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Executive Summary
This document describes the DESTINATE demonstrator to visualise and auralise pass-by
operations of rail vehicles as perceived from an outdoors perspective and the rail vehicle
interior. In addition to the technical descriptions, initial applications of the demonstrator are
presented to show the applicability of the developed tools.
The first part of the document gives an overview of the developed auralisation and visualisation
systems. The second part of the document reports how the systems have been applied in the
context of an expert survey for quality evaluation, presentations in Virtual Reality, web-based
distribution and psychophysical experiments.
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1 Introduction
Characteristics of railway noise depend on the type of rolling stock, track parameters and the
operating conditions. Auralisation in combination with visualisation is a relative new technology
to support decision-making and to enable the inclusion of human perception in the assessment of
different noise scenarios. Within this virtual environment, mitigation actions or potential design
alternatives can be demonstrated in an intuitive way. This makes it an essential modern
technique to communicate between stakeholders and non-experts.
This document describes the development and evaluation of a demonstrator for railway noise
auralisation and visualisation in the context of the Technical Objective 4 of the DESTINATE
project.
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2 Auralisation & visualisation system for exterior railway noise
2.1 Introduction
Auralisation and visualisation is a technique to create perceivable sound and images with the
goal to provide audible and visual information about a specific scene. By directly addressing the
hearing sensation, auralisation is an intuitive means for the assessment and communication of
noise scenarios. Visual information adds to authenticity and creates a multimodal experience to
explore possible interactions.
Currently, various auralisation and visualisation systems exist, that differ with respect to their
sound and image signal generation as well as their reproduction strategy. In Task T2.4.1
different variants and components of auralisation and visualisation systems for railway noise
applications have been assessed and compared (Böhm, et al., 2017) (Pieren, et al., 2017). Based
on this evaluation, in Task T3.4 a system was developed that features maximal flexibility with
respect to scenarios and reproduction systems (Pieren, et al., 2018).
This chapter gives an overview of the developed system.

2.2 Structure of the simulation model
In the developed system, both sound and images are artificially generated. Sound signals are
synthesized using parametric sound synthesis techniques and images are rendered by computergenerated imagery (CGI). The system supports different reproduction formats as this was
identified as a requirement for a broad applicability.
Figure 2.1 shows a block diagram of the developed demonstrator for rail vehicle pass-by events.
The input 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 fed to an
auralisation and a visualisation unit. These interconnected units work with the same coordinate
system and are time synchronized. Their outputs are linked and prepared for different
combinations of audio and video reproduction systems.
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Scenario
Demonstrator

Auralisation
•
•
•
•
•

Visualisation
• 3D models
• Textures
• Material
properties
• …

Acoustical data
Roughness data
Meteorological data
Material properties
…

Multimedia studio

Virtual reality

Presentation

Web-based platform

Figure 2.1: Block diagram of the demonstrator for virtual rail vehicle pass-by events developed
within the DESTINATE project consisting of an auralisation & visualisation system.
The demonstrator supports four different output modes of presentation. They feature specific
advantages and disadvantages with respect to portability, quality, immersion, intrusion and
accessibility. The output mode `Multimedia studio' applies to a specifically designed room with
controlled room acoustics, surround loudspeaker reproduction and a projection screen that
covers a large field of view. The output 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 field 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 accessed at any time,
simultaneously and independently worldwide with mobile devices or personal computers.
The proposed demonstrator allows for the simulation of a large variety of scenarios. It is able to
represent different
●

Environments,

●

Vehicle classes and operational conditions,

●

Track types,

●

Propagation situations, and
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●

Observer locations.

The virtual observer always takes an exterior perspective, i.e. it is located outdoors. It is not
allowed to move inside the scene. However, this non-moving observer is allowed to rotate, i.e.
change the head orientation during a pass-by.

2.3 Auralisation process
The auralisation process, as illustrated in Figure 2.2, consists of three modules that separately
describe sound emission, sound propagation and sound reproduction. Acoustical sources are
modelled by distinct 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 location with a
defined orientation. Based on source specifications, source signals are generated by parametric
sound synthesis. Propagation effects from the source location to the observer point are
simulated by processing the source signals with propagation filters. Because the source locations
may change over time, time-varying filters are used. In order to provide directional information,
the reproduction 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.

Figure 2.2: Signal flow diagram of the auralisation process of the rail vehicle pass-by
demonstrator.
2.3.1 Source models
In the auralisation model, the major sound sources are represented by distributed point sources
that are moving inside the virtual environment with the trajectory of the train.
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 flats or irregularities 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 demonstrator, rolling
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and impact noise are artificially generated using a recently published physically-based synthesis
model (Pieren, et al., 2017). The input variables are either related to the vehicle or to the
track. Basis is (in a statistical sense) an estimate of the surface microstructure (i.e. the
roughness) of the rail and the wheels, e.g. obtained from the sonRAIL model (Thron & Hecht,
2010). 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 transformation
from the spatial into the time domain is performed. Next, the modal behaviour 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 contribution of the vehicle, and
one for the contribution of the track, according to the CNOSSOS-EU model (European
Commission, 2015). Finally, a directivity function is applied to each source signal. Input data for
rolling noise synthesis is partially obtained from existing calculation models and from
measurements. Wheel and rail roughness, contact filters and transfer functions are required
spectrally in 1/3 octave bands. These are common parameters in state-of-the-art engineering
models. Information about vibrational resonances (frequency and damping) however has to be
derived from specific measurements or numerical simulations.
Listening tests with synthetic freight train pass-bys showed that a certain degree of level
variation during the pass-by event is important for realism. Therefore, in the source model,
random variation of the emission strength between the axles of the train composition is
introduced. Measurement data from Swiss railway monitoring stations (Attinger, 2010) along the
Corridor Rhine-Alpine was analysed to quantify the emission level variation of freight wagons.
For a given braking type, the total level variance is hierarchically modelled 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.

In the demonstrator application, the variance of the freight train fleet is not of interest and thus
set to 0. The remaining three variances are kept constant. Their corresponding standard
deviations were found in the range of 1-2 dB.
Secondary sources represent physical sources that are related to the traction (e.g. motors or
converters), to technical equipment (e.g. HVAC) and to structure-borne sound that is radiated by
the car body. Source data has to be obtained from specific acoustical measurements, e.g.
(Dittrich & Zhang, 2006) or with a microphone array. For each vehicle and operational condition,
the source data describe the relevant source locations with corresponding narrowband sound
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powers and directivities. On that basis, source signals are artificially generated by spectral
modelling synthesis (Pieren, et al., 2016).
Listening comparisons of auralisations and recordings revealed that in some cases rail singing has
to be included in the auralisation. In contrast to the above mentioned sources, rail singing is
modelled by a non-moving line source attributed to the rail. Its source signal is artificially
generated by subtractive synthesis where bandpass filtered noise is amplitude modulated as a
function of the train position. The steering parameters were obtained from train pass-by
measurements.
2.3.2 Propagation model
The propagation model conception originates from the state-of-the-art engineering models that
are used in environmental acoustics. Sound propagation effects are separately and physically
described. In the model, these effects are applied to each source signal individually. Due to
source motion, all propagation effects change over time.
The demonstrator considers the following sound propagation effects. Geometrical spreading is
accounted 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 modelled as a function of air
temperature, relative humidity and the propagation distance. Doppler effect is implicitly
simulated by modelling the instantaneous propagation delay of the sound wave. The ground
effect is modelled by introducing an additional propagation path that superimposes with the
direct sound. Thereby, the ground type and the reflection angle are considered. To reproduce
shielding effects, e.g. behind a noise barrier, a basic diffraction model is included. These effects
are simulated by applying digital filters that are designed based on the work in (Pieren, et al.,
2016).
For the complex propagation geometry of a railway line cutting, the modelling approach in
(Heutschi, 2008) is followed. In a cutting, specular reflections at vertical walls and sound fields
inside the canyons created by multiple reflections between vehicle car body and walls are
relevant. The contribution from the sound fields from the canyons is modelled by introduction of
substitute point sources with a specific directivity.
2.3.3 Reproduction rendering
As the demonstrator supports different sound reproduction systems, different reproduction
renderers are available. The propagation filtering 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 information about the reproduction system, reproduction
channel signals are rendered for:
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•

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 information is neglected and the observer signals are
summed. 2-channel stereo is rendered by simulating a virtual ORTF microphone setup as
described in (Pieren, et al., 2016). Ambisonic reproduction involves a first-order ambisonic
encoder to transform the observer signals into the AmbiX format. An equalized ambisonic inphase decoder is used to calculate speaker feeds. Reproduction over an arbitrary loudspeaker
array is realized by a frequency-dependent version of vector base amplitude panning (VBAP)
(Pulkki, 1997). Binaural headphone reproduction is performed by dynamically considering the
subject's head orientation and applying head-related transfer functions (HRTF).
The frequency response of each channel of the reproduction system (loudspeakers plus room or
headphones) is equalized by a digital filter. On that basis, loudspeaker channels are calibrated
using test signals and a sound level meter. Headphones are calibrated by adjusting the playback
volume based on measurements with an artificial head.
2.3.4 Ambience
Ambient sounds were recorded with a Soundfield microphone and concurrently sound pressure
was measured for level calibration. Ambisonic in-phase decoders are used to derive speaker
feeds for monophonic, stereophonic and regular loudspeaker setups. For binaural reproduction,
a virtual regular loudspeaker setup is introduced as an intermediate format before HRTF
filtering.

2.4 Visualisation process
The visualisation process is based on computer-generated imagery (CGI) animation. 3D computer
graphics is used to create moving images of the dynamic scene. As a starting point, virtual
objects are modelled 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
arrangement of wagons, tracks including overhead lines, an optional dam or cutting of the
tracks, an optional noise barrier, ground, vegetation, buildings, road vehicles, outdoor
installations (street lamps, garbage bins, handrails, etc.). These objects are described by their
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shape, texture and material properties (see Figure 2.3). To efficiently include distant
surroundings, a skybox is used where panoramic 360° photographs are mapped onto the faces of
a cube (see Figure 2.4).

Figure 2.3: 3D view of a railway sleeper, mesh and projected texture and unwrapped mesh on 2D
texture.

Figure 2.4: 360° photograph of a rural landscape to create a skybox.
2.4.1 Workflow
The core of the visualisation is the multiplatform game engine Unity 2017.4.3f1. Unity features a
scene editor, where scenes are created and managed and simple 3D models are generated. The
scene is then populated with mesh instances of these models. There are also light and audio
sources, virtual cameras and microphones that can be deployed in the scenes. Additionally, userinterface elements can be created and provided with the corresponding actions in order to allow
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for controls and interactivity within the built software. Unity comes with an included physics
engine that is capable to simulate in real-time processes like mechanical interaction between
objects or lighting effects. In order to add behaviour to certain objects, scripts in C# were
developed. The output of Unity is either a standalone VR application, or the rendering of videos
with almost any imaginable resolution and camera setting.
Unity also allows importing external models. Thus many models were not created manually, but
received from partners, or acquired on 3D-model shops in the internet. There is one caveat with
external models, namely they need to be “low-poly”, i.e. having a low number of vertices and
polygons. In this case, the external model was received from a train manufacturer, including a
high degree of engineering detail of the train. This resulted in a high number of vertices in this
model. As should be clear by the previous subsection, a high number of vertices puts the
graphics card under high load. The consequence is a low frame-rate for real-time simulations,
which is especially detrimental for VR applications. If a model with a high vertex count is to be
used for such a simulation, it needs to be cleaned of unnecessary parts of the model, as well as
simplified in shape. For instance, a 3D mesh of some small structure can often be replaced with
an image thereof and integrated into the textures. This is computationally much more costeffective; however, depending on the model this cleaning process can be very time-intensive.
Detailed editing of mesh cannot be done within Unity, therefore additional software was used.
With the freeware Blender 2.78c, new models can be created from scratch and existing models
can be modified, respectively. Blender features mesh creation and modification, texturing, and
also a physics engine. On top of that, but not used in this project, animation of models, and
photorealistic renderings of still images as well as videos are possible, however with the
fundamentally different approach of raytracing. For the many textures that were needed for the
visualisation, Adobe Photoshop was used for pre-processing.
Additional light effects are added in a post-processing step: the most distinctive effect in Figure
2.5 is the bloom effect, which is the bleeding of light from overexposed spots to darker areas.
This effect also happens with digital cameras, when overexposed pixels bleed light to their
neighbours. Further possible effects are eye adaptation with respect to brightness or depth of
field.
Unity allows also the rendering of still images with highly customizable parameters, which are
packed into videos in further processing steps. First, the framerate can be defined; 60 frames
per second (fps) were chosen in order to allow for smooth playback. Next, the still images can
be rendered in different projections: standard planar videos with a freely settable viewing
angle, or spherical 360° videos. The image aspect ratio and resolution can be defined arbitrarily.
Here, 16:9 for standard videos, and 2:1 for 360° videos were chosen.
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Figure 2.5: Visualisation rendered with the game engine Unity 2017 showing light effects such as
transparency, shadows, reflections and the bloom effect.
The software used for generating videos was the freeware tool FFmpeg. This program allows for
packing a folder of screenshots into a movie, with any existing codec. The videos are supplied
with audio tracks, cropped, faded, and supplied with a title screen and logo.

GA No 730829

20

3 Auralisation & visualisation system for interior railway noise
3.1 Introduction
The interior noise demonstrator is developed with the purpose of demonstrating the effects of
noise measures on passengers in the train. Exterior noise of trains may have a profound impact
on communities living near railroads. And although they receive noise exposure from the passing
of train, they may not benefit directly or indirectly of the rail transport in their neighbourhood.
However, those people that make use of railway transport are much more aware of a (temporal)
noise annoyance level before, at the station, and during the travel, in the train. The case for
improving the interior noise environment in the train is therefore more related to making the
train a more attractive means for travel. With limited commuting time and distance, general
speaking less than 30 minutes, this will not be a decisive discriminator to choose the train
instead of other modalities. But for longer travel distances, such as long distance, high speed
trains, an improved passenger comfort will make train travel more attractive compared to other
means of travel, such as automobile or aircraft. To assess measures to reduce train noise, such
as improvement of noise at the source, improved isolation of floor, roof, walls, or windows, or
other means such as masquerading noise or active noise cancellation techniques, a noise
demonstrator can help in simulating mitigation measures, and performing experiment to proof
the effectiveness of proposed measures.
In this chapter, the interior noise demonstrator for DESTINATE is described. Compared to the
exterior noise demonstrator, auralisation techniques are not part of the demonstrator, but the
demonstrator is capable of playing back synthesized noise predictions, such as the OTPA, or
(remixed) recordings for the purpose of demonstrating differences between them. Binaural
representation and localized sound sources are part of the demonstrator, to give the user a
spatial sound experience. Visualisation is part of the demonstrator and is also described in this
chapter. Finally, a listening experiment in the form of a Speech Intelligibility Test (SIT) is
described to evaluate the comfort of the train for different sound environments. This test has
been used in a psychological experiment described in Chapter 5.

3.2 Simulation set-up
The interior noise demonstrator consists of a computer with high-performance graphics card, a
virtual reality headset, and a noise-cancellation headset. For the computer, a portable
Alienware 15 R4 laptop is chosen with Intel Core i7-8750H processor, 16 GB RAM, and NVIDIA
Geforce GTX 1070 graphics card as main components. An Oculus Rift CV1 headset is chosen as
Virtual Reality glasses, and a Bose QuietComfort 25 noise cancellation headset is chosen to play
the audio. The demonstrator software is developed in Unity3D, the same gaming engine used for
the exterior noise demonstrator. It allows for easy integration of audio and video, and the
integration of the Virtual Reality glasses and the binaural audio reproduction. The software
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development platform chosen allows for the generation of other multimedia output systems,
such as multimedia studio or a presentation. But to give the user a more immersive ‘feeling’ of
being inside a riding train, the Virtual Reality set-up is considered to be the best solution for
assessing passenger comfort. An even better set-up will be the construction of a train interior
mock-up with an actual cabin, actual chairs, and projected outside view. But this set-up will be
much more expensive to set-up and less flexible with respect to adaptability and portability. An
input device will be used in combination with eye gazing 1 in order to let the user give feedback
for the listening experiment (described later in this chapter) for the user to give feedback. The
original Oculus remote or another device (space bar on a keyboard or the ‘A’ key on the newer
motion controller) can be used for this purpose.

3.3 Auralisation and sound reproduction
The interior noise demonstrator can play different noise experiences. These experiences can be
recordings, remixed sounds, or synthesized sounds. The application of effects of certain
measures to reduce noise should therefore be part of either the remixing or synthesized sound
generation. Sound sources can be played as either a non-directional sound source, or as a
directional sound source. Typical sounds, such as the speaker to announce messages for the
passengers, or other people in the train making sounds can be issued from specific (3D) location
from inside the train. Spatial blending is applied to sound sources with a diffused directional
source location. Specific room acoustics, such as absorption, and reflection inside the cabin is
not taken into account, but could be added based upon prior research, See (Johansson, et al.,
2012)

3.4 Visualisation of interior train
The visualisation of the interior train demonstration is done with a combination of video replay
and 3D objects. The interior of the train is presented by a 3D train object delivered by
DESTINATE partner-project FINE1. For the use in the 3D environment, some adjustments had to
be made, including the adaption of the correct material, so all objects are visible in the chosen
visualisation engine Unity3D. The outside view is created by creating two video replay
components just outside of the train object at both sides of the train. These recordings were
made during a separate train ride done in the Netherlands between the cities of Lelystad and
Zwolle with GoPro cameras, See Figure 3.1; on the left, two replay components are placed
outside of the train model (picture taken from behind the train in the Unity environment). On
the right, from within the train, the video replay components give the illusion of outside view
from a riding train. Synchronisation of both recordings is needed to give a matching experience
for both the left and right window. The result is shown in Figure 3.2.
1

Eye gazing: a technique where the user makes a selection by looking at a specific actuator, such as a
(virtual) button.
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Figure 3.1: Recordings in real train for the visualisation of the outside view.

Figure 3.2: Combination of video replay components and the train 3D object.
To provide the user with a better idea to be travelling in an operational train, additional
computer-generated characters are added as passengers inside the train. These computer
models look like computer-generated models. But while wearing the Oculus Rift Headset, their
appearance is more realistic thanks to their real-life sizes. We expect graphics for these
characters will improve in the near future, because of advances in computer-generated graphics.
These characters will also be linked with a motion model which allows them to give them some
natural movements. Further improvement to the motion model can be used by using motioncapture hardware to record typical motions during a train ride. Due to the complexity of this
technique, required hardware and the scope of this project, this idea has not further been
pursued. Also not further realised, but easier to do, is the recording and replay of typical sounds
that are made by passengers in the train, such as having a telephone call or having conversations
with other passengers.
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4 Application of the exterior noise A&V system
4.1 Outdoor scenarios for demonstration
To showcase the capability of the A&V demonstrator of rail vehicle pass-bys, a set of seven
scenarios was defined (see Table 4-1). In this set, some model input parameters are varied: Two
environments (rural and urban) and three train types (freight, inter-city and regional) are
considered. The trains operate at driving speeds of 80–160 km/h, are equipped with different
braking systems (Ci-blocks, K-blocks or Disc) and partially contain wheel flats. The track is
straight, and either located at level or in a cutting. In one scenario a noise barrier is introduced
to demonstrate the inclusion of a mitigation measure on the propagation path. The observer is
located at distances of 15–50 m to the track centre line and at 1.7–3.5 m above terrain.
Table 4-1: Outdoor scenarios for demonstration
#

Environment

Topography

Train
class

Speed

Wheels

Observer
distance

Observer
height

01

Rural

Flat

Freight

80 km/h

Ci + flats

50 m

1.6 m

02

”

”

”

”

K + flats

”

”

03

”

”

Inter-city

120 km/h

smooth

25 m

”

04

”

Flat with
barrier

”

”

”

”

”

05

Urban

Cutting

Regional

80 km/h

”

15 m

3.5 m

06

”

Cutting,
absorbing

”

”

”

”

”

07

”

Cutting

”

160 km/h

”

25 m

1.6 m

4.2 Expert survey for quality evaluation
The quality of the demonstrator for exterior railway noise was evaluated my means of an expert
survey. International experts from the railway sector were invited to participate in a workshop
on railway auralisation and visualisation. The workshop took place at Empa in Dübendorf,
Switzerland on 22 August 2018.
In the workshop, A&V technologies developed in DESTINATE were presented and demonstrated.
The participants were offered to experience the simulations in a multimedia studio as well as in
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VR. All scenarios from Table 4-1 were presented in Empa’s multimedia studio AuraLab (see
Figure 4.1) as well as with a VR system (Oculus Rift with Sennheiser HD650 headphones).

Figure 4.1: Demonstration of an auralised and visualised train pass-by in Empa’s multimedia
studio AuraLab with a multichannel loudspeaker system.
4.2.1 Questionnaires
Each participant of the workshop experienced all demonstration scenarios in the two
presentation modes ‘multimedia studio’ and ‘VR’ in counter-balanced order. After each
demonstration, the participants were asked to fill in an anonymous online questionnaire on a
laptop. The first questionnaire started with general questions about the profession and the
personal experience with the presented railway scenes. Then questions related to the first
demonstration were asked regarding aural and visual plausibility, artefacts, overall quality and
appropriateness of the simulation for different applications. These attributes had to be assessed
on 5-point verbal scales. The identical questions were asked after the second demonstration in
the second questionnaire. The second questionnaire ended with questions about both
presentation modes and focused on their comparison and the potential of the demonstrator.
4.2.2 Results from expert survey
The most important results from the expert survey are given here (see histograms in Figure 4.2
and Figure 4.3). Most experts assessed the artificially generated visual and acoustical stimuli as
very plausible in both, the multimedia studio AuraLab and in VR. The overall quality of the
demonstrator was most frequently rated as very good. The potential for possible applications of
the demonstrator was assessed either as good or excellent by all experts.

GA No 730829

25

How plausible were the
simulations focusing on the...
[visual stimuli?]

How plausible were the
simulations focusing on the...
[sounds?]
10

8
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6

VR

Number of experts

Number of experts

10

4
2
0

8

AuraLab

6

VR

4
2
0

Figure 4.2: Collected plausibility ratings of the rail vehicle pass-by demonstrations regarding
visual and acoustical simulation.

How do you rate the potential of
possible applications of the
demonstrator as a tool with
different output formats?

How do you rate the overall
quality of the demonstration?

10

8

AuraLab

6

VR

Number of experts

Number of experts

10

4
2

8
6
4
2
0

0
Very
poor

Poor

Fair

Good

Very
good

Figure 4.3: Ratings of overall quality and potential for possible applications of the rail vehicle
pass-by demonstrator.

4.3 Web-based sharing platform
Demonstration videos were created and uploaded to the web-based sharing platform Youtube in
July 2018 where since then they are publicly accessible. The seven scenarios from Table 4-1
were prepared according to specifications by the platform and are provided by the channel
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“Virtual Acoustics Empa” in two separate variants that are arranged in two playlists. The playlist
“DESTINATE” contains standard (planar) videos with a horizontal field of view of 60° and
stereophonic audio. The playlist “DESTINATE 360°” contains 360° videos with spatial audio
(encoded in first order Ambisonics). The relevant URLs are given below:
Link to Youtube channel: https://www.youtube.com/channel/UCG6hY-EyCR0ZuwIEisRaH3Q
Link to playlist “DESTINATE”:
https://www.youtube.com/playlist?list=PLFHEzMwLXvjHmWElCA27CrG90NejHpaKN
Link to playlist “DESTINATE 360°”:
https://www.youtube.com/playlist?list=PLFHEzMwLXvjGY4KUMNR1PWGPWXj40jXnk

Figure 4.4: Screenshots of the created 360° Youtube videos within the DESTINATE 360° playlist.
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4.4 Presentation at conferences and exhibitions
Exterior noise demonstrations were also physically given at several locations and in different
formats. At the Euronoise 2018, 11th European Congress and Exposition on Noise Control
Engineering, in Greece a talk was given in a railway noise session where demonstration videos
with sound were played back to the audience (Pieren, et al., 2018).

Figure 4.5: Title screen of the developed VR application "RNX VR" where the scenarios can be
selected.
For demonstration of the scenarios from Table 4-1 in VR, a VR application was developed by
Empa (see screenshot in Figure 4.5). This software together with a VR hardware system was used
as demonstrator at the International Trade Fair for Transport Technology, InnoTrans 2018 in
Berlin on the Shift2Rail booth (see Figure 4.6).
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Figure 4.6: EU Commissioner for Transport and Mobility Violeta Bulc testing the developed A&V
demonstrator at InnoTrans 2018 in Berlin (picture by Shift2Rail at InnoTrans 2018).

4.5 Psychophysical experiment
To show the applicability of the simulations in experimental studies, a laboratory experiment on
the perception of rail vehicle pass-by noise was conducted. The stimuli were created with the
A&V demonstrator for reproduction in a multimedia studio. The study participants individually
rated their evoked short-term noise annoyance. The study was conducted at the listening test
facility of Empa by Empa and was approved by its ethics committee.
The study had a factorial design where stimuli where presented in individually randomised
order. The main factor of interest was the rail condition determined by the rail roughness which
was varied in three steps (bad, average, smooth). Wheel roughness was varied in two steps
(average, smooth). One observer location at 50 m distance to a straight track and two different
trains at two travelling speeds each (total of 4 levels) were chosen. This results in a total of 24
stimuli.
In November 2018, twenty participants (18 males; mean age 37±13(SD) years) took part in the
experiment and individually assessed the audio-visual stimuli in Empa’s listening test facility
AuraLab (see Figure 4.1). The sounds were reproduced by a calibrated system with 7 satellite
loudspeakers arranged in a horizontal ring and two subwoofers. The videos were projected on a
micro-perforated screen. A software program with a graphical user interface displayed on a
separate screen guided through the experiment and recorded the participants responses. Short-
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term annoyance was rated on the numerical 11-point scale. The test procedure was similar to
previous work (Schäffer, et al., 2016).

10

10

9

9

8

8

7

7

6

6

Noise annoyance

Noise annoyance

Results from the experiment are depicted in Figure 4.7 showing the effect of the rail condition
on short-term noise annoyance for different rail vehicles and speeds. The results show that
improved rail conditions (lower rail roughness) are associated with lower noise annoyance. This
positive effect was found to be larger for trains with Disc brakes as compared to trains with
wagons with K-brake blocks (Figure 4.7, left). The effect seems to be independent on the
studied train types and travelling speeds (Figure 4.7, right). Further analyses of the data set are
planned for the future and will be published separately.

5
4
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5
4
3
Freight train, 100 km/h

2

2

Inter-city train, 130 km/h
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1

SE)

0

Inter-city train, 80 km/h
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Bad

Medium
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Figure 4.7: Measured short-term noise annoyance (mean value and standard errors) from train
pass-bys for situations with different rail conditions as found in the psychophysical experiment.

4.6 Conclusions
The previous sections presented several application examples of the developed exterior noise
A&V system. The applications included an expert survey, presentation at a scientific conference,
a psychophysical experiment, demonstration at an exhibition, and a public information base via
a web-based platform. The demonstrator is thus applicable to and valuable for a wide range of
stakeholders, from experts, scientists, politicians to the broad public.
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5 Application of the interior noise A&V system
5.1 Introduction
To access the impact of interior noise on passengers common research methods comprise
questionnaires handed out to subjects after being exposed to the noise, either by headphone or
in situ. The current experiment attempts to access the impact of interior noise in a more
objective manner. The idea is that if noise exceeds a certain threshold it will be more difficult
to hear human speech within that noisy environment. Therefore, if it becomes harder to hear
human speech, one can say that the comfort reduces.
This approach was applied earlier in the aviation domain (Brouwer, et al., 2015). However in
the current study a VR environment (instead of just a headset) was used to offer the subject the
experience of a real train ride.
The above described approach was applied in an experiment in which the subjects were offered
a virtual train ride in NLR’s interior noise demonstrator and in which the Speech Intelligibility
Test (SIT) was applied as the tool to measure the impact of the noise. In addition to the SIT also
questionnaires were used, to measure the impact of noise on the subjects.
The main research question was whether the combined interior noise demonstrator with SIT is a
solid instrument to access impact of interior noise in trains on passengers.

5.2 Methods
The interior noise demonstrator as described in Chapter 3 was used as instrument to offer
stimuli (different noise samples) to the subjects in a realistic train interior environment.
5.2.1 Listening experiment
To provide the means to conduct the Speech Intelligibility Test, a listening experiment is
integrated in virtual reality into the interior noise demonstrator. The advantage of using this test
is that the test subject (user of the demonstrator) does not have to take off the Virtual Reality
glasses to fill in the test, and thus the person is not interrupted from its “immersive” experience
of a train ride (see Figure 5.1).
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Figure 5.1: The interior of the train with a set-up of the panel for the listening experiment. Note
that the purple texts are not visible by the user with the Virtual Reality glasses.
The test set-up consists of the following components in the simulation:
•

A sound output emitting specific phrases for the test subject to recognize

•

An “iPad”-like device in front of the test subject with buttons to select the phase that
was heard.

The sounds that are spoken out, were recorded with different male and female voices, and
consist of easy to recognize phrases, such as “ABA”, “AZA”, or “USU”.
5.2.1.1 Implementation
The user interaction of the listening experiment was implemented using an eye-gazing feature of
the Oculus software in combination with Unity3D software engine. If user-interface panel is
given a so-called “OVR Raycaster” capability, a small blue-circle appears in the direction the
user is looking while staring at the panel. By pressing a button (either on the Oculus remote or
by pressing the space bar on the keyboard), a selection is made.
The configuration of the listening can be done with a text file containing a description of the
experiment. The sound level of each phrase could be adjusted in the configuration, just as the
type and volume of sound of the train that was played when the phrase was played. A delay
could also be configured in order to present the phrases in a more random time.
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Started logging NLR Interior Noise Simulator at time 7/18/2018 8:03:45 AM
080348 18-07-2018: Button 0: AWA
080348 18-07-2018: Button 1: AZA
080348 18-07-2018: Button 2: ADHA
080348 18-07-2018: Button 3: ACA
080408 18-07-2018: Starting experiment by pressing key
080408 18-07-2018: Start ListeningExperiment
080408 18-07-2018: Starting experiment by pressing key
080408 18-07-2018: Start ListeningExperiment
080408 18-07-2018: Starting experiment by pressing key
080408 18-07-2018: Start ListeningExperiment
080423 18-07-2018: Measurement=0, result=MISSED, reactionTime=3.02, answerPressed=,
phraseSpoken=AWA, speaker=M1
080425 18-07-2018: Measurement=1, result=WRONG, reactionTime=2.337713, answerPressed=AZA,
phraseSpoken=ADHA, speaker=M1
080428 18-07-2018: Measurement=2, result=PASSED, reactionTime=1.98, answerPressed=AZA,
phraseSpoken=AZA, speaker=W1
080433 18-07-2018: Measurement=3, result=MISSED, reactionTime=3.02, answerPressed=,
phraseSpoken=ADHA, speaker=W1
080433 18-07-2018: Stopped ListeningExperiment

Figure 5.2: Text output of a Speech Intelligibility Test that can be used to further analyse the
result of a test subject performing the test.
5.2.1.2 Output logging
The result of a listening experiment is logged by a text file. This consists of the configuration of
the buttons to select, the given stimuli, and the reaction of the test subject. An example is
given in Figure 5.2. It provides information on reaction time, and whether the test subject did
make a good reaction (PASSED), a wrong reaction (WRONG), or did not react at all (MISSED).
5.2.2 Speech Intelligibility Test (SIT)
Speech intelligibility refers to the ability of being able to hear a person speak while there is
background noise. It depends on how loud speech is expressed (in decibels) and the loudness of
the (background) noise in the environment. The louder the noise in the background, the less
intelligible speech becomes.
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The speech intelligibility test presents subjects with a variety of spoken syllables (for examples
see Table 5-1) and calculating the level of intelligibility by using the proportion of correct
answers in relation to the amount of syllables that have been presented. The equation for this
is:
Speech intelligibility (%) = 100/ T * R
Here, T is the amount of words that have been presented and R is the amount of correct
answers.

Table 5-1. The syllables that were used in the experiment
ABA

ADA

ALA

AMA

ANA

APA

ASA

AWA

AZA

EBE

EME

ENE

ESE

UBU

UMU

UNU

USU

Consonants are less intelligible than vowels within a noisy environment because of their
unspoken nature and because vowels tend to have a relatively higher intensity than consonants
(Meyer & Morse, 2003).
5.2.3 Hearing test
A hearing test from the brand Oscilla (https://www.oscillahearing.com/) was available to
measure subject hearing abilities when needed.
5.2.4 Cabin Noise Environments
For the experiment, a recorded train sound was played that was synchronized with the exterior
outside view. This was called the ‘original’ sound, or sound 1.
The following sounds were presented to the subjects:
Sound 0: No noise, just silence as reference
Sound 1: The noise of the train itself without any other noises
Sound 2: sound 1 plus noise of the ventilation and heater systems.
Sound 3: sound 1 plus the noise of air conditioning
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Figure 5.3: The calibration set up for the headset on the Head and Torso Simulator.

5.2.5 Sound Calibration
The background noises and voices were calibrated with the help of a head and torso simulator
(dummy head) on which the headset was placed, See Figure 5.3. To calibrate the sounds to the
correct level, a measurement of the background noise in a real train was performed with the use
of the Rion sound level meter nl-52. Based on this measurement, the background levels of the
train (“original”) were set to 66 dB(A).
Sound 1 was set to 66 dB(A). This was the average sound level that was recorded during a normal
train-ride in the Netherlands in a regional train.
Sound 2 was set to 75 dB(A). This is because a peak of 74 dB(A) was found during the
measurement in the above mentioned regional train and an 1 dB(A) was added because of the
amount of background noises that were added in this sound 1.
Sound 3 was set to 71 dB(A) which was in between the sound levels of sound 1 and sound 2.
5.2.6 Experiment
Subjects were first briefed about the experiment. The subjects were told why the project is
being performed and what tasks they were going to perform (filling in questionnaire, speech
intelligibility test). This information was also disclosed in the consent form, which the Subject
was asked to read and sign.
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Next, participants were given the pre-experiment questionnaire to fill in. Which asked, amongst
others, about biographical data.
Subjects were given the opportunity to familiarise themselves with the VR environment and the
SIT. This was meant as a way to support subjects get used to the environment itself, the way the
syllables were spoken and how to look at and select a syllable on the virtual sheet of paper in
the VR environment. See Figure 5.4 for a visualisation of what the subjects saw in the VR
environment.

Figure 5.4: The virtual train cabin as experienced by the subjects, plus the virtual sheet of paper
that the subject had in front of them to indicate which syllable they heard being uttered.
After the familiarization stage, the experiment started. Noise samples were played continuously
and combined with a syllable from the SIT. The subject’s task was to point to the letters on the
“virtual sheet of paper” describing how the syllables sounded.
Once the experiment was completed, the subjects filled in the final questionnaire about how
they felt after being exposed to a VR environment during the experiment.

5.3 Results
5.3.1 Subjects
Twenty-three people (both male and female) participated. There were no pre-requisites for the
subjects except for them to have a good hearing.
The subjects were all interns (students) or employees at NLR. They were not paid for their
contribution, except that there were plenty of snacks for them to eat before and after the
experiment.
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The sample group consisted of a total of 7 females and 16 males. The data of one subject
(subject 21) was excluded after analysis from the data. This decision was based on the
information that the subject performed poorly and had indicated to experience hearing
problems, resulting in a final sample of 22 subjects. Their ages ranged from 22-54 years old,
with a mean age of M= 33.65. They averaged 2.39 train rides per week.
5.3.2 SIT scores
The SIT ratings (see Figure 5.5) indicated clearly that differences in noise type and level resulted
in different SIT scores. There were significant differences between the overall SIT scores
(P ≤ .001). Further there were no significant differences between male and female subjects.
100
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No sound
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60

Train sound

50
40

Air Curtains,
Ventialation, Heater

30

Conditioning System

20
10
0

Overall

Men

Women

Figure 5.5: SIT scores for all noise conditions.
There were differences in how discriminative the different syllables were with respect to the
four types of noise. In particular the difference between AZA and ASA was hard to hear. In
Figure 5.6 an overview of these differences is given.
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Figure 5.6: SIT scores for all syllables.
All SIT scores were uttered by four different persons (voices). In Fehler! Verweisquelle konnte
nicht gefunden werden. can be seen that there were no significant differences in how well the
syllables uttered by these different voices were recognised.
5.3.3 Subjective data
The experiment took around 45 minutes per test subject. Subjects were asked how they felt
after the experiment. This was, amongst others, done to learn more about the acceptability of
the use of the interior noise demonstrator as a tool to study perception of noise.
Nausea
12 people (55%) strongly agree that they felt nauseas during the experiment. And 4 people (18%)
agreed to some extent that they felt nauseas during the experiment.
Lightheaded
7 people (32%) reported to strongly agreeing to experience the feeling of light-headedness,
while 8 people (36%) agreed in lesser extent to feeling this.
Headache
14 people (64%) strongly agreed on the variable ‘headache’ while 5 others (23%) agreed at a
lesser to feeling a headache during the experiment.
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Eyestrain
7 people (32%) strongly agreed to experiencing eyestrain during the experiment. 5 others (23%)
agreed to a lesser extent to have felt the same.
Experiment duration
9 subjects (41%) strongly agreed that the experiment took too long, while 5 others (23%) agreed
to a lesser extent that this was so.

5.4 Findings of the experiment
The following conclusions were drawn from this experiment:
•

The SIT ratings indicated clearly that the different noises resulted in different SIT scores.

•

The SIT in combination with the interior noise demonstrator is a relevant tool to measure
the impact of noise on subjects.

•

The simulation offers a controlled environment.

Furthermore:
•

Preference for sound had no significant effect on SIT scores.

•

Gender had no significant effect on SIT scores.

•

Focus was on train-generated noise, not on speech, and other noises from the train or
other passengers.

Potential next steps of further research:
•

More of the syllables that are available for the SIT should be used to make it a better,
more sensitive instrument.

•

Validate with other perception of noise assessment techniques, such as ICBEN.

Observations that were made during the experiment were that the time for the experiment took
around 45 minutes. This provided enough feedback to examine the four different sound
scenarios. But this may be too long for a Virtual Reality experiment with the currently used
hardware, as it may cause nausea for the test subjects. For an evaluation between two noise
scenarios (not a psychological study), the time is much shorter and may not be a problem.
Conclusion based upon the given study that an interior noise simulator, as presented in this
deliverable, can be a helpful tool in assessing noise experiences for in a train.
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5.5 Presentation at conferences and exhibitions
The interior noise demonstrator was presented at different occasions:
•

In June 2017, at the Boston Acoustics Conference 2017 of the Acoustic Society of
America, a presentation was given about the DESTINATE project and the approach for the
Interior Noise Demonstrator.

•

In August 2018, participators of the expert workshop at Empa received a presentation and
a demonstration of the Interior Noise Demonstrator.

•

In September 2018, at the INNOTRANS 2018 exhibit in Berlin, DESTINATE was presenting
their innovation as part of the Shift2Rail programme stand. The interior noise
demonstrator was presented, together with the exterior noise demonstration as two
separate demonstrations (See Figure 4.6).
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6 Conclusions
A system has been made available that allows auralising and visualising pre-rendered outdoor
railway scenes. The system evokes plausible experiences in a high quality and offers multiple
output formats. For applications in VR, the demands on computing power are considered high
and limit the real-time capabilities. The system supports different rail vehicle types at various
travelling speeds, different track types and different environments. Detailed information about
the rolling stock and the track is required as input, whereby data describing the sound sources is
primarily determined experimentally. The major noise sources rolling noise and secondary noise
(traction, technical equipment) are reproduced, whereas singular noises such as curve squeal are
not included. The sound propagation simulation to an arbitrary observer location supports basic
geometries that are translation-invariant in the direction of the track, i.e. flat terrain with an
infinitely extended noise barrier of arbitrary height, or a railway line cutting of arbitrary depth
and width. Long-distance propagation (meteorological effects), general 3D objects (e.g.
buildings) and radiation by bridges or tunnel portals are not supported yet.
The interior noise demonstrator is developed with the purpose of demonstrating the effects of
noise measures on passenger in the train. The demonstrator is capable of playing back
synthesized noise predictions, such as the OTPA, or (remixed) recordings for the purpose of
demonstrating differences between them. Binaural representation and localized sound sources
are part of the demonstrator, to give the user a spatial sound experience. The visualisation
consists of an interior 3D train model, combined with a replay of outside recordings made during
a train ride for simulating a moving train. A psychological study has been performed to test if
this demonstrator can be used to evaluate different noise scenarios in the train. This Speech
Intelligibility Test (SIT) has been implemented in virtual environment of the train. The idea is
that if noise exceeds a certain threshold it will be more difficult to hear human speech within
that noisy environment. Therefore, if it becomes harder to hear human speech, one can say that
the comfort reduces. The study shows, first, that SIT ratings indicate clearly that the different
noises resulted in different SIT scores. Seconds it shows that the SIT in combination with the
interior noise demonstrator is a relevant tool to measure the impact of noise on subjects.
Conclusion based upon the given study that an interior noise simulator, as presented in this
deliverable, can be a helpful tool in assessing noise experiences for in a train.
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