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Abstract

Open-source software has become increasingly important in research and recognized
through funding and peer-reviewing. This paper outlines the current state of openly avail-
able software for microphone array processing and describes two libraries in detail: the
well-established Acoular, and newer addition AeroAcoustics.jl. For both libraries, the de-
sign choices as well as possible application is discussed. Moreover, it is detailed how these
open-source libraries allow a multi-leveled approach to quality assurance through the pos-
sibility of software peer review, regression tests as well as open benchmarks. The latter is
also shown to be instrumental for reproducible research.

This is further exemplified by demonstrating a benchmark exercise with measured data
from a wind tunnel test. The task is performed with both libraries. The presented results
highlight the possibility to get the same results from the same data using different software.

Finally, lessons learned from the development of these tools are discussed, i.e., funding,
peer-reviewing, student and researcher collaboration between research teams, and commu-
nity involvement. It is concluded that open-source scientific software can be a key for the
scientific community to improve not only the quality and reproducibility of research and
application, but also the general availability of new algorithms and results.

1 INTRODUCTION

Acoustic imaging using microphone arrays has been immensely successful in enhancing the
spatial resolution of noise mapping in aeroacoustic applications over the past 40 years [27].
A great diversity of algorithms has been developed, with continuous improvements regularly
documented; two recent reviews are available in Refs. [9, 26]. The aeroacoustic commu-
nity has also led efforts to benchmark various post-processing and acoustic imaging techniques
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through several benchmark cases, resulting in collaborative papers [6, 34] (the remaining cases
are shared online, benefiting the aeroacoustic community by providing resources for testing and
developing software and techniques [3]). These studies focused on comparing results from dif-
ferent research groups using the same datasets and algorithms (in the mathematical sense) but
using different software. One conclusion was that despite using seemingly identical algorithms,
the results varied due to differences in software implementation [6, 34]. The software codes
used to produce these results were not shared, preventing identification of the source of discrep-
ancies. If all participants had used publicly shared software, it would have been possible to trace
the differences, reach a consensus on the correct implementation, and share these developments
for the community’s benefit. This is the spirit of open-source software, which is the topic of this
paper.

Free and open-source software (FOSS) refers to software that is both freely available for
use and redistribution, with source code openly accessible [1, 4, 12]. This accessibility allows
users to review and suggest modifications to the code, promoting knowledge sharing and new
developments. FOSS is based on a community-driven development model and is an integral
part of the modern digital ecosystem. The Linux operating system is one prominent example of
this [15].

Open-source software can be defined by the following characteristics1: 1) publicly available
source code, 2) a software license approved by the Open Source Initiative (OSI [28]) or similar
(e.g., GPL, MIT, BSD), 3) a documentation describing installation and usage, 4) automated tests
(e.g., unit and regression tests), and 5) community collaboration guidelines (e.g., contributing,
reporting issues, seeking help).

Unlike general-purpose software, which benefits from a large user base and the potential to
establish substantial organizations, open-source research software faces challenges due to its
limited user base and lack of academic recognition. Despite this fact, within the aeroacoustic
community, several software packages have been shared online. A comprehensive review is
outside the scope of this paper, but a curated list is available online [11]. Notable examples
include Acoular [32], Augen [2], AcouPipe [18], and AeroAcoustics.jl [22]. Acoular, well-
known due to it’s lifespan and community interaction, is described in more detail later. Augen
and AcouPipe integrate with Acoular, with the former enabling aeroacoustic simulations via
Amiet’s turbulence-aerofoil interaction implemented in Amiet-Tools [16], and the latter gener-
ating simulated datasets for machine learning applications. AeroAcoustics.jl, written in Julia
[7], is also detailed later.

A substantial part of the software codes are written in Matlab, ranging from short pieces of
code to extensive libraries. Although Matlab is widely used in academic institutions, its pro-
prietary nature and licensing requirements disqualify it as open-source software. Nonetheless,
shared Matlab code remains valuable for understanding and implementing specific methodolo-
gies. It is important to note that educational licenses for Matlab typically prohibit commercial
use, unlike most open-source software licenses.

This paper introduces two open-source software libraries and demonstrates how a benchmark
study can be conducted using shared code to facilitate further software development. The paper
is structured as follows: Section 2 describes the two open-source software packages, which
are used for the benchmark exercise detailed in Section 3. Section 4 presents the results, while

1Using the review guidelines https://joss.readthedocs.io/en/latest/review_criteria.
html of the Journal of Open Source Software [37].
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Section 5 discusses peer-review, teaching, and community involvement. The paper is concluded
in Section 6.

2 Software

In this section the two open-source software packages (Acoular [32] and AeroAcoustics.jl [22])
are described briefly. A more detailed explanation can be found in their respective references
and online repositories.

2.1 Acoular

Acoular2 is an open software package written in Python for processing multichannel signals
from microphone arrays [32]. Its first openly available version was released in 2015 under
a permissive New BSD 3-Clause license. While the 2017 published article about Acoular al-
ready describes many still relevant concepts, such as following an object-oriented programming
paradigm to ease the addition of new processing capabilities, the software has been constantly
extended and improved since then. Currently, Acoular is being further developed as part of a
research project3 to improve collaboration possibilities, software quality, and reproducibility.

With the latest release [33], Acoular offers 15 microphone array methods, of which 13 are
performed in the frequency domain and two in the time domain. Apart from the microphone
array processing methods, functionalities such as data acquisition and data import, time-domain
linear and nonlinear filtering, spectrum estimation, array layout and mapping grids definition,
the ability to account for different sound propagating environments, moving sources and data
synthesis are provided.

To allow the processing of computationally demanding tasks, Acoular uses out-of-core pro-
cessing, lazy evaluation techniques, and transparent and persistent caching of intermediate and
final results to avoid repeated computation. To enable parallel computation, Acoular relies on
Numba, which is a just-in-time compiler for Python that translates Python functions to opti-
mized machine code at runtime [19].

2.2 AeroAcoustics.jl

AeroAcoustics.jl4 is an open source software package written in Julia [7]. It was developed
as part of the PhD study [21], and has since been further extended to be the primary software
tool for post-processing of aeroacoustic measurements at the Poul la Cour Tunnel (PLCT, DTU
Wind, Risø Campus).

AeroAcoustics.jl utilizes key features of Julia, such as multiple dispatch, multi-threading,
and just-in-time compilation, to provide a simple API with fast execution. The current acoustic
imaging techniques are frequency-domain specific and include conventional beamforming [17],
DAMAS [8], Clean-SC [35], and FISTA [24]. Utility functions for computing cross-spectral
matrices from time-domain data, source integration, and octave band analysis are also provided.

2https://www.acoular.org
3Deutsche Forschungsgemeinschaft (DFG), project number: 528753521
4https://github.com/1oly/AeroAcoustics.jl
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3 Benchmark

A new microphone array benchmarking exercise is introduced with this paper. To highlight the
capabilities of the two software packages presented above, the benchmark case is designed to
include multiple tasks, covering a typical post-processing chain of an aeroacoustic wind tunnel
measurement campaign. The benchmark is summarized here, but a detailed version is available
online [25]. It is the authors’ hope that other institutions will join the benchmarking exercise
online. This effort can be seen as an extension of the benchmarking initiatives put forward by
the AIAA aeroacoustics community, resulting in the two papers [6, 34]. The purpose of this
benchmark study, ”Airfoil in a Kevlar-walled wind tunnel”, is to demonstrate the benefits of
open-source software for reproducing results and hence developing more robust software.

The benchmark exercise is presented below in a number of tasks. The same tasks are provided
in the online repository [25] with additional instructions, and solutions to each task are given
in separate documents by the two software packages, Acoular and AeroAcoustics.jl. In each
task, a dataset is exported to a commonly readable file format (comma-separated values, or
CSV), and in a third document, these results are imported and compared. This approach has the
benefit of being extensible, allowing other open-source software packages to contribute to the
benchmark and have their results compared to the existing ones. Another benefit is that users
can reproduce results in incremental steps and compare them to their own code, even if it is not
shared publicly.

The dataset for this exercise is shared in the AIAA HDF5 file format, along with metadata
describing the measurement setup, ambient conditions, and microphone array geometry. This
provides sufficient information to be reproducible and can also be used for purposes other than
the benchmarking exercise. A summary of the measurement setup is given below. For further
details, the reader is referred to Ref. [23].

A NACA63018 airfoil with a chord length of 0.9 m and a span of 2 m was placed in a wind
tunnel (Poul la Cour Tunnel (PLCT), DTU, Risø Campus) with Kevlar side walls (see Figure
1a). The microphone array, a B&K 84-channel array equipped with 1/4-inch microphones,
was positioned such that the array plane is parallel to the center plane of the test section. The
microphones are distributed pseudo-randomly in a circular plane with a diameter of 1.96 m (see
Figure 1b). The free-stream velocity considered is U0 = 50 m/s, and the airfoil angle of attack
is AoA = 0◦. The flow direction is in the positive x-direction (right to left in acoustic maps).

3.1 Tasks

The benchmark exercise consists of 8 sub-tasks, which are stated below. The input data and
import procedure are described in detail online [25].

1. Given the time-domain data file and associated sample rate: Compute the cross-spectral
matrix (CSM) using Welch’s method [40] with n = 4096, 50% overlap, and a Hanning
window. Store real and imaginary parts of the CSM for frequency bins 500 Hz and
1000 Hz in CSV files.

2. Given the microphone array geometry found in the time-domain data file: Compute the
Point-spread function (PSF) from a reference point (x0,y0) = (0.0,0.0) in the domain
x = [−1;1] m and y = [−1;1] m using 41 points in each dimension for the plane at z0 =
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(b) Microphone array geometry and airfoil location.

Figure 1: Schematic overview of measurement for benchmark dataset.

2.3 m. Use the steering vector formulation III as defined in [30] and store the PSF for
frequencies 500 Hz, 1000 Hz, 2000 Hz, and 4000 Hz in CSV files.
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3. Given the cross-spectral matrix data file, associated microphone array geometry, and
source distance z0 = 2.3: Apply diagonal removal, and compute the conventional beam-
forming acoustic image in the domain x = [−2;2] m and y = [−1;1] m using 41 points in
the y-dimension and 81 points in the x-dimension, in the frequency range ( f min, f max) =
(400,4000). Store the acoustic images in dB for frequencies 500 Hz, 1000 Hz, 2000 Hz,
and 4000 Hz in CSV files.

4. Using the above setup, compute acoustic maps with Clean-SC [35] using a loop-gain of
0.5, and maximum iterations of 100. Store the acoustic images in dB for frequencies
500 Hz, 1000 Hz, 2000 Hz, and 4000 Hz in CSV files.

5. Compute Task 3 (CBF) again, but with a shear-layer correction, given the position of
the Kevlar wall 1.5 m from the trailing edge and 0.8 m from the microphone array, and
the flow-speed given in the dataset. Assume a plane, thin shear-layer if using Amiet’s
correction [5]. Store the acoustic images in dB for frequencies 500 Hz, 1000 Hz, 2000 Hz,
and 4000 Hz in CSV files.

6. Using the acoustic maps from Task 5, compute source integration for the region
(xmin,xmax,ymin,ymax) = (−0.5,0.5,−0.4,0.4) in the frequency range ( f min, f max) =
(400,4000). Store the result as two columns, first column ’fc’ and second column ’dB’
in CSV files.

7. Compute Task 4 (Clean-SC) again, but with a shear-layer correction, given the position
of the Kevlar wall 1.5 m from the trailing edge and 0.8 m from the microphone array,
and the flow-speed given in the dataset. Assume a plane, thin shear-layer if using Amiet’s
correction [5]. Store the acoustic images in dB for frequencies 500 Hz, 1000 Hz, 2000 Hz,
and 4000 Hz in CSV files.

8. Using the acoustic maps from Task 7, compute source integration for the region
(xmin,xmax,ymin,ymax) = (−0.5,0.5,−0.4,0.4) in the frequency range ( f min, f max) =
(400,4000). Store the result as two columns, first column ’fc’ and second column ’dB’
in CSV files.

4 Results

In this section, the main results of the benchmarking exercise comparing the two software codes
are shown. The complete set of results can be found online [25].

In task 1, the cross-spectral matrix was computed from time-domain data. Two of the fre-
quency bins were stored in CSV files and the result for 500 Hz is shown in Figure 2 with the real
and imaginary parts separated. Visually, it is difficult to assess any specific differences, but the
level, as shown by the colorbar, is off. By further inspection, it is clear, that there is a constant
difference (approximately 1.5) between the results produced by AeroAcoustics.jl and Acoular.
The reason can be found by inspection of the source code, and is given by that fact, that two
different scaling conventions for the compensation of the window influence are used. While
AeroAcoustics.jl follows the ”spectrum” convention used by SciPy [38], Acoular uses a differ-
ent scaling. This scaling ensures that the overall power of the signal given by the mean square
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of the signal samples p(n) equals the sum over all M components of the sampled autopower
spectrum Gxx( fk):

p2
rms =

1
N

N

∑
n

p(n)2 =
M

∑
k

Gxx( fk). (1)

This holds regardless of the type of window applied.
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Figure 2: Cross-spectral matrix (CSM) at 500Hz. Left: Real part of CSM, Right: Imaginary
part of CSM.

In task 3, conventional beamforming maps were computed based on a pre-computed cross-
spectral matrix. The offset observed in task 1 is therefore not propagated to the following
results. Acoustic images at several frequency bins were stored, and two of those (1000 Hz and
2000 Hz) are shown in Figure 3, with one plot pane showing the level difference in dB. The
difference at the airfoil trailing edge is less than 1 dB; however, at the very outer edge, there is a
larger difference. The discrepancy in this particular region was not investigated further, but with
both source codes available, it is possible to identify the cause with some additional analysis.

In task 7, acoustic images were computed using the Clean-SC algorithm. In addition, a shear-
layer correction was applied to account for sound wave refraction occurring at the Kevlar-wall
interface. This correction, typically based on the work by Amiet [5], was not a requirement. The
shear-layer correction implemented in AeroAcoustics.jl follows the derivation given in [14], and
Acoular use a slot jet flow environment to mimic the (thicker) shear layer. Shear layer refraction
is then considered using a ray-casting approach [31]. The acoustic maps are shown in Figure
4. In both cases, the position of the trailing edge has been successfully corrected for refraction
effects, and are now located at x = 0, which is the correct physical position (see Figure 2). The
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Figure 3: Conventional beamforming without shear layer correction. Flow is right to left.

acoustic maps computed in task 3 (Figure 3) were computed without a shear-layer correction
causing the trailing edge to appear convected down stream (around x = 0.2).

In tasks 6 and 8, source integration of the acoustic maps was performed for conventional
beamforming and Clean-SC, respectively. A comparison of results is shown in Figure 5. For
conventional beamforming, the acoustic maps were not compensated for the effect of the point-
spread function (typically referred to as source power integration, SPI [36]) and therefore over-
estimate levels compared to Clean-SC. Overall, the results are very similar despite different
implementations and software. The small discrepancies observed can be explained by studying
the source code and could potentially be corrected if they are found unacceptable.

5 Discussion

In this section, key topics related to open-source software are discussed: Peer-reviewing, teach-
ing and community engagement.

Gaining recognition for developing open-source software within academia is challenging, as
value is typically placed on peer-reviewed papers, which can be incompatible with constantly
evolving and community-driven source code. This is, however, starting to change. The two soft-
ware packages discussed in this paper have been through two different types of peer-reviewing.
Acoular was described in a conventional journal paper [32], that introduced the software, but
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Figure 4: Clean-SC with shear layer correction. Flow is right to left.
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Figure 5: Source integration results.

had to follow a conventional paper format and add an experimental part to get it accepted. More-
over, it turned out that some journals are not prepared to accept papers discussing tools instead
of original research findings.

AeroAcoustics.jl has recently been through peer-review in the Journal of Open Source Soft-
ware (JOSS)[37], which is a completely different format that traditional journals. The peer-
review process is public and entirely online5. It is comprised of a short paper, that introduces
the software, including a statement of need. Reviewers are recruited from the open-source com-
munity via their Github accounts and specfic domain-knowledge. A predefined review checklist
is generated, that covers the online repository, including licence, installation, documentation,
reproducibility of examples, and paper. The reviewers are also asked to assess whether a sub-

5https://github.com/openjournals/joss-reviews
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stantial scholarly effort was made. At time of writing, the ten most cited papers from JOSS has
over 20000 citations combined, this includes for instance Tidyverse [41], a data-manipulation
and plotting package written in R [29] and Seaborn [39], a statistical-plotting library written in
Python.

Open-source software can significantly enhance the teaching and learning experience. In-
stallation instructions, comprehensive documentation, and practical examples are typically ac-
cessible online, facilitating the introduction and adaptation of the software for new users. As
demonstrated by D’Andrea Fonseca et al. [10], employing open-source software in a teaching
context can be highly beneficial.

Well-documented and freely available software enables students to apply what they have
learned more quickly, allowing them to achieve tangible results. This immediate application
can be both rewarding and motivating, enhancing the educational experience. Moreover, open-
source software allows for the teaching of courses that might otherwise be too complex to
manage. For instance, at TU Berlin, the ”Microphone Array Project” course allows students
to conceptualize, plan, and execute a small project related to microphone array applications
within a single semester. Notably, some students have even published the outcomes of their
group projects [13, 20], highlighting the value of incorporating open-source software into the
curriculum.

Finally, adopting an open-source approach for research software, along with maintaining a
dedicated online presence, can attract potential scientific collaborators and facilitate the initia-
tion of joint projects. A recent example is the present paper, which significantly came into being
because of the authors’ commitment to the open-source philosophy and their shared interest in
research involving microphone array signal processing.

6 Conclusion

The current state of open-source software for microphone array processing has been outlined,
with two software packages described and several others mentioned. There is a growing move-
ment towards open-source software and the establishment of an online community for micro-
phone array techniques. A new benchmark exercise has been introduced and shared online, with
the results of comparing two different software libraries presented. These results demonstrate
a high degree of agreement in a range of typical post-processing tasks. Where discrepancies
were observed, explanations were found through evaluation of the source code. Reproducibility
of results, community engagement, and teaching are specific areas where open-source software
proves beneficial. A broader recognition of open-source software is emerging in academia,
with new forms of peer review and research grants being awarded for software development.
The authors hope this paper inspires the aeroacoustic community to further embrace and adopt
open-source practices, advancing collaboration and innovation within the field.
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