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Abstract—To achieve ultra-realistic communications (URC), a though sound source orientation is important for recording 3D
three-dimensional (3D) sound field recording and reproducing sound field acoustic features with high accuracy. For example,
system using spatial sound features is promising. It utilizes sound in a multi-party situation, to understand whom a speaker is

source positions and original source signals as features. On . - , . . S
the other hand, sound source orientations (such as SloeakeIr,stalkmg to, one requires the speaker’s orientation. Similarly, for

orientation) have been neglected, though they are necessaryrealistic reproduction of a musical performance using multiple
for high-performance URC. In this paper, we propose a 3D instruments in a concert hall, instruments directivities are
sound field recording and reproducing system that includes jmportant. Consequently, a sound source orientation estimation
sound source orientation. For the recording part, we applied method is essential to achieve URC. In this paper, we propose

and evaluated a sound source orientation estimation method . . . .
based on orientation-extended beamforming. This method re- & Parametric 3D sound field recording and reproducing system

quires transfer functions for all possible source positions and that includes sound source orientation.

orientations, which should be either measured or calculated.

Measured transfer functions have high accuracy because all [l. SYSTEM OVERVIEW

characteristics, such as reverberations and diffractions, are taken A gverview of our 3D sound field recording and reproduc-

into account. Calculated transfer functions are obtained for any ing svstem is shown in Fia. 1. The svstem consists of recordin
environment without measurements. We performed experiments Ing Sy ! wninrig. 1. y : 'ng

to evaluate the orientation estimation method using transfer func- and reproducing parts.
tions obtained by both practical measurements and calculations ~ For the recording part, we use a smart-room that has a

using acoustic simulation based on wave theory. The experimental microphone array. The multi-input signals from the sound
results show that our estimation method has sufficient capability sources (human and instruments) are recorded by the mi-

using both measured and calculated transfer functions. For the crophone array. The sound sources (for example, human and
reproducing part, we evaluated impulse responses versus sound P Y. pie,

source orientation. The evaluation results revealed significant instruments) in this room are labeléd, S, - - - , S,,. Acoustic
differences in both objective and subjective scores. This proves waveform signals from the sound sources are recorded as
that our system achi_eves _highe_r performance than conventional multi-input signals by the microphone array. Using these
ones that do not utilize orientation features. signals, the sound source localization part estimates each
sound source position (z,y,for S; to S,). After that, the
estimated data and signals are used by the sound source
To achieve ultra-realistic communications (URC), peoplgeparation and orientation estimation methods to estimate the
have studied recording and reproducing techniques for imagréginal signal of each sound source, (¢), s2(¢), - - - , sn (1))
and acoustic information [1], [2]. For acoustic informationand each sound source orientation (ffap S; to S,,). The
a recording and reproducing system using multiple micreound source orientation estimation requires transfer functions
phones (non-parametric method) is often used [3]. This systéon all possible combinations of the source positions and
achieves URC, but must treat a large amount of data becansientations. The transfer functions are stored as a database
of the multichannel acoustic waveform signals and does rttained by practical measurements or acoustic simulations in
have enough flexibility for various manipulations, such aadvance. For these processes, 3D sound field parametric data
position changes for individual sound sources. On the othisrestimated.
hand, the parametric method records and reproduces a thregn the reproducing part, the 3D sound field features are
dimensional (3D) sound field using only its features anabplied to create a reproducing field. The field can be a real or
requires less data, so it is suitable for many applicationgtual one. For a real field, a reproducing field and equipment
[2]. The common features are the sound source positiosisch as microphones and loudspeakers are required. On the
and original source signals, which are obtained by soumlther hand, for a virtual field, a simulation engine is required.
source localization and separation methods, respectively. [Eoication data and orientation data féh are applied and
this method, sound source orientation has not been used, evemipulated for the reproducing field’s sound source as a

|. INTRODUCTION
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Figure 1. Overview of 3D sound field recording and reproducing system including sound source orientation.

_Microphones is the frequency response of a sound source (human speaker),
Speaker _f,,«-*“" X, (©.9)=S()H,(.0) wherew is the angular frequencyy, is the k-th microphone
A ¥ (k=1,2,---,N). Hi(w,0) is the transfer function from the
“““ 6y : sound source orientated éf to the k-th microphone. We
-~ X, (0.0)=S@)H, (©.0) assume that the sound source position has been determined
S©) through a localization process and abbreviate the position

variables in the following equations. The received sigial

Figure 2. Model of wave propagation including sound source orientatior?‘t microphoneM; is represented by
Xi(w) = S(w)Hy(w). )

phantom source fof;. The transfer function for reproducing_l_ransfer functions are represented by a vector:
is obtained usingthe impulse response from the phantom P y '
source to the microphone. Then, the synthesized signafor h(w,0) = [|H1(w,0)|,--- ,|Hyx(w,0)]]T, 2

is calculated from the convolution of the original signal (¢)) whereT is the transpose. In this equation, we take only ampli-

and this transfer function. In a similar way, the synthesize,[dde components fronf y (w, ) because phase components
; N
signals forS; to S,, are calculated. As a result, the reproduce;éje easily affected by envi’ronmental changes in the high-

::SEZ:S'S obtained for the combination of all the Syntheslz(?fiequency band, so this amplitude extraction avoids precision
) d

. o . egradation.
Since sound source localization and separation are com-

monly used techniques [4], [5], we focus on the sound sourBe Transfer function database

orientation estimation in the following section. We make a transfer function database as a set of transfer

function vectors. The transfer function vector from a sound

source is calculated as
Okamotoet al. proposed a method to estimate all-around

directivity of a sound source, although this method is not appli- ho(w, 0) = h(w,0) _ hw,0) ,

cable for sound source separation [6]. We use the orientation- h(w,0)Fh(w,0)  |h(w,0)|

extended beamforming method for sound source orientatigiere H is the transpose operation with complex conjugation.

estimation. Beamforming is one of the methods for sountherefore(w, #) does not include any features of the output

source localization and applicable for sound source sepagguipment (loudspeak frequency characteristics etc.).

tion. Orientation-extended beamforming can estimate not org}(

IIl. SOUND SOURCE ORIENTATION ESTIMATION

®3)

Sound source orientation estimation using transfer function

sound source locations but also sound source orientations abase

using transfer functions extended for sound source orienta~ _ _ .
tion [7]. This beamforming process is equivalent to pattern Input signals are represented by the received signal vector:
matching between the input signal and the transfer function X (w,0,) = [|X1(w,0,)], -, | Xn(w,0)]]7, @)

database. Here, we show the algorithm of orientation-extended ) i )
beamforming using database matching. where 0, is the sound source orientation (unknown data).

Xn(w,8s) consists of only amplitude components. The nor-
A. Transfer function extended for sound source orientationmalized X (w, 6;) is calculated as
Sw)h(w,0s) _ S(w)

Xolw:09) = (5@ h@, 6] ~ @) 00 6

A model of wave propagation including sound source ori-
entation using a microphone array is shown in Fig.S2w)
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We obtain the inner product between Egs. (3) and (5) as

Cu(w,0) = |ho(w,0)" Xo(w,0,)]

S ' = 1

= ‘ |§Ew;| hO (wa 93) Micro}mnes 3 ' e e \ 7% A

“ Kitchen sink - Microphones are embedded e |

= |h0(w79)Hh0(w»95)|7 (6) ] ‘

where C,,(w,6) represents the similarity between transferfis
functions for6 andd,.

The function of estimated orientatiof(#) without w is
calculated as

C0) = w(w,t)Colw, ), )

w

where w(w, t) is a weight function for masking non-speech
and noise separation. To make the weight function, we used
histogram-based recursive level estimation (HRLE) masking
[8]. If C(0) is maximum,d is the estimated orientatiah

D. Design of transfer function database x [m] i 70 y [m]

The transfer function database including all possible speaker
positions and orientations should be prepared in advance.
There are two ways to make transfer functions. One is to use
practical measurement. Measure.d 'Fransfer functions have h_@.hCalculation of transfer function database in practical mea-
accuracy because all characteristics, such as reverberat@lljr}.(cément
and diffractions, are taken into account. But such practica
measurements are time-consuming and sometimes physicallyVe measured impulse responses at the 96 microphones
difficult. An automatic measurement system also has difficuisingan automatic measuring system. The sound source was
ties because it is only available in controlled environmengs loudspeaker (GENELEC 1029A) set at the room’s center.
and its cost is high. The other way is acoustic simulatiofhe number of loudspeaker orientations was & (&@&ps). As
This makes it easy to change sound source positions &fnd source signals, we used swept-sine signals having
orientations and obtain the transfer functions. Therefore, if te@mples. The sampling frequency was 16 kHz.
environments are accurately simulated, any transfer functions ] ] o
can be obtained without any measurement. This makes &ur Calculation of transfer function database by acoustic sim-

Figure 4. Microphone positions.

system more practical. ulation
1) Simulation engine:To apply acoustic simulation to
IV. EVALUATION OF SOUND SOURCE ORIENTATION speaker orientation estimation, we need a simulation engine
ESTIMATION that has high numerical precision and can make directivity

- . .Batterns. To meet these requirements, we used acoustic nu-
We evaluated the precision of our sound source orientatign

estimation method. We calculated transfer functions using b{g'grlcal calculation software COMFIDA version 2.03 (Nit-
e

. o . 0 Acoustic Engineering Co., Ltd.). This engine is based
practical measurement and acoustic simulation and evalua L : . .
P . . oo on- a finite difference time domain (FDTD) method [9]. In
the availability for sound source orientation estimation. Here L . : e
. : toustic simulation, calculation methods are classified into
we describe these evaluations and show how to calculdte ) .
: . . L . roughly two types: geometrical-based and wave-based meth-
highly accurate transfer functions using acoustic simulation : ) .
. S ods. Geometrical-based methods simulate wave propagations
that includes sound source directivity. The target accuracy was . .
C as a trace, so they cannot simulate wave properties such as
an estimation error of at most 45 . . . .
phase interference, diffraction, and eigenmodes. On the other
hand, wave-based methods are based on wave acoustic theory,
so they can simulate wave properties accurately. FDTD is
The experimental room is shown in Fig. 3. The room siz& wave-based method. It can easily reflect physical values
is 7.0 mx 4.0 m x3.2 m. This room has 96 microphonegqdensity, velocity, etc.) and can reproduce room environment
embedded in the walls and kitchen shelf. The microphompeoperties (size, reflection coefficient, etc.). Therefore, we
positions are shown in Fig. 4. The reverberation time ishose an FDTD-based simulator. Moreover, the engine we
approximately 230 ms. The sound source positions were sbse uses a compact finite difference technique [10] to

at the center of the room. improve the numerical precision.

A. Recording environment
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Figure 7. GENELEC 1029A. Figure 8. Loudspeaker model.

AAL

zontal plane. The GENELEC 1029A loudspeaker is shown in
Fig. 7 and the model designed for the simulatisnshown

in Fig. 8. This model is a combination of a rigid cube with

a cylindrical hollow and a point source. This simple shape
ignores the details of the loudspeaker’s shape and properties,
such as sound absorption coefficient and baffle vibrations. The
parameters X, y, z, r, and d are given in Table I. Model 1 is
the set of parameters closest to a practical loudspeaker shape.
To evaluate the effects of parameter differences, we changed
parameters r and d in Model 2 and x and y in Model 3.
The loudspeaker directivity patterns at 1000 Hz obtained by
simulation and practical measurement are shown in Fig. 9,
wheref = 0° is the front of the loudspeaker. This figure shows
that our method approximately reproduced the loudspeaker
2) Numerical precision evaluationWe evaluated the nu- girectivity patterns. Comparing practical measurement with

ulated space is digitized to a lattice. Numerical precisigass jmportant than x and v.

depends strongly on the ratio of the space lattice interval

Figure 6. Sound pressure map.

(AL) to the wavelength X). If A\/AL is not large enough, TABLE |
numerical errors in wave propagation grow in amplitude L OUDSPEAKER MODEL PARAMETERS
and phase components. These errors increase in proportion Size X, Y, z, 1, d [m]

; ; Model 1 | 0.14, 0.20, 0.24, 0.02, 0.1
to the wave propagation distance. These effects are called Model 2 | 0.14.0.20 024 0.04 00

'numerical dispersion’. The relation between decay errors Model 3 | 0.22, 0.10, 0.24, 0.02, 0.1
regarding propagation distance andAL in this engine is
shown in Fig. 5. These decay errors are represented by the
difference in sound pressure levels obtained by calculation and — Practical measurement
by theoretical analysis. We evaluated the levels at points 2, 3, 157 " Modell I
4, and 5 m away from the sound source in comparison with 1 10
m away. For stable numerical precisioxy,AL should be set & s
to more than 3. Z o
3) Directivity pattern reproduction:in the FDTD method, @
we reproduced directivity patterns by modeling the shape of
the sound source. A sound pressure map simulated by FDTD
is shown in Fig. 6. In the left figure, the sound source was 15, % 180 270 360
an omni-directional point source normally used in FDTD. To Angle [deg ]
reproduce the directivity patterns, we used the FDTD method
to combine a point source and the simplified source shape. The
right figure is an example of directivity pattern reproduction.
Although several studies on coping with sound source direc-5) Calculation of transfer functionsWe simulated impulse
tivity have been reported, this method has the advantagesr@$ponses that had been measured in practice sifheglated
simplicity and applicability. It also has the advantage that trexperimental room is shown in Fig. 10. The many small
diffractions of every frequency are simulated precisely becausgheres are evaluation points for simulating microphones. The
FDTD is based on wave theory. loudspeaker was designed using the method described in the
4) Loudspeaker directivity patternsiWe simulated loud- previous section. The modeling parameters were set to [x, V,
speaker directivity patterns and evaluated them in the hozi-r, d] = [0.14, 0.20, 0.24, 0, 0] because r and d were assumed

001N

20

-10+

Figure 9. Directivity patterns at 1000 [Hz].
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Figure 10. Simulated experimental room.

Figure 11. Estimation errors.
to be ineffective for directivity pattern representation. To
reduce the amount of workingiemory required, we digitized
the experimental room to a nonuniform lattice. Around the
loudspeaker model and evaluation poinfs[. was 0.02 m;
elsewhere, it was 0.08 m. The sound source produced pulse
signals with flat frequency characteristics from 500 to 2500
Hz. The sampling frequency was 48 kHz. Considering numer-
ical dispersion, the calculations were stable in the frequency
band from 500 to 1400 Hz.

D. Sound source signal

We used speech and noise signals as the sound source- _
signals. The speech signals were recorded at the center of
the experimental room. A female speaker uttered “a, i, u, e,

0". The noise signals were calculated by convolution using
impulse responses obtained by both practical measurement
and acoustic simulation. For all signals, the number of sound
source orientations was 4 (9@teps). All input signals were
transformed into the frequency domain by fast Fourier trans-
form (FFT) using 1024 points.

Figure 12. Reproducing room.

E. Results

The estimation errors for speaker orientations are showaho patterns and impulse responses roughly. Moreover, it
in Fig. 11. This figure shows two frequency band patterngasily can simulate sound propagation in varisaand fields,
500-1400 Hz and 500-2500 Hz. The sound source signafsit is commonly used for reproducing 3D sound fields. The
were noise and speech signals, denoted NOISE and SPEEGH)oducing field was a small hall (Fig. 12). The hall size
respectively, and measured and simulated transfer functioigssapproximately 8.0 mx21.0 m x8.0 m. The microphone
denoted PRA and SIM, respectively. Errors are shown as aveesition was set at the center of the hall. The sound source
ages of all orientations. In this figure, the errors for estimatigrosition was the center of the hall’s stage 5.0 m away from the
using convolution signals for the sound source signals ageund source. The sound source directivity was the cardioid
approximately 10. In the case where speech was used f@attern. The sound source orientation could be manipulated.
the input data, the errors for estimation by acoustic simulati¢When the sound source was oriented toward the microphone,
and practical measurement are abouf 2fhd about 19, its orientation was Q) We reproduced impulse responses
respectively. These results show that the estimation accuradih eight orientations (45 steps) and made objective and
is sufficiently greater than the target accuracy. subjective evaluations. These impulse responses were recorded

binaurally.
V. EVALUATION OF SOUND SOURCE ORIENTATION FOR

REPRODUCING A. Objective evaluation

We evaluated the impulse responses with sound sourcémpulse responses in the small hall are shown in Fig. 13.
orientation for reproduction. For reproduction, we used a gebhe temporal peaks and impulse response intensities were not
metrical acoustic simulation engine CATT-acoustic ver. 8.0. ARe same.
discussed previously, this method cannot simulate sound wavd he acoustic parameters for objective evaluation are given
characteristics exactly. However, it is sufficient to simulate Table Il. ParameteiDs, (Definition) is the ratio of early
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Figure 13. Impulse responses. Figure 14. Accuracy rate for subjective evaluation.

TABLE I VI. CONCLUSION

OBJECTIVE PARAMETERS . . .

S— In this paper, we proposed a 3D sound field recording and

Sound source orientation [deg.] . . . .
0 [ 45 | 90 | 135 180 | 225 | 270 | 315 reproducing method that includes sound source orientation.
Dso [%6] | 695 ] 463 | 410 38 | 425 | 382 | 423 | 450 For the recording part, we used a sound source orientation
CodB] | 51 | 15 | 0.8 | 06 1 05 1 1.6 estimation method based on orientation-extended beamform-
ing. We performed experiments to evaluate the orientation
estimation method using transfer functions obtained by both
q 0 total q it is defined in E ractical measurement and calculation using acoustic simu-
sound energy to total sound energy. It is defined in Eq. ( ion based on wave theory. The experimental results show

and expressed as a per_centage, yvmesathe sounpressure. that our estimation method has sufficient capability using both
ParameterCsg, (Clarity) is the ratio of early sound energy

| o d is defined i 9 Eeasured and calculated transfer functions. For the repro-
to late arriving sound energy. It is defined in Eq. (9) an ucing part, we evaluated impulse responses versus sound

expressed in dB. This table especially shows the objectiyg

i b he i | ; h Flrce orientation. The evaluation results revealed significant
literences between the Impulse responses from the Sofige ences in both objective and subjective scores. This proves

so_urcedwr:en r']t was oriented toward the microphone a'ﬂ‘f'at our system achieves higher performance than conventional
oriented elsewnere. ones that do not utilize orientation features. Our future work
is to extend the sound source orientations to directivities and

50ms

Dsg = 20 p(t)dt ®) apply 3D sound field recording and reproducing including
IS pP(t)dt sound source orientation estimation to a system that can
perform the processing in real time.
Cro = 10log ( Dso ) ©) REFERENCES
1= Dso [1] J. Ohyaet al., “Virtual Space Teleconferencing: Real-Time Reproduction

of 3D Human Images,J. Visual Communication and Image Representa-
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We performed a subjective experiment for these impulse Pp. 2100-2111, 2005. , _
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