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Abstract

The radiation pattern of an acoustic source describes
how the sound wave propagates from the source in a free
space. In the general case, the radiation pattern is repre-
sented as a function on the surface of a unit sphere which
is dependent both on direction and frequency. The com-
bination of radiation patterns in binaural room acoustics
models can improve the performance of virtual acous-
tics systems in the context of reproducing the acoustic
field generated by realistic sources with relation to hu-
man hearing. The perceptual relevance of acoustic radi-
ation patterns in virtual acoustic environments is evalu-
ated in this work on a physical signal-related basis using
monaural room impulse responses (RIRs). The physical
evaluation of this perceptual relevance includes the calcu-
lation of room acoustical parameters, which are used as
predictors of the potentially perceived sound field when
binaural RIRs are employed.

Introduction

Room simulation models may be used in order to perform
auralization in virtual acoustics systems. Well known
room simulation methods that can be used with wide-
band signals include the ray tracing method [1], the im-
age method [2], later modified to smooth the reflections
in the time domain [3], and a hybrid combination of
these two approaches, such as the real-time framework
for the auralization of interactive virtual environments
(RAVEN) [4]. These models usually describe a point-to-
point room impulse response (RIR). In order to auralize
the sound signals in the room, the head related trans-
fer functions (HRTFs) [5,6], can be used to simulate the
directivity of the receiver [4] in the process of the RIR
generation.

However, the combination of acoustic source radiation
patterns in room acoustics models may also improve the
performance of virtual acoustics systems, and yet the
study of the acoustic source radiation pattern effect on
the performance of auralization systems is limited in the
literature. The radiation pattern of an acoustic source
describes how the sound wave propagates from the source
in a free space and may be represented using a function
on the surface of a unit sphere [7,8]. Many attempts
were performed in order to experimentally characterize
the radiation pattern of musical instruments. Examples
include the measuring of the radiation pattern of different
musical instruments in averaged octave bands [9], icosa-
hedral array of 12 microphones with stringed musical in-
struments [10], a linear array of 15 microphones with
a mechanically excited violin [11], and two circular ar-

rays using a total number of 13 microphones with three
wind instruments [12]. More extensive analysis of the
radiation pattern include a spherical array of 64 micro-
phones with a violoncello, three brass, and five woodwind
instruments [13], a spherical array of 22 microphones
with 14 common orchestral instruments and a singer [14],
and a spherical array of 32 microphones with 42 histor-
ical and modern musical instruments with human play-
ers, recorded in the Technical University of Berlin (TU
Berlin) [15-17].

This work investigates the effect of the acoustic source ra-
diation pattern that is employed in room acoustics mod-
els on the perceptual room parameters, as a first step
towards the understanding on its effect on auralization.
The radiation pattern database of musical instruments
that was recently recorded in TU Berlin [15-17] was used.
The image method room acoustic model [2] was extended,
so that it includes the radiation pattern of the acous-
tic source and a figure-of-eights microphone directivity,
which is required for some perceptual parameters. The
perceptual parameters are calculated from the ISO 3382-
1:2009 standard [18].

Acoustic source radiation pattern

The radiation pattern may be given along a surface of a
sphere in the spherical harmonics domain using

p(kaead)) = Z Z Pnm (k) szn (07¢) ’ (1)
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where p (k, 0, ¢) is the pressure at a wave number k, an
elevation 0, and an azimuth ¢, and Y, (-, ) is referred to
as the spherical harmonic of order n and degree m.

The coefficients py, (k) define the radiation pattern at
a wave number k. These coefficients can be estimated
from a surrounding spherical microphone array measure-
ments using a minimal error criterion between the mea-
surements and the reconstructed values at the measure-
ments angles using Eq. (1).

Thus, the acoustic radiation pattern is frequency depen-
dent and, therefore, should be defined for each frequency
band. In case the acoustic source is a musical instrument,
each played note has a radiation pattern for each one of
its associated overtones. For this reason, the radiation
pattern in each frequency band is measured by averag-
ing the radiation patterns of all overtones, of which their
frequencies are in this band. This procedure includes all
overtones from all the notes that are playable on that
instrument.
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Implementation of an acoustic source ra-
diation pattern in the image method

The image method of Allen and Berkley defines a point-
to-point RIR. In order to employ a radiation pattern on
the source, such that of Eq. (1), the image method should
be modified, so that radiation patterns are mirrored in-
stead of monopole source points. This is performed by
reversing the angles in Eq. (1), and multiplying the ith
reflection gain h; with an arrival direction of (6;, ¢;) by

‘p (kz,ﬁf {0:} ,ff {(;52}) ‘, where ¢/ and ff are the mirror-
ing operators of the ith reflection, applied on the eleva-
tion and azimuth, respectively.

ISO 3382:2009 perceptual parameters

Table 1 shows the acoustic quantities, which are related
to the listener hearing aspects in a room. These param-
eters include the sound strength (G), early decay time
(EDT), clarity (Csp), definition (Ds), centre time (Ts),
early lateral energy fraction (J1r), and late lateral sound
level (L ). These parameters are defined and formulated
in ISO 3382-1:2009 [18].

Table 1: Acoustic quantities grouped according to listener
aspects, after ISO 3382-1:2009 [18]

Subjective lis- | Acoustic Just notica-
tener aspect quantity ble diference
(JND)

Subjective level | Sound strength, | 1 dB
of sound G
Perceived rever- | Early decay | 5 %
berance time, EDT
Perceived Clari‘r‘.y', Cso 1dB
clarity of sound Deﬁnltlo.n, Dso_| 0.05

Centre time, Tg | 10 ms
Apparent Early lateral | 0.05
source width | energy fraction,
(ASW) Jrr
Listener envel- | Late lateral | Not known
opment (LEV) | sound level, L

Experimental Results

The radiation pattern of a guitar was measured using
a surrounding spherical array of 32 microphones in an
anechoic chamber at TU Berlin [15] and rearranged into
third-octave bands. The image method of Allen and
Berkley [2] was modified in such a manner, that the re-
flections are multiplied by the corresponding mirrored
radiation pattern at the reflection angle. The room di-
mensions were 10 x 10 x 5 m3. The acoustic source was
located at (2,5,0.5) m, corresponding to a stage posi-
tion, and 64 microphones were placed in a cubical area
of dimensions 2 x 2 x 0.5 m® around (6, 5,1.5) m, corre-
sponding to an audience region.

Figures 1-7 show the results of the perceptual room
acoustical parameters from Tab. 1 for the cases of a
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monopole source and a source with a radiation pattern
of a guitar. The graphs indicate the mean values along
the different spatial locations in the room throughout all
64 microphones. The vertical bars indicate the standard
deviation.

While the difference between the response of a monopole
and the directional source seems to be small for most of
the parameters, it may be seen that there is a significant
difference in Jpp at frequencies higher than 1 KHz. This
result implies on a wider listener envelopment perceived
by the listener when a realistic source with a directional
radiation pattern is used.
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Figure 1: Sound strength results using a monopole and a
radiation pattern of a guitar.
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Figure 2: Early decay time results using a monopole and a
radiation pattern of a guitar.

Conclusion

The effect of the radiation pattern of an acoustic source
on perceptual room acoustical parameters were investi-
gated. It was found that a wider listener envelopment
may be perceived by the listener when an acoustic source
with a directional radiation pattern is used, rather than
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Figure 3: Clarity results using a monopole and a radiation
pattern of a guitar.
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Figure 4: Definition results using a monopole and a radiation
pattern of a guitar.
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Figure 5: Centre time results using a monopole and a radi-
ation pattern of a guitar.

a monopole source. This study has been performed us-
ing the image method and a future work may include
scattering models and a listening test.
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Figure 6: Early lateral fraction results using a monopole and
a radiation pattern of a guitar.
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Figure 7: Late lateral sound level results using a monopole
and a radiation pattern of a guitar.

References

[1] A. Krockstad, S. Strgm, and S. Sgrsdal. Calculating
the acoustical room response by the use of a ray
tracing technique. J. Sound Vib, 8(1):118-125, Jul.
1968.

J. B. Allen and D. A. Berkley. Image method for ef-
ficiently simulating small-room acoustics. J. Acoust.
Soc. Am., 65(4):943-950, Apr. 1979.

2]

[3] P. M. Peterson. Simulating the response of multiple
microphones toa single acoustic source in a rever-
berant room. J. Acoust. Soc. Am., 80(5):1527-1529,

Nov. 1986.

D. Schroder and M. Vorlander. Raven: A real-time
framework for the auralization of interactive virtual
environments. In 6th European Congress Congress
on Acoustics (Forum Acusticum 2011), pages 1541—
1546, Aalborg, Denmark, 2011.

[4]

D. S. Brungart and W. M. Rabinowitz. Auditory
localization of nearby sources. head-related transfer

5]

1464



[6]

7]

8]

19]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

functions. J. Acoust. Soc. Am., 106(3):1465-1479,
September 1999.

V. R. Algazi, R. O. Duda, D. M. Thompson, and
C. Avendano. The CIPIC HRTF database. In Proc.
2001 IEEE Workshop Applicat. Signal Process. Au-
dio Acoust. (WASPAA 2001), pages 99-102, New
Paltz, NY, USA, 2001.

I. Ben Hagai, M. Pollow, M. Vorlinder, and
B. Rafaely. Acoustic centering of sources measured
by surrounding spherical microphone arrays. J.
Acoust. Soc. Am., 130(4):2003-2015, Oct. 2011.

N. R. Shabtai and M. Vorldnder. Acoustic center-
ing of sources with high-order radiation patterns. .J.
Acoust. Soc. Am., 2015. (in press).

J. Meyer. Acoustics and the Performance of Music,
chapter 4, pages 129-178. Springer, NY, USA, 5
edition, 2009.

P. Cook and D. Trueman. Spherical radiation from
stringed instruments: Measured, modeled, and re-
produced. J. Catgut Acoust. Soc., 3(8):8-14, Nov.
1999.

L. M. Wang and C. B. Burroughs. Acoustic ra-
diation from bowed violins. J. Acoust. Soc. Am.,
110(1):543-555, Jul. 2001.

F. Otondo and J. H. Rindel. The influence of the
directivity of musical instruments in a room. Acta
Acust. Acust., 90(6):1178-1184, Nov. 2004.

F. Hohl. Kugelmikrofonarray zur abstrahlungsver-
messung von musikinstrumenten (Spherical micro-
phone array for capturing sound-radiation from mu-
sical instruments). Master’s thesis, Institute of Elec-
tronic Music and Acoustics, University of Music and
Performing Arts, Graz, Austria, 2009.

J. Péatynen and T. Lokki.
phony orchestra instruments.
96(1):138 167, Dec. 2009.

M. Pollow, G. K. Behler, and B. Masiero. Measuring
directivities of natural sound sources with a spher-
ical microphone array. In Proceedings of the Am-
bisonics Symposium, pages 166 169, Graz, Austria,
2009.

Directivities of sym-
Acta Acust. Acust.,

J. Krdmer, F. Schultz, M. Pollow, and S. Weinzierl.
Zur Schallleistung von modernen und historischen
Orchesterinstrumenten, I: Streichinstrumente (On
the sound-power of modern and historical orchestral-
instruments, I: String instruments). In Proceedings
of the 36th German Annual Conference on Acous-
tics (DAGA 2010), pages 889 890, Berlin, Germany,
2010.

E. Detzner, F. Schultz, M. Pollow, and S. Weinzierl.
Zur Schallleistung von modernen und historischen
Orchesterinstrumenten, II: Holz- und Blechblasin-
strumente, (On the sound-power of modern and
historical orchestral-instruments, IT: Woodwind and

DAGA 2015 Niirnberg

brass instruments). In Proceedings of the 36th
German Annual Conference on Acoustics (DAGA
2010), pages 891-892, Berlin, Germany, 2010.

[18] ISO 3382-1:2009. Acoustics - measurement of room

1465

acoustic parameters - performance spaces, 2009.



