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Wien we estinate a sound field inaroom it is inportant to grasp the spatial inforna-
tion, especially of the early reflection periods. In this paper we'll discuss a way to grasp
the spatial infornation of sound fields frominpul se responses neasured at cl osely | ocat ed
four points, the origin and three points of the same distance (3¢ 5cnrjfromthe origin on
the rectangul ar coordi nate axes. Fromthese four inpul se responses the coordi nat es

and powers of virtual inmage sources are cal cul ated by correlation technique or intensity
techni que. oncert halls, opera theaters and nany other sound fields are neasured by

this technique. The distributions of virtual inage sources and directivity patterns of

sone concert halls are shown.

PACS nunrber: 43. 55. Br, 43. 55. &, 43. 85. -c

1. |1 NTRODUCTI ON

» @everberation tines and sound pressure | evel s are
very inportant paraneters to eval uate sound fi el ds.
But we often get a quite different acoustic im
pression in the sound fiel ds which have about the
sane reverberation tine and sound pressure | evel .
This kind of difference night cone fromthe dif-
frence of spatial information, especially in early
reflection periods. So it is inportant to grasp
spatial informations of sound fields. My efforts
have been done about this problem for exanpl e

to introduce a nicrophone whi ch has very sharp
directivity.

Here, we'll discuss a way to grasp spatial inforna-
tion of sound fields frominpul se responses neasured
at clsely located four points; the origin, and three
points of the sane distance (3« 5cn) fromthe
origin on the rectangul ar coordinate axes. Fom
snal | differences of these four inpul se responses,
ve try to estinate the positions and powers of direct
and refl ected sound sources by correl ation techni que
or intensity techniquc. It mght be called three
di nensi onal triangul ar surveyi ng.

2. | MPULSE RESPONSE CF
SOUNDFI ELDS

An i npul se response of a sound field consists of
the direct sound, discretely reflected sounds and
degenerat ed nunier of reflections and represents
the transmssi on characteristics froma certain
source point to an observation point. V& can
calculate output signals for any input signals by the
convol ution wth the inpul se responses, if the sound
fieldis considered to be alinear and tine i nvariant
system

If we neasure and keep only one i npul se response
of aroom we can cal culate afterward not only room
parangters, reverberation tine and so on, but al so
the waveformof a nusic played i n the room by
convol ving the inpuse response w th wavef or m of
dry nusic, where dry nusic neans a nusic played in
an anechoi ¢ chanber. The four point nethod is
devel oped to keep three nore inpul se responses to
get the spatial information of a sound field.

Wsual |y we neasure i npul se responses as fol | owns.
A | oudspeaker, the sound source, is driven by a
unit sanpl e pul se whose width is 5usand anplitude



Fg.1 Foour point mcrophone system

is 100 V. The output signal of each nicrophone is
digitized wth a 16 bit AD converter whose sanpl i ng
frequency is 44.1 kHz or 48 kHz. The digitized
signal s are averaged 32 to 256 tines by a personal
conputer to inprove the signal to noise ratio. The
nunber of averaging is selected 32 to 256 tines
accordi ng to the background noise level, wth suffi-
ciently long randomintervals to i nprove the signal
tonoiseratio not only for randomnoi se but al so for
periodi cal noi se.

In sone casesmwhen we hace not enough tine to
neasure or the background noi se | evel is very high,
we use preudo randomnoi se or rapidly swept
sinusoi dal wave instead of the unit sanpl e pul ses
and they are directly recorded to a digital tape
recor der.

3. M CRCPHONE ARRANGEMENT

Wsual |y we use a four point nicrophone system
shown in Hg.1. Four nicrophones are | ocated at
the origin of a coordinate and the three points on
the rectangul ar coordinate axes at the sane di stance
fromthe origin. Theoretically four nm crophones
shoul d not be pl aced on the sane pl ane and the
di stances of mcrophones shoul d be sufficiently
shorter than the wacel ength of the sound.

Though the shorter the distances of m crohones
are the better intheory, actually we nust decide the
di stance consi dering the accuracy in the nechani cal
set up and the nunerical conputation. V¢ use
the 8 nmdianeter diaphragmelectrostatic nicro-
phones with the di stance of 50 nmfor ordinary

J. Acoust. Soc. Jpn. (B 10, 2 (1989)

neasurenents, in the concert halls or opera houses.
The distance is set 33 mmfor the neasurenents in
snal l er roons. 3 mmdi aneter nicrophones are used
wth 5 nmndi stance for scal e nodel neasurenents.

4. CALCULATI ON OF COORDI NATES
OF VIRTUAL | MAGE SOURCES

Fromi npul se responses observed at cl osely
| ocated four points we can cal cul ate the coordi nat es
of the virtual inmage sources, as foll ows:

F gure 2 shows the sinpl e ecperinent in anechoi ¢
chanber with hard (iron) and soft (iron covered by
urethane foam) walls. The |l ocal peaks in the
i npl use responses represent the traveling di stance
of the reflected wave as shown in FHg.2(b). The
sound source corresponding to each | ocal peak
shoul d be on a spherical surface of radius r,whose
chenter is at the observation point as shown in
Fg.3, where I,,(i=0,XY,2) , expresses the traveling
di stance fromeach nicrophone.

The four |ocal peaks nake the four spheres. The
intersection of four spheres is the point of the
sound sour ce corresponding to the direct sound or the
reflected sound. GF course, sound fields are very
conpl i cated, and we can estinmate only the source
poi nts corresponding to the direct sound and a
fewreflections. As shown in the later part, esti-
nat ed source poi nts correspondi ng to the reflections
are considered to be of the degenerated equi val ent
reflections. Sowe call themas virtual inage sources.

In Fg 2(b), t,t,t, and t, correspond to the
di stances between a certai n source and each observa-
tion point. Then the distances are

ron = CEﬁon ’ rxn = CEﬂxn ’

r,=cl

D

Mo = c[ﬂyn, .

where c is the velocity of the sound.
Fromspherical equations, the coordinates of a

virtual inage source (X,,Y,,Z)are

X, =(d*+r -r2)/2d,
Y, =(d* +r5 —rz)/2d, 2
Z, =(d*+r2 —-r2)/2d.
vwhere dis the distance of nicrophones.
F gures 2(c)~(f) showthe distributions of virtual
i mage sources prejected to X -y and X-Z plane.

The center of the squares represents the cal cul ated
coordinates of the virtual inage source, and the area
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Fg.2 Principle of four point neasurenent.

of each square represents tile power of the corre- 4.1 Qorrel ation Techni que

spondi ng sourcce. The direct sound is displayed Here we' Il explain the process to cal culate the
al nost sane but the reflections are observed clearly  coordinate of the virtual inage sources by correl a-
different. That is, the refleted i nage sources of tion techni que:

sort wall are nuch weaker and distributed w dely 1) Four inpul se responses are interpol ated 256
because of the dinfference or reflectlion character- tines to keep high accuracy in the fol |l ow ng process.

i stics.
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FHg.3 Glculation of reflection.

2) The correspondi ng reflections are sel ected by
use of the cross-correlation function.

3) The distance between a virtual inage source
and each observation point is decided from1).

4) The coordinate of the virtual inmage source
is calculated by Ej.(2).

W used to interpol ate inpul se responses 256
tines to keep high accuracy by nain frane com
puters. For the conveni ence of field neasurenents,
we introduce stand al one systemw th personal
conpul ers. The personal conput er systemhas not
enough speed for such a high rate interpol ation. So
ve make sone arrangenent in softwares, that is to
interpol ate not whol e i npul se responses, but only
within durations in which sone reflections are
exist. And the adaptive processingis al so intro-
duced as fol | owns:

1) The six short tine correlation coefficients from
t, to t,+A, S, Soy, S, Sxy, Syz, S,, between the
four inpul se responses, Iho(t), hx(t), hy(t), h,(t), are
calculal ed by the fol | ow ng equation

(t+
5= D g
@ (W7 (1) ' (1))
vwhere i=0,%,y,zand j=XY,Z
2) Ther which gives |ocal peak of each correl ation
coefficient is searched, and the length of A
whi ch gives correl ation coefficient nore than a

threshol d val ue (we usual |y use 0.8) is detern ned.
Let the T which gives |ocal peaks of correlation

(3

ccefficient be 7,,7,,7,,7,,7,,T,, and Abe A,
A, A,
3) The nini mumduration A of on’Aoy"“7

A, is searched.

4) Duration A, isinterpolated 16 tines, to

det er m ne Ty T Ty preci sel y.

5) The averaged certai n refl ection wavef orm of
four inpul se responses is cal cul ated and subtracted
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fromoriginal innpul se responses.
6) Subsequently the process from1l) to 5) is
repeat ed.

4.2 Short Tine Intensity Techni que

W expl ai ned the cal cul ation of virtual inage
sources by correl ation technique. Four nicro-
phones are arranged on the rectangul ar axes. So we
can calculate intensity vector for three orthogonal
directions. Fromshort tine intensi ey we can deci de
the direction, the distance and the power or a vir-
tual image sources by polar coordinate. Srictly
speaking this is not a inage source, but the equiva-
lent center of gravity or reflections of sone nonent.
For the sake of convenience, we also call themvir-
tual inage sources.

By intensity techni que we can easily cal cul ate
virtual inmage sources within limted frequecy
bands. The process is as fol | ows:

1) The inpul se response is filtered through a
band- pass filter.

2) Apart of the inpul se response is cut out by a
short tine w ndow or certain duration. V& usually
use 10 ns rectangul ar w ndows.

3) The short tine intensity vectors are cal cul ated
wth the outputs of three pairs (OX,OY, OZ) of
mi crophones, using the inagi nary part of cross
spect rum

4) The coordinate of a virtual inage source is
determned by short tine intensity vector.

5) The windowis shifted to the next priod.

6) The process from2) to 5) is subsequently
repeat ed.

5. DEVELOPMENT OF VI RTUAL
| MAGE SOURCES

5.1 Ostribution of Mrtual |nmage Sources

Figure 4(a) shows inpulse responses of
Musi kver ei nssaal and Minchen Phil harnonie Hal |, FHg. 4
(b) shows distributions of the virtual inage sources
projected to three planes cal cul ated by the correl a-
tion technique. The center of the circle represents
the estinmated points of the virtual inage source,
and the area of each circle represents the power of
the correspondi ng source. The cross point of the
two orthogonal lines is the observation point, and
the di stance between the progonal sound source and
the obsercation point is 12m The outlines of the
concert hall are al so shown.



Y. YAVASAKI and T. 1 TON FOR PO NI M GROPHONE MEASUREMENT

*1

100,00 600, 404,00 [l

Coe 1Rl

(a) Musikvereinssaal, Wen

+

=1

. $00.00 .00 60,00 6,0 Ima

1t

(b) Munchen Phi | har noni e

Fg.4 Inpul se responses and distribution of virtual inage sources (Misikvereinssaal and

Munchen Phi | har noni e. )

5.2 Tine Ovided DOstribution

Tine divided distributions of virtual inage sources
can be al so displayed. FHgure 5(a) shows the inage
sources inthe first 50ns fromthe direct sound, (b)

shows t hose between 50ns and 100ns, (c) shows

those after 100ns.

5.3 Ostribution of Linted Space

W can also display distribution of the linited
space. For exanpl e the space is divided to three

sections by two planes which are paralleled to floor

pl ane and 10ns above fromthe observation point.

Flgure 6 shows the virtual inage sources proj ected
to X -Y (floor) plane of above 10m(a), from-10m
to +10m(b) and bel ow -10m(c).

5.4 Orectivity Patterns (Hedgehog Patt erns)

W can calculate directivity patterns by observing
three di nensional distributions of virtual inage
sour ces through the supposed microphone wth
vertical open angle £45 degrees as shown in Fg.7.
F gure 8 shows directivity patterns, the total power
of virtual inage sources with horizontal open angle
1, 10 and 30 degrees, vertica open angl e 45 degr ees,
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Fg.5 Tine divided distribution (Msik-
vereinsssaal ). (a) fromO to 50ns, (b)
from50 to 100ns, (c) after 100ns.

and 1 division represents 10 dB

5.5 Frequency Band Limted O stribution

Fgure 9 shows distribution of frequency band
limted virtual image sources of Misikverei nssaal
and Munchen Phi | harnoni e cal cul ated by the intensity
t echni que.

5.6 Reconstruction of |npul se Responses

F gure 10 shows inpul se responses of Misi kverei n-
ssaal, upper one is original and | ower one i s recon-
structed fromcal cul ated virtual inage sources. Re-
constructed one is thinner than the origina one, but
it represents well the characteristics of original
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Fg.8 Drectivity patterns (Misikvereinssaal).

one especially in early period. So this nethod can be
used for our first aim to frasp spatial infornation
of sound fields in early reflection period.

Fromvirtual inage sources, we can reconstruct not
only the inpul se resoi nse of the observation point,
but al so the i npul se respoi nses of the point near the
observation point. The inpul se responses from spe-
cial direction can al so be cal cul at ed.

6. CONCLUSI ON
In this paper we discuss the way to grasp the

spatial information in a sound field by a four point
ni cr ophone net hod.

Frst, the principle of this nethod and the sinpl e
ecperinent in anechoi ¢ chanber are shown. Then
the sone neasurenents in actual sound fields are
shown, and the devel opnent of virtual inage sources
are di scussed.

FH gure 11 shoes the distribution of virtual inage
sources projected to X—-Y (floor) plane of three
different kinds of sound fields, aliving room a
concert hall (Boston Synohony Hall) and a cat hedral
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Fg 11
three different kinds of sound fields.

(Minster in Freiberg). Inpul se responses and the
directivity patterns of floor plane wth 1 degree
open angl e are al so shown. Fromthe proj ected
virtual inage sources shown in FHgs.4 and 11, or
directivity patterns shown in Hgs.8 and 11, we can
easily grasp the spatial infornations through eyes.
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Such as, Misi kverei nssaal has very rich side refl ec-
tions conpared to Minchen Phi | har noni e. And t he f or ner
has rich distributions frombottom nay be fl oor
naterial of this hall is nuch harder.

V¢ have neasured nany concert halls and opera
theaters in Eirope, the Lhited Sates and Japan.*®



Recently we introduce this technique to scal e nodel
neasurenents, too. V& al so use these data bases to
estinmate the sound fields or to feed thembact to the
acousti c desi gn.
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