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Introduction
Porous materials play a pivotal role in noise control and
reverberation applications, such as noise barriers and iso-
lation walls [1, 2]. It is essential to know the acoustic
properties of these materials to design effective noise con-
trol strategies. If the elastic motion of the porous frame
does not contribute significantly to the sound dissipa-
tion, the porous material is modeled as a rigid-framed
material, where sound dissipation occurs only due to vis-
cous and thermal effects as sound waves propagate along
the material’s pores. Traditionally, the prediction of the
acoustic properties involves modeling a layer of saturated
porous material as an equivalent fluid [3]. The goal of
acoustic material characterization is to estimate a mate-
rial’s acoustic properties, which can be specified in terms
of

1. energy-related and frequency-dependent quantities,
such as the sound absorption coefficient

2. phase-related and frequency-dependent quantities,
such as the complex-valued surface impedance

3. the frequency-dependent sound propagation char-
acteristics, e.g. the complex-valued characteristic
impedance and the wave number, which describe the
propagation of sound waves inside the porous mate-
rial and

4. the frequency-independent intrinsic physical param-
eters, e.g. the open porosity, the static air-flow re-
sistivity, the tortuosity, etc.

The latter approach typically relies on parametric mod-
els [3, 4], which are used to estimate the equivalent fluid’s
sound propagation characteristics based on frequency-
independent, intrinsic physical parameters [5].

Given the inherent uncertainties in measurements and
environmental conditions, deterministic material charac-

terization approaches yield only a snapshot of a mate-
rial’s acoustic properties. The adoption of a probabilis-
tic framework holds significant promise in this endeavor
since it enables a more robust and comprehensive un-
derstanding of the material behavior. By accounting
for uncertainty, this methodology provides valuable in-
sights into the reliability and robustness of the predic-
tions, thereby facilitating informed decision-making in
noise control engineering applications.

Acoustic material characterization - An
inverse problem
Traditional acoustic material characterization ap-
proaches focus on the parametric approach in which
the frequency-independent intrinsic physical parameters
are inversely estimated from measurements of the
sound field, e.g. data from impedance tube measure-
ments. These frequency-independent parameters vary
depending on the parametric model, which a-priori
needs to be chosen by the acoustician [3]. Parametric
models, although prevalent, can be limiting. They often
necessitate optimization procedures for fitting multiple
parameters, which can be cumbersome due to reliance
on wide-band frequency spectra [6, 7]. Moreover, these
models may not accurately capture the diverse behavior
of rigid-frame porous materials, especially with evolving
material types, such as 3D-printed porous materials or
bio-based sound absorbing materials.

In contrast, a non-parametric approach for acous-
tic material characterization estimates the frequency-
dependent material properties directly from a reduced
set of experimental data. In this case, the inference
is sequentially conducted at individual discrete frequen-
cies. By doing so, the non-parametric approach elim-
inates reliance on parametric assumptions, which pro-
vides more flexibility across various material types and
configurations, including multilayered systems [8], which

Figure 1: Comparison of the schematic flowcharts of the parametric approach and the non-parametric approach for acoustic
material characterization.
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Figure 2: Probabilistic inference process scheme at one specific frequency using sampling-based Markov-Chain-Monte-Carlo
(MCMC) methods to explore the posterior probability distribution.

are pertinent in practical engineering scenarios. Despite
the advantages of the non-parametric approach, the for-
mulation of the frequency-wise inverse problem need to
be treated more cautiously, since only a reduced set of
experimental data is available, which may endanger the
well-posedness of the inverse problem [9]. Figure 1 com-
pares the schematic flowchart of the parametric approach
to the flowchart of the non-parametric approach.

Inference process scheme
While Carbajo et al. [8] used a deterministic optimiza-
tion approach to solve the individual inverse problems
at each discrete frequencies, Eser et al. [9] developed a
probabilistic framework for non-parametric acoustic ma-
terial characterization. In the following, we recapitu-
late the probabilistic inference process scheme proposed
in Ref. [9]. The inference process at an individual dis-
crete frequency is schematically displayed in Fig. 2. The
centerpiece of the inference process is Bayes’ theorem,
in which the a-priori probability of the sought acoustic
properties is updated in light of new data. The process
of parameter estimation typically involves three steps:

1. Prior: Start with an initial belief expressed in terms
of the prior probability distribution representing
what is known about the sought acoustic properties
ξ before observing any data d.

2. Likelihood: Assess the likelihood of observing the
data given different realizations of the prior. This
step involves specifying an appropriate model M
that describes how the data are generated based on
the sought acoustic properties.

3. Posterior: Combine the prior beliefs with the new
evidence to obtain the posterior probability distri-
bution, which represents the updated beliefs about
the sought acoustic properties given the observed
data. Bayes’ theorem mathematically describes this
update process by multiplying the prior by the like-
lihood. In this case, sampling-based Markov-Chain-
Monte-Carlo (MCMC) methods are applied to ex-
plore the posterior distribution.

The posterior distribution encapsulates the uncertainty
remaining after observing the data. Based on the pos-
terior, additional analyses, such as assessing the uncer-
tain surface impedance or the uncertain sound absorption
coefficient, can be conducted by drawing realizations of
the updated posterior probability of the acoustic proper-
ties. Note that the denominator in Bayes’ Theorem, also
known as Bayesian Evidence, is omitted here since it is
not required for sampling-based parameter inference.

Due to the non-parametric approach, the inference of the
frequency-dependent acoustic properties needs to be con-
ducted at each individual discrete frequency of interest.
To accelerate the inference of the sought properties across
wide-band frequency ranges, Eser et al. [9] proposed the
so-called Bayesian inference with sequential frequency
transfer. In essence, this method makes use of the in-
formation that has been inferred at a specific frequency
and incorporates it into the prior of the inference at the
subsequent discrete frequency. Therefore, the sequential
inference is a two-staged inference process: At first, the
posterior of the sought sound properties is inferred at a
user-defined initial frequency. At this initial frequency
a non-informative prior is specified, which assigns equal
probability to all possible values of the quantity of in-
terest. The principle of maximum entropy proposes to
assign uniform probabilities to the prior of the sought
quantities at this stage. Note that the appropriate se-
lection of the initial frequency is crucial for a successful
inference process. While Eser et al. [9] propose to set
the initial frequency in the frequency range, where the
porous material under investigation starts to effectively
absorb sound, Carbajo et al. [8] propose to use the high-
est frequency available as a starting point for the infer-
ence process.

Once the posterior at the initial frequency is found, the
sequential phase starts. In the sequential phase, the infer-
ence is sequentially conducted for all remaining frequen-
cies in the frequency range of interest. Consequently, the
inference process follows a hidden Markov chain-like prin-
ciple, where information of the posterior at one frequency
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is transferred to the prior at the subsequent frequency.
More specifically, the mean value of the posterior prob-
ability distribution at a completed frequency serves to
specify the mean value of the prior distribution at the
next frequency.

Application scenarios
So far, the probabilistic non-parametric material charac-
terization approach has been applied to three use cases:

1 Impedance tube set-up

Most data for acoustic material characterization are
obtained from standardized impedance tube measure-
ments. In this circumstance, only normal incidence of
the plane waves can be accounted for. As such, the
available data may comprise the sound absorption co-
efficient, the complex-valued reflection coefficient or the
complex-valued surface impedance. For the probabilis-
tic approach, these data may be recorded by multiple
measurements for one specimen or individual measure-
ments for multiple specimens of the same material. The
transfer matrix method [10] can serve as an appropri-
ate model to evaluate the likelihood. The uncertain
frequency-dependent sound propagation characteristics,
e.g. the characteristic impedance and the wave number
in the porous material, can hence be obtained using a
non-parametric approach.

2 Free-field set-up for locally reacting layer

Compared to the idealized conditions in an impedance
tube, the sound field can drastically change in realis-
tic applications since spherical waves propagate in 3-
dimensional spaces. As such, the sound absorption prop-
erties measured in situ can differ significantly from those
measured in an impedance tube [11]. Measurements un-
der free-field conditions, e.g. in a semi-anechoic cham-
ber, can provide good approximations for real applica-
tions in situ [12]. However, the surface impedance and
the sound absorption coefficient cannot be measured di-
rectly under free-field conditions using conventional mea-
surement equipment. Consequently, the sound field is
measured in the vicinity of the sound absorbing material
and an inverse problem needs to be solved to character-
ize the sound absorption properties of the material un-
der investigation [12]. In Ref. [9], the probabilistic non-
parametric approach with sequential frequency transfer
is applied to infer the frequency-dependent surface ad-
mittance of locally reacting porous layers. A combined
pressure-particle velocity probe is used to record the spe-
cific impedance in the vicinity of the layer under investi-
gation. A single, stationary loudspeaker is used to excite
the sound field in a semi-anechoic chamber and up to 30
repeated measurements of the same porous layer are con-
ducted. The measurement set-up is arranged such that
only normal incidence of spherical waves is considered.
The direct discrete complex image method [13] is used
as the data generation model to efficiently approximate
the sound field above the porous layer of finite thick-
ness. Based on the inferred uncertain surface admittance,
the uncertainty in the sound absorption coefficient of the
porous layer can be estimated. For more information,

the reader is referred to Ref. [9].

3 Free-field set-up for non-locally reacting layer

Assuming that a porous layer exhibits local reaction be-
havior limits its sound absorption to be constant across
the impinged surface of the layer. This assumption does
not generally hold and can lead to incorrect material
characterization results [11]. In particular, porous ma-
terials characterized with low air-flow resistivity tend to
exhibit non-local reaction behavior [11]. As a conse-
quence, the sound absorption coefficient of non-locally
reacting layer depends on the angle of incidence of an
impinging sound wave. In Ref. [14], the probabilistic non-
parametric approach with sequential frequency transfer
is applied to infer the frequency-dependent wave num-
ber and effective density of a non-locally reacting porous
layer of finite thickness. In this scenario, a monopole-like
loudspeaker is sequentially moved to eleven different po-
sitions. At each position, the sound field is exited and
a combined pressure-particle velocity probe records the
specific impedance above the layer under investigation.
The emitted spherical sound waves impinge on the layer
at various angles of incidence. By doing so, the observed
data contain enough information for successful inference.
Again, the direct discrete complex image method [13]
is used as the data generation model since it provides
an efficient approximation of the sound field for multi-
ple sound source and receiver combinations. Once, the
frequency-dependent uncertain sound propagation char-
acteristics are successfully estimated, predictions of the
angle-dependent sound absorption coefficient can be gen-
erated, even for angles of incidence that lie beyond the
aperture of the measurement set-up.

Conclusions
Rigid-frame porous materials serve as fundamental com-
ponents in noise mitigation applications. Traditional
methods to acoustically characterize these materials rely
heavily on parametric models which necessitate deter-
mining frequency-independent intrinsic physical param-
eters beforehand. However, this approach faces lim-
itations as parametric models may not fully capture
the intricate behavior of rigid-frame porous materials.
In this context, a non-parametric approach for mate-
rial characterization emerges as a promising alternative.
By circumventing the need for parametric assumptions,
this approach offers a more streamlined and versatile
solution. This paper summarizes an efficient proba-
bilistic framework tailored for estimating the uncertain
frequency-dependent sound propagation characteristics
of rigid-frame porous materials. By leveraging a prob-
abilistic framework, we do not only account for the in-
herent uncertainties in measurements but also provide
a robust and comprehensive understanding of the mate-
rial’s behavior in light of uncertainties due to manufac-
turing processes. Three application scenarios for acous-
tic material characterization are outlined, namely by us-
ing impedance tube measurements, free-field impedance
measurements to characterize a locally reacting layer,
and free-field impedance measurements to characterize
a non-locally reacting layer. In conclusion, by combining
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a non-parametric approach with sequential information
transfer between discrete frequencies, we offer a powerful
tool for engineers and researchers seeking to understand
and quantify uncertainty in acoustic material character-
ization. We believe that our methodology holds signif-
icant promise for advancing the field of acoustics and
facilitating informed decision-making in noise control en-
gineering.
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