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Introduction
Psychoacoustic metrics and listening tests can be an im-
portant part of any acoustic analysis, addressing aspects
of human perception in addition to mere physical descrip-
tions. This, however, leads to the necessity of audio files
from either physical prototypes or representative aural-
izations. Within the scope of a product’s early design
stages, the former is usually not available, making the
latter the better choice.

A previous contribution aimed to create a framework for
psychoacoustic analysis of auralized vibroacoustic prob-
lems and investigated the benefit of perceptually eval-
uating auralizations in addition to physical metrics [1].
Utilizing said framework, this contribution’s main ques-
tion is how closely auralizations of FEM-simulated trans-
fer functions can resemble audio measurements of corre-
sponding systems regarding the listening experience as
well as the most common physical and perceptual met-
rics. This is examined for a case study with reduced
complexity and accessible, reproducible measurements:
A vibrating plate radiating into a free field. The case
study is conducted as a means of validating the aural-
ization methodology and it’s applicability for assessment
purposes in the context of vibroacoustic scenarios.

Methodology
This section gives an overview over the main methodol-
ogy for creating the plate’s virtual counterpart and com-
paring it to measurements. It consists of three steps:

1. Numerical modeling and simulation

2. Auralization approach

3. Comparison means

The numerical modeling and simulation in this
project represents a typical setup an acoustics engineer
would work with in an early design stage of a product.
Here, a Finite Element Method (FEM) simulation is con-
ducted using the commercial software ABAQUS (version
2018) to obtain the system’s transfer function. The trans-
fer function can then be transformed into the correspond-
ing time signal, an impulse response function (IRF), by
the inverse Fourier transform. The detailed simulation
setup is elaborated in the numerical model section.

Once the system’s response is computed, it is used in the
auralization. Here, subtractive synthesis [2] is chosen
as the auralization approach. This method produces an
auralization by filtering a chosen broadband signal with
a transfer function. In the given case study, the simu-

lated IRF of the plate functions as the filter and white
noise is the chosen broadband signal. Since the simula-
tion result is an impulse response, filtering with it physi-
cally represents exciting the system with the broadband
signal, analogously to how room-acoustics auralizations
(e.g. Kleiner et al. (1993) [3]) are created.
All auralized signals are scaled to match the overall sound
pressure level (SPL) of their measured counterparts for
better comparability.

Finally, after auralizing the simulation results, the result-
ing signals are compared with corresponding measure-
ments. Qualitative observations based on simply listen-
ing to the sound files are the subject of the first part of
the results section. Quantifying the auralization quality
with regards to the measurements is performed by calcu-
lating physical and perceptual metrics thereafter. They
are calculated using the open source sound quality as-
sessment toolbox SQAT [4]. The following text shortly
introduces all applied metrics:
For physical metrics, SPL and an A-weighted SPL are
chosen, as they are the most common metrics in use. For
psychoacoustic metrics, roughness, fluctuation strength,
sharpness, loudness and psychoacoustic annoyance are
calculated.
Roughness R and fluctuation strength FS are associated
with temporal amplitude modulations – roughness for
rapid ones (> 25Hz) and fluctuation strength for slower
ones (< 25Hz). The Daniel and Weber model (1997)
[5] is used for roughness and the TU Eindhoven model
(2016) [6] for fluctuation strength.
Sharpness S is associated with a signal’s loudness content
in the high frequencies with respect to its total loudness
and is calculated according to DIN 45692:2009 [7]. Loud-
ness N itself regards the perceived magnitude of a signal
and is calculated with the ISO 532-1 standard (2017) [8].
It is also the main factor in the Zwicker and Fastl model’s
(1999) [9] calculation of psychoacoustic annoyance PA,
where it is weighted with the first three psychoacoustic
metrics (R, FS and S). Psychoacoustic annoyance is
therefore a single value on a linear scale combining an-
noying aspects of a sound signal.

Measurement
The audio measurements are taken in an anechoic
chamber of the German National Metrology Institute
(Physikalisch-Technische Bundesanstalt (PTB)) in
Braunschweig. Figure 1 shows a picture of the setup.
In this anechoic room, a steel plate is hung by nylon
threads off of a frame in order to impart as little
boundary conditions on the plate as possible. The plate
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Figure 1: Measurement setup of a vibrating steel plate un-
der shaker excitation in PTB’s anechoic room. The radiated
sound is recorded with two microphones.

is excited by a point force at (7.0 cm / 4.5 cm) relative
to the bottom left corner of the plate (see Figure 1) in
two ways: First, the plate is manually excited with an
impulse hammer and second, the plate is excited by a
shaker with white noise. In the latter case, the shaker
is installed to the plate by bolting a nylon rod, which
transmits the excitation force while adding little stiffness
to the system, with a force sensor at the end of the rod
to the plate.
Resulting from the excitation, the plate radiates
into the free field where the system response is
recorded by two Norsonic quarter inch micro-
phones at a sampling rate of 44.1 kHz. The re-
ceiver positions are (6.5 cm / 15.0 cm / 40.0 cm) and
(22.0 cm / 19.5 cm / 50.0 cm), again relative to the bot-
tom left corner of the plate. Only the results from
microphone 1 are considered in this paper, but the core
results are found to be the same for microphone 2.
Table 1 details the plate’s dimensions and material
properties, all of which are measured except for Pois-
son’s ratio. Of note are the Young’s modulus and loss
factor of the steel plate, both being determined using
the Resonance-Curve Method [10] on a cutoff piece of
the plate.

Table 1: Plate parameters

Parameter Symbol Value Unit

plate length a 0.420 m
plate width b 0.285 m
plate thickness t 0.001 m
Young’s modulus E 214e9 Nm−2

Poisson’s ratio ν 0.33 –
plate density ρ 7857.1 kgm−3

loss factor η 5e−4 –

Numerical model
With the measurement setup established, the numerical
model is built to match the measurement regarding di-
mensions, material properties and excitation cases, but
still with the early design stage in mind of keeping the
parallels between model and reality simple. There is no

tailoring of the simulation to match the measurements’
results.
The plate itself is modelled in accordance with the di-
mensions and properties in Table 1 with quadratic shell
elements (S8R). The air fluid is modelled by a half-sphere
with a radius of 80 cm consisting of quadratic 3D-acoustic
elements (AC3D20) placed on top of the plate and cou-
pled with a tie-constraint between the plate and bottom
surface of the half-sphere. The air’s properties are stan-
dard values: a density of ρ = 1.2 kgm−3 and a bulk
modulus of K = 138720GPa.
As for the boundary conditions, the plate has free-free-
conditions, corresponding to the free hanging measure-
ment situation, and the outer surface of the fluid half-
sphere has a spherical non-reflective impedance bound-
ary condition assigned to it, corresponding to the free
field approximation of the anechoic room.
Both point force excitations – the impulse hammer and
the shaker – are modelled with a unitary point force exci-
tation perpendicular to the plate at the specified position.
To account for the influence of the shaker’s installation, a
point mass of 17 g is added to the excitation point, which
is approximately the weight added by the bolt and force
sensor to the plate.

With the model description complete, a direct, steady-
state linear dynamic analysis is conducted with a fre-
quency step of 1Hz up to a maximum frequency of
2048Hz. The outputs of each frequency step are the
complex acoustic pressure values of two nodes inside the
fluid half-sphere that share the microphone positions of
the measurement counterpart. As a last step, the re-
sulting pressure arrays are appended with complex zeros
up to a bandwidth of 22.05 kHz in order to upsample the
impulse response without adding unwanted energy in the
higher frequency range. This is necessary because the al-
gorithms for calculating psychoacoustic metrics require a
sampling frequency of 44.1 kHz.

Results
Listening comparisons
Before qualitatively comparing sound files, the measure-
ments’ signals are low-pass filtered to match the fre-
quency content of the simulation results for comparabil-
ity. The observations and statements made in this sub-
section with regards to listening impressions are based
on the subjective assessment of the authors, but can be
supported by the power spectral density (PSD) spectra
shown in Figure 2. The figure highlights the signals’ spec-
tral distribution, especially the plate’s resonances, in a
mid-frequency range from 200Hz to 700Hz. Figure 2 a)
shows the PSDs of an audio measurement from exciting
the steel plate with an impulse hammer and the simu-
lated impulse response function of the model without an
added point mass while b) shows a measured white noise
excitation case compared to the white noise auralization
of the simulation with an added point mass.

Starting with the impulse signals, it can be said that
the resonances of the simulation visible in Figure 2 a)
are reasonably close regarding frequency and level to the
measured resonances. However, the model doesn’t cap-
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Figure 2: PSD spectra of exemplary a) impulse and b) white
noise measurements and their virtual counterparts.

ture them perfectly and the deviations become more pro-
nounced for higher frequencies not shown here. This is
reflected in the listening experience when comparing both
signals: The overall sound of a metallic impulse is cap-
tured by the simulation and plausible when compared to
the low-pass filtered recording, but there is a pitch differ-
ence audible due the resonances’ deviation. Considering
the early design stage assumption, though, the impulse
modelling approach approximates the measurement ap-
propriately.
Moving on to the white noise signals, the resonances seen
in Figure 2 b) exhibit larger deviations here regarding
frequency and especially magnitude, with the measured
resonances being much closer to the diffuse noise content
than the simulated ones. Like before, these observations
are reflected in the audio comparison: Here, even disre-
garding the pitch difference, the auralization sounds too
resonant towards the higher frequencies. It is clear a
different approach to modelling the shaker’s influence on
the plate would be necessary, most importantly regarding
damping the structure’s vibrations.

To make sure the audible differences don’t stem from the
auralization method, an additional approach is taken in
which the filter used in the auralization method needs to
perfectly capture the system’s behaviour. This is possible
by using part of a measurement itself as the filter. With
this idea in mind, 1 s of the impulse and white noise mea-
surements were taken each and used as the auralization
filter, matching the 1Hz frequency step of the simulation
but more importantly including all realistic system prop-
erties by nature of being measurements.
Beginning this comparison case with the application of
the ’ideal’ filter taken from a white noise measurement,
the resulting auralization is indistinguishable when com-
pared to the measurement. This filter has been tested
for pink noise, too, and the auralization remains indistin-
guishable from a pink noise measurement. This approach
validates the auralization method to create correct sig-
nals as long as the modeled filter includes the correct
system behaviour – at least as far as stationary stochas-
tic signals are concerned.

Interestingly, when using the ’ideal’ filter from the im-
pulse measurement, which would include all realistic sys-
tem properties except for the shaker’s influence, the
white noise auralization becomes too resonant again. In
fact, its low-pass filtered version sounds rather similar
to the simulation’s auralization. This emphasizes that
the shaker’s system behaviour is too significant to ignore
which in turn is correctly and intuitively illustrated by
the auralization.

Metric comparisons
This second part of the results focuses on the intro-
duced metrics and examines if they can quantitatively
capture the perceived auralization quality that was dis-
cussed above. Since all signals are stationary stochastic
in this case study, the ability to reflect signal differences
comes down to how sensitive these metrics are to spectral
differences.
Four signals based on white noise are investigated:
The measurement (MeasWN), the simulation’s auraliza-
tion (Sim2WN) and the two auralizations based on the
’ideal’ filter approach (WN2WN, Imp2WN). The signals
MeasWN, WN2WN and Imp2WN are low-pass filtered
to match Sim2WN’s frequency content.

Beginning with the physical metrics, all four signals have
an SPL of 74, 4 dB since SPL was used for compara-
bility. Turning to the A-weighted SPL, which is sensi-
tive to spectral differences due to its frequency depen-
dent weighting, the two signals that sound the same –
MeasWN and WN2WN – have the same value of 71.7 dB.
The other two auralizations both have slightly elevated
values of 72.8 dB for Imp2WN and 73.4 dB for Sim2WN.
These level differences can be considered a potential in-
dicator for auralization quality.

Turning to psychoacoustic metrics, the first result is that
roughness, fluctuation strength and sharpness are all neg-
ligible within the scope of this case study. There are
no periodic temporal amplitude modulations in stochas-
tic noise and sharpness only becomes relevant for energy
content above 2 kHz, which is just barely reached with
the given signals.
Calculating loudness, now viewed on a linear scale, pro-
duces values of 20.2 sone and 20.3 sone for MeasWN and
WN2WN, again matching for the signals that sound the
same. Like SPL(A) before, loudness is sensitive to spec-
tral differences and yields elevated values for the devi-
ating signals: 24.5 sone for Imp2WN and 22.3 sone for
Sim2WN, or roughly a 20% and 10% increase compared
to the measured signal. These changes indicate that loud-
ness can be used as a possible auralization quality indi-
cator.
Comparing psychoacoustic annoyance values yields no
additional information for this case study. Since the
weightings from roughness, fluctuation strength and
sharpness are negligible, annoyance values closely match
loudness values here. However, it needs to be stated
that annoyance could potentially grant more insight than
loudness if the signals were not low-pass filtered and sta-
tionary stochastic, but actual realistic signals.

While scalar SPL(A) and loudness values appear to be
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useful as possible indicators for auralization quality, their
values carry too little information to sufficiently capture
perceived differences of the sound signals. The degree of
detail regarding frequency content needs to be increased
by adding frequency as a dimension. Figure 3 illustrates
this in an exemplary fashion for specific loudness, which
is now calculated in sone over Bark for critical-band rates.
Comparing specific loudness of the two signals that sound
the same – the blue and orange curves – their values
barely differ across all critical bands. Including the other
two specific loudness curves in green and red, they differ
quite clearly with the largest differences at 5Bark, where
the measurement exhibits higher specific loudness, and
above 10Bark, where the deviating signals exhibit higher
specific loudness.
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Figure 3: Specific loudness of a white noise measurement
and three auralizations using different filters.

In the last subsection it has been stated, that the two de-
viating signals, Imp2WN and Sim2WN, actually sounded
similar due to their pronounced resonances towards the
higher frequencies. Though their specific loudness curves
don’t correlate overly much, they do exhibit a similar
overall distribution across the critical bands which re-
flects the listening experience.
Due to these observations, adding the frequency dimen-
sion to the metric investigations or more specifically cal-
culating specific loudness appears to be the most promis-
ing approach when investigating auralization quality for
the use case investigated here.

Conclusion and outlook
The presented auralization approach of using subtractive
synthesis with simulated system responses is an accessi-
ble extension of analysis for early design stage simula-
tions and can be used to produce stationary stochastic
representations of the system. The comparison of vi-
brating plate measurements and auralizations shows that
these representations are as valid as the model is itself,
meaning that accurate models yield plausible or even au-
thentic signals, but a lack of information – as is shown for
a shaker’s influence – leads to clearly audible differences.
This, however, also implies that the method can be useful
to investigate system changes like parameter variations,
as these are expected to be audible as well.
As for calculating common metrics to capture auraliza-
tion quality, scalar values are found to be useful as in-
dicators, but don’t offer a sufficiently detailed reflection
of audible differences. The inclusion of the frequency

dimension allows for an in-depth look into the signals’
characteristics. Specific loudness curves are able to cap-
ture both similarities and differences of this case study’s
comparisons.

Further investigations into auralization quality crite-
ria are necessary in order to make this contribution’s
methodology a reliable tool in early design stage assess-
ment. Otherwise, proceeding from this case study to
realistic applications and adding listening tests to the
assessment are of interest for testing of the method’s ap-
plicability and validity.
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