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Abstract: Spaciousness is an important psychoacoustic feature im coustics, with the interaural cross correlation
(IACC) an accepted parameter for its measure, the latterleyipg the head head-related transfer functions (HRTF).
Recently, spherical microphone arrays have been studiedbfim acoustics analysis and music recordings. As these
arrays typically use a finite number of microphones, they n@ybe able to capture the spatial information required for
complete spatial analysis or for sound reproduction withligtic spaciousness. This study employs spherical haicaon
representations for both the HRTF data and the sound field,datilitating IACC analysis for sound fields represented
by a finite order in the spherical harmonics domain. As défgsund fields, often used to model sound in reverberant
rooms, are characterized by spatial correlation, the relatbetween IACC and spatial correlation for diffuse souattif

is studied in the spherical harmonics domain. The effecinotdd spherical harmonics order on the spaciousness of
diffuse and other sound fields is presented using simulatddreeasured data.
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1 INTRODUCTION to measure acoustic parameters in rooms such as IAGC. [

. . . The diffuse sound field model is often used when analyzing
Two important measures that affect spatial impression, 0 . .
&ﬁ? reflections in halls, and can therefore be useful when

spaciousness, in concert hall are apparent source wi . : . : ) i
(ASW) and listener envelopment (LEV). ASW relates t((:)alculatlng IACC with late reflections i.e. IAGC This pa:

the spatial width of the perceived sound source, and is BE' presents a relation between spatial-temporal coialat

fected by the degree of dissimilarity of the musical sour;'gr(]j a diffuse field and IACC. Analysis of IACC and diffuse

reaching the two ears in the first 80-100 ms after the E!ds are made in the spherical hgrmomcs QOma|n n °Tdef
) . Ip investigate the effect of sound field order in the sphérica
rect sound I]. LEV relates to the density and the spati . .
R . . . armonics domain on IACLC
distribution of reflections reaching the ears, and is mostly
affected by the sound arriving 80-100 ms after the direct

sound P] [3]. Although ASW and LEV are subjective mea-
sures, some objective measures have been developed to fe- PLANE WAVES—#R'\,IADN%E%ERW CAL FOURIER
late to these measures, among these an important measure

is the interaural cross correlation (IAC@)[IACC is mea- Consider a sound pressure functigik,, 6, ), with
sured using a human or a dummy head and is computed), 4) the standard spherical coordinate system, which is
from the time correlation between the two ears. IACC is afguare integrable ovél = (0, ¢), with k the wavenumber.
fected by the head related impulse response (HRIR) or he@dspherical Fourier transform (SF ). (k, ) and the in-

related transfer function (HRTF) which are the time and frgerse spherical Fourier transform (ISFT) are defir@dy:
guency response functions between a source and the ears of

a listener.

Spherical microphone arrays have been studied recently for Prm (k1) = /Qes2 p(k,m Q)Y (Q)d (1)

a broad range of applications, in particular analyzing room
acoustics in three-dimensional sound fields, using, for ex-
ample, plane-wave decomposition of the sound fig]di§].
Spherical array data combined with HRTF data can be used

p(k’, Ty Q) = Z Z pnm(kar)yr’zm(ﬂ) 2

n=0m=—n



where erSQ Q) = 02” fO” sin 0df d¢, and the spherical orthogonality property of the spherical harmonics, Eg). (
harmonics are defined by: can be simplified, written here for both ears:

2 1 —m)! ) _ - . ~ % l
4 (Tl + m)' n=0m=—n
with n the order of the spherical harmonics aRgl is as- pe(k) = Z Z a’,,(kYH?, (k) (7)
sociated Legendre function. We consider a plane wave with n=0m——n

unit amplitude arriving fromd;, ¢;) , the pressure at the po-

sition (r, 0, ¢) due to the plane wave js(kr,0, ) and its Calculating the inverse Fourier transform of the pressure

SFT is given by ]: will produce the pressure in the time domain, which can
be used to calculate the interaural cross correlation ifoimct

ST balkn)y 600 Y (6,0) 13

pi(kr,0,¢) =
n=0m=—n t
2 pi(t)p(t + 7)dt
> on+1 Ptl,t2(7') = il 8
= Z:O n47rfbn(kr)Pn (cos ©) 4) \/fttf P2(t)dt - fttf P2(t)dt

where® is the angle betweefd,, ¢;) and (0, ¢), and the IACC is then defined as the maximum of the absolute value

equality in @) is derived using the spherical harmonic adVer™

dition theorem 10]. b,,(kr) is defined for open sphere and TACCy, ¢, = max|py, +,(7)], 7€ (=1,1)msec (9)
rigid sphere as follows: T

4 SPATIAL CORRELATION IN A DIFFUSE FIELD

b (k) = 4 470" (jn(kr) - ZYZ% hn(kr)) rigid
4mi™ j, (kr) open A method to determine the spatial correlation in a diffuse
(5) field has been presented by Cook et 44][and developed

where j,, is the spherical Bessel function arg is the by Nicholas et al. 15]. A diffuse sound field is defined
spherical Hankel function angj,, h;, are derivatives. An- as consisting of plane waves with equal magnitude and ran-
alyzing sound fields in the spherical harmonics domaiiom phases. The time correlation between two measure-
usually requires a spherical microphone array, configure@nt points due to a single harmonic plane wave, can be
around an open or rigid sphere. One advantage of analfgewn to equatos(wr + krcos(6)), whend is the angle
ing the sound field in the spherical harmonics domain gtween the wave incident direction and the line connect-
the ability to decompose the pressure function into plaiy the two points. This term can be integrated over a sphere
waves [L1] therefore estimating the number and amplitudesth equal weights to derive the spatial-temporal coriefat
of the plane waves composing the sound field. Furthermdyea diffuse field, given by16]:
a rigid sphere may provide an approximation for a human S
head, and therefore can be useful when analyzing the ex- p(k,r,7) = 1 /
pected sound field in the presence of a listener. When using am Jo  Jo

a spherical microphone array, a finite order of the spherical cos(wT + kr cos(0)) sin 0dOd¢
harmonics will be used, leading to measurement errors that sin kr
depend on the spherical harmonics order, the number and = — cos(wr) (10)

locations of the microphones (samples over the sphere)

the maximum frequency of the sound fielc?]. ?fr}ﬂe sound field has a band of frequencies of equal weights,

from wy to ws , then the spatial-temporal correlation can be

calculated using the integration over all bands:

3 IACC CALCULATION FROM HRTF AND
SOUND FIELD DATA

1 w2 o3 r

peB(r,T) = / Sm(u:c) cos(wt)dw  (11)
Wy — W b

HRTF is the frequency response between a source and the ? !

w1 c
left or the right ear ' (k, Q) and H" (k, () respectively, computing the spatial-temporal correlation in the splric
with k = 7/ andc the speed of sound. Combining thgiarmonics domain can be useful for generalization to the
HRTFs with a(k, ©2), the amplitude density of the plangase of a measurement around a rigid sphere. Assuming a
waves from all directions, we get the Fourier transform g, monic plane wave, the measured acoustic pressure at a

the pressure at the left eaf|{ given measurement point will be defined as the real part of
the complex pressung; = Re {p4;e7“*}, whenpy; is the
ni(k) = / a(k, Q) H' (k, Q)dQ (6) complex amplitude. Computing time correlation between
Qes?

two different measurement points gives:
Denotinga(k, ) = a*(k,2) where“x” denotes complex 1 ,
conjugate , substituting Eq.2(in Eq. (6) and using the R(r) = 5 Re {e?“Tps1pje } (12)
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Assuming two measurement points at coordingteg, 0) without errors in the given frequency range. Figlishows
and(r, 7, m), wherer is constant, Eq.12) can be integrated that a smaller number of coefficients is required to construc
over the sphere to represent a diffuse field. By using Bg. p(7) without errors for lower frequencies. The symbalg
and the orthogonality property of the Legendre polynonis marked on the figurey denoting the number of coeffi-
als, the integration will give: cients, indicate the point whe®® = kr. It seems that up
- to the point whereV = kr the errors are smaller and the
Rk, 7) = & (wr) S (-1 (2n4+ 1) b (k)P (13) number of coefficients is sufficient for approximatipgr).
7r Computing using sound field with larger frequencies will
cause noticeable errors. Fig@teresents the same analysis
The autocorrelation for the same measurement point woglslFig.1, for ab,, which represent the sound field measured

n=0

bel [psi|?, and integrating over the sphere will give: on a rigid sphere. It seems that he¥e = kr also indi-
- cates the maximum frequency where a given ofdewill
1 2n+1 be sufficient for approximating(r).
R =13 D g s PP (")
n=0
1
and overall the spatial-temporal correlation coefficieit w o8-
be: '
0.6 " 1
S (=1)" (2n 4 1) |by (kr)|? cos (w) 0.4f % ,‘I' "l
plk,7) = =g - (15) 4 o2 TR -
S (204 1) |by (kr)| EN gt s
n=0 S X . “ i B m\{g
= ol R i SR
For a broadband sound field a similar definition would appl' 02 N [ o
asin Eq. L1): 0.4 —p v Vo vl
S22 S (=1 20+ 1) [bu(wh)]* cos(wr)dw g P V]
n=0 -=p Y,
pon(r) = . : B T S T T T
fwl nX::O (271/ + 1) |b'”’(w£)| dw Frequency [KHz]

Figure 1: The magnitude op for N coefficients, where
b, is defined for an open sphere. Thgy marks indicate

the frequency wher&/ = kr.
IACC/, is the IACC which is measured for sound arriv-

ing approximately 80-100 ms after the direct sound, and
is considered to be related to LEV. Reverberant sound ce*

(16)
Notice that when choosinig, (kr) as defined in Eq.5) for
an open sphere, Eql§) reduces to Eq.1(0).

usually be modeled by the diffuse sound field model an !
therefore this model can be useful in estimating I1ACC 08
Furthermore, calculating IACE can be useful in estimat- 0.6t
ing the level of diffuseness of the sound field. Computing |
the spatial-temporal correlation of a diffuse field for tlee s
lected measurement points as in EQ.6)( may be useful 3 02 TR
representation for the measurement of IACC € of =<
5 SIMULATION STUDY ~0.4f—op
In this section, a simulation study has been performed ain 08" zls
ing to investigate the relations developed above. A sour 08| pm
field composed of harmonic plane waves was simulate -1 > 5 ; A 5 10
where the distancewas chosen as 0.09 meters to represet Frequency [KHz]

the radius of an average head. For a single frequency sound

field, a range up to 10KHz was analyzed and for broaigure 2: The magnitude opy for IV coefficients, where

band sound field, octave bands from 125Hz to 8KHz weke iS defined for a rigid sphere. Th€y marks indicate the

analyzed. Figurd presents an analysis of a diffuse sourf@equency whereV = kr.

field with a single frequency in free space. A comparison

has been made of Eq1%), whent = 0 for a maximum Figure 3 presents the difference between usingfor an

value, with different number of spherical harmonics coeffopen and rigid sphere in Eq.1%), using N = 20 as the

cients, wherb,, was chosen to represent the sound field rumber of coefficients constructing both functions. As ex-

free space. The valu¥ = 20 was chosen to construgfr) pected, the correlation between two measurement points on
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a rigid sphere will drop faster as frequency increases, dafdate reflections, usually in reverberant sound fieldsc&in

to bending of sound fields around the rigid sphere causithg sound field can be modeled as a diffuse sound field,
plane waves to travel a larger distance between the poi&CC;, can be estimated by this model. Spatial-temporal
The noticeable difference emphasizes the need for usingdberelation of a diffuse field may therefore provide a good
rigid sphereb,, especially when comparing the computaepresentation for IACE in a diffuse field, although the
tions of IACC;, where a listener’'s head is present and dine attributes of the HRTF may not be modeled. Analyzing
this model in the spherical harmonics domain can give a
better understanding of the behavior of IAcGwvhen in-
stead of using a dummy head, the rigid sphere model is
used. Furthermore, this study may help understand the rela-
tions between the order of the spherical harmonics and the
spatial perception of sound.

fecting the sound field.

1
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Figure 3: The magnitude of Eq.16), comparingb,, with
an open and a rigid sphere
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[1]
(2]

Table 1 presents several numerical computations of the

spatial-temporal correlation in a diffuse field of an octavgs
band sound field. The computations were made using Eq.

(16) where the limits of the integration were chosen accor
ing to different octave bands. The values presented are
maximum absolute value @f 7), wherer € (—1, 1) msec.
The computations were made using béthas open and
rigid sphere as indicated in the tablyy,, which was calcu-

d-
the
[4]

lated as[max(kr)], represents the minimum coefficients
needed in order to achieve a good estimation of the spatial-

temporal correlation. The results shown in tabl@ay be a
good estimation for the real values of IAGCmeasured in
a diffuse sound field.

Open Rigid
Octave [Hz] | maz |p| | mazx|p| | N
125 0.9673 | 0.9250 | 1
250 0.8737 | 0.7029 | 1
500 0.5584 | 0.1097 | 2
1000 0.1213 | 0.0747 | 3
2000 0.0772 | 0.0279 | 5
4000 0.0375 | 0.0095 | 10
8000 0.0179 | 0.0029 | 19

Table 1: Correlation in a diffuse sound field for different [

octave bands

[5]

[6]

[7]

(8]

[10]

6 CONCLUSION

[11]
IACC is an important measure for estimation of spacious-

ness in concert halls. IACCrefers to IACC measurements
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