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The locations of loudspeakers were examined utilizing frequency-dependent interaural
cross correlation (FIACC) for optimum sound-field recomposition in multichannel recording
and reproduction processes. Experiments were conducted and sets of FIACC measurements
compared, with one taken in an original sound field, the other in the reproduced sound field.
Several sound-field reproduction methods using different microphone-array geometries and
matching loudspeaker-array geometries were considered. The results presented support the
ITU recommendation for loudspeaker arrangements in five-channel systems (BS.775-1).

0 INTRODUCTION

The emergence of DVD theater systems accelerates the
prevalence of multichannel sound reproduction systems on
the market. The origin of multichannel reproduction dates
back to an experiment conducted at Bell Laboratories in
1933, when a concert of the Philadelphia Orchestra was
transmitted to Washington DC using telephone lines to
transmit three channels. In the field of consumer electron-
ics a quadraphonic stereo system was introduced in the
1970s, where much effort was spent on improving the
hardware, but the system failed commercially because of
inadequate software support.

Despite this failure, studies of multichannel audio asso-
ciated with high-resolution video reproduction have been
conducted continuously. Surround Sound, quite popular
today, is considered to be one of the outcomes. However,
the best format for multichannel recording and reproduc-
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tion still remains undetermined. This question has moti-
vated the authors to conduct the study reported in this

paper.

1 PREPARATORY EXPERIMENT

Today’s multichannel recording and reproduction tech-
nology originates in the concept of Olson’s 15-channel
sound-field transmission system of 1968, as shown in Fig.
1, hereafter called Olson model [1]. Based on this model,
the authors tried to find an optimum number of transmis-
sion channels and loudspeaker configurations by compar-
ing the interaural cross correlations (IACCs) [2], [3] mea-
sured in the original and the reproduced sound fields.

For this purpose a preparatory experiment was con-
ducted using a lecture room. Subsequently a series of field
tests applying the same process were carried out in three
concert halls. In the preparatory experiment a tiered lec-
ture room was adapted for the original sound field, with an
omnidirectional loudspeaker was placed at the center of a
lecture desk as the sound source, and a dummy head,
substituting for the listener’s head, placed at the approxi-
mate center of the room. Furthermore 12 omnidirectional
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microphones were placed in an imaginary horizontal circle
of 1-m radius, called microphone circle, the center of
which coincided with that of the dummy head.

The angle of the azimuth difference of adjacent micro-
phones was set to 30°, and one of the microphones was
placed directly in front of the dummy head, as shown in
Fig. 2. The setup of the recording site (original site) is
shown in Fig. 3. As shown in Fig. 4, the sound reproduc-
tion was arranged in an anechoic chamber with the loud-
speaker placement around the dummy head arranged iden-
tically to that on the recording site. We will call the
imaginary circle for locating the loudspeakers the “speaker
circle.” Fig. 5 gives a view of the experiment, and Fig. 6
shows the dummy head actually used.

On the original site a 30-second pink-noise burst was
radiated from the omnidirectional loudspeaker. The bin-
aural sound data obtained with a pair of dummy-head-
mounted microphones and the 12 omnidirectional micro-
phones were recorded using a hard disk recorder. Then
the sound data recorded by the 12 microphones were re-
produced by the 12 loudspeakers on the reproduction
site, where another binaural recording was captured on
DAT using the same dummy-head-mounted microphones.
From the sound data recorded using the dummy-head-
mounted microphones on the respective sites, the interau-
ral crosscorrelation was calculated, and the results were
compared. The equipment used in the experiment is listed
in Table 1.

2 FIELD TESTS

Based on the results obtained in the preparatory experi-
ment, the authors conducted field tests in three concert
halls. The specifications of the concert halls are listed in
Table 2, and the plans and the experimental setups are
shown in Fig. 7. The localieus of the microphones and the
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dummy-head arrangements in concert hall 2 (site C) are
shown in Figs. 8 and 9.

In this paper the lecture room is called site A, concert
hall 1 is site B, concert hall 2 is site C, and concert hall 3
is site D.

3 FREQUENCY-DEPENDENT INTERAURAL
CROSS CORRELATION (FIACC)

TACC is defined as the cross correlation of the sound
waveforms at the left and right ears. Fig. 10 represents a
listening situation where p,(f) and p.(¢) are the respective
sound waveforms. The IACC coefficient p(7) is given by
Eq. (D).

(p(1) - pr+ 7))

(1) =
N o )

where the brackets denote averaging

M
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Fig. 2. Microphone placement.
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Fig. 1. Configuration of 15-channel Olson model.
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In the study of spatial hearing this coefficient is con-
ventionally used as an index measuring spaciousness and
a direction [2]-[7]. The value of p(t) ranges from —1 to 1
and depending on its value, the corresponding listening
impression changes as follows:

e p(7) increasing toward 1: The sound image is localized
more toward the center as the L and R channels contain
more signal components of the same phase.

* p(t) = 0: The sound image is diffuse as the phases of
the L and R channels are random relative to each other:

* p(7) decreasing toward —1: Unstable sound image as the
L and R channels contain more signal components in
opposite relative phases.

PAPERS

Furthermore p(T) reaches a maximum at a certain value
of 7, from which the direction of the sound source can be
determined. In this study both the sound source and the
listening position (dummy head) are located on the cen-
terline of the room, which is symmetrical. Thus the au-
thors consider T = 0.

The first author of this paper has been making classical
music recordings for a long time, and he is convinced that the
spatial impression of a sound recording is highly influenced
by the frequency characteristics of the IACC. This conviction
is the result of having binaurally monitored the outputs of
ambient microphones hung from concert hall ceilings.

The TACC is frequency dependent because it is deter-
mined by the arrival time difference of the sound waves,
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Fig. 4. Plane view of reproduction site.
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Fig. 6. Dummy head used.

Table 1. Equipment used for experiment.

MULTICHANNEL SOUND-FIELD RECOMPOSITION BY FIACC

which causes frequency-dependent phase differences be-
tween p,() and p.(f). Tohyama and Suzuki first analyzed
the frequency characteristics of the IACC in stereophonic
reproduction [8]. Hiyama et al. also paid attention to the
frequency characteristics of the IACC and utilized diffuse
sound-field synthesis [9]-[11]. The authors tried to apply
this concept to the evaluation of recording technology
[12]-[15]. Noting that p(0) is frequency dependent, and
that the frequency characteristics can be utilized as an
index of spaciousness, such a frequency-dependent coef-
ficient, denoted by p(w), is called frequency-dependent
interaural cross correlation (FIACC) in this paper. The
FIACC, in an ideally diffuse sound field, can be calculated
theoretically (see Appendix 1) and is shown in Fig. 11.

4 MEASUREMENT OF FIACC

Manuiffurely Modg The FIACC p(w) is calculated from the sound data ob-
1. Equipment used for recording tained by a pair of microphones on the dummy head in
Hard disk recorder YAMAHA AW4410
Omnidirectional loud speaker VICTOR GB-10
Omnidirectional microphone ~ BEHRINGER ECMS8000
2. Equipment used for reproduction
Power amplifier YAMAHA P2040
Loudspeaker DIATONE DS-5
3. Equipment used for both
recording and reproduction
Microphone for dummy head AKG C-417
Table 2. Specifications of concert halls.
Site B Site C Site D
Seats 1204 1301 1100
Frontage 18 m 18 m 18 m
Depth 15m 14 m 15m
Height 8m 9m 8m
Reverberation time 1.9 seconds 1.6 seonds 1.8 seconds
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Fig. 9. Overhead view of microphone arrangement.
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left ear right ear

Fig. 10. Configuration of binaural listening.
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Fig. 11. Theoretical FIACC in diffuse sound field.
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both the original and the reproduction sites. The sound
data are divided into 32 pairs of band-passed signals using
linear-phase one-third-octave band-pass filters, whose nor-
malized frequency characteristics are shown in Fig. 12. A
diagram of the measurements is shown in Fig. 13, where
time-domain convolution is applied to calculate the
FIACC. Sound data are digitized according to the follow-
ing specifications:

e Sampling frequency: 44.1 kHz
¢ Quantization: 16 bit.

5 FIACC REPRODUCTION FOR 12-CHANNEL
RECORDING/REPRODUCTION SCHEME

5.1 FIACC, Measurement on Original Sites

The FIACC measurements obtained on the original sites
are shown in Fig. 14. Comparing the FIACC characteris-
tics on the original sites with those of an ideally diffuse
sound field (Fig. 11), it is commonly observed that the
values in the range between 500 Hz and 5 kHz are larger.
This means that sound waves traveling from the stage to
audiences are abundant in this frequency range. The rea-
son may be the pentagonal shape common to concert halls.
A variation of the FIACC patterns is considered useful for
evaluating the sound diffusion of concert halls. In this
experiment the FIACC patterns in Fig. 14 will be used as
a reference for the FIACC patterns obtained in the repro-
duction experiments.

5.2 FIACC Measurements on the
Reproduction Sites

Fig. 15 exhibits the FIACC patterns obtained from the
sound data recorded in the different concert halls. The
heavy solid lines show the FIACC for 12-channel record-
ing and reproduction, at 1-m radius and the dotted lines
show the same data at a speaker circle radius of 2 m. The
thin lines represent the reference FIACC patterns. These
three types of patterns will also be shown in subsequent
figures.

The patterns displayed in Fig. 15 show that the FIACC
of the reproduced sound field is similar to that of the
reference. Also, the FIACC patterns change little with the
size of the speaker circle. This means that even if the
radius of the speaker circle is changed, the listener’s spa-
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Fig. 12. Normalized frequency characteristics of digital filter.
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tial impression remains almost unchanged as long as the
azimuth angles of the loudspeakers are maintained.

6 FIACC PATTERNS DEPENDING ON
NUMBER OF CHANNELS AND
LOUDSPEAKER POSITIONS

In this experiment 12 channels were used to record the
original sound data, but in the reproduction the number of
channels utilized were 6, 5, 4, 3, and 2. As a result, 72
patterns of loudspeaker placements were chosen, as shown
in Fig. 16, with the symmetrical placements of the left and
right loudspeakers remaining unchanged and the radius of
the speaker circle set at 1 and 2 m.

Considering that the similarity of the FIACC patterns at
the original site and the reproduction sites will be an index
of sound-field reproduction, the authors monitored the
squared error E calculated from the FIACC difference be-
tween original site and reproduction sites. E is expressed as

N
,-:](xi - yi)2

E=—"— @

MULTICHANNEL SOUND-FIELD RECOMPOSITION BY FIACC

where x; is the FIACC value at the ith frequency band on
the reproduction site, y; is the FIACC value at the ith
frequency band on the original site, and the frequency of
the first band is 100 Hz. E is calculated for the “full” band
of 100 Hz to 20 kHz, and for the “fundamental” band of
100 Hz to 1 kHz. The frequency range of the fundamental
band was determined with reference to studies by Hiyama
et al. [9]-[11], who proved experimentally that the FIACC
in this range is related to the impression of spaciousness.
In Eq (2) N = 23 for the full band and N = 10 for the
fundamental band.

The values of the squared errors E for all loudspeaker
placement patterns are shown in Figs. 17-21. From the
results it is clear that the E values do not decrease below
0.04 (full band) and 0.02 (fundamental band) when the
number of channels exceeds 5. This means that the five-
channel system is preferable from the viewpoint of prac-
tical use.

Furthermore, based on the following considera-
tions, loudspeaker configurations characterized by exces-
sive or too few rear loudspeakers will be discarded
hereafter.

rultichannel recorder ]—;@ analyzed data (FIACC) |

digital data
(pink noise)

digital Tilter

1143 octave band-pass fiter |

—-| calculation of FIACC |

Fig. 13. Diagram for FIACC measuring procedure.
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Fig. 14. FIACC measurements on original sites.
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* More front loudspeakers are advantageous for better
sound image localization.

e A certain number of rear loudspeakers are necessary for
the reproduction of the surrounding sound field.

7 DISCUSSION OF FIACC REPRODUCTION
WITH FEWER TRANSMISSION CHANNELS

In order to identify desirable multichannel recording
and reproduction formats, the authors examined the simi-
larity of the FIACC patterns on the original and the repro-
duction sites. In this regard, if the squared error E is
smaller, the listeners on the reproduction site will perceive
more spaciousness similar to that on the original site. Be-
sides the squared error E, the authors compared the shape
of the FIACC patterns on the original and the reproduction

014
oz

Site A

MULTICHANNEL SOUND-FIELD RECOMPOSITION BY FIACC

sites. In this examination, front-oriented loudspeaker
placements were selected.

7.1 Two-Channel Transmission

Figs. 22 and 23 show a comparison of the FIACC
patterns for an azimuth difference of the front loudspeak-
ers of 60 and 120°, respectively. In the case of 60°
which generally is used in stereophonic reproduction, the
FIACC value turns negative in the frequency range
between 1 and 2.5 kHz, which indicates that out-of-
phase frequency components are abundant in this range,
causing unnatural spaciousness. In the case of 120° the
abnormal frequency range shifts to 500 Hz to 1 kHz,
which also causes unnatural spaciousness. Consequently
two-channel transmission is inadequate for sound-field
reproduction.
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7.2 Three-Channel Transmission

In the three-channel experiment a center loudspeaker
for the third channel was located between the front left and
right loudspeakers, as shown in Figs. 24 and 25. Here it
must be noted that the single center loudspeaker provides
a frequency-independent FIACC of 1, and that the FIACC
reproduced by several sound sources is determined by the
weighted sum of the FIACCs reproduced by the respective
sound sources (see Appendix 2). In this case the FIACC is
the weighted sum of the FIACC values of the center and
left and right loudspeakers. This means that the addition of
a center loudspeaker results in raising the two-channel
FIACC pattern, as observed in Figs. 24 and 25. In Fig. 24
a center loudspeaker is added to the two-channel repro-

PAPERS

duction illustrated in Fig. 22. In this case, instead of re-
ducing the out-of-phase frequency components, on in-
crease of the in-phase frequency component changes the
FIACC value to 1 and will cause a narrower spatial im-
pression. The abnormal FIACC pattern shown in Fig. 25 is
corrected fairly well. However, a positive deviation still
remains within the frequency range of 1 to 5 kHz. On the
other hand, this case is advantageous from the viewpoint
of sound-image localization.

7.3 Four-Channel Transmission

Now we have multichannel surround sound systems.
Figs. 26 and 27 show the cases of a so-called 2-2 system.
In Fig. 26 the azimuth differences of the front and rear
loudspeaker pairs are set equally to 60° whereas in Fig. 27
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the azimuth difference of the front loudspeaker pair is set
to 60° and that of the rear to 120°.

Fig. 26 indicates that the FIACC of a front-to-rear sym-
metrical 2-2 system is quite similar to that of two-channel
transmission. This proves that the front-to-rear sym-
metrical 2-2 system is not advantageous for sound-field
reproduction.

On the other hand, Fig. 27 exhibits a significant im-
provement in FIACC reproduction. The loudspeaker loca-
tion in this case is a superimposition of [2ch-2] and the
front-to-rear mirror image of [2ch-3]. Given that the
FIACC of [2ch-3] resembles that of its mirror image (if the
human head is spherical, they coincide), the FIACC is
close to the average of those obtained for [2ch-2] and
[2ch-3]. Abnormal deviations of both FIACCs in the fre-

MULTICHANNEL SOUND-FIELD RECOMPOSITION BY FIACC

quency range from 500 Hz to 5 kHz are neutralized, which
yields a favorable FIACC pattern. However, a small nega-
tive deviation is still observed.

7.4 Five-Channel Transmission

In five-channel transmission the FIACC patterns exhibit
remarkable improvements, as shown in Figs. 28 and 29.
The loudspeaker configuration [5ch-3] results from the
addition of a center loudspeaker in [4ch-8]. Thanks to the
increasing effect of the center loudspeaker, a more favor-
able FIACC pattern is obtained, as shown in Fig. 28. In the
case of [5ch-7], a favorable FIACC pattern is also ob-
tained, as shown in Fig. 29. However, [Sch-3] should be
preferred, taking frontal sound-image localization into
consideration.
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7.5 Six-Channel Transmission

In six-channel transmission two uniformly configured
loudspeaker layouts exhibit quite different FIACC pat-
terns, as shown in Figs. 30 and 31. The configuration
[6¢ch-6] is a simple superimposition of [3ch-2] and its mir-
ror image. Therefore the resulting FIACC pattern is almost
the same as that of [3ch-2]. In the case of [6¢ch-15], two
loudspeakers are placed alongside in addition to the loca-
tions of [4ch-9]. Some abnormal deviations of the FIACC
pattern are suppressed, but the result is not satisfactory.

7.6 12-Channel Transmission

The results for 12-channel transmission were already
shown in Fig. 15. They are generally good but not the best.

PAPERS

8 OPTIMUM NUMBER OF CHANNELS AND
LOUDSPEAKER CONFIGURATION FOR THE
OLSON MODEL

As discussed in the foregoing, the five-channel trans-
mission [5ch-3] exhibited a good performance, as shown
in Fig. 28, and it is supported by the value of the squared
error E in the FIACC between the original and the repro-
duction sites. Furthermore, [5ch-3] coincides with the
loudspeaker location of ITU Recommendation BS.775-1,
which is shown in Fig. 32 [15].

In our view the [5ch-3] system, which has a smaller
front loudspeaker angle, is advantageous from the view-
point of frontal sound-image localization. Moreover, re-
cent studies based on subjective listening deduced that
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according to the International Telecommunication Union,
the five-channel system is the optimum format for multi-
channel recording and reproduction [13], [14].

9 PROPOSAL OF AMBIENT MICROPHONE
ARRAY FOR FIVE-CHANNEL SOUND SYSTEM

As a result of the experiments described in this paper,
the authors propose a new ambient microphone array for
the five-channel sound system as shown in Fig. 33. The
array should be placed in the most reverberant position of
the concert hall by being suspended from the ceiling, as
illustrated in Fig. 34. The localization of individual instru-
ments will be improved by utilizing stage microphones.

MULTICHANNEL SOUND-FIELD RECOMPOSITION BY FIACC

10 CONCLUSION

The authors have compared various microphone—
loudspeaker-array geometries to arrive at an optimum
number of channels and optimum loudspeaker placement
for multichannel recording and reproduction systems. The
experiments were based on the Olson model and used
frequency-dependent interaural cross correlation (FIACC)
as a physical and objective measure of the listener’s spatial
impression. FIACC data were measured using a dummy
head on both the recording and the reproduction sites. The
number of channels used was 12, 6, 5, 4, 3 and 2. A
comparison of the FIACC patterns measured for 72 dif-
ferent loudspeaker configurations to that of the original
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Fig. 25. FIACC results for configuration [3ch-2].
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Fig. 26. FIACC results for configuration [4ch-9].
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Fig. 27. FIACC results for configuration [4ch-8].
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Fig. 29. FIACC results for configuration [5ch-7].
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Fig. 31. FIACC results for configuration [6¢ch-15].
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sound field found the five-channel system described in the
ITU recommendation to be optimum.
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APPENDIX 1
Theoretical Calculation of FIACC in Diffuse
Sound Field

Let us assume that the listening points M; and M, (both
ears) are located in a space where a plane wave is propa-

\/<A2 cos” wr) \/<A2 cos’(wt + kr cos 6))

PAPERS

The numerator in Eq. (4) is rearranged as

(A cos of + A cos(wt + kr cos 6))

1 pr
=%f0 A cos of - A cos(wt + kr cos 0)

w 21/ ®
== A cos of - A cos(wt + kr cos 0) dr
2mJ o
2
=7 cos(kr cos 0) 5)

and the denominator is rearranged as

IJ'TA2 2 IJ'TA2 )
= 7J, A cos wt dr 7J, A cos (ot + kr cos 0) dr

w 21/ 2 2 w 21/ 2 2
=\2:Jo A~ cos” wt dr %fo A~ cos™(wf + kr cos 0) dr
A2

-2

gating, as shown in Fig. 35. The distance between M, and
M, is r, and the angle between the line connecting M, and
M, and the line indicating the wave propagation is 6. The
sound waves at points M, and M, are p,(f) and p,(?),
respectively. They are expressed as

(1) =A cos ot

p, =A cos(wt + kr cos 0) 3)

where o is the frequency of sound, k is a wavelength
constant, and c is the sound velocity.

The cross correlation p, between p,(f) and p,(?) can be
derived by substituting Egs. (3) into Eq. (1), which is the
definition of cross correlation,

(A cos of + A cos(wt + kr cos 0))

Po=
\/<A2 cos” wr) \/<A2 cos*(wt + kr cos 6))

“4)

Fcos
&

M1|-—}"—-|M2

Fig. 35. Incident plane wave.
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(6)

where T denotes the period of the sound. Accordingly, the
spatial cross correlation p,, is obtained as

A A
Po=" cos(kr cos 6)/3 = cos(kr cos 0). )

In a diffuse sound field, sound waves with random inten-
sity and frequency travel from random directions. Thus the
spatial cross correlation in the two-dimensional diffuse
sound field p,d, for example, it obtained by integrating Eq.
(7) in the range of 0 = 0 = mr,

1 o r
Py =;f0 cos (krcos 0) do = Jo(E‘D)- 8)

In a three-dimensional diffuse sound field the spatial cross
correlation ps, is obtained as

sinkr ¢ sin[(r/c)w]

P3a = kr )

rm

The spatial cross correlation values p,, and p,, are functions
of the frequency w, corresponding to the FIACCs in two- and
three-dimensional diffuse sound fields, respectively. The ac-
tual FIACC is obtained by setting the equivalent ear distance
r, which is known to be 28.5 mm in the two-dimensional
sound field and 320 mm in the three-dimensional sound
field. (The effects of the shape of the human head are not
considered in this analysis.) The theoretical FIACC_(the
frequency characteristics of p,4) in a two-dimensional dif-
fuse sound field is calculated as shown in Fig. 11.

Fig. 36 shows the FIACC measured in the authors’ rever-
berant room using the dummy head employed in the experi-
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ments. The dashed curve represents p,4, which is in suf-
ficient agreement within the frequency range below 3 kHz.

The FIACCs in the two- and three-dimensional diffuse
sound fields exhibit nearly the same pattern, and the dif-
ference in auditory effects is reported to be inaudible [16].
For this reason the authors used the two-dimensional
FIACC as the reference.

APPENDIX 2

Synthesis of FIACC by Several Sound Sources

Let us assume that several sound sources are located
around a listener’s head, as shown in Fig. 37. Here the
distances from listener’s head to sound sources are suffi-
ciently far, and the sound sources are noncorrelative with
each other. S, causes the sound pressures p,,(f) and p,,(f)
at the listening points M, and M,, and S, causes p,,(?),
P2»(1) at the same points. The cross correlation between M,
and M, is given as follows:

{0 + poy (O} {p1a(t) + p(D)})

MULTICHANNEL SOUND-FIELD RECOMPOSITION BY FIACC

Taking into account that the distance of the sound sources
are sufficiently far, the following relationships exist:

V@) ="V (ph0) = V (pi0) (14)
V(2 0) =V (pH®) = V(p0). (15)

Furthermore let us define the rms values of the sound
pressures due to S, and S, as L, and L,. Then Eq. (13) can
be expressed as

p=———(Lip, + L3p,) (16)

Li+L;

where p, is the FIACC of S, and p, is that of S,.
By extending this reasoning, we can obtain the FIACC
of n-sound sources,

E:‘C:l Lp;
p=———
2l

where L, is the rms value of the sound pressure due to S,.
For example, the FIACC of [4ch-8] can be calculatd by

A7)

p= (0 Bq. (17), using those of [2ch-2] and [2ch-5] (or [2ch-3])
V{pn®+pu@F) -V pod +pu0}) B ’
h Pach-2(®) + Pac.5(®)
where Pachg(®) = > . (18)
1)+ pyy(0))=0, 1) py(t)=0 11 . . o .
(P - p21(0) (Pral) - o) (1) This relationship is useful to estimate an FIACC pattern
(Pu(®) - p(1) =0, (P1a(®) - pou(2)) =0. (12) without practical measurements. As an example, the syn-
Eq. (10) is rearranged as follows: thesis of the FIACC for [4ch-6], when combining [2ch-2]
and [2ch-3], is exhibited in Fig. 38. The solid line shows
1) - 1))+ 1) - t
p= {Pi(®) - Pia(®) +{poi(®) - Pal) (13) the synthesized value, the broken line the values actually
VA0 + o) - NVAph(0) +p30) measured.
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Fig. 36. Actual FIACC in reverberant room.
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Fig. 37. Sound sources and head of listener.
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Fig. 38. Synthesis of FIACC.
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