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ABSTRACT

In this study we present an experimental method to cap-
ture sound fields over extended spatial apertures based on
sparse measurements with an array of microphones. The
methodology builds upon recent approaches based on el-
ementary wave models and kernel methods, that account
for the general spatio-temporal properties of sound fields
in enclosed spaces. The model observes the general struc-
ture of reflections and reflection density, the second-order
statistics of the late reverberation field, and other proper-
ties such as decay rates, frequency dependency of reflec-
tions, etc. These properties are incorporated in the model
through fitting the measured data, i.e., the wave coeffi-
cients are estimated to fit the observations of the sound
field. We examine the prediction ability in real rooms,
with a particular interest in auditoria and concert halls.

Keywords: Sound field Analysis, Microphone arrays,
Room impulse response, Sound field reconstruction, Sig-
nal Processing

1. INTRODUCTION

Sound field reconstruction methods enable the estima-
tion of the sound field at positions that have not been di-
rectly measured. This capability is essential in various
applications, including active noise control [1-4], audio
reproduction technology [5-8], and architectural acous-
tics [9—11]. In this study we examine a novel approach
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to reconstruct the sound field over large spatial apertures,
such as an entire audience area in a concert hall, using a
very limited number of measurements. Specifically, we
explore the use of a single compact spherical microphone
array to estimate the sound field across an extended vol-
ume of space. The key lies in incorporating meaning-
ful and generalizable properties of the sound field in a
large room into the wave model, in order to successfully
predict spatial variations using very limited measurement
data and faraway from the measurement aperture [12—-14].
To achieve this, the proposed method employs elementary
wave models and statistical processing methods (kernel-
based techniques) to account for the fundamental spa-
tiotemporal properties of enclosed sound fields. By incor-
porating these generalizable sound field properties, which
are commonly found in any room, the model can extrapo-
late beyond the specific data measured and lead to a recon-
struction of the sound field in the homogeneous source-
free domain. The model used in this study is based on
Ref. [14].

2. METHODOLOGY

A wave propagation model is formulated, which can be
fitted from measurements with an array of microphones.
The analytical model is expressed as [12]
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The left hand side of Eq. (1) corresponds to the sound
pressure in the domain, measured with a compact array of
microphones. The first two terms on the right hand side
of Eq. (1) represent the direct sound and early reflections,
which are modeled by a cluster of point sources (index d
for the direct sound and s for the cluster of each reflec-
tion 7). The third term consists of a plane wave expansion
that models the remaining part of the response, namely
the less energetic components that are not modeled by the
other two terms, as well as the late reverberation . This last
term runs throughout the entire response , overlapping in
time with the early reflections and extending until the end
of the response. The objective of the problem is to esti-
mate the unknown coefficients Qq, A ; and B to fit the
array measurements. This model then can be employed
to predict the sound field at other positions that were not
measured, far from the array. Further details of this type
of model can found in Refs. [12, 14, 15].

The key of the proposed model is to account for gen-
eralizable properties of reverberant fields, specifically: 1)
the general time structure of the RIR, comprised of the
direct sound, followed by early reflections and late rever-
beration, 2) the variable nature of the different wavefronts
reflected by scatterers and diffusers, and 3) the ensemble
spatial statistics of the field, where the acoustic pressure
is assumed to be an ergodic, normally-distributed stochas-
tic process with spatially uniform energy density. Addi-
tionally, the spatial correlation of the field is assumed to
exhibit a sinc-like behavior, in accordance to the random
wave theory [16-18].

The methodology introduced in this work is an ex-
tension of [14] for single-array measurements. From the
observations, p(t,r) in Eq. (1), a regularized inversion
is used to estimate the model coefficients {Qq, A, B; }.
First, the method models the direct sound and salient re-
flections individually. A salient reflection is defined as
a peak above an energy threshold (4qp defined in relation
(below) the level of the direct sound. The model itera-
tively identifies the peaks, localizes its direction-of-arrival
(DOA) via SRP-PHAT [19], estimates its range based on
the propagation time (time-of-flight), and estimates the
coefficients (4 and A, ; that fit the observations. Af-
ter each reflection estimate, the model subtracts the re-
constructed pressure from the measured data, obtaining a
residual signal that contains the less energetic components
(cf. third term in Eq. (1)). The residual coefficients are
obtained via kernel ridge regression [20], which assumes
that the sound field can be described as a linear combi-
nation of correlation (kernel) functions [21]. Since the

spatial correlation is modeled via the sinc function, often
referred to as the Bessel kernel, there exists an inherent
energetic decay when extrapolating far from the measure-
ment array. To circumvent this energy decay away from
the measurements, additional synthesized pressure points
are distributed along the reconstruction domain that serve
as additional virtual measurements. These points follow
the observed statistics of the field, preserving a homoge-
neous energy density even at large distances and the de-
fined spatial correlation among them.

3. RESULTS

The model was tested experimentally in a historical Opera
Hall to demonstrate the effectiveness of the proposed re-
construction method in real-world scenarios. The hall is
a horseshoe-shaped opera hall of 1400 seats including 18
rows on the stalls (approx. 500 seats) and four levels of
balconies. A dodecahedral source was placed in the cen-
ter of the stage, and measurements were performed with
a compact 32-channel spherical array of 4.2cm radius
(Eigenmike EM32). The array was positioned in the cen-
tral area of the stalls/parterre, in row 7, 2.2 m to the left of
the center axis, and at distance 16 m from the source. Re-
garding implementation parameters, the reflection thresh-
old was set to (4qg = —30dB, and wavefronts were iso-
lated using a Tukey window of 128 samples and cosine
fraction of 0.5. The coefficients for individual wavefronts,
{Qa, As i}, were iteratively obtained using least squares
regularization, and the kernel ridge regression problem is
solved via Tikhonov regularization, with a regularization
parameter of 30 dB. The kernel coefficients are estimated
using time-frequency analysis to capture the temporal en-
ergy decay, with a FFT window size of 4096 samples.
Figure 1 shows the reconstruction of the sound field
over a large spatial aperture of 8 m length, which spans the
width of the audience area in the stalls. The figure shows
the reconstructed room impulse responses in a space-time
representation, where the x-axis represents the spatial co-
ordinate of the reconstruction along the line, and the y-
axis of the figure shows time, covering the first 110 ms of
the response - with zero time corresponding to the onset
of the source. The position of the microphone array (4.2
cm radius) is indicated by the dashed line at 4.5 m. The
reconstruction in Fig. 1 shows first the direct sound arriv-
ing at approximately 47 ms at the array. The wave front
is clearly reconstructed and the curvature corresponds to
the approximately spherical wavefront generated, with a
slight tilt towards a side, as the array is not in the cen-
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Figure 1. Spatio-temporal visualization of the RIR
reconstruction from a single spherical microphone
array of radius 4.2 cm. The dashed line indicates the
position of the array.

tral axis of the stalls, but displaced 2.2 m to the side.
Soon after the direct sound arrival, a few lateral reflec-
tions are present - the earliest ones are one from each side
of the proscenium, where two large reflection walls are
present. Each of them is soon followed by another re-
flection, more oblique than the previous, which are from
the sidewalls of the hall (audience area). Soon after that,
the reflections arriving at approximately 90 m are reflec-
tions from the top edges of the proscenium, shortly fol-
lowed by reflections from the face of the first balcony and
the ceiling (96 ms), and afterwards from the back-wall of
the stalls area. The results were compared with measure-
ments on site performed along the same row, and a good
agreement is found, showing that the methodology can re-
cover successfully the directions of the incoming reflec-
tions. It is also noticeable in these results that the smaller
components of the sound field due to scattering diffraction
and less energetic reflections have a marked directionality
along the x-axis, which is not physical. These are a result
of the statistical modeling, as relatively few experimental
observations are present, and the spatial structure is biased
by the temporal one. This can be easily overcome by in-
troducing a few additional observations, or by modeling
explicitly the distribution of the sound pressure.

4. CONCLUSIONS

The study examines a novel approach to sound field recon-
struction using a generalizable wave model. The effective-
ness of the method is demonstrated through experimental
validation in a historical opera hall. The results show that
exploiting a single measurement with a compact micro-
phone array, enables the reconstruction of room impulse
responses over extended spatial regions. We present a re-
construction based on measurements with a 4.2 cm radius
spherical array, and a reconstruction over a § m aperture,
spanning the entire audience area. The outcomes of the
study are potentially significant for application in room
acoustics analysis, spatial audio rendering, and real-time
acoustic environment modeling.
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