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Introdution

Considering acoustic properties in the early design stage
is important because design changes might be possible
with a minor effort. However, only a few information
about the product is available and, therefore, the task
is challenging. In the framework of the SynTrac col-
laborative research center, the aim is to investigate the
potential of highly integrated aircraft to improve their
energy efficiency. The anticipated structural integration
of engines into the fuselage is expected to increase vi-
bration levels along the transfer path from the engine
to the cabin. Simulating cabin noise to investigate this
influence is computationally expensive because of the
required wave-resolving dicretization methods. On the
other hand, for a design assessment the prediction of the
cabin noise perceived by a human could provide a suffi-
cient assessment metric while being less computationally
costly. Therefore, the scope of this contribution is to
combine a multi-level approach for Finite Element Mod-
els with human perception modeling.

Multi-Fidelity methods are a concept to reduce computa-
tional cost without compromising accuracy by distribut-
ing the computational effort within a combination of one
or more low-fidelity models and a (high-fidelity) refer-
ence model [1]. Low-fidelity models may not need to
be derived from the high-fidelity model in this method.
Multi-level methods, i.e. a sub-group of multi-fidelity
methods, the low-fidelity models are derived from the
high-fidelity model by varying a certain parameter, for
example the discretization. [1] While being developed for
outer-loop applications, approaches for single computa-
tions in the frequency domain exist as well [2]

In the approach presented in this contribution, a
multi-level approach is combined with models for
human perception of sound for cabin noise predic-
tions. Therein, frequency regions that contribute sig-
nificantly to human perception are computed using the
high-fidelity model to maintain sufficient accuracy, while
a low-fidelity model is employed in frequency regions
with lower perceptual contributions to reduce simu-
lation effort. The masking effect describes how cer-
tain low-frequency and high-amplitude sounds tend to
mask some high-frequency and low-amplitude sounds [3].
Within the scope of this contribution, regions with
low perceptual contributions are such regions that are
masked by the effect of upward frequency masking.
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Figure 1: Applied plate-cavity model, relevant geometric
parameters, and applied forces. The dashed line indicates
that the force is applied at the center of the plate.

Modeling

Hereafter, the models used in this contribution are pre-
sented. The quantity of interest is sound pressure in a
cavity and subject to a computation with the proposed
multi-level approach. The distribution of computational
effort within the multi-level approach is based on the
psychoacoustic model of loudness following Zwicker, the
loudness is calculated using python package mosqito [5].

Finite Element Model To obtain sound pressure in
the frequency domain for computing specific loudness in
the proposed methodology, a plate-cavity model is chosen
as a simple proxy model for an aircraft cabin. Figure 1
graphically illustrates the model. The cubic cavity, rep-
resenting air in a confined space, has a length, width, and
height of 0.6 m. A square aluminum plate, 0.6 m in length
and 0.002m in thickness, is tied on the upper surface of
the cavity. Physical parameters of air and aluminum are
presented in Table 1. The model is homogeneous, linear
elastic and undamped. In the center of the plate, a con-
centrated force with 0.0005 N is applied to the model as
excitation.

The sound pressure, as the quantity of interest, is mea-
sured in the middle of the cavity and serves as input
to the proposed methodology. The acoustic fluid is dis-
cretized using a fine mesh size (element edge length of
0.025m) for the high-fidelity model and a coarse mesh
(element edge length of 0.11 m) for the low-fidelity model.
The plate model maintains a fixed mesh size of 0.02m.
As element types, 20-node quadratic acoustic brick ele-
ments are used in the cavity and 8-node doubly curved



Table 1: Material parameters in the simulation

Material Elasticity parameters Density
Air Bulk modulus 1.225kgm?
101325 Pa
Young’s Poisson’s
Aluminium  modulus ratio 2700 kg m—3
70 GPa 0.34

thick shell elements with reduced integration are used in
the plate. The high-fidelity and low-fidelity models are
evaluated in the frequency domain from 50 Hz to 1480 Hz.
Spacing of the frequency support points is 1Hz. The
model is solved using Abaqus 2016 on the Phoenix Clus-
ter at TU Braunschweig.

At the maximum frequency of 1480 Hz the wavelengths
are 0.23m and 0.12m for the air and the plate, respec-
tively. With the element edge lengths mentioned above,
the low-fidelity mesh consists of 4 nodes per wavelength,
while the high-fidelity mesh consists of 18 nodes per
wavelength. The boundary condition for the cavity is
a stationary rigid wall. The calculation method used
to compute the frequency spectrum is steady-state dy-
namics (direct method). Assuming that the time used
in each frequency step is consistent for the same model,
the calculation time for the low-fidelity simulation is
1.17s/frequency step, while that for the high-fidelity sim-
ulation is 8.49s/frequency step.

Psychoacoustic Model Psychoacoustics describes how
sound is perceived by the human auditory system. There
are several psychoacoustic metrics used to characterize
distinct aspects of auditory perception, of which loudness
quantifies the human perception of sound intensity [4].
Specific loudness is the perceived loudness and regarded
as the density of total loudness over the critical band
rate (Bark), a frequency scale based on the fact that the
human auditory system analyzes a broad spectrum by
dividing it into segments corresponding to critical bands.

A required input for loudness computation is sound
pressure sampled at equidistant intervals in the fre-
quency domain. In the loudness computation described
in [3], narrow-band sound pressure is transformed into
a one-third octave band representation, followed by the
computation of core loudness based on this representa-
tion. The one-third octave bands are then mapped into
critical bands. Core loudness represents the loudness
produced by the sound pressure in the corresponding
critical band. Once core loudness is obtained for each
critical band (cf. Fig. 2), a slope with a predefined gradi-
ent is drawn into the adjacent higher critical band, start-
ing from the specific loudness in the lower critical band.
This slope represents the loudness contribution at this
frequency from sound pressure at lower frequencies. The
core loudness together with the slopes form the specific
loudness. If the loudness on the slope is higher than core
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Figure 2: Core loudness, the contribution of sound at this
frequency to overall loudness, is masked by the contribution
of lower-frequency sounds.

loudness on the scale of critical band, the specific loud-
ness at this frequency follows the slope, indicating that
the original sound at this frequency is masked. Con-
versely, if the slope falls below core loudness, the specific
loudness is equal to core loudness. [4].

Methodology

The proposed methodology leverages the masking effect
to reduce computational effort. Each step within this
methodology is detailed in this section and illustrated
in figure 3. The methodology is implemented using a
python 3.11 framework.

The higher the peak in the frequency spectrum of the
sound pressure, the more it contributes to human percep-
tion. Thus, in the first step of the methodology a coarse
frequency solution that contains only the peaks above a
certain amplitude of the acoustic response is constructed
using the high-fidelity simulation to identify masked re-
gions. When the amplitude of a certain peak is below this
threshold, the psychoacoustic contribution of this peak is
negligible compared to higher peaks . Since the purpose
of this paper is to demonstrate the effectiveness of this
methodology, the peaks are extracted from the precom-
puted high-fidelity simulation results. It should be noted
here that the identification of high peaks, without the
complete simulation results being available, is left for fu-
ture work. A coarse frequency solution, as illustrated
in figure 4, is obtained by linear interpolation between
specified points on selected peaks. Therefore, for each
selected peak, the points considered include the highest
point, ensuring that the main psychoacoustic contribu-
tion of this peak is accounted accurately, and two points
with an equal frequency interval on both sides of the
highest point. Thus, a worst-case estimate of the sound
pressure in non-peak regions is obtained. Moreover, the
linear interpolation ensures an equidistant sound pres-
sure distribution in the frequency domain. In this case,
the threshold is arbitrarily set to 0.01 Pa and frequency
interval for the frequency points adjacent to the peak
points to 3 Hz.
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Figure 3: Flowchat of the proposed methodology to com-

bine multi-level method with masking effect

In the second step, the coarse frequency solution is used
to compute specific loudness. This can be seen in fig-
ure 4. Here, instead of using Bark as the frequency scale,
specific loudness is graphically illustrated in Hz for eas-
ier identification of masked regions in the frequency do-
main. Critical-band rates are converted into Hz by linear
interpolation, based on their positions within the upper
and lower frequency limits of the corresponding critical
bands. Specific loudness from the complete high-fidelity
simulation and the coarse frequency solution share a sim-
ilar contour to a certain extent. This indicates that the
specific loudness of the coarse frequency solution can be
utilized to identify the masked regions. Accordingly, fre-
quencies with slopes in the specific loudness of the coarse
frequency solution correspond to masked regions. These
masked regions are labeled with boxes containing vertical
lines.

In the third step, the low-fidelity model is applied in
masked regions to compute a finely resolved frequency
response, while the high-fidelity model is applied out-
side masked regions to maintain loudness accuracy. The
combination of simulations with different fidelities across
varying frequency domains is hereafter referred to as
the combined simulation. In the fourth step, a coarse
frequency solution for the combined simulation is con-
structed to compute specific loudness. This information
reduction is required to establish a fair comparison with

818

Loudness in Sone

Sound pressure in Pa (log-scale)

1200

“m

400

0 800

Frequency in Hz

mmmm Loudness for complete high-fidelity simulation
Loudness for coarse frequency solution
Coarse frequency solution

|]]:’ Masked Region

== Vertical line to mark masked regions

Figure 4: Identification of masked regions based on the loud-
ness of the coarse frequency solution from the high-fidelity
simulation, using linear interpolation between specified points
on selected peaks.

the coarse frequency solution of the high-fidelity simula-
tion. The loudness of the coarse frequency solutions from
the high-fidelity and combined simulations are compared
and the error (absolute difference in total loudness) is
computed.

If the error exceeds the predefined threshold, the com-
bined simulation is modified and reconstructed by replac-
ing parts of the low-fidelity simulation results in masked
regions with high-fidelity simulation results (step five and
six). The threshold for the error in loudness can be cho-
sen arbitrarily and is defined here as 0.1 % of the total
loudness from the coarse frequency solution compared
to the high-fidelity simulation. For the updated com-
bined simulation, the fourth and fifth steps are repeated
iteratively until the error in loudness reaches the prede-
fined threshold (seventh step). Generally, it is not clear
a priori in which frequency regions the low-fidelity model
might be inaccurate. For the particular case investigated
here, the coarser discretization of the low-fidelity model
suggests that the accuracy decreases with increased fre-
quency. Therefore, the iterations in the sixth step are ex-
ecuted beginning from high frequencies downward. How-
ever, this is not expected to limit the applicability of the
method and could be adjusted in other application cases.

Discussion

In figure 5 the final computational result after all iter-
ations is displayed. It can be observed that the spe-
cific loudness distributions of the final combined and the
high-fidelity simulations exhibit a reasonable similarity.
The total loudness of the combined simulation is 29.3
Sone, while that of the full high-fidelity simulation is
29.28 Sone. The absolute difference in loudness between
the two simulations is 0.02 Sone, accounting for only
0.06 % of the total loudness of the high-fidelity model.
These results confirm that the proposed methodology
provides a sufficient accuracy.
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Figure 5: Specific loudness distributions between the
high-fidelity and final combined simulations

The identified masked regions are the frequency ranges
280Hz to 360Hz, 558 Hz to 606 Hz, 714 Hz to 742 Hz,
1116 Hz to 1310Hz and 1392Hz to 1480Hz. After all
iterations, the low-fidelity simulation finally is applied
in the frequency ranges of 280 Hz to 360 Hz, 558 Hz to
606 Hz and 714 Hz to 719Hz. The total required simu-
lation time of the combined simulation is 11 512.86s, of
which the low-fidelity simulation took 518.31s while the
high-fidelity simulation required 10994.55s. When only
the high-fidelity simulation is used, the total simulation
time is 12152s. Thus, the proposed approach results in
a 5.26 % reduction in total simulation time. Generally,

Within this contribution, the allowable accuracy loss of
the coarse frequency solution was arbitrarily defined with
a value of 0.1 %. However, this does not necessarily align
with human hearing characteristics. Slight changes in
loudness are not perceivable, therefore allowable accu-
racy loss should be defined based on the threshold of
imperceptible loudness changes in human auditory sys-
tem in future applications of the method. However, in
general, the method provided a reasonable reduction of
the computational effort without compromising accuracy
with respect to the human sensation.

Summery and Outlook

The contribution presented here investigates the hypoth-
esis that perceived noise can be predicted with less com-
putational effort than a physically correct result. There-
fore, a method is developed that initially provides a
coarse computational result in order to identify psychoa-
coustically important frequency regions in the context
of loudness perception. In combination with a compu-
tational approach based on a multi-level framework, the
method provides acceptable results with less computa-
tional effort compared to the reference case.

However, a critical challenge remains to identify the
high-amplitude peaks before complete and highly accu-
rate simulation results are available. Addressing this
challenge will be a focus of future work. One possible
approach to tackling this issue is to investigate the fre-
quency response at the resonance frequencies of the mod-
els.

In future works, the method shall be adapted as well to
serve as a criterion to steer an adaptive method based on
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the Harmonic Balance Approach for nonlinear vibration
problems. This approach is investigated in the frame-
work of the collaborative research center CRC TRR 364
SynTrac.
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