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Introduction
Noise is one of the greatest health hazards for people in
industrialized countries. Noise assessment is based on
long-term evaluations of standard sound sources, which
have little relation to real short-term sound events. Be-
fore the planning and implementation of expensive noise
protection measures, their effectiveness is simulated with
the help of numerical simulations and evaluated and an-
alyzed visually. Since the perception of noise is highly
individual, the effect of a noise protection measure can
only be conveyed to a limited extent without auralization.
For the realistic auralization of noise situations with noise
protection measures in urban living spaces, a web-based
application was implemented. Based on an AI-supported
evaluation of satellite images, the noise situation is auto-
matically analyzed and prepared for an object-based au-
ralization. In addition to a noise source and a listening
position, the position of a virtual noise protection mea-
sure can be defined in the software tool. For the three
states “initial noise situation”, “noise situation consid-
ering a passive noise barrier”, and “active noise barrier
with active noise control”, the auralization is calculated.
A first interactive demonstrator is illustrated and noise
reduction potentials are shown.

Noise and noise protection measures
According to a study from 2014, noise is the second great-
est health hazard for people in industrialized countries
[1]. The continuing megatrend of “urbanization” could
further increase this risk in the coming years [2]. In
large cities, former industrial buildings in the immedi-
ate vicinity of ports or commercial areas are increasingly
being used as new residential space. As a result, noise
sources and potentially noise-affected people are moving
closer and closer together. This trend is also reflected
in a recent study on land consumption, which continues
to increase. According to the Federal Statistical Office
of Germany, the area for settlement and transport has
expanded by 28.3% between 1992 and 2020 [3]. This
implies that less and less vacant land exists, and thus
noise pollution is potentially increasing. In order to pro-
tect the population’s health from noise, there are laws on
noise protection as well as governmental instructions for
action in the form of recommendations based on time-
averaged sound levels [4]. Although significant progress
has been made in recent years on noise assessment and
its effects, it is not yet possible to fully describe the indi-
vidual effect of noise by numerical parameters. The effect

of noise and noise protection measures can be conveyed
in an easily understandable way using auralization [5].

In order to address noise in urban living spaces, noise bar-
riers are preferred. Passive noise barriers are often built
as wide earth berms or thin walls, assembled from con-
crete, glass, or absorptive materials. They are designed
to block and partially absorb impinging sound waves.
Depending on their dimension and building material, dif-
ferent parts of the frequency spectrum can be affected.
Low frequency noise bends more around sharp edges and
transmits more energy through thin structures. Berms,
particularly with trees growing on them, are more suit-
able to reduce low frequency noise but have larger foot-
prints. Active noise barriers aim at improving the low
frequency behavior of wall-type barriers. To that end,
several approaches have been suggested and researched
where either the transmission through the wall or the
diffraction above the wall is reduced by introducing ac-
tive elements such as loudspeakers. Active diffraction re-
duction is particularly promising as it provides a virtual
increase of the sound barrier height. Height is the ma-
jor practical limit of barrier walls due to, e.g., material
strength, wind loads, and visual impact. Since the per-
ception of the noise barrier can be widely varying, virtual
evaluation in the form of auralization is appropriate [6].

Concept
The aim of this work was to create a concept that allows
a first evaluation of the noise and noise protection mea-
sures in urban areas. In order to implement a solution
that is as easy to use as possible the complex noise sit-
uation should be calculated and made audible based on
satellite images. The basic data flow for the proposed
concept is shown in Figure 1. In general, geographic in-
formation system (GIS) data can be used to define the en-
vironment of the acoustic scene. Based on GIS data, the
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Figure 1: Data flow of general concept for web-based aura-
lization of urban noise situations.
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propagation of sound from the source to the listener of
the complex scene is modeled and determined by acous-
tic simulation. Finally, the data are presented to the user
using visualization and auralization.

To enable a fast exploratory assessment of noise sources
and the effect of noise protection measures in city plan-
ning, we aimed at the implementation of a prototype
system. For this we defined the following key attributes.
Accessibility : In order to provide easy access, the proto-
type system should be designed with a web front-end run-
ning on any mobile device. Multimodality : The results of
the simulations should be auralized and visualized. In-
teractivity : Users should be able to interactively config-
ure the acoustic scenes, with the possibility to choose
the positions of the noise source, of the listener, and of
the virtual noise barrier. The representational form as a
web-based demonstrator requires the modeling and sim-
ulation of the acoustic scene to be computed on demand.
Additionally the computations should be optimized to
provide low waiting times and high responsiveness.

Geographic information system data
GIS provides geospatial information such as geography,
infrastructure, climate, etc., as the basis for the descrip-
tion of the audio-visual scene. The structural situation
of the urban scene in particular has a major impact on
sound propagation. Various providers have specialized in
data pre-processing and provide already annotated data.
If no annotated GIS data are available, parameters for
the auralization such as the ground surface material can
be obtained by AI-supported segmentation of satellite or
aerial images.

Deep learning has completely transformed the fields of
image processing and computer vision in recent years. A
common use of automatic image processing is the pixel-
precise segmentation and classification of various objects
in images—whether in medical image processing, real-
time analysis of image data, for example in autonomous
driving, or satellite image analysis. Often the U-Net ar-
chitecture [7], a fully convolutional deep neural network,
is used for automatic segmentation of objects. Thus, for
the implementation of a first demonstrator, we trained a
U-Net for automatic segmentation of satellite images. We
used a publicly available training set for satellite image
segmentation, which was released for the “Eye-In-The-
Sky” satellite image segmentation challenge at the 7th

Inter IIT Tech Meet conference [8] in 2018. The training
set consists of only 14 four-channel (RGBIR) images each
with a size of approx. 1200×1200 pixels. For training the
segmentation model, we first converted the images into
three-channel RGB images and divided them into patches
of size 128× 128. For inference, we apply the same pre-
processing pipeline as for training and stitch the results
back together to form the final segmentation map.

Our trained segmentation model can distinguish between
nine different classes: bare soil, grass, building, swimming
pool, trees, roads, railway, water, and undefined. Figure 2
shows an example of an aerial image and the associated
automatically generated segmentation.

Figure 2: Example aerial image (© GeoFly GmbH [9]) over-
laid with the results of automatic image segmentation.

Most noise sources are only a few hundred meters away
from the listening position. To visualize the scene and
to obtain segmented information of the surface in de-
tail, high-resolution images are needed. Unfortunately,
the availability of high-resolution satellite images is lim-
ited. As an alternative, aerial images from airplanes can
also be used. In our demonstrator we apply the model
trained on satellite images to aerial images from the Ger-
man provider GeoFly GmbH [9].

Visual inspection of the resulting segmentation maps
reveals that our aerial image segmentation approach
achieves promising results. However, due to the missing
infrared channel, the model sometimes confuses similar
classes such as bare soil and grass.

Acoustic simulation and auralization
A comprehensive acoustic simulation considers all rele-
vant influences of the environment on the sound propa-
gation from the source to the listener. Parameters of the
acoustic scene such as positions, geometries, and materi-
als of objects as well as climatic conditions can be derived
from GIS data layers. Other influences also need to be
modeled. These include directivities of sources and lis-
teners, wave propagation and air absorption of the sound
path and reflections, transmission, and dissipation at the
surface of objects such as noise barriers.

Although multi-physics simulation software based
on numerical methods such as the finite ele-
ment method (FEM) and the boundary element
method (BEM) is able to calculate high-accuracy
results, the required computational hardware resources
are too expensive to realize fast exploratory testing and
auralization. Therefore, simplified models are needed
to provide approximations of the resulting sound field.
Figure 3 shows the general audio processing pipeline
for the auralization of the sound propagation as well
as the effect of active and passive noise protection
measures. In the first version of the demonstrator,
we implemented the general underlying auralization
back-end. Modifications of the direct sound propagation
and reflections have not yet been implemented. The
respective modules are printed in grey in Figure 3.

Multimedia support in web browsers has evolved tremen-
dously in recent years. Using the Web Audio API, sim-
ple audio signal processing can be computed natively in
the browser. However, the available computing power
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Figure 3: General audio processing graph for the auraliza-
tion of noise barriers in acoustic scenes.

depends on the target device. To ensure that the au-
ralization can also be reproduced without problems on
devices with low performance, the complex simulation
parts such as sound propagation and sound barriers are
precalculated as finite impulse response (FIR) filters on
distributed server side computation clusters. In the web
browser, the sound sources are convolved with these FIR
filters depending on the current setting of the virtual
noise barrier.

Modeling passive noise protection
The German “Traffic Noise Protection Ordinance” [10]
defines limits and calculation rules for noise levels. In
its second attachment, the calculation of the assessment
level for railroads is specified. This so called “Schall03” is
based on simplified acoustic models and contains various
level correction values depending on the environment of
the acoustic scene. Based on these calculation rules we
implemented frequency-dependent attenuation to model
the sound diffraction effect of virtual passive noise bar-
riers as an FIR filter. For this, the absorption levels are
calculated for eight octave frequency bands from 63 Hz
to 8 kHz. The model also considers the height of the
wall, single and double bends, and the critical frequency.

Modeling active noise protection
Active noise control (ANC) is based on destructive in-
terference. The basic scheme is shown in Figure 4. Dis-
turbing noise is measured with microphones and super-
imposed with a cancelling signal of opposite phase using
loudspeakers. Ideally, the disturbance and the anti-noise
signals cancel each other out. Unfortunately, this can
only be achieved if the noise source and the anti-noise
sources are collocated. In real systems only parts of the
spatial sound distribution and also of the frequency con-
tent can be matched exactly.

Considering auralization, the design of an active noise
barrier mainly depends on the behavior of the so-called
primary and secondary paths. The primary path depicts
the transfer function from the (primary) noise source to
the listener position. The loudspeakers of the ANC sys-
tem are the secondary sources, and hence the secondary
paths equal the transfer functions between the loudspeak-
ers and the listener position. The sound emitted by the
secondary sources should superimpose the primary noise
at the listener position such that primary and secondary
sound are canceled out due to destructive interference.
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Figure 4: General scheme of a feedforward ANC system for
active noise protection measures.

Optimal control filters for the ANC system can be ob-
tained in various ways [11]. Instead of using implicit or
explicit regression techniques for determining the optimal
control filter, we model the active noise protection using
sound field synthesis methods. The scenario for calculat-
ing the secondary path response at the listener position
is depicted in Figure 5 and described by the following
steps: In a first step, each error microphone of the ANC
system is considered a virtual source and an impulse is
propagated from the sound source to each error micro-
phone position. In a subsequent step and taking into
account the directional characteristic of the loudspeakers
each sound event of a virtual source is propagated back to
each secondary source loudspeaker. For each loudspeaker
position this results in the superposition of several impul-
sive contributions of the virtual sources. Playing back
the superposition of these impulsive contributions of the
secondary loudspeakers will approximate the same noise
that was previously recorded from the sound source by
the error microphones.

For the auralization of the ANC system in a first step the
sound of the noise source is propagated to the listener
position (primary response). This equals the impulse re-
sponse for auralization in case the ANC system is deac-
tivated. In a second step, the previously gained super-
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Figure 5: Scheme of the sound field synthesis for modeling
ANC for auralization.
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position of the impulsive contributions of the secondary
loudspeakers are jointly propagated to the listener posi-
tion applying a negative sign to the signals (secondary re-
sponse). Superimposing the primary and the secondary
impulse responses yields the FIR filter that is used for
auralization in case the ANC system is activated.

Web demonstrator
A first interactive demonstrator based on the proposed
concept was implemented. The workflow comprises as a
first step the selection of a scenario (map section with
specific content). After that, image segmentation is cal-
culated. Next, the positions of the noise source, the lis-
tener, and the edge points of the noise barrier can be
specified. After the automatic modeling and acoustic
simulation the user can explore and compare acoustic
effect of the three scenarios “no noise barrier”, “with
passive noise barrier”, and “with active noise barrier”.
Figure 6 shows a screenshot of the final auralization step.

The attenuation of the distance-dependent sound propa-
gation was removed by normalization of the direct sound
path. This improves the comparability with and without
virtual noise barriers, since absolute sound pressure lev-
els cannot be reproduced without calibrating the audio
reproduction hardware connected to the device.

Figure 6: Screenshot of the implemented web demonstrator.

Conclusion
The paper presents a concept for an audio-visual pre-
sentation of acoustic scenes and the simulated effect of
noise protection measures. It enables a fast exploratory
assessment and an involvement of the population in the
planning process of noise protection measures. In con-
trast to conventional desktop software, the concept as a
web-based application is designed for availability, multi-
modality, and interactivity. The virtual acoustic scene
is described using annotated and classified GIS data.
High-resolution classified information on surface texture
and materials can be generated from AI-supported im-
age segmentation of satellite or aerial imagery. For an
auralization of the interactive acoustic scene in the web
browser, FIR filters containing the transfer functions of
the complex acoustic simulation are calculated in dis-
tributed computation clusters. Modeling of active noise
protection is achieved by applying sound field synthe-

sis methods. The frequency depending attenuation of
passive noise barriers is implemented using standardized
calculation rules of “Schall03”.

Future work
With the basic signal processing being implemented in
the first demonstrator, the concept includes further signal
processing steps that need to be integrated. Especially
reflections have a major impact on the effectiveness of
noise barriers. To include reflections in the acoustic sim-
ulation for auralization, efficient processing algorithms
must be implemented.
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