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Abstract — To study the influence of classical phononic crystal (PC) structures on the acoustical characteris-
tics of a sound source, a combined acoustics/perceptual analysis is conducted on a PC specially designed to
exhibit several spectral and wave vector properties in different audible frequency ranges. The properties,
confirmed by both numerical calculations and experiments, consist in both partial and absolute band gaps,
as well as a negative refraction band. A psychoacoustic feature, namely the loudness in third-octave bands,
is estimated from numerical simulations of the acoustic field behind the crystal. Additional perceptual tests
are conducted to evaluate the efficiency of the PC slab. In the frequency range of the band gaps, sound stimuli
filtered by the PC’s impulse response are perceived as softer than stimuli resulting from a free-field propagation
(FF), they also are perceived as equally (or close to equally) loud than sounds attenuated by a free-standing
rigid wall (F'S). In the frequency range of the focalization (negative refraction), PC sound stimuli sound louder
than both FS and FF sound stimuli. The possibility of designing an efficient sound barrier based on the

considered PC is finally discussed.

Keywords: Phononic crystals, Band gaps, Sound attenuation, Loudness, Sound barrier

1 Introduction

Within the last decades, phononic crystals (PCs),
defined as artificial elastic composite materials exhibiting
a periodic structure [1, 2], have received a great deal of
attention. Bragg scattering in such periodic structures
may lead to unusual spectral and wave vector properties
that cannot be observed in common materials. One can
mention the existence, under certain conditions (geometry
of the array of inclusions, filling factor of inclusions, inclu-
sion shape, etc.), of band-gaps in the frequency versus wave
number diagram, where the propagation of acoustic waves
is forbidden. Such band gaps are either absolute, i.e. the
waves are evanescent whatever the incidence angle (named
Absolute Band Gap, ABG) or for some specific angle, for
example the normal incidence (named Band Gap 0°,
BGO0°). These spectral properties confer to PCs potential
applications in various fields such as sound insulation, selec-
tive frequency filtering, waveguiding or for the realization of
more efficient transducers for nondestructive control or
medical imaging [3].

Wave-vector properties of PCs are associated with pass
bands that possess very peculiar shapes. For example, a
negative refraction phenomenon occurs when some band

*Corresponding author: arthur.pate@isen.fr

presents a negative slope in a specific frequency range in
the frequency vs. wave number diagram. In this case, the
phase and group velocity vectors have opposite orientations
and the sound waves are refracted with a negative angle at
the interface between the PC and its surrounding medium.
In other words, in this specific frequency range, the PC
behaves as an effective medium with a negative index of
refraction [4]. Moreover, when the index of refraction of
the PC takes a negative value and its absolute value is equal
to that of the surrounding medium for all incidence angles,
one may observe a focalization of the waves (all-angle
negative refraction criterion): a point source located in front
of one side of a PC slab gives a point image on the other side
of the slab. The distance between the point source and the
image point was shown to be twice as large as the PC slab
thickness [5, 6].

While numerous studies on PCs were focused on the
characterization of these structures in terms of band gaps
and refraction phenomena [3], less work has been done on
the analysis in the audible frequency range, and on the per-
ception of these wave phenomena by a listener, except a
preliminary study on a perceptual evaluation of metamate-
rials [7]. One may also cite the works by Spiousas et al. [8, 9]
where the authors study the influence of a PC on the audi-
tory distance perception of sound sources. Results of their
auditory test show that negative refraction in PCs may
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Figure 1. (a) Transverse cross section in the zy-plane of the PC made of a triangular array of solid cylinders surrounded with air.
Thin arrows indicate the directions of propagation I'J and T'X. (b) Dispersion curves of the PC. The ABG and the band gap for
normal incidence (BG0°) are shown in gray, and the negative refraction band is shown by the white and gray checkerboard area. Inset:
full and reduced Brillouin zones for the triangular lattice, showing the definition of the labels for the symmetry points (see text for
details). The dashed line represent the dispersion curve in the air, i.e. when no dispersion occurs (f = %7 with fthe frequency, k the
wave number, and c,;; the speed of sound in the air), along both principal directions of propagation I'J and T'X.

artificially make a sound source appear closer to the
listener. Moreover, it was also shown that a sonic crystal
placed between a musician and the audience is able to
greatly modify the timbre and directivity pattern of an
instrument during the performance [10].

The aim of this paper is to assess whether a PC slab
introduces auditory effects on the sound emitted by a
source. Are the spectral content and loudness of the source
altered by the PC within the frequency bands of the typical
effects related to a PC (band gaps, focalization)? Can these
alterations eventually be heard by listeners?

This paper presents a combined acoustical/perceptual
study of the effects induced by a PC slab on the propaga-
tion of acoustic waves. Section 2 describes the studied PC
and reports on theoretical results obtained with the finite
element method (FEM). It is shown that the structure of
interest exhibits three different propagation phenomena in
three different frequency ranges: namely, a band gap at
normal incidence, an ABG irrespective of the direction of
propagation of incident waves and a negative refraction of
incident waves associated with a focalization process.
Effects of the finite thickness and of the finite width of a
PC slab on these three phenomena are analyzed numeri-
cally. Section 3 presents the experimental setup and the
results of transmission spectra of acoustic waves through
a PC slab. Agreements and discrepancies between theoret-
ical and experimental results are discussed. Section 4
reports on a perceptual analysis of the PC slab. Focus is
made on how the different phenomena studied in the two
previous sections can be perceived by a naive listener. In
order to achieve this goal, a detailed numerical analysis of
the psychoacoustic feature called “loudness” is conducted
based on impulse responses obtained in different configura-
tions (free field/FF, PC, free-standing wall/FS). Additional
perceptual tests are performed to evaluate the efficiency of

the panel in terms of perceived sound intensity. Finally, the
main results of this study are summarized in the conclusion
and the possibility of designing an efficient sound barrier
based on the considered PC is discussed.

2 Description of the structure and theoretical
results

2.1 Description of the structure

The structure under interest is a PC composed of hard
solid cylinders of radius 7 = 0.05 m arranged according to a
triangular lattice with lattice parameter ¢ = 0.12 m
(Fig. 1a). The structure has not been designed to present
an optimal band gap in a large frequency range but to exhi-
bit three different phenomena in the audible frequency
range for further analysis with perceptual tests. These three
phenomena are (a) a band gap at normal incidence (BG0°)
in a specific frequency range, (b) an ABG in another specific
frequency range and (c) a frequency range where negative
refraction occurs.

2.2 Dispersion curves

To analyze wave propagation in the PC, the dispersion
curves are computed with the FEM using the ATILA
software [11]. Since the cylinders are assumed uniform
and infinite along their axis, only a bi-dimensional mesh
in the zy-plane is used. First, a single scatterer inside a unit
cell with periodic boundary conditions applied on its faces is
considered [12]. Quadratic interpolation elements are con-
sidered in the computation. Moreover, the cylinders are
supposed to be rigid i.e. acoustic waves cannot propagate
inside the cylinders, and they are placed in air considered
at 20 C, assumed as a non-viscous, lossless medium. Density
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Figure 2. PC slab of infinite width (along z) and finite thickness (along y) under normal incidence, for different thickness values.
Transmission coefficient for the specular beam (0, “specular T7). The gray areas indicate the two band gaps observed on the dispersion

curves (referred to as BG0° and ABG).

and sound velocity in air are py, = 1.3 kgm > and
Car = 339 m.s ', respectively. To draw the dispersion
curves (Fig. 1b), i.e. the diagram representing the eigen-
mode frequencies of the PC that are associated with a speci-
fic wave vector, versus the wave vector, it is not necessary
to consider all the wave vectors but it is sufficient to span
a relatively small range of wave vectors covering the edges
of the irreducible Brillouin zone (IBZ) (see [3]). For the
triangular array of cylinders presented in this article, the
IBZ corresponds to the I'JX triangle where the coordinates
of points I'; Jand X in an orthonormal basis of the zy-plane
are T':22(0,0), J:%"(%?%), and X:%“(O,%). Conse-
quently, the I'X direction corresponds to wave vectors
oriented along the y direction and the I'J direction corre-
sponds to wave vectors that make a 30° angle with the
y direction (see arrows in Fig. 1a). Figure 1b shows the dis-
persion curves calculated for a wave vector describing the
X - I' - J— X path of the IBZ.

Along the I' X direction, a band gap is observed for fre-
quencies between 1080 Hz and 1610 Hz (in dark gray in
Fig. 1b). The band gap is not absolute since modes can
propagate in this frequency range along the I'’J and JX
directions of propagation. For the experiments, the PC will
be oriented so that the I'X direction corresponds to the
normal incidence direction. At higher frequencies, from
1610 Hz to 2500 Hz, the dispersion curves exhibit branches
with a negative slope. The dashed straight lines correspond-
ing to the sound velocity in air cross these branches at two
slightly different frequencies along the principal directions
of propagation, namely 1620 Hz along I'X and 1550 Hz
along I' J. This rather small difference in frequency indicates
a slight anisotropy of the acoustic wave propagation
through the PC which may influence its focalization proper-
ties. Indeed, perfect focalization by a PC slab requires the
“All Angle Negative Refraction” criterion [13] to be satisfied,
i.e. the phase velocities in the PC and external air medium
must match for all angles of incidence. This criterion is not
strictly satisfied in our PC, but some focalization effect can
still be expected. At even higher frequencies, in the range

from 2500 Hz to 2960 Hz, no propagation mode exists. In
this ABG propagation of acoustic waves is forbidden what-
ever the incident direction.

2.3 Harmonic analysis of the PC slab in free-field
2.3.1 PC slab of infinite width and finite thickness

To verify that the dispersion properties of the infinite
PC can be easily evidenced for a finite PC of practical
dimensions, several preliminary numerical tests are con-
ducted. First, the transmission spectrum under normal
incidence (I'X direction) is calculated for a PC slab of infi-
nite width along z but of finite thickness along y (Fig. 2). In
the FEM simulation, the infinite width is modeled using
periodic boundary conditions on the sides of the domain.
Thicknesses corresponding to 3, 5 and 7 rows of scatterers
are tested here. It can be seen that the transmission dips
corresponding to the PC band gaps are already well defined
for 5 rows, with frequency limits close to those of the disper-
sion curves, and transmission levels going down to —30 dB.

2.3.2 PC slab of finite width and finite thickness

To facilitate fabrication, the width of the PC slab
should be limited as much as possible. Therefore, in this
subsection, the influence of a limited width is studied to
investigate if the expected effects (BG0°, focalization and
ABG) are still observed. The numerical simulation is per-
formed on a phononic crystal of finite spatial extent, made
of 57 cylinders (5 rows of alternatively 11 and 12 cylinders),
as depicted in Figure 3. The width and the thickness of the
slab are approximately 1.42 and 0.52 m, respectively.
Again, the calculation is performed using the FEM [11]
and the 2D mesh includes the slab and a large region of
air around the slab, including non-reflecting elements at
the external boundary of the mesh. An ideal omnidirec-
tional point source is placed 0.10 m away from the center
of the first row of cylinders, and laterally centered, so that
it stands in front of a cylinder. Figure 3 presents the
pressure field around the acoustic barrier for three different
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Figure 3. Simulated normalized pressure field for (a) 1300 Hz (BG0°), (b) 1700 Hz (negative refraction and focalization effect) and
(c) 2700 Hz (ABG). Pressure level at the point source (marked by a white “+” sign) is normalized to 1 Pa. Regions where the grayscale
is saturated (i.e. normalized pressure magnitude is above 0.25) are shown in black. The position of the pseudo-listener (not used in the
simulation, only shown here as a guide for the reader) is indicated with a black “X” sign, and the dashed rectangle indicates the
position of the wall for the F'S simulation. The arrow in panel b denotes the extension of the focalization region, and the horizontal bar
crossing the arrow is vertically aligned with the center of the region, i.e. the point of maximal pressure.

frequencies: 1300, 1700 and 2700 Hz, with the same gray
scale. Each figure shows one phenomenon described in
Section 2.2.

Figure 3a shows the pressure field at 1300 Hz, a fre-
quency that falls in the range of the acoustic band gap at
normal incidence (BG0°). As expected, due to the omnidi-
rectional nature of the sound source, it is observed that
the acoustic pressure behind the PC slab is relatively low
along the y axis (reaching 0.5% of the source pressure level
at 1.5 m, instead of 3.86% when the slab is absent, i.e. a
17.7 dB insertion loss), whereas it increases in the oblique
directions. This indicates that waves impinging the PC with
oblique incidences may propagate through the PC whereas
those with normal incidence are stopped, in agreement with
the non-absolute feature of the band gap. This simulation
result shows that even with an omnidirectional source,
the impact of the directional band gap on the sound levels
behind the panel is quite significant. Figure 3b shows the
source image due to the negative refraction and the focaliza-
tion effect at 1700 Hz. This frequency corresponds to the
frequency for which the pressure field behind the PC slab
exhibits its maximal value. Consequently one may expect
the most important focalization effect at this frequency.
To precisely locate the image point inside the focalization
area, the pressure field along a vertical line has been
analyzed. This line is parallel to the y axis (see Fig. 1a)
and passes through the sound source and through the focal-
ization area. The results depicted in Figure 3b show that
the acoustic pressure is maximal at 0.58 m (reaching 16%
of the source pressure level), and the focalization area
extends from 0.32 m to 1.01 m behind the slab (these
distances denoting the positions at which the pressure falls
3 dB below the maximal acoustic pressure). The distance
between the sound source and the local maximum of

pressure is then close to twice the slab thickness (1.15 m
instead of 1.04 m) indicating that the all-angles negative
refraction criterion is nearly satisfied [5]. Figure 3b shows
that the focalization process is creating a mirror-source on
the other side of the panel. In Figure 3c, the frequency,
2700 Hz, falls in the ABG and the calculated pressure is
accordingly very low in all directions behind the slab. For
instance, a pressure level equal to 0.4% of the source value
is observed at 1.5 m on the yaxis, instead of 3.14% with the
slab removed, corresponding to a 17.9 dB insertion loss.
One may conclude that the main features that were
expected from the band structure of the infinite PC are well
recovered when considering a PC slab of finite width and
thickness dimensions. The number of cylinders considered
in each one of these directions is large enough.

3 Experimental study

3.1 Experimental setup

To validate the theoretical predictions obtained with the
FEM, an experiment is performed on a PC slab, with the
aim of measuring its impulse response. The slab described
in Section 2.3 is manufactured, with exactly the same geo-
metrical characteristics but with hollow cylinders rather
than filled ones (57 hollow cylinders arranged in a triangular
lattice: 5 rows of 11/12 cylinders, total width = 1.4 m, total
thickness = 0.5 m). The hollow cylinders are made of PVC
(outer radius r = 0.05 m, tube thickness = 0.002 m). It has
been shown that the choice of tubes, i.e. hollow cylinders
rather than filled cylinders, does not influence the experi-
mental results for audible frequencies [14] and allows us to
make a lighter experimental structure. The tubes are 2 m
long and are fixed at one end on a large plywood plate, while
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Figure 4. Picture of the PC-based noise barrier (a). Outdoor, free-field measurement setup (b), with the position of the microphone

stand (left) and the source (right).

the other end remains free (Fig. 4a). The slab is placed in a
peri-urban, not dense, residential area, and the measure-
ments are made during the middle of a workday, ensuring
a calm, low-level acoustic environment (measured back-
ground noise level: 42 dB(A)). The length of the tubes has
been chosen to be much larger than the periodicity of the
array and the incident wavelength to validate the assump-
tion of cylinders of infinite extent along their axis.

A 0.61 m-wide Gallien Krueger 410RBH loudspeaker,
amplified by a B&K type 2716 audio power amplifier con-
nected to a Roland Quad Capture sound card is employed
to produce the incoming acoustic wave. The source is placed
0.10 m away from the slab, whereas the microphone is
placed 1.5 m behind it (see Fig. 4b for a picture of the exper-
imental setup). The transmitted wave is recorded by a
Sennheiser MKE2-P-C microphone connected to the same
sound card. No dummy head for binaural recording is
employed. A sampling frequency of 48 kHz is used. The
incoming signal is a logarithmic swept-sine of 5 s between
100 and 4000 Hz. Repeating the sweep excitation 10 times
allowed us to increase the signal-to-noise ratio from 22 dB
to 32 dB.

3.2 Experimental results

The analysis is presented through the insertion loss (IL)
defined as the ratio between the pressure levels without and
with the PC slab. Thus, a positive value corresponds to a
pressure level reduction. Since the loudspeaker is 0.61 m
wide while the numerical computation considers a point
sound source, the theoretical curve is an average of 62 com-
putations where the point source was moved from z =
—0.305 m to z = +0.305 m by 0.01 m steps stands for
the center of the front side of the PC slab). This is meant
as an attempt to take into account the width (along
horizontal axis ) of the source in the 2D simulation: Our
hypothesis is that the directivity pattern of the loudspeaker
is a combination of 62 ideal cylindrical sources. Figure 5
compares the measured and simulated IL spectra. Predic-
tions and measurements present an overall agreement
especially above 2500 Hz. In fact, the source is placed very
close to the PC slab and the height of the tubes (2 m) is
much greater than the wavelength in the frequency range
of interest. Therefore, an array of infinite cylinders along

the vertical dimension zis considered in the simulation pro-
cess. Also, the numerical simulations assume an ideal cylin-
drical source (i.e., infinite in the vertical direction). The IL
stays in the 15-30 dB range in the BG0° (from 1080 Hz to
1610 Hz) and in the 20-30 dB range in the ABG (from
2500 Hz to 2960 Hz). In the intermediate frequency range
from 1610 Hz to 2500 Hz, one notes that the calculated
IL remains nearly constant (around zero), while the mea-
sured IL exhibits a dip at approximately 2200 Hz. This
dip, which occurs in the negative refraction band, corre-
sponds to an amplification of the measured output signal.
One may attribute this apparent discrepancy between
experiments and simulation to the approximate modeling
of the sound source in the calculations (sum of 62 point
sources vs. large experimental source). However, the exper-
imental spectrum shows that, in the frequency range of the
negative refraction, the pressure at 1.5 m from the panel is
higher with the PC due to the presence of the “mirror-
source” on the other side of the panel. The negative refrac-
tion leads to a focalization of the output signal that may
lead to the perception of a source closer to the listener. This
is in agreement with the observations made by Spiousas
et al. [8, 9], speaking of an “auditory illusion of proximity
of the sound source”.

4 Perceptual analysis

In this section, it is tested whether the modifications
brought by the PC lead to significant differences from an
auditory perspective. First, Moore-Glasberg loudness
[15, 16] is analyzed. Then perceptual tests are performed
on human listeners. All results reported in this section use
data obtained from FEM simulations.

4.1 Data

The simulation conducted in Section 2.3.2 is repeated
with a pseudo-listener placed at 1.50 m behind the PC
sample, i.e. about 0.90 m beyond the image point (see the
black cross on top of each panel in Fig. 3c). A rigid cylinder
with a 0.10 m radius is used as a model of the listener. The
sound source (in the simulation, no loudspeaker is used as in
Sect. 3, a point source is used instead) and the listener are
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Figure 5. Measured and simulated insertion loss introduced by the PC-based noise barrier. The simulated results correspond to the
sum of 62 simulations, each one corresponding to a point source which position moves from z = —0.305 m to z = +0.305 m, with a 0.01
m step. The measurement point is located 1.5 m behind the slab. Gray shaded areas indicate band gaps: BG0O° between 1080 and 1610

Hz, ABG between 2500 and 2960 Hz.

placed on each side of the structure. To analyze the effects
of the PC slab on the propagation of audible acoustic
waves, three types of simulations are performed: (a) in
free-field (FF), i.e. when there is no obstacle between the
sound source and the pseudo-listener, (b) with the PC slab
(see its description in Sect. 3.1) and (c) with the free-
standing (FS) wall, or barrier (considered as rigid) that
has the same thickness and width as the PC slab (width
1.42 m and thickness 0.52 m).

A harmonic analysis is performed in the frequency
range from 7.81 Hz to 4000 Hz, with a step of 3.9 Hz (i.e.
1024 points). Complex acoustic pressure is calculated on
each “ear” of the pseudo-listener (left and right sides of
the cylinder), to simulate the acoustic signals received at
the ear reference point (ERP) according to the classification
of the International Telecommunication Union (ITU) [17].
An inverse Fourier transform is applied to obtain the 256
ms impulse response for each of the three sound scenes
FF, PC and FS (with a sampling frequency of 8000 Hz).

Section 4.2 describes how the numerical impulse
responses are processed for the detailed analysis of the
frequency modifications introduced by the PC slab on the
perceived sound level, or loudness.

4.2 A psychoacoustic feature: Moore-Glasberg loudness

From Spiousas et al. [8, 9], one may expect that a PC
introduces both spectral and sound level modifications on
an acoustic signal emitted by a sound source. To estimate
the potentially frequency-dependent effect of the PC on
the perceived sound level, the numerical, full-band impulse
responses of each configuration (FF, FS, PC) are convolved
with third-octave noises (i.e., white noise filtered with
2nd-order Butterworth filters of center frequencies corre-
sponding to the classical third-octave bands). The resulting
signals are resampled to 48 kHz, and the Moore-Glasberg
loudness is computed using Matlab’s “Audio Toolbox”. This
model takes into account the frequency masking effect and
is optimized for signals such as the third-octave noises
described above. The sound pressure level at the pseudo-
listener is normalized to 66 dB SPL (Sound Pressure Level)
for the third-octave band of central frequency 1000 Hz in

free-field condition (FF sound scene). Figure 6 presents
the estimated loudness (at the right ear of the pseudo-
listener, assuming perfect symmetry of the setup, i.e. no
difference is made between right and left ear) of the 15
third-octave bands with central frequencies 125-3150 Hz
for the 3 sound scenes (FF, PC and FS). Note that it was
preferred to use standard third-octave bands, with the result
that these bands are not aligned with the band gap and neg-
ative refraction frequencies (in particular no band centered
within the ABG). The FS sound scene clearly shows lower
loudness values, which is expected for a free-standing wall
placed between the sound source and the listener. In the fre-
quency range of the first band gap (near 1250 Hz-BG0°), as
expected the loudness for the PC sample is lower than the
loudness for the FF sound scene. In this frequency band,
the loudness drops and then reaches approximately the same
level as that of the F'S wall. The noise control enabled by a
slab made of this specific PC is similar to a free-standing
rigid wall for frequencies close to the first band gap. Near
2000 Hz (frequency range of the negative refraction and
focalization effect), the loudness for the PC barrier increases
and is higher than the loudness for the FF and FS scenes.
The slab acts as an artificial amplifier of the loudness due
to the focalization process. In contrast with the first band
gap (BG0°), the influence of the second one (ABG) on the
loudness is less obvious. This is mainly due to the fact that,
in this frequency range, the width of the band gap is more
limited with respect to the third-octave bandwidths. In
practice, the 2500-2960 Hz band gap is only in partial over-
lap with the bands centered on 2500 Hz (22392818 Hz
range) and 3150 Hz (2818-3548 Hz range). Moreover, for
the very last third-octave band, the acoustic field is further
modified due to the apparition of diffraction grating effects.
Indeed, since the output interface of the PC slab is a periodic
array of scatterers with a periodicity a = 12 cm, new outgo-
ing waves start to appear above f = c,,/a = 2825 Hz and
outside the ABG, along with significant modifications of
the slab near-field.

Finally, above 2500 Hz, which corresponds to the ABG,
the loudness for PC drops again.

In conclusion, a slab made of this specific PC shows
noise control properties that are similar to a free-standing
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rigid wall for frequencies close to the band gaps, and it
introduces an artificial amplification in the frequency range
of the negative refraction phenomenon, as an illusion on the
source position. Note that the loudness is computed on nor-
malized third-octave bands that don’t perfectly match the
frequency characteristics of the PC: as a result, in Figure 6
the visible effect of the PC on loudness augmentation or
reduction may therefore be underestimated. Sections 4.3
and 4.4 describe a perceptual test that aims at verifying if
these loudness variations are perceptible.

4.3 Design of the perceptual test

The computation of the psychoacoustic loudness
(Sects. 4.2 and Fig. 6) exhibits clear differences and similar-
ities between the PC and the other two configurations (FF
and FS). To assess whether these differences are actually
perceived by human listeners, a listening test is conducted,
with twenty-five participants participating in a pair com-
parison test'. The test takes place in a quiet room, and
the test interface is implemented using Matlab on a HP
laptop with an external Roland Quad Capture sound card.
The stimuli are played over Prodipe Pro880 headphones
delivering a level of 73 dB at the position of the ear.

As differences in the computed loudness between the
configurations (FF, FS, PC) are observed in the frequency
range of the typical phenomena expected from a PC, the
perceptual test focuses on these frequency ranges. Nine
stimuli are produced from the convolution of three third-
octave noises centered around frequencies 1319, 2006, and
2720 Hz, respectively, with the impulse responses of the
FF, FS, and PC configurations. These frequencies are the
center (in the sense of the geometric mean) of the frequency

! The work presented in this article complies with the principles

of the Declaration of Helsinki, published by the World Medical
Association. All participants provided informed, written consent
before taking part in the experiment.

bands of interest: 1080-1610 Hz for the BGO0°, 1610-
2500 Hz for the focalization, and 2500-2960 Hz for the
ABG.

The order of presentation of stimuli is randomized. The
comparison is made between configurations (PC, FS, FF),
not between center frequencies, e.g. a PC sound centered
at 1319 Hz is always compared to a sound centered at
1319 Hz, from a PC, FS, or FF configuration. For a given
pair, the two possible combinations (e.g. FS/PC then
PC/FS) are used in order to assess the consistency of the
listener’s answers, and the pair of identical stimuli (e.g.
PC/PC) is also consistently assessed.

For each pair of stimuli, the listener is asked to listen to
both sounds played successively and to judge on a 7-point
scale whether the second sound is louder or softer than
the first one. The question is the following: “With respect
to the first one, the second sound seemed to you...”. The
scale is labeled with the following phrases that are to be

Iy

chosen to conclude the question: “much softer”, “softer”,
“slightly softer”, “identical”, “slightly louder”, “louder”, “much
louder”. These labels are reported in Figures 7 and 8, and
are converted to integer numbers from —3 to 3 for the

statistical analysis.

4.4 Statistical analysis of the perceptual test

Figures 7a—7c show the answers of all participants, for
the noises centered at 1319, 2006. and 2720 Hz. respectively.
Distributions of perceptual answers (7-point scale) are
grouped according to the order of presentation.

The Lilliefors [18] test for normality is performed on
each distribution, i.e., on each 25-long vectors of loudness
comparison judgement corresponding to each noise (center
frequency 1319, 2006, or 2720 Hz) and each combination of

2 Instructions as well as labels of the scale are an English
translation of the original French wording.
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Figure 7. Answers in the perceptual test, noise centered around 1319 Hz (a), 2006 Hz (b), and 2720 Hz (c); for the comparison
between PC/FS, FS/PC, PC/FF, and FF/PC configurations, where the first configuration in each pair corresponds to the first
presented stimulus. The second configuration is rated on the scale in comparison to the first one, i.e. PC/FS is the comparison of FS
with respect to PC. The triangles indicate individual ratings (ratings from the same participant have the same color). The horizontal
bars represent the median of each distribution. For ease of reading reasons, small horizontal and vertical offsets are used for displaying
the individual answers as black triangles (each answer originally is an integer number between —3 and 3). Answers for stimuli pairs
made of identical stimuli (PC/PC, FS/FS, FF/FF) are also shown for checking consistency.

two configurations (PC/FF, FF/PC, PC/FS, FS/PC). For
all distributions, the hypothesis of a normal (Gaussian)
distribution was rejected at the oo = 0.01 significance level,
with all p-values less than 0.001. Because no distribution
can be said to be normal, Figures 7a—7c do not show mean
and standard deviation but instead all single answers and
the median value. Another consequence is that, in order
to check if the differences seen across distributions have a
statistical significance (i.e., are likely to hold true in a more
general case), we must use non-parametric statistical tests,
e.g. Kruskal-Wallis [19], Wilcoxon signed-rank test, or
Wilcoxon rank sum test [20], comparing the median values

(instead of the mean values) of the distributions to a y* dis-
tribution. Note that in the following, a p-value threshold
of 0.01 is chosen for deciding on the significance of the
statistical tests. This choice minimizes the probability of
type-1 errors, i.e. rejecting an HO hypothesis even if it is true
[21]. The p-value is the largest probability of obtaining the
observed distribution if the null hypothesis is true. In the
case of the Kruskal-Wallis and Wilcoxon rank sum tests,
a p-value of 0.01 therefore indicates that the distributions
have a probability less than 1% to come from a unique
distribution (the so-called null hypothesis being here that
the tested distributions come from a unique distribution).
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Figure 8. Answers in the perceptual test, merged by “symmetrical” pairs (e.g. PC/FS and FS/PC merged together into “PC vs. FS”).
As in Figure 1, the second configuration is rated on the scale in comparison to the first one, i.e. “PC vs. FS” is the comparison of FS

with respect to PC. Only pairs concerning the PC configuration are

shown. Distributions are separated with respect to frequency band

of interest: 1319 (left), 2006 (center), and 2720 Hz (right). The triangles indicate individual ratings (ratings from the same participant
have the same color). The horizontal bars represent the median of each distribution. For ease of reading reasons, small horizontal and
vertical offsets are used for displaying the individual answers as black triangles (each answer originally is an integer number between

—3 and 3).

In the case of the Wilcoxon signed-rank test, a p-value of
0.01 indicates that the distribution has a probability less
than 1% to have a median equal to 0.

In Figures 7a-7c, identical stimuli seem to be consis-
tently assessed as “identical” (see right-hand side of
Figs. 7a-Tc, evaluation of PC/PC, FS/FS, and FF/FF
pairs). For each distribution of answers involving a pair of
identical stimuli (e.g. PC/PC at 1319, 2006, and 2720 Hz,
and similarly for FS/FS, and FF/FF), a Wilcoxon signed-
rank test fails to reject the hypothesis that the distribution
has a median different from 0 (all p-values higher than
0.253). This means that it can not be shown that physically
identical stimuli are perceived as different: the participants’
evaluation can be said to be “consistent”.

A further check of the data is done about the effect of the
order of presentation in pairs of stimuli. Figures 7a—7c show
that similar effects are obtained for different orders of pre-
sentation, e.g. at 2006 Hz (Fig. 7b), FS sound stimulus is
perceived as “much softer” than PC stimulus, and PC sound
stimulus is symmetrically perceived as “much louder” than
F'S stimulus. A double-sided Wilcoxon rank sum test is con-
ducted for each “symmetrical” pair involving the PC config-
uration (because the article focuses on the differences
brought by this very configuration): PC/FS and FS/PC
at 1319 Hz, PC/FF and FF/PC at 1319 Hz, and so on with
frequencies 2006 and 2720 Hz. In order to compare the
pairs, care was taken to reverse the sign of the values in
the second distribution of each pair. For each of these

Pp=1,p=05p=025p=0625p=05p=1,p=1p=1,
and p = 0.5625 respectively for PC/PC at 1319 Hz, FS/FS at
1319 Hz, FF/FF at 1319 Hz, PC/PC at 2006 Hz, FS/FS at 2006
Hz, FF/FF at 2006 Hz, PC/PC at 2720 Hz, FS/FS at 2720 Hz,
and FF/FF at 2720 Hz.

pairs, the test failed to reject the hypothesis that the two dis-
tributions of the pair have the same median (all p-values
higher than 0.01)4. This means that it is possible to merge
each pair of “symmetrical” distributions into a single distri-
bution, e.g. at a given frequency (1319, 2006, or 2720 Hz),
PC/FS and FS/PC (having 25 points/evaluations each)
are merged into a single 50-point distribution that we may
call “PC vs. FS”, provided the sign of evaluations in the dis-
tribution FS/PC is reversed. These merged distributions are
shown in Figure 8.

In rejecting the hypothesis that each of the distributions
in Figure 8 has a median equal to 0 (all p-values lower than
4.84 x 10™7; except for distribution “PC vs. FS” at 1319 Hz,
for which the hypothesis fails to be rejected, p = 0.07), a
Wilcoxon signed-rank test shows that, with the chosen sta-
tistical power, there is no apparent loudness difference
between PC and FS at 1319 Hz, and that all other pairs
of merged distributions appear to be perceived as not
equally loud. The BGO° centered around 1319 Hz lowers
the energy of the sound waves in this frequency band: there-
fore a) it makes the PC act in a similar way as a rigid wall
(FS), and b) it decreases the sound energy more than a free-
field propagation (FF). This is consistent with the results
from the computation of the psychoacoustic loudness
(Sect. 4.2): at BG0°, the loudness in the PC configuration
drops to reach values obtained in the FS configuration,
which are much lower than the values obtained in the FF
configuration. This means that due to the BG0°, the sound

1 p=0.2363, p = 0.1684, p = 0.7660, p = 0.7114, p = 0.9305,
p = 0.0159, and z = —1.1843, z = —1.3772, z = —0.2976,
z = —0.3699, z = 0.0872, z = —2.4119, respectively for PC/FF
and FF/PC at 1319 Hz, PC/FS and FS/PC at 1319 Hz, PC/FF
and FF/PC at 2006 Hz, PC/FS and FS/PC at 2006 Hz, PC/FF
and FF/PC at 2720 Hz, PC/FS and FS/PC at 2720 Hz.
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is well attenuated, but in terms of sonic insulation the PC is
not more efficient than the FS.

The focalization band centered around 2006 Hz has the
effect of increasing the energy of the sound waves, therefore
it increases the perceived loudness in the PC case in com-
parison with the F'S and FF. This is, again, consistent with
the computed loudness values that are higher for the PC
case. One may anticipate that, while the observation is
made rather far from the focal point, the focalization pro-
cess occurs, and noise is perceived as louder due to the pres-
ence of the “mirror-source”’ on the other side of the panel
(see Sect. 2.3.2).

The ABG centered around 2720 Hz shows the same phe-
nomenon as the BG0°: expectedly, the PC-filtered sound is
perceived as softer than the sound in the FF condition, and
the F'S sound stimulus is perceived as “slightly softer” than
the PC one at 2720 Hz. As regards the link with computed
loudness, note that Figure 6 shows higher loudness values
for the PC than for FF at normalized third-octave band fre-
quencies 2500 and 3150 Hz. The fact that these frequency
bands don’t match the frequency of the ABG (whereas
the center frequencies of the BG0° and of the focalization
band are quite close to the normalized third-octave frequen-
cies) might be a reason for the discrepancy between
computed and perceived loudness. Nevertheless, the sound
attenuation is also clearly perceived as higher in the FS
configuration compared to the PC one: Figure 6 indeed
shows much lower loudness values in the FS case.

The effect of the PC, compared to FS and FF configu-
rations, can also be analyzed across frequencies. The non-
parametric equivalent to analysis of variance (ANOVA),
the Kruskal-Wallis test, is performed to compare the “PC
vs. FS” distributions at 1319, 2006, and 2720 Hz (i.e., with
center frequency as a factor). It indicates that there are sig-
nificant differences in the “PC vs. FS” rating across frequen-
cies (2 = 91.27, p = 1.52 x 10~ %, 2 degrees of freedom).
The Kruskal-Wallis test only reveals if there are differences
in the considered distributions, but doesn’t distinguish
which distributions are significantly different from which.
Therefore, a post-hoc multiple comparison test (Matlab’s
multcompare function, with Bonferroni correction) is per-
formed on the pairs of distributions “PC vs. FS”. The test
indicates that each “PC vs. F'S” distribution is significantly
different from the other two (p < 10~ " in each case). It con-
firms previous results: a) at the center frequency of the
BGO0° (1319 Hz), the PC acts as would a rigid wall (FS),
i.e. lowering the perceived loudness by the same amount;
b) at the center frequency of the focalization effect, the
PC raises the perceived loudness to such an extent that
the rigid wall sound stimulus sounds “much softer”; and
c) at the center frequency of the ABG (2720 Hz), the PC
attenuates the sound a bit less than the rigid wall, making
the stimulus of the latter condition sound “slightly softer”
than that of the former condition.

Similarly, a Kruskal-Wallis test is performed to compare
the “PC vs. FF” distributions at 1319, 2006, and 2720 Hz. It
indicates that there are significant differences in the “PC vs.
FF” rating across frequencies (12 = 101.33, p = 9.93 x
10723, 2 degrees of freedom). Post-hoc multiple comparison

(Bonferroni corrected) indicate that the “PC vs. FF” distri-
bution at 2006 Hz is significantly different from the other
two (p = 0.82; the other two pairs showing p < 107%).
This confirms that the same tendency to judge FF sound
stimuli as louder than PC ones exists at 1319 and 2720
Hz: the band gap phenomenon is responsible for a sound
attenuation that is perceptible. The frequency band of the
focalization effect (2006 Hz) significantly differs in terms
of perceived loudness differencce between PC and FF:
again, the focalization effect induces a loudness enhance-
ment that makes the sound louder than in a free-field
(FF) configuration.

5 Conclusion

The PC designed for this study presents three differ-
ent characteristics in the audible frequency range: a first
band gap at normal incidence in the frequency range
1080-1610 Hz, negative refraction in the range 1610-
2500 Hz, and an ABG in the range 2500-2960 Hz. These
three effects are analyzed theoretically with the help of
FEM simulations and experimentally with a home-made
manufactured PC slab of finite dimensions. The computa-
tion of Moore-Glasberg’s loudness shows that the PC slab
is able to lower the loudness of a noise source in the band
gaps of approximately the same level as a usual free-
standing rigid wall of the same thickness, whereas the focal-
ization phenomenon introduces an increase of the loudness
for a specific frequency band, around 2000 Hz for this PC.
This later phenomenon concentrates the acoustic energy
behind the PC slab, i.e. on the listener side and must be
alleviated if one desires to manufacture sound barriers
based on PCs [22-24].

Perceptual tests on human listeners induce the same
observations. In the frequency range of the band gaps, sound
stimuli filtered by the PC’s impulse response are perceived
as softer than stimuli resulting from a free-field propagation
(FF), they also are perceived as equally (or close to equally)
loud than sounds attenuated by the rigid wall (FS). In the
frequency range of the focalization (negative refraction),
PC sound stimuli sound louder than both F'S and FF sound
stimuli. This latter observation is associated with the exis-
tence of an image source behind the panel that makes the
sound source appear closer to the listener, as already
reported in Spiousas and colleagues [8, 9]. Perceptually
speaking, the loudness modifications induced by the PC
can therefore be comparable to those induced by a rigid wall.

The structure presented in this paper has not been
designed to exhibit an optimal band gap in a large frequency
range but to exhibit three different phenomena in the audi-
ble frequency range, so that these phenomena can be ana-
lyzed with perceptual tests. This article provides a proof of
concept about the potential efficiency of sound barriers
made of phononic crystals in the audible range. As such,
the structure exhibits all classical effects of PCs within the
audible range, at the cost of working with limited-width
frequency bands: The effect of PCs on the perception of
broadband noises/sounds mneeds further investigation.
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Further studies may be performed to investigate an acoustic
screen made of several juxtaposed PCs in order to broaden
the frequency range where sound is attenuated. Perceptual
tests with more natural sounds (e.g., broadband noises,
voice stimuli) may then be performed to evaluate the effi-
ciency of such screens. Also, the perceptual effect of a noise
stimulus whose frequency range encompasses several of the
typical bands of the PC is worth investigating, e.g. for
assessing the combined effect of band gaps and focalization
on broadband sources, and their possible interaction with
psychoacoustical phenomena such as critical bands and
equal loudness contours. Furthermore, noise barriers made
of rigid solid bulkheads are heavy and are basically continu-
ous walls that have a negative visual impact, reduce sunlight
for the surrounding residents, and have a significant resis-
tance to the flow of air. For these reasons, discontinuous
sound barriers made of isolated scatterers could also be
considered, even in configurations where they do not offer
superior performance.
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