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Introduction

Reverberation is an important cue for determining the
distance and location of sounds, and can be used to infer
the size of a space. Although simple models of reverber-
ation assume a single exponentially decaying late rever-
beration tail that is independent of direction, in practice,
many rooms feature multiple exponential decays with di-
rectional anisotropy [1, 2, 3].

In this paper, a framework for the directional analysis
of spatial room impulse response reverberation decays
is presented. The framework uses a recent neural net-
work approach for multi-exponential decay analysis in
conjunction with a spherical filterbank analysis. Addi-
tionally, the paper introduces the common-slope model
of directional reverberation, in which directional or spa-
tial decay variations are described in terms of exponential
amplitudes, while fixing the corresponding decay times.

Sound energy decay analysis

The sound energy decay in rooms can be described with
energy decay functions (EDFs), which can be calculated
from room impulse responses (RIRs) via the backwards
integration procedure proposed by Schroeder [4]. For an
RIR h(t), the EDF is given by [4]

L L
1 2 . 2
d(t) = ;h (r), with E:;h (), (1)
where t is the sample index and L is called the upper
limit of integration (ULI), corresponding to the number
of samples in the EDF.

The sound field in coupled rooms or rooms with non-
uniform absorptive material distributions can decay with
more than one decay rate [1, 2, 3], thus making it practi-
cal to use a decay model that consists of multiple expo-
nential decays and a noise term. In this paper, we model
the sound energy decay with the model d (t) given by [5]

In(10—6).¢ In(10=6).1

K
dK(t):No(L*t)‘FZAi {e BT —e BT
i=1

(2)
where K is the model order, T; and A; are the decay rate
and the amplitude of the i*" exponential decay, respec-
tively, N is the amplitude of the noise term, In(-) denotes
the natural logarithm, and fs is the sampling frequency
of the RIR. The second exponential term in the square
brackets is a constant that accounts for the finite ULI [5].

In this paper, we use a recently proposed neural-network-
based approach [6] for estimating the model parame-
ters T;, A;, and Nj.

Directional Analysis

The spatial room impulse response (SRIR) in-
put signal A}~ is typically given in the spherical
harmonics (SH) domain. Directional sound field analy-
sis usually requires dividing the sound field into multiple
directionally-constrained regions. For this purpose, we
use a set of spatial filters (or “beamformers”), applied
in the SH domain. We previously proposed a spherical
filter bank (SFB) that allows obtaining such direction-
ally constrained analysis signals as a set of beamformer
outputs [7]. These beamformers are designed such that
they maintain the full spherical coverage, while preserv-
ing the input amplitude or energy. Additionally, the uti-
lized spherical filter bank structure allows modifying the
directional analysis patterns.

Previous studies have used the plane-wave decomposi-
tion (PWD) for analyzing the sound energy decay in
different directions [8, 9]. Directional analysis with the
PWD is equivalent to using a higher-order hypercardioid
or maximum directivity pattern. Despite its widespread
usage in various applications, the side- and backlobe sup-
pression of the maximum directivity pattern is only mod-
erate. However, backlobe suppression is especially crit-
ical in room acoustic analysis scenarios, in which large
differences along one axis need to be resolved. There-
fore, our directional decay analysis utilizes the described
directional analysis [7] with a spatial Butterworth filter,
which exhibits a greater front-to-back-separation as de-
tailed in [10]. We extract the output signals s¢ of beam-
former £ € [1...J] as

s¢= AR, (3)

The analysis matrix A € RI*(N+1)? g comprised of
stacked beamformers wg ,, and is formulated directly
with stacked steering vectors y*(€2¢) to a matrix Y as
A =Y diagy(c®™), where ¢ describes the axisymmet-
ric analysis pattern as modal weighting coefficients. For

the spatial Butterworth filter, the modal weighting co-
Butterworth _ 1

efficients are given by c,, BV erEyEE where
we set the cuton SH order n., = 3 and filter order k = 5
for the analysis of this paper.

Utilizing the spherical filterbank analysis allows decom-
posing the sound energy decay in various directions. A
directional sound decay analysis was previously proposed
by Berzborn and Vorldnder [8]. In the remainder of this
paper, we will use the term directional EDF (DEDF) for
EDFs calculated from the beamformer signals s¢.



Common-slope modeling of directional re-
verberation

Sound energy decay analysis is traditionally carried out
in a limited number of frequency bands. However, gen-
erally, the sound field contains a large number of sinu-
soidal room modes with various decay rates [11]. While
the mode frequencies and decay rates depend only on
the room geometry and wall properties, the mode ampli-
tudes depend on the source-receiver configuration and
excitation signal [11]. The relationship between de-
caying room modes and EDFs has been detailed by
Kuttruff [11, pp. 82-88].

In the following, we introduce the common-slope mod-
eling of directional reverberation, which is inspired by
the common-acoustical-pole and residue (CAPR) model
by Haneda et al. [12]. While the CAPR model assumes
constant mode frequencies and decay rates for different
source-receiver configurations, we assume that the de-
cay rates T; of Eq. (2) are independent of source and
receiver position and orientation. In other words, the
decay rates T; only depend on the room geometry and
wall properties. This assumption allows estimating a
set of reference T; values that are kept constant while
analyzing multiple EDFs of the same room. Therefore,
the common-slope analysis can be applied to a set of di-
rectional EDFs or to EDFs of different source-receiver
configurations. By keeping the T; values fixed, energy
variations of the late reverberation become more evident
because they can be represented as changes in the A4;
values.

The reference T; values can be estimated as usual with
currently available decay analysis approaches like the
DecayFitNet [6] or Bayesian decay analysis [13]. After
fixing the T; values, the decay analysis for all other EDF's
simplifies to a linear least-squares problem, in which only
the amplitudes A; and noise values Ny need to be esti-
mated.

Proposed analysis framework

hb% dref
—

Backwards
integration

DecayFitNet

1—% ,ref

in
h’nm

Aig, Nog
—_—

de -
Backwards 5 Common-slope analysis

+| Spherical filter 35;
integration (Least-squares)

bank analysis

Figure 1: Block diagram of the proposed framework for
multi-exponential and anisotropic sound energy decay analy-
sis with common slopes. Bold arrows indicate multiple signals
or values are passed for Ambisonic channels or beamformers.

Figure 1 summarizes our proposed analysis framework,
which combines the above concepts of spherical fil-
terbanks, multi-exponential sound decay analysis, and
common-slope modeling. An SRIR A’ in Ambison-
ics format is analyzed with the spherical filterbank to
produce the beamformer output signals s¢. The result-
ing signals s¢ are then backwards-integrated to yield the
DEDFs d.. Similarly, an EDF is calculated from the
omnidirectional SRIR channel Al. The omnidirectional
EDF is chosen as the reference EDF d,..¢, which is subse-

quently analyzed with the DecayFitNet to obtain a set of
reference decay rates Tj ;of. Finally, a common-slope de-
cay model with the decay rates T} rof is fit to all DEDFs
to yield the corresponding A;¢ and No¢ values for all
directions.

Results: concert hall
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Figure 2: Common-slope amplitude and total energy varia-
tion across different directions for a concert hall measurement.
The analysis is based on the DEDFs in the 1 kHz octave band
and uses a maximum spherical harmonics order Nspn = 4 and
decay model order K = 2.

First, we demonstrate our analysis framework on a con-
cert hall SRIR measurement. The analyzed SRIR is part
of the SRIR compilation captured at the WDR Broad-
cast Studios [14]. It was measured with a VariSphear
spherical scanning microphone array (110 microphone
positions on a Lebedev grid, including rigid sphere ex-
tension) and an omnidirectional Sonic Ball sound source
at the large broadcast studio (Klaus-von-Bismarck-Saal;
volume: 6461.56 m?).



Using our proposed analysis framework, we analyzed the
concert hall SRIR with maximum spherical harmonics
order Ngpn = 4 and decay model order K = 2. The
analysis is based on the DEDFs in the 1kHz octave
band. Figure 2a and 2b show respectively the esti-
mated A;¢ and Ag¢ values for various beamformer di-
rections. The reference decay rates were estimated on
the omnidirectional EDF and amount to Ty = 1.81s
and T ref = 2.55, respectively. Both decay amplitudes
vary approximately 6 dB across all directions. A distinct
maximum can be observed for the A; ¢ values at frontal
directions. Furthermore, the A; ¢ values are generally
higher in the upper than in the lower hemisphere. This
effect could be caused by increased absorption due to
seating. The As ¢ values are considerably lower than the
Ay ¢ values and also show multiple clear peaks. While
the Ay ¢ values seem to be highest at lateral and rear di-
rections, the peaks do not coincide exactly with the side
and back walls.

Figure 2c shows the mean squared error (MSE) between
the measured DEDFs dgp(t) and common-slope model
fits dK,dB (t)

1L

L
t

|
-

MSE = [dag(t) — d.ap(t))” (4)

Il
=)

where both EDFs are converted to a logarithmic
scale (in dB) prior to calculating the MSE.

The fitting error is below 1.2 dB across all directions and
has an average value of 0.21 dB, demonstrating that the
common-slope model is suitable for describing the direc-
tional energy decay in the analyzed concert hall.

Figure 2d depicts the total beamformer signal energy
across directions. The plot features a strong peak at the
sound source direction due to the direct sound. Slightly
increased energy can also be observed for reflections from
the right side and rear walls, ceiling, and floor. However,
in contrast to Figures 2a, the directionality of the late
reverberation does not become evident.

Results: coupled room
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Figure 3: Coupled room measurement setup [9].

Next, we demonstrate our analysis framework on a cou-
pled room SRIR measurement from the dataset in [9].
The analyzed measurement is taken at the 0 cm position
of the transition “meeting room to hallway, source in the
meeting room, no continuous line of sight”. It was ob-
tained using a Genelec 8331A coaxial loudspeaker which
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Figure 4: Common-slope amplitude and total energy vari-
ation across different directions for a coupled room measure-
ment. The analysis is based on the DEDFs in the 1kHz oc-
tave band and uses a maximum spherical harmonics order
Ngpn = 4 and decay model order K = 2.

is a directional source. The room geometry and measure-
ment setup of the utilized SRIR is presented in Figure 3.

Figure 4 summarizes the common-slope analysis results
for the coupled room measurement. The analysis is based
on the 1kHz octave band, maximum spherical harmon-
ics order Ngpn = 4, and decay model order K = 2.
The directionality of the A;¢ and As¢ values is de-
picted in Figure 4a and 4b, respectively. The refer-
ence decay rates of the omnidirectional EDF amount to
Tyt = 0.47s and T, = 1.47s, respectively. It is
straightforward to associate those decay rates with the
involved rooms (T yer: meeting room, T5 yef: hallway).

The A; ¢ values have a distinct maximum at the source
direction and the opposite wall. This directionality can
be attributed to the loudspeaker directivity and its effect



on the reverberation. In contrast, the As ¢ values exhibit
a peak at the aperture direction, which highlights the en-
ergy contribution from the coupled room. Interestingly,
the peak is slightly shifted toward the lower hemisphere.
This phenomenon could be caused by the aperture size
and position. In this measurement, the aperture is a
door, the height of which is smaller than the wall height.
While there is a direct line of sight from the receiver to
the floor of the coupled room, its ceiling is slightly ob-
structed by the wall portion above the door.

Figure 4c shows the MSE [c.f. Eq. (4)] between the mea-
sured DEDFs and common-slope model fits. The fitting
error is below 1dB across all directions, resulting in an
average MSE of 0.23dB. The low fitting error demon-
strates that the common-slope model is also suitable for
describing the sound decay in the coupled room scenario.

Figure 4d depicts the total beamformer signal energy
across different directions. While the plot exhibits a dis-
tinct peak at the source direction and the opposite wall,
the other smaller peaks cannot be attributed to specific
room features. In contrast to Figure 4a and 4b, the cou-
pled room characteristic and the directionality of the late
reverberation are not evident from this figure.

Applications

The previous results show that the common-slope model
of directional late reverberation is a valuable tool for an-
alyzing the sound energy decay in rooms with complex
geometries. Apart from improving our understanding of
room acoustics, common slopes can also be used as a
model for room acoustic synthesis tasks.

For example, we recently proposed a SRIR denoising ap-
proach, which combines a spherical filterbank and multi-
exponential decay analysis to replace the late reverber-
ation of a noisy SRIR with a resynthesized noise-free
late reverberation tail [10]. With classical decay anal-
ysis methods, slightly different decay rates would be de-
termined for the various analysis directions. The dif-
ferent decay rates would overfit the measured data and
require different reverberators, thus increasing the com-
putational complexity significantly. By applying the
common-slope model, the resynthesis could be based on a
more realistic late reverberation model that avoids over-
fitting and reduces the number of reverberators and com-
putational cost. The framework could also be applied to
an extended reality (XR) audio engine, in which the late
reverberation is synthesized for various receiver orienta-
tions and positions.

Conclusion

This paper proposed a framework for multi-exponential
and anisotropic sound energy decay analysis. A spheri-
cal filterbank allows analyzing the energy decay in vari-
ous directions. The energy decays of all analyzed direc-
tions are modeled with one set of common decay rates.
By using the common-slope model, the directionality of
late reverberation becomes evident. The proposed model
has been successfully applied to spatial room impulse
response measurements of a concert hall and a coupled
room scenario. Apart from room acoustic analysis, the

presented framework can also be applied during the syn-
thesis of late reverberation tails.
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