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Introduction

The random-incidence absorption coefficient is measured
in a reverberation room based on Sabine’s theory with
the underlying assumptions of an isotropic and homo-
geneous sound field as well as a uniform damping of
the modes constituting the latter. Both assumptions
are violated in standardized absorption coefficient mea-
surements, at the latest when an absorbing sample is
placed in the room [1, 2]. The consequence is a poor re-
producibility across different laboratories [3]. Based on
an analytic model for rectangular rooms Hunt et al. [1]
showed that axial, tangential, and oblique modes inherit
different damping constants, even for uniform distribu-
tions of boundary conditions. They further showed that
a different boundary condition on a single different room
surface results in distinct multi-exponential decay curves
due to non uniform damping of modes. More recently,
based on a statistical energy model, Nilsson [4] showed
that the resulting energy decay curve (EDC) in a room
with absorption concentrated on a single surface is gov-
erned by two main decay constants. This was also found
by Balint et al. [5] who used a Bayesian approach to es-
timate the decay constants from EDCs measured in a
reverberation room. However both methods lack spatial
information about the damping of modes.

In [6, 7] the authors presented the directional energy de-
cay curve (DEDC) — calculated as the Schroeder integral
evaluated on a sound field decomposed into its angular
wavenumber spectrum — for the analysis of sound field
isotopy during the decay process, giving insights into the
angular distribution of the remaining energy in the de-
caying sound field. This contribution aims at analyzing
the angular distribution of average decay times of modes
grouped according to their direction of arrival (DOA) in
the angular wavenumber spectrum. The average decay
times for each group are estimated from the DEDC for
the corresponding direction.

The first section briefly introduces the concept and cal-
culation of the DEDC and the required array signal pro-
cessing framework for the sound field decomposition. the
second section introduces the experimental setup in a re-
verberation room occupied with an absorber and with
and without panel diffusers. The results and conclusions
are presented in the last two sections of this paper.

Directional Energy Decay Curves

Spherical microphone arrays (SMAs) allow for the cap-
ture of directional room impulse responses (DRIRs) re-
taining angular information about the sound field in the
room [8]. A DRIR measured with an SMA can be written
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as a vector of I microphone signals

p(k) = [p(kvrvela¢1)7'"ap(k7T79L7¢L)]T7 (1)

where 6; and ¢; are the elevation and azimuth angles
of the [’th sensor position, respectively, k is the wave
number, and (.)T denotes the transpose operator. For a
plane wave sound field we may write the sound pressure
at the microphone positions of an SMA as [9]

p(k) 2)

where the matrix B(k) contains the spherical harmonic
(SH) basis functions! Y,"*(6;, ¢;) of order n and degree m
evaluated at the elevation and azimuth angles, as well as
the modal strength function for the sphere, both with a
maximum SH order N. The vector anm (k) contains the
SH coefficients defining the amplitude density function of
the plane waves composing the sound field. For a single
plane wave incident this becomes a vector containing the
SH basis functions evaluated at the DOA. Solving Eq. (2)
for the spatial domain plane wave density function a(k)
we decompose the sound field into a continuum of @) plane

waves [10]
a(k) = YW B (k)p(k), 3)

where the (.)7 operator denotes the Moore-Penrose
Pseudo-inverse and

Y = [y (61,61), ..,y (60, 00)] ", (4)

is the steering matrix of the array containing vectors of
the SH basis functions evaluated at the ¢’th steering di-
rection

Y(em (bq) = [YE)O(eqa qj)q)v cee 7Y1<7V(9q’ (bq)] ) (5>

and Wy, is a diagonal matrix containing Dolph-
Chebyshev weights [10] for uniform side-lobe attenuation.
The plane wave density function a(k) is also referred to
as the two-dimensional angular wave number spectrum
spanned over the spherical domain (6, ¢) [11]. Here, it is
interpreted as a two-dimensional projection of the three-
dimensional wave number spectrum of the modes in a
room as defined in [1] for a single point in the room.
Given that the modes are not degenerate we assume that
groups of axial, tangential and oblique modes are repre-
sented as a corresponding sum of plane waves in the an-
gular wave number spectrum. As an example, the group
of axial modes in the z-axis of a rectangular room cor-
responds to a sum of two plane waves traveling in +x
and —x directions, respectively. It has to be noted that

B(k)anm(k),

IWe use real valued SH basis functions following the Ambix
phase convention and N3D normalization.



this grouping does not allow for a separation of modes in
a strict sense, as already all aforementioned axial modes
share the same DOAs.

In [6, 7] the authors proposed the DEDCs as the
Schroeder integral [12] of the inversely Fourier trans-
formed angular wave number spectrum (cf. Eq. (3)),
yielding the DEDCs for every steering direction
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where eg is a vector containing the steady state energy
for every steering direction. Here, it may be interpreted
as the decay curve for a group of modes corresponding to
the respective DOA defined by (0, ¢4). Assuming that
the modes in every group follow a joint average damping
constant (y(8,,¢4)), we may calculate a corresponding
mean decay time (T'(0, ¢4)) for every group.

d(t) es—/o la(1)|?dr, (6)

Experimental Setup

The DEDCs were analyzed experimentally for a rectan-
gular reverberation room at the Technical University of
Denmark (2800 Kgs. Lyngby, Denmark) in two config-
urations?: With and without panel diffusers, in both
cases occupied with an absorbing sample of glass wool
with a flow resistivity of 12.9kPa-s/m?, a thickness of
100mm, and a surface area of 10.8m?. The dimen-
sions of the room are (x,y,z) = (6.25m,7.85m,4.9m)
with an approximate volume of 245m? and a Schroeder
frequency slightly over 300 Hz. A sequential dual-layer
SMA centered at (2.98m,4.16m,1m) (cf. Fig. 1) was
sampled using a UR5 (Universal Robots, Odense, Den-
mark) scanning robot arm moving a pressure-field 1/2”
Briiel & Kjeer type 4192 microphone. The SMA con-
sists of 144 sampling positions distributed according to
a equal-area partitioning [14] of the two spheres with
radii r (0.25m, 0.45m). The eigenfrequencies of the
spheres were additionally stabilized by sampling points
inside each sphere [15]. Impulse response measurements
were performed with the ITA-Toolbox [16] using expo-
nential sweeps driving a source mounted in the corner
below the ceiling at approximately (0.2m,0.2m,4.7m).
The duration for sampling a full sequential array required
2.5h. Temperature changes remained below 0.3 °C dur-
ing the procedure.

The estimation of the angular wavenumber spectrum was
performed for a SH order N = 7 for 1026 steering di-
rections on an equi-angular grid. The Dolph-Chebyshev
weights were chosen according to a a side-lobe attenua-
tion constraint of 50 dB. The DEDCs were calculated by
evaluating the Schroeder integral in Eq. (6) up to the in-
tersection time with the noise floor, cf. Method B in [17].
The DEDCs were truncated at the times corresponding
to a level of 20dB above the noise floor to compensate
for errors introduced by limiting the integration inter-
val [18]. The decay times (T'(8,, ¢4)) were estimated from
the respective DEDCs using linear regression in accor-
dance with the Tyg estimation specified in the interna-
tional standard ISO-3382 [19]. A moving average filter

2For an analysis of the sound field isotropy during the decay
based on the data, the reader is referred to [7, 13]
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Figure 1: The experimental setup with source and receiver
positions as well as the absorber position in the reverbera-
tion room. For better visual interpretability only sampling
positions on the outer sphere are shown in.

with a time constant of approximately 4.2 ms was used
to reduce influences of instantaneous energy fluctuations.
All results presented in this paper were band pass filtered
to the 500 Hz third-octave frequency band.

Results

Figure 2 shows the normalized omnidirectional EDCs cal-
culated from the omnidirectional response of the array for
the two room configurations. For the room without panel
diffusers one may clearly observe a bent in the EDC be-
low —5dB, clearly indicating a multi-exponential decay
process governed by modes with unequal damping con-
stants, as expected for a rectangular room without appro-
priate treatment [1, 4]. The addition of diffusers seem-
ingly yields an approximately linear logarithmic EDC,
indicating that the diffusers provide a fitting solution.

The estimated decay time constants (T'(6,, ¢4)) for the
directional mode groups are visualized in Fig. 3. All co-
ordinate axes are aligned with the walls of the room,
where the azimuth angles 0° and 90 ° define the positive
x- and y-axes, respectively, cf. Fig. 1. Comparing the
distributions for both room configurations it is observed
that the room with diffuser panels shows a more uniform
distribution over all angles. An exception is found at
(0,¢) = (—55°,—100°), which is caused by large fluc-
tuations in the DEDC for the respective direction. A
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Figure 2: Normalized omnidirectional EDCs for the room
with and without mounted panel diffusers.
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Figure 3: Directional distributions of decay constants estimated from the DEDC for the room occupied with an absorber
sample and with and without panel diffusers. The coordinate system is aligned with the coordinate axes of the room. Azimuth
angles 0° and 90° define the positive x- and y-axes, respectively, cf. Fig. 1. The grid lines represent steps of 45 °.

reason for the fluctuations is the amplitude of waves re-
flected from the absorber below the array which is small
relative to waves with large amplitude leaking into the
side-lobes of the beamformer.

The decay time distribution in the room without diffusers
shows distinct maxima at (6, ¢) (0°,£90°), which
correspond to slowly decaying axial modes in the y-axis
grazing to the absorber sample and therefore largely un-
affected by it. In contrast, minima are found towards the
poles corresponding to axial modes in the z-axis perpen-
dicular to the absorber. Again, in the lower hemisphere,
modes with larger energy — and typically larger decay
times — leak into the side-lobes of the beamformer. This
issue results in a flattening of the respective curve, in-
herently caused by groups of modes decaying at different
rates, and hence in overestimating the decay time. Addi-
tionally, the distribution mostly shows a decrease in the
decay times from the equator region towards the poles,
hinting at separate groups of tangential modes with non-
grazing incident onto the absorber sample towards the
poles and grazing incidence in the zy-plane. Comparing
Fig. 2 and Fig. 3 it is evident that without panel dif-
fusers, the middle and late part of the EDC are clearly
biased towards the decay times corresponding to the axial
modes largely unaffected by the absorber sample, while
shorter decay times corresponding to modes non-grazing
to the absorber may only be visibly represented in the
very early part of the EDC. These results seem to be in
line with findings by Balint et al. [5] who found the de-
cay in very similar experimental setup of a rectangular
reverberation room to be governed by modes with two
different decay constants using a Bayesian approach.

Conclusion

We presented an analysis of modes grouped according
to their DOA in the two-dimensional wave number spec-
trum with regard their average decay times. The aver-
age decay times for the respective group were estimated
from the DEDCs calculated from the wavenumber spec-
trum measured in a reverberation room equipped with
and without panel diffusers. Results indicated angularly
separable groups with systematic differences for the room
without diffusers which can be attributed to the multi-
exponential character of the omnidirectional EDC of the
sound field in the room.
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However, the results also showed issues caused by non-
ideal separations of the mode groups due to insufficient
side-lobe attenuation and angular resolution of the beam-
forming algorithm, which in turn resulted in DEDCs
consisting of modes with different average damping con-
stants, consequently showing multi-exponential charac-
teristics. Application of an algorithm capable in extract-
ing the decay constants of multi-exponential decay func-
tions — such as presented by Balint et al. [5] is therefore
expected to improve the results presented here while ad-
ditionally providing angular information about the decay
process.
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