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Abstract

Estimating angle-dependent sound absorption in situ
requires separating incident and outgoing wavefields,
which is difficult at grazing incidence because their
arrivals overlap. We assess the boostlet transform for
this task using a scanned one-dimensional microphone
array. A measured space-time window is extrapolated
by sparse boostlet synthesis, analysed into localized
coefficients, and partitioned using translation and the
known propagation geometry. Third-octave sound ab-
sorption follows from the reflected-to-direct energy ra-
tio of boostlet coefficients. Tests used rigid and porous
panels at nominal grazing angles of 8° and 30°. For the
nominal 30° high-angle configuration, partial separa-
tion is obtained, but non-zero rigid-board absorption
exposes systematic bias. JCAL predictions provide a
qualitative material-model benchmark for this config-
uration, and wavenumber-based re-estimation gave an
effective incidence angle of B.g = 30.68°, rounded to
31° for the model. At 8°, the incident and reflected
wavefronts occupy strongly overlapping boostlet sup-
port, and separation fails. Coefficient-support overlap
and finite-aperture resolution are the dominant limi-
tations, motivating array orientations that map the
wavefronts to disjoint boostlet coefficient regions.

Keywords: sound absorption, grazing incidence, micro-
phone array, boostlets, wavefield separation

1. Introduction

Standardized tube and reverberation-room measure-
ments characterize normal- and random-incidence ab-
sorption, respectively, but neither directly resolves
the dependence on incidence angle under the mount-
ing conditions of a finite sample [1], [2]. In-situ ap-
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proaches, therefore, infer the incident and reflected
components from measurements close to the surface.
Tamura’s double-plane spatial-Fourier method sepa-
rated upward- and downward-propagating content in
wavenumber space [3], [4]; later approaches employed
near-field holography, plane- or spherical-wave mod-
els, and regularized array inversion [5], [6], [7], [8],
[9]. Their accuracy depends on the propagation model
and on whether the aperture resolves the competing
components. Near grazing incidence, the direct and
reflected waves become difficult to distinguish, and, for
finite samples, edge-diffraction and non-local reaction
further complicate the interpretation [10], [11]

This study investigates an alternative representa-
tion based on boostlets: a set of localized functions
parametrized by scale, hyperbolic rotation, and trans-
lation in space-time. The hyperbolic rotation pre-
serves the geometry of the nondispersive wave equa-
tion, while localization allows individual wavefronts to
be described with relatively few coefficients [12], [13].
This is attractive for finite, non-periodic measurement
windows for which a global plane-wave expansion often
spreads a localized arrival over many coefficients.

We ask whether incident and outgoing wavefields mea-
sured by a 1D array parallel to a sample can be repre-
sented by approximately disjoint boostlet coefficients,
separated, and used to estimate third-octave absorp-
tion. Measurements of a rigid reference and a porous
bioboard at nominal grazing angles of 8° and 30° are
considered; the latter is referred to as the high-angle
configuration. The contribution is twofold: a boostlet-
domain post-processing chain is formulated, and its
operating limitation is identified when wavefronts over-
lap in the translation coordinate.

2. Background

2.1. Sound absorption measurements

For the experimental validation of the proposed
method, two materials were investigated: a rigid board
and a bioboard (Lumir, Finland). While the bioboard
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is a bio-based sound-absorbing material manufactured
using a cellulose-based foam-forming process, the ear-
lier served as a rigid reference surface. Prior to the
in-situ measurements, impedance-tube measurements
were performed to characterize the bioboard and sub-
sequently simulate its angle-specific sound absorption
coefficients.

Three cylindrical specimens (29 mm diameter) were
extracted from the bioboard and measured using a
Briiel & Kjeer Type 4206 impedance tube employing
the three-microphone method [14]. In addition, the
static air-flow resistivity (o) was measured according
to ISO 9053 [15]. The remaining Johnson-Champoux-—
Allard-Lafarge (JCAL) parameters, namely the poros-
ity (¢), high-frequency limit of the dynamic tortuosity
(o), characteristic viscous length (A), characteristic
thermal length (A’), and static thermal permeabil-
ity (ko), were estimated from the impedance-tube
measurements using RoKCell (Matelys, France) [16].
The parameter values were then averaged across the
three specimens and used to simulate angle-dependent
sound absorption coefficients in AlphaCell (Matelys,
France) [17]. Anechoic end conditions were assumed
to match the experimental configuration, in which the
bioboard was mounted without a rigid backing.

2.2. Boostlet preliminaries

Let ¢ = (z,ct)" denote a dimensionally homogeneous
space—time coordinate, where c¢ is the speed of sound.
From a mother function ¢ € L?(R?), a continuous
boostlet is [12]

%,e,r(C) = a_lw(Bg_l ¢ ; T) ,
— sinh 9} .

(1)
By = [ cosh

—sinh @  cosh

where a > 0 is the dilation, # € R is the Lorentz-
boost parameter, and T = (7, crt)T is a space—time
translation. With the angular-frequency convention
pk,w) = [[p(z,t)e” k2= dx dt, the transforma-
tion preserves the hyperbolae w? — c?k? = constant.

Dilation a selects a hyperbolic spectral interval, the
boost parameter 6 selects an apparent propagation
direction, and translation 7 localizes the atom along a
wavefront. For a plane wave observed along the array,
tanh @ = ck,/w. If B is measured from the sample
surface, k, = (w/c) cos B and therefore tanh 6 = cos §5.
In the implementation, a, 6, and T are sampled using
the tensor-Meyer construction in [12]. Let v = (j,n,T)
collect scale, boost, and translation indices, A and S
denote boostlet analysis and synthesis operators, and
define ¢, = (Ap)y = (p,1). The desired observation
model is

y ~ PaS(ci + ¢ + ¢5) + n,
I, = supp, (cq).

(2)

where y contains the samples selected by the aper-
ture/window operator Pq; g € {i,r,s} denotes inci-

dent, specularly reflected, and other scattered content;
n contains noise and model error; and supp.(c,) =
{7 : |eqy| > €} is an effective boostlet support. The
hypothesis being tested is that the components are
concentrated on weakly overlapping regions, ideally
IIZ N1I;, = & for g # q'. Exact support disjointness is
not expected for a redundant, finite-bandwidth frame,
nor do disjoint coefficient masks imply orthogonal re-
constructed fields. The condition concerns fields that
share a phase speed and frequency content, yet remain
separable if their translation supports do not overlap.

3. Method and post-processing

3.1. Experimental setup

The in-situ measurements of the surface materials were
conducted in the anechoic chamber at Aalto Acoustics
Lab using the moving-microphone method. A rigid
mounting frame was constructed to ensure accurate
and repeatable positioning of the sound source, test
samples, and microphone. A directional audio panel
(Sound Shower Compact, Panphonics) with an aper-
ture of 60 x 60 cm generated the sound field. Above
approximately 571 Hz, the panel provides a close ap-
proximation to a plane-wave excitation within the
measurement region.

For clarity, the experimental configuration is described
using a presentation-oriented Cartesian coordinate
system. The geometry and measured sound field are
represented in a vertical reference plane (y = 0), cor-
responding to an x—z cross-section through the mea-
surement region.

Two square test samples with identical surface dimen-
sions of 68 x 68 cm were investigated in the exper-
iments: a 2-cm-thick rigid board and a 3-cm-thick
bioboard. Each sample was mounted vertically on an
adjustable holder, with its surface coinciding with the
plane z = 0. The grazing angle 3 is measured from
the sample surface. The sound source was mounted
vertically on a horizontal beam, allowing lateral trans-
lation to realize nominal grazing angles of 8 = 8° and
30°. Wavenumber-based re-estimation of the high-
angle plane-wave incidence gave S.g = 30.68°, which
was rounded to 8 = 31° for the corresponding JCAL
simulation. At each source position, the source panel
was oriented towards the vertical centreline of the test
sample. The microphone was positioned in front of
the sample surface and translated within y = 0 us-
ing a two-dimensional motorized positioning system
(ACRO 1010, OpenBuilds) that was placed behind
the sample.

Signal playback and microphone acquisition were per-
formed using a multi-channel audio interface (RME
Fireface UFX+). The sound field was measured using
a laboratory-grade microphone (GRAS 46AF) con-
nected to a power module (GRAS 12AG). Signal gen-
eration, data acquisition, and scanner control were
integrated into a MATLAB framework.

The measurement grid was a linear array within y = 0,
positioned 15 cm in front of the sample surface. The
microphone spacing along the z-axis was 1 cm. At
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(a) Placement of bioboard and source
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Figure 1: (a) Photograph of the experimental setup showing the mounted bioboard, moving microphone, and source
placement for 8° grazing incidence. (b) Side-view technical drawing (y—z plane). (c) Top-view technical drawing (z—z
plane) with grazing angles. Microphone positions are marked with red dots.

each receiver position, a logarithmic sine sweep cov-
ering 100-20000 Hz was recorded to estimate the
impulse responses (Fs = 192 kHz). Figure 1 presents
a photograph together with front- and side-view draw-
ings of the experimental configuration.

3.2. Signal processing with boostlets

3.2.1. Windowing and sparse extrapolation

For one microphone line, the measured pressure sam-
ples form a matrix P € RN=*Nt  The temporal axis
is first resampled to fs = ¢/Ax so that one temporal
sample corresponds to the acoustic travel time over
one spatial increment. A rectangular window extracts
the incident and outgoing arrivals. Because the avail-
able spatial interval gives a truncated z—t window, the
field is extrapolated to a 128 x 128 grid by solving

* 1
b = argmin o ||PaSb — yl3 +ulbli (3)

Here S synthesizes a full grid from the sparse ex-
trapolation coefficients b®*t, P, retains the actually
measured samples, and g > 0 balances measured-
region fidelity and sparsity. Equation (3) is solved
with FISTA [18], with p selected via the L-curve. The
extrapolated field is then p = Sby,,. These sparse
synthesis coefficients are conceptually distinct from

the analysis maps used next.

3.2.2. Coefficient selection and wavefield partition

The analysis transform of p produces a translation
map for each discrete scale/boost atom,

Cj,n(T) = (p, 7/Jj,n,‘r>
- f—l{ﬁ @-,n} (r),
Cjn = Z lcjm(T)]%.

Thus, ¢;,,(7) is itself a correlation between the field
and a translated atom. Peaks of |¢; ,| locate match-
ing wavefronts, and atoms whose energy e;,, exceeds
a common threshold (derived heuristically from the

(4)

bioboard reference configuration) are retained.

For the parallel geometry, the retained coefficient maps
are divided by a line in translation space,

cos 3
tsep (Tx) =tp+ -

Hi(t)=1[n < tsep(Tm)]7
HO<T) = 1 — Hi(T).

Te + A,
(5)

where tg aligns the expected direct arrival and A places
the boundary between the two ridges. The incident
and outgoing coeflicient maps are c¢;, ; = Hic;, and
Cjn,o = Hocjpn, followed by dual-frame synthesis p, =
Sacq, ¢ € {i,o}. The offset A is geometry-informed
but manually adjusted for each configuration.

8.2.8. Sound absorption estimation

Let ﬁq(k,w) be the 2D Fourier transform of the
separated field. Comparison with JCAL model re-
quires bands of ordinary temporal frequency. For
the mth third-octave band, w,, - = 27 f,, 27 1/6 and
W+ = 2T fm2/6 and we define a hyperbolic third-
octave band filter

Fp(k,w) = 1wy, < |w* — k| < wm ],

(6)
from which the energy is calculated for each field
q € {i,o} as

Egm =Y _ | P (k,w) Py (k, w) 2. (7)
k,w

The absorption coefficient estimate is then

Eo.m

0" () = 1= . )

For a finite sample, this is an apparent absorption
estimate: scattering not captured by the array appears
as loss, whereas captured diffraction is assigned to the
outgoing field, which reduces that apparent loss.
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Figure 2: Synthesized space—time fields for the rigid board at 15 cm and nominal grazing angles of (a) 30° and (b) 8°.
Each row shows the extrapolated total, incident, and outgoing fields. The original labels “Direct” and “Reflected” denote
the latter two estimates. These are physical z—t fields, not coefficient maps; independent colour scales preclude amplitude

comparison between rows.

4. Results and analysis

4.1. Wavefront separation

Figure 2 shows the result of synthesizing the extrap-
olated, direct, and reflected fields. The reconstruc-
tion successfully extends the dominant wavefronts
across the padded spatial interval while preserving
their slopes in the measured region. Energy is con-
centrated in a small subset of scale/boost atoms, con-
sistent with the sparse representation expected for
localized wavefronts. However, sparsity of the com-
plete field does not by itself imply separability: several
energetic coefficient maps contain both the incident
and specular ridges (not shown here for brevity).

For the nominal 30° high-angle configuration, the
two ridges are sufficiently separated over part of the
translation plane for the geometric mask to produce
recognizable incident and outgoing reconstructions.
Comparison of the synthesized incident field with the
free-field measurement nevertheless reveals residual
reflected energy. At 8°, the wavefronts are closer and
overlap over a larger portion of the window. The
mask then divides energy belonging to a common
ridge rather than selecting disjoint coefficient support,
and leakage across direct and reflected fields increases
markedly.

4.2. Absorption estimates and validation
Panel (a) of Fig. 3 uses the rigid board as a diagnos-
tic of the incident—outgoing separation. Its physical
absorption is expected to remain small over the fre-
quency range in which transmission and finite-size
effects are weak. The retrieved coefficient nevertheless
departs markedly from zero, and the estimates for the
two angles differ strongly. In particular, the 8° curve
displays negative absorption at octave bands below
630 Hz. These results reveal a systematic bias in the
wavefield-energy partition, which may also affect the
bioboard estimates.

Panel (b) compares the boostlet-based bioboard esti-
mates with the corresponding JCAL predictions. The
nominal 30° measurement, for which the wavenumber-
derived effective angle is Beg = 30.68°, is compared
with the JCAL calculation at = 31°. Above the
lowest bands, the measured and modelled curves are
both high and nearly flat, giving broad qualitative
agreement. At 8°, however, the estimate is generally
higher once it enters the plotted range and does not
reproduce the broad spectral minimum predicted by
the model. This disagreement is consistent with the
stronger incident—outgoing support overlap observed
in Fig. 2.

The results in Fig. 3 should therefore at this stage
be interpreted as a consistency benchmark for the
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Figure 3: Apparent sound absorption coefficients obtained from Eq. (8) for (a) the rigid board at nominal grazing angles
of 30° and 8°, and (b) the bioboard compared with JCAL predictions for a 30-mm layer with an anechoic termination. In
panel (b), solid curves denote the boostlet-based estimates and dashed curves denote JCAL values sampled at the displayed
third-octave-band centre frequencies; colour identifies the corresponding angle pair. The nominal 30° measurement yielded
a wavenumber-derived effective angle of B.g = 30.68° and is therefore compared with the JCAL calculation at 8 = 31°,
whereas the nominal 8° measurement is compared with the model at 5 = 8°.

complete measurement and processing chain rather
than as a pointwise validation of the material model.
Panel (a) exposes systematic error under a nominally
low-absorption boundary condition, whereas panel (b)
assesses whether the recovered bioboard trends are
compatible with an independent material prediction.
Agreement at the high-angle configuration does not
eliminate the bias identified using the rigid board, and
the discrepancy at 8° cannot be attributed solely to
the material model. Moreover, the JCAL benchmark
represents a laterally homogeneous equivalent-fluid
layer and does not account for edge and corner diffrac-
tion from the finite sample.

The finite aperture further restricts the interpretable
frequency range. Its wavenumber resolution is approx-
imately Ak = i—j = 8.85 radm~!, corresponding to
Af ~ m ~ 560 Hz for the high-angle configu-
ration when using Beg = 30.68°. Consequently, the
lowest third-octave bands contain too few indepen-
dent spatial-frequency samples for stable directional
separation. Edge and corner diffraction also become
more prominent as the sample becomes acoustically
small, while the present one-dimensional measurement
section cannot capture the complete diffracted field.

5. Conclusion and outlook

Boostlets provide a compact, physics-driven represen-
tation of the measured space-time field in the vicinity
of the material sample. The tested 1D geometry par-
allel to the sample does not generally map incident
and reflected wavefronts to disjoint coefficient sup-
port. For the nominal 30° high-angle configuration
(Ber = 30.68°), a geometric translation mask gives
partial separation and broad qualitative agreement
with the 8§ = 31° JCAL prediction, while the rigid
reference still reveals systematic bias. At 8°, sup-
port overlap prevents a reliable absorption estimate
and the displayed trend differs from the model. The

result is therefore a limit of the complete measurement—
representation pair, not evidence that boostlets are
intrinsically unable to separate wavefields.

Future experiments should rotate or otherwise reshape
the array aperture so that incident, specular, and dom-
inant scattered fronts differ in boost as well as trans-
lation. Other tests include increasing L, to improve
low-frequency resolution, and quantifying sensitivity
to coefficient threshold and boundary offset. Further-
more, if outgoing specular and scattered contribu-
tions can be assigned disjoint supports, their energies
may be reported separately and combined consistently
when estimating true material absorption.
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