C}‘
Documenta 2.
Acustica

lectronica

o
=)
¥

X

COVER PAGE

Document downloaded by @DAEL

Thu Apr 23 14:30:32 2026
For personal use

When automatic English translation is provided, only the original document
is authentic.
The EAA cannot be held responsible of any translation error

Bibliographical reference

Auditory Evaluation of Sounds Radiated from a Vibrating Plate Inside a
Damped Cavity: Adjustment of the Frequency Resolution of
Vibro-Acoustical Computing, A. Trollé, C. Marquis-Favre and N. Hamzaoui,
Acta Acustica vol. 98 (Number 3), 2012, pp. 441-450

DOl
https://doi.org/10.3813/AAA.918528



ACTA ACUSTICA UNITED WITH ACUSTICA

Vol. 98 (2012) 441-450 DOI 10.3813/AAA.918528

Auditory Evaluation of Sounds Radiated from a
Vibrating Plate Inside a Damped Cavity:
Adjustment of the Frequency Resolution of
Vibro-Acoustical Computing

A. Trollé?, C. Marquis-Favre?, N. Hamzaoui®

1 Université de Lyon, Lyon, F-69003, France, Ecole Nationale des Travaux Publics de 1'Etat (ENTPE),
Départment Génie Civil et Batiment (DGCB) FRE 3237, 3 rue Maurice Audin, 69120 Vaulx-en-Velin, France.
Catherine. MARQUIS @entpe.fr

2 Université de Lyon, Lyon, F-69003, France, Institut National des Sciences Appliquées de Lyon, Laboratoire
Vibrations Acoustique, Batiment St. Exupéry, 25 bis avenue Jean Cappelle, 69621 Villeurbanne Cedex, France

Summary

The issue of adjusting vibro-acoustical computational cost is especially important when enhancing the sound
quality of a mechanical structure using simulation. Simulation parameters must be specified so as to: i) reduce
computational cost, and ii) satisfy perceptual constraints. For a simple plate-cavity system, the adjustment of
computational cost is investigated in the framework of evaluating the influence of variable structural parameters
(cavity absorption, thickness and tightening conditions of the plate) on the auditory perception of sounds radiated
inside the cavity. By concentrating on such a simple system, we eventually aim at achieving some recommen-
dations adaptable to different vibrating structures of our environment —in the areas of transport and building —
made up of plane elements coupled with enclosures. Considering stationary sounds, this study deals with the
adjustment of a major frequency computation parameter, i.e. frequency resolution. The specification of the fre-
quency resolution for vibro-acoustical simulations has a great influence on the spectral envelope of the sounds
synthesized afterwards. Here, we modify the spectral envelope of real sounds in order to reproduce the envelope
of spectra of synthesized sounds that would be computed in a simulation using a given frequency resolution.
The adjustment process pursues the following objective: determining a frequency resolution for which certain
perceptual outcomes relative to modified real sounds remain similar to those concerning the original real sounds.
These perceptual constraints are pertinent regarding the issue of adjusting vibro-acoustical computational cost.
These constraints notably concern the merits of the stimuli and are translated into two adjustment criteria. The
results of a first experiment, an auditory evaluation of partial corpora of modified stimuli, highlight that, for the
plate-cavity system under consideration, 4 Hz may be an adjusted frequency resolution. The consequences of
using this frequency resolution are then further assessed through a second experiment, an auditory evaluation
of the complete corpus of modified stimuli. A wider range of perceptual results (perceptual spaces, preference
spaces and merits) obtained for the modified sounds and the original sounds are compared. It is shown that both
adjustment criteria are fulfilled for the adjusted frequency resolution equal to 4 Hz.

PACS no. 43.20.Rz, 43.20.Rj, 43.66.Lj, 43.40.At

1. Introduction

Investigations based on psychophysical methods are often
pursued in different industrial sectors (e.g., automotive in-
dustry, electrical goods industry, etc.), as early as the de-
sign stage to improve the perceived quality of the sounds
generated by the products (e.g., [1, 2, 3]).

In line with this approach, certain academic works have
focused on assessing the influence of variable physical pa-
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rameters of different simple vibro-acoustical systems on
the auditory perception of the sounds radiated from them.
The systems studied until now include the bar [4], a baf-
fled single plate [5, 6, 7, 8, 9, 10], and a plate coupled
with a parallelepipedal air cavity [11, 12]. The results of
these works have turned out to be useful for drawing up
recommendations capable of improving the sound qual-
ity of such vibro-acoustical systems from the design stage,
as they form the basic elements of structures found in the
fields of transport and building.

At the design stage, priority is often given to vibro-
acoustical simulations in order to carry out a parametric
study of the design of the system concerned. The issue
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of adjusting vibro-acoustical computational cost is becom-
ing more complex whenever it is necessary to perform an
additional sound quality study using synthesized sounds.
Indeed, simulation parameters have to be defined to ful-
fil two somewhat conflicting goals simultaneously: i) re-
duce computational cost as much as possible, and ii) sat-
isfy perceptual constraints. The latter can vary accord-
ing to the approach to sound quality adopted by the re-
searcher [13]. For example, perceptual constraints could
consist in synthesizing artificial sounds as close as possible
to real sounds when listening. This would require generat-
ing a refined time and frequency structure for the artificial
sounds, which would then require allocating costly com-
putational resources to sound synthesis. Several academic
works have focused on these adjustment issues [6, 12, 14],
by applying different strategies. In every case, the spec-
ification of simulation parameters must satisfy minimum
perceptual constraints: formulating recommendations on
the structural design of the system from the auditory eval-
uation of synthesized sounds that are faithful to those that
would be formulated from the auditory evaluation of real
sounds. This original strategy is applied in the present
study for a simple vibro-acoustical system as a first step.

Our research aims to adjust vibro-acoustical computa-
tional cost in the framework of performing a sound quality
evaluation for a plate-cavity system. By focusing on such
a simple system, we eventually aim at achieving some rec-
ommendations adaptable to different vibrating structures
of our environment —in the areas of transport and build-
ing — made up of plane elements coupled with enclosures.

We consider a stationary mechanical source with a pink-
noise spectrum. In the case of stationary excitations, the
vibro-acoustical response of a system is often computed
in the frequency domain. Recourse to numerical finite el-
ement (FEM) and boundary element (BEM) methods is
common; thus vibro-acoustical computational cost is inti-
mately linked to two important computation parameters:
maximum frequency of computation and frequency res-
olution. Specifying the maximum frequency determines
the extent of the frequency content of synthesized sounds;
specifying the frequency resolution influences their spec-
tral envelope, in particular with a smoothing effect on
spectral components for increasingly large values of the
frequency resolution. Consequently we aim to determine
appropriate values of both parameters for which the per-
ceptual outcomes resulting from the auditory evaluation
of synthesized sounds and real sounds remain analogous.

The first stage consisted in formulating perceptual out-
comes from the auditory evaluation of real sounds [15].
To obtain a corpus of real sounds, an experiment on a
plate-cavity system was carried out. The sound radiated
from the vibrating plate inside the cavity was recorded
for different structural configurations of the experimental
system. These configurations differed in the cavity sound
absorption properties, plate thickness and tightening con-
ditions. The auditory evaluation, based on the method of
paired comparisons, consisted in asking listeners to utter
dissimilarity and preference judgments on pairs of stim-
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uli. It was then possible to extract perceptual outcomes,
i.e. information on the way structural variations influence
auditory perception and on the structural configurations
preferred by the listeners. Concerning the latter point, a
preference ranking was built up from the merits of all
the stimuli (merits are values on a linear scale of prefer-
ence). It could be seen that the cavity sound absorption
properties predominantly influenced the preference rank-
ing: all the stimuli referring to a structural configuration
with strong cavity sound absorption properties occupied
the first places in the ranking, forming a leading group. It
could also be shown that the plate tightening conditions
moderately influenced the preference ranking: for weaker
cavity sound absorption properties, all the stimuli referring
to a structu ral configuration with weak tightening condi-
tions occupied places in the middle of the ranking, form-
ing an intermediate group, and all the stimuli referring to
a structural configuration with stronger tightening condi-
tions occupied the last places in the ranking, forming a
queue group. Moreover, a simple linear regression model
based on Zwicker’s loudness was found to be sufficient to
accurately predict the merits.

In the second stage, the maximum frequency was ad-
justed [15]. To do this, we used real sounds rather than
synthesized sounds, in order to be free from other approx-
imations due to modeling the system. The adjustment was
carried out with the final aim of preserving the perceptual
outcomes relative to the merits. This perceptual constraint
was translated into two criteria: i) the leading group in the
preference ranking had to remain unchanged, and ii) the
metrics on which the preference model was based had to
remain the same without significant deterioration of the
goodness-of-fit of this model. The first criterion is moti-
vated by the fact that it is important e.g. for industrialists
to obtain the same best design solutions whatever the ap-
proximations in the modeling. The second criterion is jus-
tified as follows: in sound quality studies, one usually aims
at finding out a good predictor of preference and, for the
sake of consistency, the predictions based on this predic-
tor should remain the same, whatever the approximations
in the modeling. It was found that, for the plate-cavity sys-
tem under consideration, a maximum frequency equal to
2500 Hz could fulfil these two criteria.

In order to further reduce vibro-acoustical computa-
tional cost, the third stage consisted in adjusting the fre-
quency resolution A f, by considering the conclusions of
the previous adjustment of the maximum frequency f.x
[15]. That is to say we worked using the real sounds
lowpass-filtered at 2500 Hz, which corresponds to the
adjusted maximum frequency f, .. [15]. Thus all the
stimuli presented during the listening tests carried out
in the present study were real sounds lowpass-filtered
at 2500 Hz. Afterwards, the spectral envelope of these
sounds was modified in order to simulate that of synthe-
sized sounds that would be computed with a given fre-
quency resolution A f. These modified stimuli are hence-
forth denoted by the expression modified filtered stimuli.
The non modified and non lowpass-filtered stimuli are
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Figure 1. The experimental device. (a) Top view, (b) Cross-
section view.

henceforth referred to as the original stimuli. Then, the
adjustment process aimed to determine a frequency reso-
lution value for which the perceptual outcomes resulting
from the auditory evaluation of the modified filtered stim-
uli remained similar to those resulting from the auditory
evaluation of the original stimuli!, previously highlighted
in [15]. As with the adjustment of the maximum frequency
Sfmax [15], adjusting the frequency resolution A f was car-
ried out with the final aim of preserving the perceptual out-
comes relative to the merits. When comparing the newly
formulated perceptual outcomes with those relative to the
original stimuli, the two same criteria had to be fulfilled
in order to ensure their adequacy: 1) the leading group in
the preference ranking had to remain unchanged, and ii)
the metrics on which the preference model was based had
to remain the same without significant deterioration of the
goodness-of-fit of the model.

To facilitate understanding, we first recall the main fea-
tures of the experiment carried out in order to elaborate
a corpus of real sounds (see section 2). Then, we present
two experiments that were carried out to achieve the ad-
justment of the frequency resolution A f (see sections 3
and 4, respectively). Finally, conclusions on main results
presented in this paper are given.

2. Sound corpus
2.1. Apparatus

The experimental device is illustrated in Figure 1. The di-
mensions Ly, L, and L, of the the parallelepipedal air-
cavity were 0.6, 0.5 and 0.7 m, respectively. Five sides of
the cavity enclosure were made of concrete 0.1 m thick.
The upper side was composed of a steel plate with a vi-
brating surface equal to Lyx L,. The rim of the plate was
held between two thick steel jaws screwed into the con-
crete enclosure.

The 24 screws used were evenly spaced all along the
jaws and uniformly tightened with a torque wrench. The
plate was mechanically excited with a shaker placed at
point .S of coordinates (xs, ys, zs) = (0.10, 0.425, 0) m.
The point of application of the force was selected so that
a compromise between a high radiated acoustic power and

' NB: This approach does not involve modified filtered sounds perceived
as identical to the original sounds.
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a high number of excited structural modes could be found.
The stationary excitation was a pink noise.

2.2. Acoustical measurements

Three structural parameters were modified: cavity sound
absorption properties, plate thickness and tightening con-
ditions. Three levels were assigned to each structural pa-
rameter (see Table I).

Nine configurations matching different combinations of
parameter levels were designed using a Taguchi’s Lo table
[16] (labels “A” to “T” in Table II). Two additional con-
figurations (labels “J”” and “K” in Table II) were added to
obtain a more substantial number of sound samples.

For each configuration (A to K), the sound radiated
from the vibrating plate was simultaneously recorded at
two inner receiver points M| and M, with the respective
coordinates (xas,, ¥m,» 2m,) = (0.22, 0.26, 0.145) m and
(XMy» YMy» 2m,) = (0.22, 0.38, 0.145) m (Cf. Figure 1b).
This experimental setting aimed at better representing the
differences in acoustic field that could be met at high fre-
quencies for a plate radiating into a cavity. The sound
was recorded using two B&K 1/2” omnidirectional micro-
phones. A second recording was performed for configura-
tions A and H (this second recording aimed at assessing
the perceptual effects of variability in acoustic measure-
ment with respect to those of the structural parameter vari-
ations; it was shown in [15] that the former were negligible
in comparison with the latter). All the recordings were per-
formed at a sampling frequency equal to 44.1 kHz. Stereo-
phonic samples four seconds in length were extracted from
the sound sequences recorded at the two receiver points.
Afterwards, all the sound samples were corrected to com-
pensate for the transfer function of the headphones used
later for sound reproduction. The sound samples associ-
ated with the different structural configurations are shown
in Table II.

3. Experiment 1

This section presents a first experiment aimed at assess-
ing the perceptual outcomes relative to the merits result-
ing from the modeling approximations, by using different
frequency resolution values: Af; = 2Hz, Af, = 4Hz,
Afy; = 5Hz and Afy; = 10Hz. These values were se-
lected on the basis of the results of preliminary discrimina-
tion tests which showed that a frequency resolution equal
to 1 Hz could not be discriminated from the baseline fre-
quency resolution (A fj equal to 0.25 Hz).

For this first experiment, it was considered pertinent to
carry out an auditory evaluation of a partial corpus of rep-
resentative stimuli in order to roughly estimate, for each
Af; value (i = 1, ...,4), how the modeling approxima-
tions affected the perceptual outcomes relative to the mer-
its. Using a partial corpus of representative stimuli made
it possible to reduce the length of subjective testing. From
these A f; values, a single frequency resolution value A f),
to be used in Experiment 2, could then be selected. This
value A f, may correspond to the coarsest frequency res-
olution for which the perceptual outcomes concerning the
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Table I. Description of the levels of the structural parameters. a: plate thickness, §: cavity sound absorption properties, y: plate tightening

conditions, C: tightening torque.

Label Level 1 Level 2 Level 3
a 1.5:10%m 2103 m 3-103m
p weak (no absorption material) medium (one carpet layer) strong (one foam layer)
y weak (C = 20N.m) medium (C = 50 N.m) strong (C = 80 N.m)

Table II. Plate-cavity configurations and associated sound sam-
ples.

Label a p y Associated sound samples
A 1 1 1 A, Ay
B 1 2 2 B,

C 1 3 3 C
D 2 3 1 D
E 2 1 2 E,
F 2 2 3 F
G 3 2 1 G
H 3 3 2 H,, H,
I 3 1 3 I
J 1 1 3 Ji
K 3 3 3 K

modified filtered stimuli remain a good approximation of
those concerning the original stimuli.

3.1. Methods
3.1.1. Participants

Thirty-four trained listeners, 17 women and 17 men, aged
from 20 to 55 years, participated in the listening test. Fif-
teen of the listeners who took part in Experiment 1 (around
44% of them) had evaluated the original stimuli [15]. All
the listeners were students and members of the academic
staff of ENTPE. They were remunerated for their partici-
pation.

3.1.2. Stimuli

The partial corpus consisted of 6 stimuli (against 13 stim-
uli for the complete corpus, see last column of Table II).
The number of pairs was thus reduced to 15 (from 78 for
the complete set of stimuli); the time necessary for the au-
ditory evaluation of a partial corpus of stimuli was there-
fore quite short. In addition, in order to legitimately assess
the adequacy of the perceptual outcomes relative to modi-
fied filtered stimuli with those relative to the original stim-
uli, the 6 stimuli selected within the complete corpus had
to be sufficiently representative of the preference ranking
of the 13 original stimuli, drawn up from preference judg-
ments obtained through the method of paired comparisons
[15]. In particular, the selection had to be performed so
that any break-up of the leading group —due to substantial
approximations — could be observed; the break-up of the
leading group would mean that the structural configura-
tions with strong cavity sound absorption properties would
not all appear anymore at the first places of the preference

444

Document downloaded by @DAEL, 2026-04-23 14:30:36 - personal use only

Stimulus lowpass-
filtered at ',

Complex spectra [0,F [
with Af, = 0.25 Hz

Amplitude spectra
[0,F,[ with
Afy=0.25 Hz

Phase spectra
[0,F,[ with
Af,=0.25Hz

Amplitude spectra
[0.F/2] with
Afy=0.25 Hz

"Decimation”
atarate R
Amplitude spectra

[0,F /2] with
AF=R x Af,

"Interpolation" at
arate R
Amplitude spectra

[0,F /2] with
Af, =025 Hz

Amplitude spectra

with Af

"Interpolation" at
arate R

Amplitude spectra
[0.f,,,,] with
Af,=0.25Hz

Reconstruction by
symmetric addition

"Zero padding" on
If naeF/2]
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IDFT

(2) (b)
Figure 2. A parallel between the steps underlying (a) the syn-
thesis of a stationary broadband noise from sound pressure am-
plitude spectra computed under simulation at the two receiver
points up to maximum frequency f,,,. and with frequency reso-
Iution A f, and (b) the generation of any modified filtered stimu-
lus. A fy: frequency resolution corresponding to a stimulus length
T equal to 4s (Afy = 1/T), R:“decimation”/“interpolation”
rate (R = Af/Afy), F: sampling frequency, F/2: Nyquist fre-
quency, DFT': Discrete Fourier Transform, I D FT': Inverse Dis-
crete Fourier Transform.

Random phase
spectra [0,F /2]
with Af; = 0.25 Hz

ranking (see introduction). The following stimuli were se-
lected: i) 4 stimuli in the leading group, i.e. D; (in first
position), Hy, H, and K; (which have the last three po-
sitions), ii) 1stimulus in the intermediate group, i.e. A;
(in intermediate position), and iii) 1 stimulus in the queue
group, i.e. I} (in last position).

For each A f; value, the 6 modified filtered stimuli were
generated using a process developed by referring to the
method [17, 18] used to synthesize a stationary broad-
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Figure 3. Illustration of several steps underlying the modification of the envelope of an amplitude spectrum of a stimulus lowpass-
filtered at f,,, (indicated by a dashed line in Figure 1b). N is the total number of samples (N = F; x T, T being the stimulus
length in seconds); R, the “decimation”/“interpolation” rate, here is equal to 2. The envelope of an amplitude spectrum of a synthesized
stimulus computed with a frequency resolution A f = 0.5 Hz is thus simulated. (a) Amplitude spectrum [0, F;[ with Afy = 0.25Hz,
(b) Amplitude spectrum [0, F;/2] with Af, = 0.25Hz, (c) “Decimation” of the amplitude spectrum at a rate R = 2, (d) Amplitude
spectrum [0, F; /2] with Af = A fyx 2 = 0.5Hz, (e) “Interpolation” of the amplitude spectrum at a rate R = 2, (f) Amplitude spectrum

[0, F;/2] with Af, = 0.25Hz, (g) Reconstruction of the amplitude spectrum on [0, F;[ with Af, = 0.25 Hz by symmetric addition

(i.e. a symmetry of the amplitude values in ]0, F/2[ in relation to the vertical axis passing through abscissa F; /2 is performed).

band noise from sound pressure amplitude spectra com-
puted at the two receiver points inside the cavity up to
maximum frequency f, .. and with frequency resolution
Af. The different steps underlying this sound synthesis
are summed up in Figure 2a. The different steps under-
lying the generation of any modified filtered stimulus —
designed in relation to the steps of the sound synthesis—
are presented in parallel in Figure 2b. In these processes,
A fo = 0.25Hz is the baseline fine frequency resolution
of the spectra of a stereophonic stimulus with a length
T =4s (e Afy = %). Further details on the process-
ing operations performed in each step can be found in
[19]. Figure 3 illustrates some of the steps used to mod-
ify the envelope of an amplitude spectrum of a stimulus
lowpass-filtered at f, . (indicated by a dashed line in Fig-
ure 2b), for a “decimation/interpolation” rate R equal to 2
(i.e. Af =0.5Hz).

3.1.3. Apparatus

The listening test took place in a semi-anechoic room.
Sound reproduction was performed using open Sennheiser
HD600 headphones and a high quality Lynx ONE sound
card. The mean reproduction levels for the four corpora
of stimuli (Af; = 2Hz, Af, = 4Hz, Afs; = 5Hz and
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A f4 = 10Hz) were respectively equal to 71.8, 73.2, 72.5
and 72.1 dB(A) (respective ranges: 68.8—76.2 dB(A),
71.3-76 dB(A), 69.6-73.7 dB(A) and 69—-73.3 dB(A)).
The participants’ answers were collected using a computer
interface.

3.1.4. Design and procedure

For each corpus, the stimuli were pairwise presented to
listeners (see [6] for details). The pairs were presented in
a different random order for each listener. Within a pair,
both stimuli were presented at random as “sound 1” and
“sound 2”. For each pair, listeners were asked to evalu-
ate the dissimilarity between the stimuli on a seven-point
numeric scale, ranging from “0” (labelled “very similar’)
to “6” (labelled “very different”). They were told to con-
sider the scale as a metric one. For each pair, listeners were
also asked to simultaneously indicate which stimulus they
preferred, with a dichotomous choice. The listeners could
listen to stimuli as often as they wanted. Preference judg-
ments were linked in the process with dissimilarity judg-
ments so that, if listeners had rated two stimuli “very sim-
ilar”, they did not need to choose which sound they pre-
ferred [6]. The 4 partial corpora of stimuli (i.e. one corpus
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per A f; value) were evaluated during a single listening test
lasting less than 30 minutes.

3.1.5. Data analysis

For each A f; value, the data analysis aimed at drawing up
a preference ranking by sorting the merits of the stimuli in
ascending order.

The merits of the stimuli were computed by applying
Case V of Thurstone’s law of comparative judgment [20]
to the preference data. 95% confidence intervals were con-
structed for the merits by using the bootstrap technique
with 250 replications [6].

To check whether two stimuli within a particular pref-
erence ranking had significantly different merits (or not),
we performed a statistical test using the bootstrap replica-
tions. For each bootstrap solution, we computed the dif-
ference between the merits of both stimuli. Afterwards, a
95% confidence interval for the difference between both
merits was computed. If this confidence interval includes
zero, one can state that the merits of both stimuli are not
significantly different from each other, i.e. that both stim-
uli obtain ranks which are not significantly different from
each other. Conversely, if this confidence interval does not
include zero, one can state that the merits are significantly
different from each other, i.e. that both stimuli obtain ranks
which are significantly different from each other. Such sta-
tistical tests were carried out for examining the differences
between merits within the preference ranking of the origi-
nal stimuli and within a given preference ranking of modi-
fied filtered stimuli. Afterwards, a comparison of the stim-
ulus ranks across the preference rankings of original stim-
uli and modified filtered stimuli was carried out. By us-
ing the preference ranking, it was possible to highlight the
structural configuration(s) leading to an improvement of
the quality of the sounds radiated inside the cavity. Finally,
a preference model which allows the measured merits to be
accurately predicted was built; to do this, a linear regres-
sion analysis was performed between the measured merits
and the values of relevant metrics.

3.2. Results

For each A f; value, the merits measured for the 6 modi-
fied filtered stimuli, sorted in ascending order, were con-
fronted with those previously measured for the original
stimuli [15] (Cf. Figure 4).

For each Af; value, the ranks of the modified filtered
stimuli are well correlated with those of the original stim-
uli (0.89 < Spearman’s p < 0.94, p < 0.033). Moreover,
according to the results of the statistical tests performed
(see section 3.1.5), it can be stated that the four preference
rankings of modified filtered stimuli show no significant
rank inversion (notably between stimulus K; and stimuli
A; and I;) that would be synonymous with a break-up of
the leading group. Thus, the first criterion of adequacy (i.e.
preservation of the leading group in the preference rank-
ing) is fulfilled whatever the A f; value.

Table III presents different statistics for the preference
models based on Zwicker’s loudness built for the different
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Figure 4. Comparison of the merits of the modified filtered stim-
uli with the merits of the original stimuli, for the different Af;
values (i = 1 to 4). In light gray: merits measured for the mod-
ified filtered stimuli. In dark gray/red: merits measured for the
original stimuli. I: 95% confidence intervals. (a) Af; = 2 Hz,
(d) Af, =4Hz, (c) Afs =5Hz, (d) Afy = 10 Hz.

Table III. Different statistics for the preference models based on
Zwicker’s loudness built for the different A f; values. Treference
case (original stimuli), *p < 0.05, **p < 0.01, **p < 0.001.

Af,' r r2 6'3 F4‘11
0.25 Hz' -0.96** 0.93 0.080 -
2 Hz -0.95 0.90 0.073 1.21
4 Hz -0.96** 0.93 0.067 1.12
SHz -0.83* 0.69 0.391 6.53*
10 Hz -0.79* 0.63 0.337 5.63*

Af; values: a measure of strength of association between
Zwicker’s loudness values and measured merits with the
Pearson’s linear correlation coefficient r, a measure of
goodness-of-fit of the model with the proportion of ex-
plained variance r2, and a measure of lack-of-fit with the
residual variance &f. As a reminder, these statistics are
also shown for the preference model relative to the orig-
inal stimuli.

Regarding the second criterion of adequacy (i.e. non-
significant deterioration of the goodness-of-fit of the pref-
erence model based on Zwicker’s loudness), a two-tailed
F-test was performed to test for the equality between the
residual variance for each preference model relative to
modified filtered stimuli and the residual variance for the
preference model relative to the original stimuli.

The results, i.e. the F-statistics (with 4 and 11 degrees of
freedom?), are shown in the last column of Table III. For
Af; =2Hz and A f, = 4 Hz, the result of the F-test is not
significant, i.e. the goodness-of-fit of the preference model
relative to the modified filtered stimuli is not significantly
different from that of the preference model relative to the

2 The number of degrees of freedom for each residual variance is equal
to the number of stimuli to which the linear regression analysis applied
minus two.
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original stimuli. For Af3 = 5Hz and Afy; = 10Hz, the
result of the F-test is significant, i.e. the lack-of-fit (alter-
natively, goodness-of-fit) of the preference model relative
to the modified filtered stimuli is significantly higher (al-
ternatively, lower) than that of the preference model rela-
tive to the original stimuli. Thus, for the tested A f values
higher than 4 Hz, the second criterion is not fulfilled.

Thus, it appears that A f, = 4 Hz, i.e. the frequency res-
olution value for which both criteria were found to be ful-
filled, may be the adjusted value A f), searched.

4. Experiment 2

This section presents a second experiment aimed at evalu-
ating the impact of the use of the adjusted frequency res-
olution A f, =4 Hz on perceptual outcomes: perceptual
spaces, preference spaces and merits. To this end, an audi-
tory evaluation of the complete corpus of modified filtered
stimuli was carried out in order to stringently assess how
the modeling approximations due to the use of A f, = 4Hz
affected such perceptual outcomes.

4.1. Methods
4.1.1. Participants

Thirty-four trained listeners, 12 women and 22 men, aged
from 20 to 65 years, participated in the listening test.
Twenty-one of them (i.e. around 62%) had already par-
ticipated in experiment 1. All the listeners were students
and members of the academic staff of ENTPE. They were
remunerated for their participation.

4.1.2. Stimuli

The 13 modified filtered stimuli (A; to K;, A, and H>)
composing the complete corpus were considered and gen-
erated using the process described in section 3.1.2 with
Af, =4Hz

4.1.3. Apparatus

The listening test took place in a semi-anechoic room.
Sound reproduction was performed using Sennheiser
HD600 open headphones and a high quality Lynx ONE
sound card; the mean reproduction level was equal to
72dB(A) (range = 64.7-76.2 dB(A)). The participants’
answers were collected using a computer interface.

4.1.4. Design and procedure

The design and procedure for experiment 2 were identical
to those described in section 3.1.4.

4.1.5. Data analysis

Dissimilarity and preference data were both analyzed.
Concerning the dissimilarity data, a preliminary check
[15] that the listeners well considered the scale as a metric
one was carried out using the method of successive inter-
vals. The dissimilarity data were then processed with IND-
SCAL [21] —a metric MultiDimensional Scaling (MDS)
model — in order to build a perceptual space of the stimuli,
displaying the perceptual distances existing between them.
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95% confidence ellipsoids were constructed for the stimu-
lus points, using the bootstrap technique with 250 replica-
tions [22]. The dimensions of the INDSCAL space refer to
salient auditory attributes whose variation probably led the
listeners to differentiate between the stimuli. For each per-
ceptual dimension, meticulous listening to the stimuli sor-
ted according to their respective coordinates made it possi-
ble to identify the auditory attribute it referred to [23]. An
analysis of the correlations between the values of acousti-
cal and psychoacoustical metrics (computed by using dB-
Sonic® software) and the coordinates of the stimuli along
the perceptual dimensions was also performed to confirm
the previous identification of auditory attributes.

Two complementary analyses of the preference data
were planned. The dichotomous judgments were first pro-
cessed with the MDS program MDPREEF [24]. This pro-
gram provides a preference space that displays stimulus
points and unit subject vectors passing through the origin,
located so that the projections of the points on the vec-
tors are in maximum agreement with the initial judgments
of the listeners. A vector endpoint represents the point of
maximum preference of a subject. The direction in which
a vector points indicates how a subject combines salient
auditory attributes of the stimuli to utter her/his preference
judgments [25]. In order to identify these attributes, acous-
tical and psychoacoustical metrics were fitted as unnorma-
lized vectors into the preference space by a PREFMAP
procedure [26].

Then, just like for Experiment 1, the preference data
were processed using Case V of Thurstone’s law of com-
parative judgment [20] in order to compute the merits of
all the stimuli (see section 3.1.5). A preference model
which allows the measured merits to be accurately pre-
dicted was built as well (see section 3.1.5).

4.2. Results

This section proposes a comparison between the percep-
tual results respectively obtained for the modified filtered
and original stimuli. It starts with a comparison between
perceptual spaces, continues with a comparison between
preference spaces, and ends with a comparison between
merits which are of great interest given the adjustment cri-
teria chosen.

4.2.1. Perceptual spaces

The dissimilarity data were scaled in a two-dimensional
perceptual space. This optimal dimensionality was se-
lected according to the scree test method [27]. This method
was applied to the plot of the cumulative proportion of ex-
plained variance against the number of dimensions. The
two-dimensional model accounted for 49% of the variance
in the individuals’ scalar products matrices [21]. Figure 5
provides a comparison between the perceptual space of the
modified filtered stimuli and that previously drawn up for
the original stimuli [15].

The adequacy between both perceptual spaces turns out
to be satisfactory (r = 0.911, p < .001 between their first
dimensions; r = 0.992, p < .001 between their second
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dimensions). Moreover, it must be emphasized that there
are only two stimuli, A; and Gy, for which the positions
in both spaces are different from each other, in view of the
non-overlapping of the 95% confidence ellipses.

As with the perceptual space of the original stimuli, the
first dimension of the perceptual space of the modified fil-
tered stimuli (accounting for 25% of the variance in the
individuals’ scalar products matrices) refers to loudness
(r = —0.828, p = .001 between coordinates and val-
ues of Zwicker’s loudness® [28]); the second dimension
(accounting for 24% of the variance in the individuals’
scalar products matrices) relates to the spectral balance
(r = 0.905, p < .001 between coordinates and values of
the spectral centroid* [29]).

4.2.2. Preference spaces

Figure 6 presents the factorial plan 1-2 of the three-
dimensional preference space of the modified filtered stim-
uli, including stimulus points, unit subject vectors and
metrics vectors. This factorial plan accounted for 91%
of the total variance. The optimal dimensionality was se-
lected according to the scree test method [27]. The test was
applied to the plot of the eigenvalues against the number of
dimensions. Several preference space data relative to the
original stimuli are also displayed in Figure 6: the stim-
ulus points, the endpoints of the extreme subject vectors,
the endpoint of the average subject vector and the metrics
vectors.

The preference space of the modified filtered stimuli
was first made to fit that of the original stimuli by using
Procrustes analysis [30] (see also [15] for further details
about the practical analysis steps).

The adequacy between both configurations of stimulus
points turns out to be satisfactory (after fit, r = 0.956,
p < .001 between the coordinates along dimension 1 of
the modified filtered stimuli and those of the original stim-
uli; r = 0.827, p = .001 between their respective coordi-
nates along dimension 2). However, quite large disparities
between the positions of the original and modified filtered
stimuli can be observed (C;, Hy, I and Jy).

In addition, the beam of subject vectors relative to the
modified filtered stimuli diverges slightly from that rela-
tive to the original stimuli, regarding the mean direction.
In terms of dispersion, both beams remain rather simi-
lar; good consensus between the listeners’ preferences still
predominates.

Furthermore, as with the original stimuli, loudness and
spectral balance appear to be the salient auditory attributes
whose variation probably guided the listeners in their pref-
erence choices: i) the goodness-of-fit of the metrics vec-
tors relative to the modified filtered stimuli, i.e. Zwicker’s
loudness and spectral centroid, remains good (respectively
r = 0941, p < .001 and r = 0.881, p < .001), when
compared with that of the metrics vectors relative to the
original stimuli (respectively r = 0.991, p < .001 and

3 The values of Zwicker’s loudness vary between 16.7 and 31.9 sones.

“ The values of the spectral centroid vary between 3 and 8 Barks.
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Figure 5. 2-D perceptual spaces of the stimuli, with their respec-
tive 95% confidence ellipses. O: modified filtered stimuli, o: orig-
inal stimuli, in solid line: 95% confidence ellipses for the modi-
fied filtered stimuli, in dashed line: 95% confidence ellipses for
the original stimuli.
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Figure 6. Factorial plan 1-2 of the preference space. O: stimulus
points for the modified filtered stimuli, o: endpoints of the sub-
ject vectors relative to the modified filtered stimuli, o: endpoint of
the average subject vector relative to the modified filtered stim-
uli, —: metrics vectors relative to the modified filtered stimuli,
*: stimulus points for the original stimuli, a: endpoints of the ex-
treme subject vectors relative to the original stimuli, A: endpoint
of the average subject vector relative to the original stimuli, --»:
metrics vectors relative to the original stimuli.

r = 0.943, p < .001) and ii) each metrics vector relative
to the modified filtered stimuli remains quite close to the
respective one relative to the original stimuli.

4.2.3. Merits

Figure 7 shows the measured merits of the modified fil-
tered stimuli (in gray), sorted in ascending order; the mea-
sured merits of the original stimuli are also reported (in
dark gray/red). The ranks of the modified filtered stim-
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Figure 7. Comparison of the measured merits of the modified
filtered stimuli with those of the original stimuli. In light gray:
measured merits of the modified filtered stimuli. In dark gray/red:
measured merits of the original stimuli. I: 95% confidence inter-
vals.

uli are well correlated with those of the original stimuli
(Spearman’s p = 0.92, p < 0.001).

Within the preference ranking of the modified filtered
stimuli, an inversion of rank between stimuli A; (interme-
diate group) and K (leading group) can be seen. However,
this inversion turns out to be non-significant. Indeed, a sta-
tistical test (see section 3.1.5) shows that the difference
between their measured merits is not significant. Thus, the
leading group including all the structural configurations
with strong cavity sound absorption properties is kept.

The same statistics as those showed in Table III were
computed for the preference model with Af, = 4 Hz: r =
-0.92 (p < 0.001), r* = 0.84 and 62 = 0.150. Regarding
the second criterion of adequacy (i.e. non-significant de-
terioration of the goodness-of-fit of the preference model
based on Zwicker’s loudness), a two-tailed F-test was also
performed to test for the equality between the residual
variance for the preference model relative to the modified
filtered stimuli and the residual variance for the prefer-
ence model relative to the original stimuli. The result of
the F-test is not significant (Fy;; = 2.51, p > 0.05), i.e.
the goodness-of-fit of the preference model relative to the
modified filtered stimuli is not significantly different from
that of the preference model relative to the original stimuli.

4.2.4. Discussion

From the comparison between the perceptual and prefer-
ence spaces, respectively relative to the original stimuli
and to the modified filtered stimuli, it turned out that the
modification of the spectral envelope of the real sounds re-
lated to the use of a frequency resolution equal to 4 Hz, in
addition to their lowpass filtering at 2500 Hz, moderately
affected the mechanisms of differentiation and of prefer-
ence evaluation, slightly more than they were affected by
lowpass filtering alone at 2500 Hz [15].

The comparison between the perceptual outcomes rel-
ative to the merits showed that both criteria of adequacy
(conservation of the leading group in the preference rank-
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ing and non-significant deterioration of the goodness-of-
fit of the preference model based on Zwicker’s loudness)
were fulfilled.

Afterwards, analysis of the signals, i.e. of the original
stimuli (i.e. Afy = 0.25Hz) and of the modified filtered
stimuli (i.e. A f, = 4 Hz), was carried out in order to try to
explain these results. It notably showed that, concerning
the loudness, passing from a frequency resolution equal
to 0.25 Hz to one equal to 4 Hz led to a translation in
the loudness values for all the sounds. This could explain
why the first dimension of the preference space relative
to the modified filtered stimuli remained well correlated
with Zwicker’s loudness. This could also explain why the
preference ranking was not modified, and finally, why the
goodness-of-fit of the preference model was not signifi-
cantly deteriorated. Passing from a frequency resolution
equal to 0.25 Hz to one equal to 4 Hz led to a modifica-
tion of the spectral envelop (and thus the timbre) of the
sounds, and thus led to a modification of the spectral cen-
troid of the sounds. But no simple transformation of the
values of this metrics was noticed.

5. Conclusions

This work dealt with the adjustment of vibro-acoustical
computational cost in the framework of a sound quality
evaluation of a simple plate-cavity system. Considering
stationary sounds, and in line with the previous adjustment
of the maximum frequency f... of their spectra, the aim
was to adjust the frequency resolution A f in order to fur-
ther reduce computational cost, while still satisfying cer-
tain perceptual constraints.

A process was proposed to modify the envelope of am-
plitude spectra of real sounds lowpass-filtered at the ad-
justed maximum frequency f,, = 2500 Hz so as to sim-
ulate the envelope of amplitude spectra of synthesized
sounds that would be computed under simulation up to
e and with frequency resolution A f. The results of a
first listening test led us to focus the adjustment process on
a specific value of A f: 4 Hz. An additional auditory eval-
uation was then carried out. This evaluation was identical
in every respect to that carried out to establish the per-
ceptual outcomes relative to the original stimuli [15]. Its
goal was to investigate whether the highlighted frequency
resolution could lead to fulfilling certain perceptual con-
straints. These constraints consisted in establishing per-
ceptual outcomes resulting from the auditory evaluation
of the modified filtered stimuli close to those resulting
from the auditory evaluation of the original sounds (non
lowpass-filtered and non modified). To assess their close-
ness, we wanted to fulfil both the criteria proposed previ-
ously in the framework of the adjustment of f,,,x [15]: 1)
conservation of the leading group in the preference rank-
ing, and ii) non-significant deterioration of the goodness-
of-fit of the preference model based on Zwicker’s loud-
ness. Both criteria were fulfilled. Thus, it can be claimed
that an adjusted value has been obtained. A A f value equal
to 4 Hz provides a genuine advantage regarding computa-
tional cost; it allows reducing computation time by a factor
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of 8 in comparison to the A f value equal to 0.25 Hz that
would have been considered if this adjustment process had
not been performed.

This adjusted frequency resolution value is valid for the
plate-cavity system studied, a simple system used as a
first study case in order to obtain trends and to understand
them. Further steps have to be carried out by considering
stationary sounds radiated from more complicated plate-
cavity systems such as those encountered in the domain
of transport, with various absorbing conditions, coupled
plates, stiffeners, mounting conditions, etc. Different types
of excitation spectra must also be considered to better as-
sess the adjusted frequency computation parameter in link
with the excitation content.
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