 synthesis points
were placed on a sphere with a radius of 0.8 m. The po-
sition of 162 points corresponds to the vertex of a Class
I Method 1 icosahedral geodesic dome following 4 fre-
quencies [16].

The sound source signal s(#) was a sine-wave signal with
an amplitude of A and frequency of f as follows:

s(f) = Asin2r f1. (12)
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distance between the microphones. The p(r, f,f) (sound
pressure of the synthesis point r in the reproduced sound
field) was calculated from x; () and x; (¢) as follows:

038 M _
1 d: 1 df
p(r, f,0) = {—_x-*(t— —’) - —x-‘(t— —)}
0.4 ; " c ar c
0.0 M - +
A . { d; +d
= ———sin{ 2 f] (t -
-04 P [dl. 3, c
08 A dt +d
0.8 ~ T sm{27rf(t——’ . 01 18)
2 . i 70

Fig. 5: Position of control points (black) and synthesis
points (gray) used in computer simulation.

Let r be the position vector of a synthesis point. The
po(r, f,1) (sound pressure at the synthesis point r in the
original sound field) is denoted as follows:

1 d A d
por, fit) = —slt— = | = Zsind 2n [t - 2|}, (13)
do c dy c
where do(= |r — rg|) is the distance between the sound
source and the synthesis point, ry is the position vector
of the sound source, and c is the sound velocity.

In the case of the dipole control method, the x;(¢) and
x; (¢) (recorded signals of the ith microphone pair) were
denoted as follows:

1 d? A d
X = —s(t— LO) = —sin{Zﬂf(t— —lo)} (14)
d;(f) c d;a c

d;, d;,
X (1) = dés(z— TO) = di_sin{znf(z— TO)} (15)

i0 i0

where dj, (= [r] —ro|) and d; (= r; —rol) are the distance
between the sound source and the ith microphone pair,
and r; and r; are the position vector of the ith micro-
phone pair defined as follows:

. Ad;

I =ri-—om;, (16)
Ad;
r; =ri+—-m, a7

where r; is the position vector of the ith control point, n;
is the normal unit vector toward the outside of the dis-
crete boundary surface at r;, and Ad;(= Irl.+ —r;|) is the

where M is the total number of loudspeaker pairs, and
df(=|r—rf]) and d; (= [r—r;]|) is the distance between
the ith loudspeaker pair and the synthesis point.

In the case of the directional point control method, the
x;(t) (recorded signal of the ith microphone) was denoted
as follows:

(o) AL do
x,-(t)—%s(t c)—diosm{Zﬂf(t c)}’ (19)

where djo(= |r; — rg|) is the distance between the sound
source and the ith microphone, and r; is the position vec-
tor of the ith microphone. The p(r, f,f) (sound pressure
of the synthesis point r in the reproduced sound field)
was calculated from x;(¢) as follows:

M D, d;
p(r7f’t) = Z Ixi(t_ ?)

i=1 !

where M is the total number of loudspeakers, d;(= |r—r;|)
is the distance between the ith loudspeaker and the syn-
thesis point, and D; is the directivity of the ith loud-
speaker.

Since the arrival direction of sound sources at the synthe-
sis point r isn’t evaluated by the po(r, f,¢) and p(r, f,1)
(sound pressures of the synthesis point r in the original
sound field and the reproduced sound field), the sound
intensity vectors at the synthesis point r are also cal-
culated. Since the direction of sound intensity vectors
corresponds to the arrival direction of the sound sources
[17], the arrival direction of sound sources at the synthe-
sis point r can be evaluated by the sound intensity vec-
tors.
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M FT s InF\’/Z?sSi?)n -11f Amplitude of 1
%)q Imaginary _,é_' f 1(r.h) sound source (A)
J— - Part Component Frequency of ]25’ 250’ 500,
sound source (/) 1000, 2000, 4000,
p(ry,fit) Phase -1/f 8000, 16000 Hz
= FT Plinversion : Position vector of (0,0,0)7 (0.3,0,0)"
%)H e —»é—' Component [A=2 sound source (rg) (0,0.3,0)7 (0,0,0.3)”
PO by Sound velocity () 340 m/s
Total number of 162
EI0RAIN e R Inflf;?:izn -1t control points (M)
Imaginary é f A1) Radius of
pfOf %% Far Comporent [~ control points (r) 0.4 m
Total number of 162
synthesis points (N)
. . . . . Radius of
Fig. 6: Block diagram of calculation of sound intensities synthesis points (R) 0.8 m
in computer simulation (reproduced sound field). Normal unit vector (1;) r./Ir]
Neighbor distance 0.002 m
The sound intensity vectors were calculated using the of pairs (Ad;) .‘ B
cross-spectral method, as shown in Fig. 6 [17]. Note S Orrl.n{dlre.ctlonal,
that I,(r, f), I,(r, f) and L(r, f) in Fig. 6 are the x, y and Directivity of Bidirectional,
z components of the sound intensity vectors I(r, f), and loudspeakers (D;) Unidirectional,
PEL £, P, £0), p(ey, £21) , pry, f0), p(e, f,1) and Shotgun

p(r;, f,t) in Fig. 6 are the sound pressure at six points
(rf, r7, r;, r,, r} and r]). The position vectors of the
six points were set as follows:

r=r+(A,0,007,r; =r—(A,0,0), (1)
ry=r+(0,A,00",r, =r—(0,A,0, (22)
rf =r+(0,0,0)7 17 =r—(0,0,4), (23)

where A is 0.001 m. The calculated sound intensity vec-
tor I(r, f) = {Ix(r,f),Iy(r,f),Iz(r,f)}T was evaluated in
section 3.2. The Iy(r, f) = {Lo(r, £), Io(x, £), Lo(x, £)}
(sound intensity vector in the original sound field) was
also calculated.

Parametric conditions are shown in Table 1. The r; and
r (position vector of the control points and synthesis
points) were set in a three-dimensional coordinate as fol-
lows:
rcos 6;cos ¢;
r; = [rsin@icos@] (i=1.M), (24)
rsin¢;

Rsinfcos ¢
Rsing;

Rcos8jcose;
r= (j=1...N), 25)

Table 1: Parametric conditions in computer simulation.

where 6; and ¢; are the azimuth and elevation angle of the
ith control point, and #; and ¢; are the azimuth and ele-
vation angle of the jth synthesis point. The value of the
azimuth and elevation angles of control points and syn-
thesis points is shown in Table 2. The maximum interval
of the control points is about 13 cm, which is less than
half of the wavelength of 1000 Hz sound (= 700 = 34
cm). Thus, the spatial sampling theorem for reproduc-
ing a wave front at sound frequencies under 1000 Hz is
satisfied.

The D; (directivity of the ith loudspeaker) is defined as
follows:

(Omnidirectional)D; = 1, (26)
(Bidirectional)D; = cos g, (27)
1
(Unidierctional)D; = 5(1 +cosb;y), (28)
Ois  (16;5] <90°

(Shotgun)D; = cosis (1 ) . (29)

0 (16351 > 90°)

n;-(r-r;)

where cos@;; = Directional patterns of loud-

n;lr—r;] *
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ij | 0,0 | ¢ || i 6.6 | idi ||| 6.6 | idi | ij | 6.0i | $idi || LJ | 6.6 | $idi || ij | 6,60; | ¢i ¢
1 0.00 | 90.00 || 28 | -90.00 | 41.11 || 55 | -44.27 | 16.05 || 82 18.00 0.00 || 109 63.73 | -16.05 || 136 | 162.00 | -41.11
2 | -162.00 | 7545 || 29 | -18.00 | 41.11 || 56 8.27 | 16.05 || 83 36.00 0.00 || 110 | 116.27 | -16.05 || 137 | -175.61 | -46.35
3 -90.00 | 75.45 || 30 54.00 | 41.11 || 57 27.73 | 16.05 || 84 54.00 0.00 || 111 | 135.73 | -16.05 || 138 | -148.39 | -46.35
4 -18.00 | 75.45 || 31 126.00 | 41.11 || 58 80.27 | 16.05 || 85 72.00 0.00 || 112 | -126.00 | -26.57 || 139 | -103.61 | -46.35
5 54.00 | 75.45 || 32 | -126.00 | 31.72 || 59 99.73 | 16.05 || 86 90.00 0.00 || 113 | -54.00 | -26.57 || 140 | -76.39 | -46.35
6 126.00 | 7545 || 33 | -54.00 | 31.72 || 60 | 152.27 | 16.05 || 87 108.00 0.00 || 114 18.00 | -26.57 || 141 | -31.61 | -46.35
7 | -126.00 | 63.43 || 34 18.00 | 31.72 || 61 171.73 | 16.05 || 88 126.00 0.00 || 115 90.00 | -26.57 || 142 -4.39 | -46.35
8 -54.00 | 63.43 || 35 90.00 | 31.72 || 62 | -170.77 | 14.55 || 89 144.00 0.00 || 116 | 162.00 | -26.57 || 143 40.39 | -46.35
9 18.00 | 63.43 || 36 | 162.00 | 31.72 || 63 | -153.23 | 14.55 || 90 | 162.00 0.00 || 117 | -142.04 | -30.15 || 144 67.61 | -46.35
10 90.00 | 63.43 || 37 | -178.04 | 30.15 || 64 | -98.77 | 14.55 || 91 180.00 0.00 || 118 | -109.96 | -30.15 || 145 | 112.39 | -46.35
11 | 162.00 | 6343 || 38 | -145.96 | 30.15 || 65 | -81.23 | 14.55 || 92 | -134.77 | -14.55 || 119 | -70.04 | -30.15 || 146 | 139.61 | -46.35
12 | -162.00 | 58.28 || 39 | -106.04 | 30.15 || 66 | -26.77 | 14.55 | 93 | -117.23 | -14.55 || 120 | -37.96 | -30.15 || 147 | -126.00 | -58.28
13 | -90.00 | 58.28 || 40 | -73.96 | 30.15 || 67 -9.23 | 1455 || 94 -62.77 | -14.55 || 121 1.96 | -30.15 || 148 | -54.00 | -58.28
14 | -18.00 | 58.28 || 41 | -34.04 | 30.15 || 68 45.23 | 1455 || 95 -45.23 | -14.55 || 122 34.04 | -30.15 || 149 18.00 | -58.28
15 54.00 | 58.28 || 42 -1.96 | 30.15 || 69 62.77 | 14.55 || 96 9.23 | -14.55 || 123 73.96 | -30.15 || 150 90.00 | -58.28
16 | 126.00 | 58.28 || 43 37.96 | 30.15 || 70 | 117.23 | 14.55 || 97 26.77 | -14.55 || 124 | 106.04 | -30.15 || 151 | 162.00 | -58.28
17 | -139.61 | 46.35 || 44 70.04 | 30.15 || 71 | 134.77 | 14.55 || 98 81.23 | -14.55 || 125 | 145.96 | -30.15 || 152 | -162.00 | -63.43
18 | -112.39 | 46.35 || 45 | 109.96 | 30.15 || 72 | -162.00 | 0.00 || 99 98.77 | -14.55 || 126 | 178.04 | -30.15 || 153 | -90.00 | -63.43
19 | -67.61 | 46.35 || 46 | 142.04 | 30.15 || 73 | -144.00 | 0.00 || 100 | 153.23 | -14.55 || 127 | -162.00 | -31.72 || 154 | -18.00 | -63.43
20 | -40.39 | 46.35 || 47 | -162.00 | 26.57 || 74 | -126.00 | 0.00 || 101 | 170.77 | -14.55 || 128 | -90.00 | -31.72 || 155 54.00 | -63.43
21 4.39 | 46.35 || 48 | -90.00 | 26.57 || 75 | -108.00 | 0.00 || 102 | -171.73 | -16.05 || 129 | -18.00 | -31.72 || 156 | 126.00 | -63.43
22 31.61 | 46.35 || 49 | -18.00 | 26.57 || 76 | -90.00 | 0.00 || 103 | -152.27 | -16.05 || 130 54.00 | -31.72 || 157 | -126.00 | -75.45
23 76.39 | 46.35 || 50 54.00 | 26.57 || 77 | -72.00 | 0.00 || 104 | -99.73 | -16.05 || 131 | 126.00 | -31.72 || 158 | -54.00 | -75.45
24 | 103.61 | 46.35 || 51 | 126.00 | 26.57 || 78 | -54.00 | 0.00 || 105 | -80.27 | -16.05 || 132 | -126.00 | -41.11 || 159 18.00 | -75.45
25 | 14839 | 46.35 || 52 | -135.73 | 16.05 || 79 | -36.00 | 0.00 || 106 | -27.73 | -16.05 || 133 | -54.00 | -41.11 || 160 90.00 | -75.45
26 | 175.61 | 46.35 || 53 | -116.27 | 16.05 || 80 | -18.00 | 0.00 || 107 -8.27 | -16.05 || 134 18.00 | -41.11 || 161 | 162.00 | -75.45
27 | -162.00 | 41.11 || 54 | -63.73 | 16.05 || 81 0.00 | 0.00 || 108 44.27 | -16.05 || 135 90.00 | -41.11 || 162 0.00 | -90.00

Table 2: Azimuth and elevation angles of control points and synthesis points.

Bidirectional

Omnidirectional

Fig. 7: Directional patterns of loudspeakers.

speakers are shown in Fig. 7. Note that the solid and
dashed lines denote the positive and negative values of
the directivity.

3.2. Simulation Results

The results of the simulation of the sound pressures and
sound intensity vectors are shown in Figs. 8-11 when
the frequency of the sound sources was 1000 Hz. The
color of the arrows in Figs. 8-11 denotes the po(r, f) and

p(r, f) (root mean square of the sound pressures in the
original sound field and reproduced sound field) defined
as follows:

1 T
Po(l',f) = Jf\f; {PO(r,f’t)}zdf,

1 T
p(r,f) = \/; f {p(r, f,1))dt,
0

where T'(=1 sec) is the time length. It is indicated that the
performance of the proposed methods in the sound pres-
sure distribution is good if the color of the arrows in the
proposed methods is the same as that of the arrows in the
original sound field. Note that before plotting the po(r, f)
and p(r, f) were converted to dB units as follows:

(30)

€1V

polr. )[dB] = 2010g10’%’f};), 32)
p(r, f)[dB] = 2010g10%£), (33)
where the Po(f)(= % Xrpo(r.f) and P(f)(=

%Zr p(r,f)) are the values compensating the dif-
ference of the sound pressure distributions between the
original sound field and the reproduced sound field.
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z Original Sound Field [dB] Z

.

o dbhdbdioanw
L

[dB]
5

o Sbhbdioamws

[dB]

o Shbdioadwan

Fig. 8: RMSs of sound pressures and sound intensity
(f=1000 Hz, (0,0,0)”).

The direction of the arrows in Figs. 8-11 denotes the
Io(r, ) and I(r, f) (the sound intensity vectors in the
original sound field and reproduced sound field). It is
shown that the performance of the proposed methods in
the arrival direction distribution of sound sources is good
if the direction of the arrows in the proposed methods is
the same as that of the arrows in the original sound field.
Note that the Iy(r, /) and I(r, f) were normalized so that
the length of vectors is one before plotting.

In the bidirectional point control method, the directions
of the sound intensity vectors were different from those
of the sound intensity vectors in the original sound field
when the position of the sound source was not central.
Thus, it is considered that the performance of the bidi-
rectional point control method was not good.

z Original Sound Field [@B] Z Dipole Control [dB]
S 3 :
Y 4y Y 4

3 3

2 2

108 1

; :

% 0.4 :%

2 0.0 o

504 -5

8 -0.8

Z Omnidirectional Point Control [dB] Z  Bidirectional Point Control [dB]
5 5
4 4
3 3
2 2
1 1
0 0
-1 -1
-2 -2
-3 -3
-4 -4
-5 -5
8 -0.8
0.4
Z  Unidirectional Point Control  [dB] Z Shotgun Point Control [dB]

o dhbhbhlioanwan
,
o dbhbhliosnwan

Fig. 9: RMSs of sound pressures and sound intensity
vectors (f=1000 Hz, (0.3,0,0)7).

In the omnidirectional point control method, even if the
position of the sound source was not central, the direc-
tions of the sound intensity vectors were almost the same
as those of the sound intensity vectors in the original
sound field, while the RMSs of the sound pressures were
different from those of the sound pressures in the origi-
nal sound field. Thus, it is considered that listeners could
localize the direction of sound images in the omnidirec-
tional point control method when they stopped at a par-
ticular listening position and listened to the sounds.

In the other methods, even if the position of the sound
source was not central, the RMSs of the sound pressures
were almost the same as those of the sound pressures in
the original sound field. Thus, it is considered that listen-
ers experienced a realistic sensation in the other methods
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Fig. 10: RMSs of sound pressures and sound intensity
vectors (f=1000 Hz, (0,0.3,0)7).

when they moved around the loudspeaker array and lis-
tened to the sounds.

To quantitatively evaluate the performance at all the fre-
quencies of the sound sources, two measures were ap-
plied. The first was the SNR of the RMSs of sound pres-
sures defined as follows:

e lpo(r, )Y
e lp(, )= por, )Y

where po(r, f) and p(r, f) are the RMSs of the sound
pressures in the original and reproduced sound fields, re-
spectively. It is indicated that the performance of the pro-
posed methods in the sound pressure distribution is good
if the SNR of the RMSs is high. Note that po(r, f) and

SNR(f) = 10log;, (34)

Dipole Control

=y
2

o Gbhbhioanwao

Z Omnidirectional Point Control [dB] Z  Bidirectional Point Control

=y
A=Y

o dbhbhioanwan
,
o dbhbhioanwan

Z  Unidirectional Point Control  [dB]

a
2

5 5

4 4

3 3

2 2

1 1

0 0

-1 -1
2 -2
-3 -3
-4 -4
5 5
08 8

04

Fig. 11: RMSs of sound pressures and sound intensity
vectors (f=1000 Hz, (0,0,0.3)7).

p(r, f) were averaged in the whole r before calculating
the SNRs.

The second measure used was the intensity direction er-
ror (IDE) defined as follows:

= LS g { KD Do |
IDE(f) = J ﬁZ[COS {m}] H

Iy

where Io(r, f) and I(r, f) are the sound intensity vectors
in the original and reproduced sound fields, respectively,
and N(= 162) is the total number of synthesis points. It is
shown that the performance of the proposed methods in
the arrival direction distribution of sound sources is good
if the intensity direction error is close to zero.
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Fig. 12: SNRs in proposed methods.

The results of the SNRs and intensity direction errors for
all the proposed methods are shown in Figures 12-13.
In all the proposed methods, when the frequency of the
sound sources was more than 2000 Hz, the SNRs were
always less than 20 dB and the intensity direction errors
were more than 20 degrees. This was due to the fact that
the spatial sampling theorem to reproduce a wave front
over 2000 Hz sound was not satisfied since the interval of
the control points was more than half of the wavelength
of over 2000 Hz sound.

In the dipole control method, the SNRs were more than
21.3 dB and the intensity direction errors were less than
4.3 degrees at frequencies of less than 1000 Hz. Thus,
if systems were constructed using this method, listeners
could localize the direction of sound images and experi-
ence a more realistic sensation when they moved around
the loudspeaker array since the sound pressures and ar-
rival directions of sound sources were reproduced well.

In the bidirectional point control method, when the posi-
tion of the sound source was not central, the SNRs were
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Fig. 13: Intensity direction errors in proposed methods.

less than 16 dB at frequencies of less than 1000 Hz and
the intensity direction errors were more than 13 degrees.
Thus, if systems were constructed using this method, the
performance is not good since the sound pressures and
arrival directions of sound sources were not reproduced.

In the omnidirectional point control method, when the
position of the sound source was not central, the SNRs
were less than 12 dB at frequencies of less than 1000 Hz,
although the intensity direction errors were less than 12.5
degrees. Thus, if systems were constructed using this
method, listeners could localize the direction of sound
images since the arrival directions of sound sources were
sufficiently reproduced. However, they would not expe-
rience a realistic sensation when they moved around the
loudspeaker array since the sound pressures were not re-
produced.

In the shotgun point control method, the SNRs were
more than 14.3 dB and the intensity direction errors were
less than 12.0 degrees at frequencies of less than 1000
Hz. In the unidirectional point control method, the SNRs
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were more than 15.0 dB and the intensity direction er-
rors were less than 8.4 degrees at frequencies of less
than 1000 Hz. Thus, if systems were constructed using
these methods, listeners could localize the direction of
sound images and experience a realistic sensation when
they moved around the loudspeaker array since the sound
pressures and arrival directions of sound sources were
sufficiently reproduced.

4. CONCLUSION

In this paper, near 3D sound field reproduction tech-
niques using wave field synthesis were proposed as meth-
ods of achieving ultra-realistic communication in ap-
plications such as 3D television and 3D teleconferenc-
ing. The principle was derived from the Kirchhoff-
Helmbholtz integral equation and two methods — dipole
control and directional point control methods — were pro-
posed. Computer simulation was used to evaluate the
performance of the two methods. The results showed that
the dipole control method performed very well, while the
directional point control method performed satisfactorily
if the directivity of the loudspeakers was unidirectional
and shotgun.

Future work will include manufacturing microphone and
loudspeaker arrays based on the proposed methods and
evaluating the performance of the systems in a real envi-
ronment using both acoustical measurement and subjec-
tive assessment.
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