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ABSTRACT

Designing acoustic metamaterials (AMMs) capable of
achieving broadband low-frequency absorption remains
a considerable challenge due to the physical limitations
imposed by long wavelengths, which typically neces-
sitate thick, voluminous structures. This paper intro-
duces a data-driven approach that employs a pretrained
deep learning (DL) model to generate optimized AMM
geometries based on targeted absorption spectra, which
are tailored to room-specific modal behavior and layout.
The resulting designs aim to maximize absorption effi-
ciency within the 100-250 [Hz] range while minimiz-
ing structural footprint and material usage. The proposed
AMM absorbers are evaluated through finite element sim-
ulations and validated against experimental reverberation
time (RT60) measurements in a partially evacuated office
environment. Performance is benchmarked against a com-
mercial 10 [cm] thick Spektra A10 absorber. Results re-
veal that the AMM, with only 3 [cm] thickness, achieves
competitive performance in the targeted low-frequency
range, offering moderate RT60 reduction. While the
Spektra A10 exhibits better performance above 200 [Hz],
the AMM’s compact form factor and design flexibility
provide compelling advantages for low-frequency room
treatment. These results highlight the potential of inte-
grating machine learning with acoustic design to develop
lightweight, application-specific absorption solutions for
modern architectural acoustics.
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1. INTRODUCTION

The way sound is perceived within a room results from
both direct sound—traveling straight from the source to
the listener—and reflected sound, which bounces off vari-
ous surfaces. Key contributors to these reflections include
architectural features such as walls, floors, and ceilings,
but other objects, including furniture and even people,
can also influence sound propagation. How sound inter-
acts with a surface depends on factors such as the mate-
rial composition and the angle at which the sound wave
strikes it. The acoustical analysis of a room is essential
for understanding and optimizing the behavior of sound
within enclosed spaces for optimal sound experience. The
interaction of sound waves with surfaces, objects, and air
affects how sound is perceived, making room acoustics a
critical factor in designing environments such as concert
halls, theaters, recording studios, classrooms, offices, and
residential spaces [1]. Poor acoustic design can lead to is-
sues such as excessive reverberation, speech intelligibility
problems, and unwanted echoes, which degrade the qual-
ity of auditory experiences.

However, achieving a universally ideal acoustic en-
vironment for concerts and theaters for instance, is an
idealization, as musical perception is influenced not only
by objective sound characteristics, but also by individual
perceptions and requirements. This inherent diversity in
acoustic preferences leads to a wide range of successful
concert hall designs, making room acoustics a continu-
ously evolving field [2]. To navigate these complexities,
acoustic modeling provides a structured approach to eval-
uate key sound characteristics within a space, and enables
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auralization [3].

The two primary methods for modeling room acous-
tics are based either on solving the Helmholtz wave equa-
tion or its variants, or on the principles of geometrical
acoustics which form the foundation of ray acoustics. Ge-
ometrical acoustics, a commonly used approach for room
acoustic modeling [1, 4-6], treats sound propagation as
rays and disregards its wave nature. This assumption is
accurate at high frequencies where the sound wavelength
is much smaller than the objects and room features (e.g.,
walls, furniture). However, at low frequencies, wave phe-
nomena such as diffraction and interference become more
pronounced, leading to significant small-scale effects that
geometrical acoustics cannot account for, thus necessitat-
ing wave-based methods such as the finite element mod-
eling (FEM) or a hybrid approach [7].

Konrad et al. [8] explores simulating room acoustics
using the finite-difference time-domain (FDTD) method,
focusing on boundary and medium modeling. Their find-
ings suggest that the proposed 3D schemes outperform
traditional methods like Yee’s staggered grid [9], and
the digital waveguide mesh while maintaining desirable
boundary properties. Elzbieta et al. [10] explores the the-
oretical and practical approaches to optimizing the sound
field through architectural design. The study provides
guidelines for acoustic planning, focusing on sound ab-
sorption strategies, spatial and material solutions, aid-
ing systems, and proper device implementation. Not-
ing a gap between acoustics and architecture, the paper
bridges these fields by highlighting their mutual influence
on sound absorption and propagation in office spaces.

Noise control in open offices can be achieved through
high room absorption, tall screens, bookcases, and suffi-
cient masking sound. However, the interaction of these el-
ements is complex, particularly at varying distances from
a speaker. Jukka et al. [11] conducted room acoustic mea-
surements in 15 open offices and developed a model us-
ing multivariable regression analysis of the measurement
data. Their model predicts two key descriptors of open
office acoustics: the A-weighted speech level per distance
doubling and the radius of distraction. These predictions
are then used for decision making, to improve speech pri-
vacy and overall acoustic conditions.

An optimization model to help office space designers
select cost-effective noise control materials while meeting
acoustic quality requirements was presented in Abdullah
et al. [12]. The model follows five key stages: identify-
ing designer decisions affecting cost, formulating an op-
timization function, defining constraints related to acous-

tic quality and material selection, implementing the model
using genetic algorithms (GA), and evaluating its perfor-
mance in a real-world office space. Their model deter-
mines the optimal type and area of acoustic materials for
each surface in the room, ensuring both cost efficiency and
acoustic performance.

Low-frequency noise is still a challenge that is prac-
tically difficult to deal with especially in communication
spaces where sound quality is non-trivial. Fuchs et al. [13]
highlights the often-overlooked issue of low-frequency
noise (below 100-125 [Hz]) in communication spaces
such as offices, conference rooms, and restaurants. Tradi-
tional building and room acoustic standards fail to address
this frequency range, which significantly impacts speech
intelligibility and sound quality. To tackle this, the devel-
opment and consulting institute, IBP, developed slender
compound panel absorbers (CPA), which can be mounted
on walls or ceilings to dampen dominant room eigenfre-
quencies. Through extensive real-world testing, the study
demonstrates substantial improvements in acoustic com-
fort. The paper serves as a call to recognize the limita-
tions of conventional acoustic ratings and proactively ad-
dress low-frequency issues rather than waiting for updated
standards.

Artificial intelligence (AI) has emerged as a trans-
formative tool in the field of acoustics, revolutionizing
acoustic design by enabling advanced noise control so-
lutions. With its ability to analyze vast amounts of data
and predict sound behavior with high precision, Al allows
for the creation of customized acoustic environments tai-
lored to specific needs, empowering designers to achieve
targeted sound control with greater efficiency, and achiev-
ing optimized acoustics in spaces ranging from open of-
fices to concert halls, while reducing time and resources
spent on traditional trial-and-error approaches. A machine
learning-based approach to estimate room acoustic param-
eters using only geometrical information as input was em-
ployed in [14]. The work demonstrates that traditional
methods often rely on geometrical models (which approx-
imate high-frequency sound as rays but lack accuracy for
wave effects) or wave-based models (which are more pre-
cise but computationally expensive). The study builds a
dataset from real-world acoustical measurements, using
microphone array encoding to extract room impulse re-
sponses and absorption area in multiple directions. A neu-
ral network model is then trained to predict key acoustic
parameters like reverberation time (T60) and early decay
time (EDT). Compared to the traditional Sabine method,
the model achieves higher accuracy, particularly at low
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frequencies.

In Ciaburro et al. [15], an automatic procedure for
estimating the reverberation time of a room using artifi-
cial neural networks (ANNs) was developed. Tradition-
ally, reverberation time measurement requires specialized
equipment and exclusive access to the space. In con-
trast, their work proposed a method that uses simple au-
dio recordings, from which acoustic features are extracted
and labeled with corresponding reverberation time values
in octave bands. The labeled dataset is then used to train
an ANN model, enabling it to predict reverberation time
in any closed space without the need for complex mea-
surements or calculations. The approach simplifies and
streamlines the process of estimating reverberation time,
making it more accessible and efficient.

Low-frequency broadband noise is a common phe-
nomenon in room acoustics, which is a challenge for tra-
ditional acoustic panels as they would need to be imprac-
tically bulky to absorb such frequencies. In this paper,
a partially empty office space is considered for acous-
tic treatment. A wave-based numerical method based in
COMSOL® Multiphysics is used to simulate the behavior
of the room to sound, and the reverberation time measure-
ments are compared with those from experiment. Next,
a previously trained deep learning model of an acoustic
metamaterial (AMM) absorber is used to predict broad-
band absorber geometries, with a user-specified subwave-
length thickness, according to the experimentally deter-
mined room modes. This paper is structured as follows.
Section 2 outlines the methodology, including the numeri-
cal modeling procedure, experimental setup, and the mea-
surement metrics employed. Section 3 presents the re-
sults of the study, covering the validation of the numeri-
cal model and the performance comparison between the
proposed AMM and a commercial-grade absorber based
on RT60. Finally, Section 4 provides the conclusions and
discusses key findings and potential improvements.

2. METHODOLOGY
2.1 Room description and numerical modeling

The considered office space is a rectangular room of di-
mensions 580 [cm] x 266 [cm] x 280 [cm], with a win-
dow of dimensions 130 [cm] x 54 [cm] x 180 [cm] as
depicted in Fig. 1(a). The office is constructed with solid
concrete and brick surfaces with reflective acoustic char-
acteristics. The walls are made of exposed bricks, offering
high mass and rigidity. This results in strong sound reflec-

tion, with minimal sound absorption at lower frequencies.
The surface texture of the brick may introduce some dif-
fusion at mid-to-high frequencies. The ceiling consists of
a solid reinforced concrete slab, providing a highly reflec-
tive surface that contributes to sound reverberation within
the room. The lack of absorption may lead to longer decay
times for higher frequencies unless treated with acoustic
materials. The floor is a polished concrete surface, which
is both acoustically reflective and structurally robust. The
smooth finish enhances high-frequency reflections, poten-
tially increasing room brightness. The window is a rect-
angular opening with a shallow cavity ending in the glass
backing. The glass pane, set at the rear of the cavity, influ-
ences both sound reflection and absorption characteristics.

The acoustic response of the room is modeled us-
ing the lossless Helmholtz wave equation within the Pres-
sure Acoustics Module of COMSOL® Multiphysics. The
medium is excited with a monopole domain source, ap-
plied through a spherical volumetric source. This con-
figuration approximates an omnidirectional point source,
which is representative of a typical loudspeaker or sound
source in enclosed spaces. The spherical region ensures
uniform radiation of acoustic energy in all directions,
minimizing directional bias and better simulating diffuse
field conditions assumed in statistical models such as the
Sabine and Eyring formulas.

Boundary conditions are assigned to the room sur-
faces and furniture based on their respective material
properties, as detailed in Tab. 1, and their absorptivities
across octave band center frequencies are obtained from
the literature [16, 17]. The computational domain is dis-
cretized using a tetrahedral mesh, with a maximum ele-
ment size of A/7, where X represents the wavelength cor-
responding to the highest frequency of interest.

2.2 Reverberation time

Reverberation is a key acoustic parameter that defines how
sound persists in a room after the source has stopped [18].
It significantly impacts both speech intelligibility and mu-
sical quality. Excessive reverberation can blur speech by
masking short consonant sounds, while insufficient re-
verberation can make music sound lifeless and lacking
in richness. The reverberation time, R7T60, is the dura-
tion required for the sound level to decay by 60 dB af-
ter the source ceases. This metric provides insight into
the room’s acoustic properties and can be measured em-
pirically by analyzing the sound pressure level over time.
The RT60 in frequency domain is commonly computed
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Table 1: Absorption coefficients of the surface materials in the investigated office space.

Surface Absorptivities in Octave Bands
Type Material | 125 [Hz] | 250 [Hz] | 500 [Hz] | 1000 [Hz] | 2000 [Hz] | 4000 [Hz]
Window Glass 0.18 0.06 0.04 0.03 0.02 0.02
Window frame | Plywood 0.28 0.22 0.17 0.09 0.1 0.11
Ceiling/floor Concrete 0.01 0.01 0.015 0.02 0.02 0.02
Door Wood 0.1 0.07 0.05 0.04 0.04 0.04
Side walls Brick 0.03 0.03 0.03 0.04 0.05 0.07
Table Wood 0.15 0.11 0.10 0.07 0.06 0.07
(a) b)
. s1
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Figure 1: Illustration of the office space drawing simulated in COMSOL. (a) shows the CAD drawing of the
room with a table, book shelve and a drawer, and (b) shows the map of the speaker-microphone positions during

measurements.

according to the Sabine formula [19] in Eqn. (1)

ey

where V' is the volume of the room, and A is the total
equivalent absorption area given by

where S; is the effective surface area of each mate-
rial in the room, and «; is the absorption coefficient of the
material. The Sabine formula assumes that sound energy
is uniformly distributed within the room, with minimal in-
fluence from objects and furniture on the overall acoustic
response. However, in practice, perfect sound diffusion
is rarely achieved, requiring adjustments in some cases to
account for furniture or surfaces not accounted for due to
the assumption.

2.3 Measurement setup

Reverberation time measurements are conducted in accor-
dance with the ISO 3382-2:2008 standard. Two micro-
phone positions, M; and M, are marked within the room,
spaced at least 1 [m] from the nearest reflecting wall, and
avoids symmetric positions. Three sound source positions
are utilized: two located at opposite corners of the room
(S1 and S3) and one at the center, Sy (see schematic in
Fig. 1(b). The excitation signal is a time-domain loga-
rithmic sine sweep, providing a high signal-to-noise ratio
and enabling deconvolution to extract the room impulse
response from which RT60 is estimated via Schroeder in-
tegration. The sweep is generated at —12 [dBFS] with a
sampling rate of 44.1 [kHz].

A total of 3P, ( = 6) source-microphone combinations

were measured, and the results were averaged to obtain
a single representative reverberation time curve. The of-
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fice measurement setup comprises a Genelec 8020B ac-
tive monitoring loudspeaker and an omnidirectional mi-
crophone, connected to the output and input channels,
respectively, of a Focusrite Scarlett 2i4 audio interface.
The measurement signals are generated and analyzed us-
ing Room EQ Wizard (REW) V5.31.3, allowing for pre-
cise estimation of the decay characteristics of the room
impulse response.

3. RESULTS AND DISCUSSION
3.1 Model validation

Fig. 2 shows the one-third octave RT60 of the office
space without any acoustic treatment. The measurements
at each speaker-microphone position are shown in gray,
while the average response is indicated in red (refer to
Fig. 1(b) for speaker-microphone positioning). It is note-
worthy that the office space was already in use, meaning
some items could not be removed during measurements,
which may have impacted the room’s response. Subse-
quently, the numerical RT60 is compared to the experi-
mental results. Initial simulation shows that the numer-
ical model tends to overestimate the reverberation time.
This discrepancy is likely due to the presence of surfaces,
crevices, cavities, and other elements within the office
space that are not fully accounted for in the numerical
model. To correct for this, the unknown absorption char-
acteristics are estimated by calculating the absorption area
required to match the difference between the numerical
and experimental RT60 responses. This “deficit” in ab-
sorption area is used to generate frequency-dependent ab-
sorption data, which are subsequently applied to a section
of the room’s wall in the numerical model. The required
absorption area is computed using Sabine’s equation as

0.161.V  0.161.V
AA = Aex - Anum = exp ey
(1) = Acss() = v 1) = S — T -

So that the correction absorption coefficient, Aa(f),
is then obtained according to Eqn. (4)

_AAW)

Aa(f) = S22,

“

where A, is the correction absorption area. The
result of this correction is shown in Fig. 3 which validates
the numerical for subsequent analysis.

0.2 : :
10° 10°
Frequency [Hz]
Figure 2: Acoustic response of the space measured
using a logarithmic sine sweep excitation showing

the reverberation time (RT60) and decay character-
istics of the space.

Experimental
1.3 === Numerical

0.5 : :
102 10°
Frequency [Hz]

Figure 3: Comparison between experimental and nu-
merical reverberation times after correcting for the
unknown absorption area in the space.

3.2 AMM Application to Room Acoustics

Having validated the numerical room model against ex-
perimental measurements, a simulation study is conducted
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to evaluate the performance of a deep learning-based
AMM absorber in comparison to a conventional industrial
absorber, the Spektrum A10, which consists of a fabric
cover and mineral wool core, with dimensions 60[cm] x
60 [cm] x 10 [cm]. A pre-trained autoencoder model is
employed for inference, enabling the prediction of AMM
geometrical parameters based on a desired target absorp-
tion spectrum. Here, the target spectrum is informed from
the room’s reverberation response in Fig. 2. The decoder
component of the network is used to reconstruct the orig-
inal input spectrum, which is subsequently applied to the
AMM panels in the numerical room model. A unit struc-
ture of the designed AMM absorber is shown in Fig. 4.
Each unit is a supercell composed of four inhomogeneous
cells, each tuned to a different target frequency. The su-
percells are periodically arranged in a 60 [cm] x 60 [cm]
rectangular panel, which is then applied to the room sur-
faces and ceiling. Four panels each of 60 [cm] x 60 [cm]
cross-section are used in the simulation. On the other
hand, the industry-grade Spektrum A10, shown in Fig. 5
is of similar cross-section, but witha thickness of 10 [cm]

Figure 4: A unit structure of the designed broadband
AMM absorber composed of a hexagonal cavity, a
spiral inclusion and a top perforated plate.

For the private office space under consideration, it is
desired to have RT60 between say 0.4 < RT60 < 0.6 [s]
at low frequencies (< 200 [Hz]) to improve speech intel-
ligibility and reduce listener fatigue from reflected noise.
Thus, a broad range of 100 to 200 [Hz] with absorptivi-
ties higher than 0.8 is presented to the encoder for which
the corresponding geometry is predicted, and the recon-
structed absorption spectrum, «(f), is then applied to the
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Figure 5: A 60 [cm] x 60 [cm] Spektrum A10 in-
dustrail panel used as a benchmark in this study

absorber surfaces in the room model. For fair compari-
son, the AMM absorber is also designed with the same
60[cm] x 60 [cm] cross-section, but with a thickness of 3
[cm]. Fig. 6 shows the performance comparisons of both
absorbers. It can be observd that the AMM slighly im-
proves the RT60 relative to the baseline in the range be-
tween 100 and 200 [Hz], but the effect at higher frequen-
cies are very minimal. This is because the absorber is tar-
geted for the low frequencies (< 200 [Hz]) and more so,
the range of influence of the aborber can be increased by
increasing the number of inhomogeneous unit that makes
up each broadband absorber, as low frequencies are char-
acterized by sharp narrow peaks. The Spektrum A10 on
the other hand performs better at higher frequencies (>
200 [Hz]) with lower RT60. Fig. 7 shows a bar plot of the
reduction in RT60 relative to the baseline. It is clear that
the AMM provides a superior performance in the targeted
low-frequency range, and beyond this range, the Spektrum
A10 provides the better performance.

4. CONCLUSIONS

This paper presents a deep learning-driven acoustic
metamaterial (AMM) absorber aimed at mitigating low-
frequency room acoustic issues, and compares its perfor-
mance with a conventional industry-grade absorber. The
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Figure 6: Performance comparison of RT60 curves
from both absorbers relative to the baseline.
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Figure 7: Relative difference in RT60 from the base-
line from both absorbers in the targeted frequency
range.

target environment is an existing office space that was par-
tially evacuated and acoustically characterized using the
RT60 metric.

To establish a baseline and validate the simulation

2219

framework, numerical modeling was carried out using the
finite element method in COMSOL Multiphysics. Follow-
ing validation, a pretrained autoencoder was employed to
predict an optimal absorption spectrum in the 100-250
[Hz] frequency range. These frequency-dependent ab-
sorption coefficients were then applied to panel surfaces
in the FEM model to simulate the corresponding reverber-
ation times.

Simulation results demonstrate that the proposed
AMM absorber shows promising performance within the
targeted low-frequency range, with a modest reduction in
RT60 compared to the untreated baseline response. How-
ever, the commercial Spektra A10 panel, with a thickness
of 10 [cml], slightly outperforms the 3 [cm] thick AMM
at higher frequencies above 200 [Hz]. This performance
gap is primarily attributed to the limited number (four) of
inhomogeneous unit cells used in constructing the broad-
band AMM absorber. It is anticipated that increasing the
number of such units would broaden the effective band-
width and enhance overall absorption performance over a
wider operational range.
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