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Summary

Characteristics of railway noise depend on the type of rolling stock, track parameters and the op-

erating conditions. Auralization in combination with visualization is a relatively new technology

to support decision-making and to enable the inclusion of human perception in the assessment of

di�erent noise scenarios. Within this virtual environment, mitigation actions or potential design al-

ternatives can be demonstrated in an intuitive way. This makes it an essential modern technique to

communicate between stakeholders and to non-experts. The auralization of a vehicle pass-by event is

based on separate modules: sound generation, propagation and reproduction. This allows for an in-

vestigation of mitigation measures at the source as well as on the propagation paths. The rail vehicle

as an acoustical source is modeled by a series of moving point sources that represent physical sources.

These sources emit speci�c signals that are arti�cially generated using parametric sound synthesis.

For rolling and impact noise, emissions are generated for each axle using a physically-based synthesis

model that uses rail and wheel roughness data as input. The audio signals at the virtual observer

point are rendered via a loudspeaker array or headphones, whereas the visualizations are presented

with a screen or a head-mounted display. With this approach, relevant railway noise mitigation mea-

sures such as changes of rail and wheel roughness, avoidance of wheel �ats, variants of aggregates,

and the e�ects of a barrier or a cutting can be demonstrated and compared.

PACS no. 43.50.Rq, 43.50.Lj, 43.60.Uv, 43.28.Bj, 43.66.Lj

1. Introduction

Railway tra�c is a relevant source of environmental
noise and leads to noise annoyance and sleep distur-
bances in the population. Characteristics of railway
noise depend on the type of rolling stock, track pa-
rameters and the operating conditions. Auralization
in combination with visualization is a relatively new
technology to support decision-making and to enable
the inclusion of human perception in the assessment
of di�erent noise scenarios. Within this virtual envi-
ronment, mitigation actions or potential design alter-
natives can be demonstrated in an intuitive way. This
makes it an essential modern technique to communi-
cate between stakeholders and to non-experts.

This paper presents a virtual reality system that al-
lows auralizing and visualizing railway scenarios with
the purpose of demonstrating mitigation methods' ef-
�ciency. The work was conducted in the context of the
European research project DESTINATE. Section 2
gives an overview of the demonstrator. Section 3 ex-
plains the basic structure of the auralization process
and Section 4 describes the visualization process. Sec-

(c) European Acoustics Association

tion 5 gives some impressions of the simulation fea-
tures. Conclusions are drawn in Section 6.

2. System overview

2.1. System structure

In previous work [1] di�erent variants and components
of auralization and visualization systems for railway
noise applications have been assessed and compared.
Based on this evaluation, a system was designed that
features maximal �exibility with respect to scenar-
ios and reproduction systems. In the presented sys-
tem, both sound and images are arti�cially gener-
ated. Sound signals are synthesized using parametric
sound synthesis techniques and images are rendered
by computer-generated imagery (CGI). The system
supports di�erent reproduction formats as this was
identi�ed as a requirement for a broad applicability.

Figure 1 shows a block diagram of the developed
demonstrator for rail vehicle pass-by events. The in-
put to the system is a scenario which is an abstract
description of the scenery of a single train pass-by.
Together with detailed information from databases,
this information is provided to an auralization and a
visualization unit. These units work with the same
coordinate system and are time synchronized. Their
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Figure 1. Block diagram illustrating the developed rail ve-
hicle pass-by demonstrator. A desired scenario is aural-
ized and visualized by separate, interconnected units using
information from databases. The demonstrator supports
four di�erent output modes for presentation in a multi-
media studio, virtual reality, a presentation and web-based
platforms.

outputs are linked and prepared for di�erent combi-
nations of audio and video reproduction systems.

2.2. Modes of presentation

The demonstrator supports four di�erent output
modes of presentation. They feature speci�c advan-
tages and disadvantages with respect to portability,
quality, immersion, intrusion and accessibility. The
output mode `Multimedia studio' applies to a specif-
ically designed room with controlled room acoustics,
surround loudspeaker reproduction and a projection
screen that covers a large �eld of view. The out-
put mode `Virtual reality' (VR) consists of a head-
mounted display and headphones. In a `Presentation'
a video is displayed on a screen that only covers a
small �eld of view, and audio is played back over a 2-
channel loudspeaker setup for a larger audience. The
content provided on a `Web-based platform' can be ac-
cessed at any time, simultaneously and independently
worldwide with mobile devices or personal computers.

2.3. Scenarios: Capability of the system

The proposed demonstrator allows for the simulation
of a large variety of scenarios. It is able to represent
di�erent

• Environments,
• Vehicle classes and operational conditions,
• Track types,
• Propagation situations, and
• Observer locations.

The virtual observer always takes an exterior per-
spective, i.e. it is located outdoors. It is not allowed to
move inside the scene. However, this non-moving ob-
server is allowed to rotate, i.e. change the head orien-
tation during a pass-by, and its location can be varied
between di�erent scenes.

reproduction
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filter

source
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Figure 2. The auralization process of the rail vehicle pass-
by demonstrator. The model consists of three modules rep-
resenting sound emissions, sound propagation and sound
reproduction.

To showcase the capability of the system, a set of
scenarios was de�ned. In this set, the above listed
parameters are varied. Two environments (rural and
urban) and three train types (freight, inter-city and
regional) are considered. The trains operate at driv-
ing speeds of 80�160 km/h, are equipped with di�er-
ent braking systems (Ci-blocks, K-blocks or Disc) and
partially contain wheel �ats. The track is straight, and
either located at level or in a cutting. In one scenario
a noise barrier is introduced to demonstrate the inclu-
sion of a mitigation measure on the propagation path.
The observer is located at distances of 15�50 m to the
track center line and at 1.7�3.5 m above terrain. Some
impressions of the simulations are given in Section 5.

3. Auralization model

The auralization process, as illustrated in Figure 2,
consists of three modules that separately describe
sound emission, sound propagation and sound re-
production. Acoustical sources are modeled by dis-
tinct point sources located in the virtual environment.
Thereby a source signal that describes the sound as
radiated by the source is attributed to a certain lo-
cation with a de�ned orientation. Based on source
speci�cations, source signals are generated by para-
metric sound synthesis. Propagation e�ects from the
source location to the observer point are simulated by
processing the source signals with propagation �lters.
Because the source locations may change over time,
time-varying �lters are used. The ability to localize
sound sources increases the credibility of an auralized
scene. To that aim appropriate and speci�c sound
pressures inside the left and right ear canals of the
listener have to be created. Therefore the reproduc-
tion renderer considers the directions of the incident
sounds at the observer and the observer orientation
to calculate the reproduction channel signals. At this
processing stage also recordings of ambient sounds are
integrated.
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3.1. Source models

In the auralization model, the major sound sources
are represented by distributed point sources that are
moving inside the virtual environment with the tra-
jectory of the train.

3.1.1. Rolling and impact noise

In many railway noise situations, rolling noise is the
dominant source. In addition to that the wheel/rail
contacts may also lead to transient noise, so called
impact noise, that occurs in cases of wheel �ats or ir-
regularities on the rail, such as switches or rail joints.
Rolling and impact noise both are very characteristic
in the perception of railway noise. In the demonstra-
tor, rolling and impact noise are arti�cially generated
using a recently published synthesis model [2, 3]. Fig-
ure 3 shows the basic structure of the physically-based
synthesis. The shown input variables are either related
to the vehicle or to the track. Basis is (in a statisti-
cal sense) an estimate of the surface microstructure
(i.e. the roughness) of the rail and the wheels. These
roughness signals are then combined and processed
to obtain the mechanical excitation of the wheel/track
structure. Using the vehicle's traveling speed, a trans-
formation from the spatial into the time domain is
performed. Next, the modal behavior of the structure
and the radiation are simulated. The energy transfer
from the mechanical excitation to the radiated sound
is described by two transfer paths, one for the contri-
bution of the vehicle, and one for the contribution of
the track. Finally, a directivity function is applied to
each source signal.
Listening tests with synthetic freight train pass-bys

showed that a certain degree of level variation dur-
ing the pass-by event is important for realism. There-
fore, in the source model, random variation between
the axles of the train composition is introduced. Mea-
surement data from Swiss railway monitoring stations
[4] along the Corridor Rhine-Alpine was analyzed to
quantify the emission level variation of freight wagons.
Figure 4 shows an observed bimodal level distribution.
For a given braking type, the total level variance is hi-
erarchically modeled as the sum of four independent,
partial variances, namely the variance between . . .

• the axles within a wagon.
• the wagons within a sequence of similar wagons.
• the wagon sequences within a train.
• trains.

The combined standard deviation, σtot,ijk, for the
rolling noise emission levels is formed by

σ2
tot,ijk = σ2

axles,i + σ2
wagon,j + σ2

seq,k + σ2
train (1)

where σaxles,i denotes the standard deviation of the
levels between the axles within wagon i. σwagon,j is
the standard deviation of the levels between the wag-
ons within wagon sequence j. σseq,k is the standard
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Figure 3. The structure of the physically-based emission
synthesizer to arti�cially generate railway rolling noise.

deviation of the levels between the wagon sequences
within train k, and σtrain is the standard deviation
of the levels between trains. As in the demonstrator,
the variance of the freight train �eet is not of interest,
σtrain is set to 0 dB. The remaining three standard
deviations in Eq. (1) are kept constant.

3.1.2. Secondary sources

Secondary sources represent physical sources that are
related to the traction (e.g. motors or converters), to
aggregates (e.g. HVAC) and to structure-born sound
that is radiated by the carbody. Source data has to be
obtained from speci�c acoustical measurements, e.g.
with a microphone array. For each vehicle and oper-
ational condition, the source data describe the rele-
vant source locations with corresponding narrowband
sound powers and directivities. On that basis, source
signals are arti�cially generated by spectral modeling
synthesis [5].

3.1.3. Rail singing

Listening comparisons of auralizations and recordings
revealed that for some cases rail singing has to be
included in the auralization. In contrast to the above
mentioned sources, rail singing is modeled by a non-
moving line source attributed to the rail. Its source
signal is arti�cially generated by subtractive synthesis
where bandpass �ltered noise is amplitude modulated
as a function of the train position.

3.2. Propagation model

The propagation model conception originates from
the state-of-the-art engineering models that are used
in environmental acoustics. Sound propagation e�ects
are separately and physically described. In the model,
these e�ects are applied to each source signal individ-
ually. Due to source motion, all propagation e�ects
change over time.
The demonstrator considers the following sound

propagation e�ects. Geometrical spreading is ac-
counted for by considering a 1/r amplitude scaling
with distance r for point sources; and a 1/

√
r scaling

for line sources, respectively. Air absorption is mod-
eled as a function of air temperature, relative humid-
ity and the propagation distance. Doppler e�ect is
implicitly simulated by modeling the instantaneous
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Figure 4. Level variation of freight train axle clusters. The
histogram shows observations from 281 freight trains, 5485
axle clusters and a total of 18404 axles. The levels are nor-
malized to one axle and with respect to speed. Two nor-
mal distributions were �tted to the data to model the two
peaks that are most likely related to the two brake block
types Composite (K) and Cast iron (Ci), respectively.

propagation delay of the sound wave. The ground ef-
fect is modeled by introducing an additional propa-
gation path that superimposes with the direct sound.
Thereby, the ground type and the re�ection angle are
considered. To reproduce shielding e�ects, e.g. behind
a noise barrier, a basic di�raction model is included.
These e�ects are simulated by applying digital �lters
that are designed based on the work in [5, 6].
For the complex propagation geometry of a railway

line cutting, the modeling approach in [7] is followed.
In a cutting, specular re�ections at vertical walls and
di�use sound �elds inside the canyons between vehicle
carbody and walls are relevant. The contribution from
the di�use sound �elds is modeled by introduction of
substitute point sources with a speci�c directivity.

3.3. Reproduction rendering

As the demonstrator supports di�erent sound repro-
duction systems, di�erent reproduction renderers are
available. The propagation �ltering module provides
sound pressure time signals at the observer including
information about the direction of the incident sound.
Together with the observer's head orientation and in-
formation about the reproduction system, reproduc-
tion channel signals are rendered for:

• Monophonic reproduction and the evaluation of
acoustical parameters (e.g. sound pressure levels or
psychoacoustic parameters)

• 2-channel stereophonic reproduction
• Ambisonic reproduction
• Reproduction over an arbitrary loudspeaker array
• Binaural headphone reproduction

For monophonic reproduction, directional informa-
tion is neglected and the observer signals are summed.
2-channel stereo is rendered by simulating a virtual

ORTF microphone setup as described in [5]. Am-
bisonic reproduction involves a �rst-order ambisonic
encoder to transform the observer signals into the
AmbiX format. An equalized ambisonic in-phase de-
coder is used to calculate speaker feeds. Reproduc-
tion over an arbitrary loudspeaker array is realized by
a frequency-dependent version of vector base ampli-
tude panning (VBAP) [8]. Binaural headphone repro-
duction is performed by dynamically considering the
subject's head orientation and applying head-related
transfer functions (HRTF).
Ambient sounds are recorded with a Sound�eld mi-

crophone and concurrently sound pressure is mea-
sured for level calibration. Ambisonic in-phase de-
coders are used to derive speaker feeds for mono-
phonic, stereophonic and regular loudspeaker setups.
For binaural reproduction, a virtual regular loud-
speaker setup is introduced as an intermediate format
before HRTF �ltering.

4. Visualization model

The visualization process is based on computer-
generated imagery (CGI) animation. 3D computer
graphics is used to create moving images of the dy-
namic scene. As a starting point, virtual objects are
modeled in 3D. These objects are then placed in a
virtual environment and animated. Finally, images for
the selected observer perspective are generated by 3D
rendering.
The 3D animation considers the following objects

in the scene: A moving train consisting of an arrange-
ment of wagons, tracks including overhead lines, an
optional dam or cutting of the tracks, an optional
noise barrier, ground, vegetation, buildings, road vehi-
cles, outdoor installations (street lamps, garbage bins,
handrails, etc.). These objects are described by their
shape, texture and material properties. To e�ciently
include distant surroundings, a skybox is used, where
panoramic 360◦ photographs are mapped onto the
faces of a cube.
The observer in the virtual environment is inter-

preted as a camera with a �xed location. This virtual
camera is allowed to rotate around its center. The fol-
lowing camera properties are set in accordance with
the chosen reproduction mode (see Section 2.2) and
technical features of the display:

• Field of view
• Monoscopy or stereoscopy
• Planar or spherical projection
• Image resolution
• Frame rate and motion blur

For example, for VR presentation with a head-
mounted display, a high frame rate of 90 Hz is targeted
to render stereoscopic images. To render a 360-degree
spherical video for a web-based platform, the horizon-
tal and vertical �elds of view are set to 360◦ and 180◦,
respectively, and a spherical projection is adopted.
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(a)

(b)

Figure 5. Screen shots of computer-generated imagery
(CGI) animations taken from the demonstrator. (a) Inter-
city train behind a translucent noise barrier in a rural
environment. (b) Regional train in a railway line cutting
in an urban environment.

The 3D models are partly created with the open
source 3D graphics software Blender, and partly ob-
tained from commercial 3D model stores or train man-
ufacturers. For animation and 3D rendering, the com-
mercial game engine Unity 2017.2 is used.

5. Impressions for illustration

The presented demonstrator allows for a spatial au-
ral and visual impression of dynamic situations. Its
output has thus to be experienced in real-world. Nev-
ertheless, here some examples are shown in printed,
and thus very compressed, form to give the reader an
impression of the simulation features.

As one example for demonstration, a freight train
was virtualized. This virtual freight train is composed
of one locomotive and 15 wagons. It contains 68 axles
and has a total length of 240 m. For its auraliza-
tion, 167 individual source signals were synthesized
and separately propagated to the receiver. Figure 6
shows resulting spectrograms of the sound pressure of
single vehicle pass-bys. A comparison is made where
the 15 freight wagons are equipped with two di�erent
braking systems.

As another example, an inter-city train was simu-
lated. The train has a traction unit at the front and
one at the back, and �ve passenger cars in between.
The train contains 28 axles and is 170 m in length.

(a) Freight train: Ci-brakes

0 2 4 6 8 10 12 14 16 18
Time, s

125

250

500

1 k

2 k

4 k

Fr
eq

ue
nc

y,
 H

z 
(l

og
)

20

30

40

50

60

70
dB/one-third-octave

(b) Freight train: K-brakes
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(c) Inter-city train: free �eld
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(d) Inter-city train: behind noise barrier
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Figure 6. Spectrograms of sound pressure of vehicle pass-
by as obtained from the demonstrator. (a) Freight train
with Ci-braked wagons traveling at 80 km/h at an observer
distance of 50 m. (b) Situation as for (a) but with K-
braked wagon. (c) Inter-city train traveling at 120 km/h
at an observer distance of 25 m. (d) Situation as for (c)
but with a noise barrier as depicted in Figure 5. Ground
e�ect is neglected in these simulations.

For its auralization, 75 individual source signals were
synthesized and separately propagated to the receiver.
Figure 6 compares resulting spectrograms of a situa-
tion with a noise barrier to the corresponding free �eld
situation.

Figure 5 shows two screen shots of the computer-
generated imagery (CGI) animations. Panel (a) shows
the above mentioned inter-city train behind a translu-
cent noise barrier in a rural environment. Panel (b)
gives an impression for an urban environment with
a railway line cutting where predominantly regional
trains run.
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6. CONCLUSIONS

The developed demonstrator for rail vehicle pass-by
events features large �exibility and applicability. Fu-
ture work will focus on its validation, its application
in experimental listening tests and its use as a com-
munication tool.
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