
A key role in the acoustic planning 
and design process of urban areas 
is played by the numerical predic-
tion of sound propagation. Being 
able to simulate the sound field in 
urban environments can be used to 
facilitate the decision-making and 
closing the communication gap 
among the diverse groups particip-
ating in the planning process. 

Nowadays, prediction methods are 
widely used in Europe for noise mapping 
purposes in order to fulfil the EC noise 
mapping requirements and, additionally, 
they are of large importance for eval-
uating the impact of noise control meas-
ures. Here, we make a distinction 
between the prediction methods typic-
ally used for noise mapping, referred to 
as engineering methods, and the com-
putational urban acoustics methods, 
which predict the urban sound field with 
high accuracy by numerically solving the 
governing physical equations after some 
simplifications.
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The predictions also form the basis for 
auralisation purposes, i.e. making the 
urban environment audible in a virtual 
reality sense. It can be seen as the pro-
cess of simulating a listening experience. 
While developed originally for room 
acoustical purposes during the recent 
decades, auralisation of outdoor environ-
ments has gained an increased interest 
during the last decade. Being able to 
listen to a planned environment before it 
has been built is not only informative for 
decision makers and users at all levels, 
including the citizens, but can also be 
used as input for further computer aided 
analysis and tools.
       A sound environment can consist 
of audible contributions from a large 
number of sources. The sources may be 
stationary in space, like a splashing water 
fountain in a park or a humming bus 
on idle, or moving through space, like 
a flying seagull making its alarm call or 
the siren on a passing ambulance. The 
source signal of the auralisation can be a 
recorded or a synthesised sound. Due to 
the large possible variation in output of 
environmental sound sources, it is at-
tractive to use models for the synthesis 
of the source signals rather than relying 
on recordings.
       The sound propagation effects, 
during the travel from the source to the 
listener, are separated from the source 

model, whereby the same propagation 
modelling can be applied to different 
sound sources. The usually unavoid-
able propagation effects of importance 
to model are the distance decay, the 
ground reflection, and the air absorp-
tion, as well as the Doppler effect in case 
of a moving source (or receiver). Other 
propagation effects may involve reduc-
tion due to screening objects, reflection/
scattering in facades and other objects, 
focusing due to wind and temperature 
profiles, and wave distortion due to tur-
bulence in the air. 
       Since the calculation of the propaga-
tion effects may be numerically expens-
ive, it is of interest to try and simplify 
the physical modelling. For instance, 
for auralisation puposes, the modelling 
of a distant road (macro or mesoscale 
background sounds) may be simplified if 
there is a more prominent sound event, 
e.g. a car passing by on a nearby local
road (microscale foreground sound).
Simplifications leading to a reduction of
the numerical cost may thus allow for
a higher level of detail in the modelling
of the more prominent sound events,
enabling real-time auralisation of more
complex situations.
       Conventionally urban environmental 
noise is assessed with noise measure-
ments and noise mapping software. Also, 
noise control measures are usually ex-
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pressed as a reduction of sound pressure 
level, e.g. of the Lden value. This way 
of evaluating an acoustic environment 
and a noise control measure can indeed 
help in getting a good insight and helps 
in the decision making regarding the 
action that needs to be taken in order 
to improve the acoustic environment. 
However, since the noise sources in the 
urban environment are time varying they 
cannot be assessed only by equivalent 
noise levels like Ld, Ln, Lden etc. More-
over, urban noise sources can be masked 
by a positive sound source. For example, 
a fountain on a square will increase the 
noise levels but the overall acoustic 
quality can be improved since the sound 

from the fountain, which is usually con-
sidered a positive sound source, may 
mask the unwanted traffic noise. This 
effect would not be observable on a 
regular noise map. Therefore, new tools 
are needed for the design of the uban 
environment, where more detailed pre-
diction and auralisation has its place, also 
supporting the concept of soundscapes. 
Furthermore, combining aural and visual 
information enhances the experience 
giving a feeling of immersion. The level 
of immersion can be greatly enhanced 
by creating the possibility to interact with 
the simulated environment, for example 
by using virtual reality glasses that allow 
you to look freely around.
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During the last decades, different tech-
niques have been developed for sound 
field prediction. Among them, geometri-
cal acoustics methods, diffuse field meth-
ods and wave-based methods have been 
of main importance. Geometrical acous-
tics and diffuse field techniques can be 
regarded as engineering methods. Basi-
cally, in geometrical acoustics the sound 
waves are computed as rays that interact 
with boundaries while the diffuse field 
approach is based on the propagation 
of the sound energy instead. Both meth-
ods are mostly appropriate in the high 
frequency range where the assumptions 
taken in their implementation fairly well 
fulfil the conditions of the sound environ-
ment. For geometrical acoustics meth-
ods, the environmental objects need to 
be large in comparison with the sound 
wavelength, where a small wavelength 
corresponds to a high frequency. 
Diffuse field methods are applicable 
when the sound field is similar to an 
indoor space and is spatially smooth, i.e. 
they may be applicable mainly to inner 
city environments and at sufficiently high 
frequencies such that individual standing 
waves are not prominent. On the other 
hand, the precision of the geometrical 
acoustics computations highly depends 
on the number of reflections included in 

the calculations. This order of reflections 
is a key factor for those inner city envir-
onments where the direct sound coming 
from the source is not the main contrib-
utor to the sound field, hence a too low 
amount of reflections in the calculations 
will cause an underestimation of the 
sound levels. However, including more 
reflections increases the computational 
time. Furthermore, engineering methods 
are limited in accounting for complex 
meteorological effects and for irregular 
facade shapes. Nevertheless, engineering 
methods are suitable for noise mapping 
purposes at macroscale level with a reas-
onable balance of accuracy and compu-
tational time. In the last years, a unified 
method based on geometrical acoustics 
has been developed for noise mapping 
according to the European Noise Dir-
ective (END). The method, referred to as 
CNOSSOS-EU, harmonizes the oper-
ational approach to be used in future 
rounds of strategic noise maps in the 
European Union.
       Wave-based methods account for 
all phenomena of wave propagation in 
their approach and when all input data 
is appropriate, mainly sound source 
features, atmospheric conditions, urban 
topology and other properties of bound-
aries (facades, streets surfaces, vegeta-

Prediction methods
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tion, etc.), the sound field solutions are 
highly accurate. The major limitation of 
the wave-based methods is the com-
putational cost, which is increasing with 
frequency and with size of the area to be 
calculated, whereby their main applica-
tion nowadays still remains in the low to 
mid-frequency range at micro to meso-

scale level. However, due to the advances 
in computer power, the capabilities of 
these methods keep growing. There is 
a wide variety of wave-based methods 
using different approaches when solving 
the governing equations. In general, they 
are divided between time domain and 
frequency domain methods depending 
on in what domain the equations are 
defined and solved. The discussion of the 
main features of these methods is out of 
scope here, but to make the reader fa-
miliar with the names of the approaches, 
Table 1 includes a list of the currently 
most popular ones.
       The next figure shows a comparison 
between the sound propagation in a sec-
tion of a street computed with a wave-
based method (PSTD) and a geometrical 
method. This figure facilitates the under-
standing of some of the limitations of 
engineering methods when compared 
with a wave-based approach.
       Computational acoustics methods 
are of large importance for validation or 
improvement of engineering methods. 
There are numerous examples of wave-
based methods used as reference to re-
fine noise mapping calculation methods. 
For instance, FDTD simulations were used 
to fit an analytical function describing 
canyon-to-canyon sound propagation, 
a multiple-reflection correction term in 
noise mapping was derived with the help 
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Table 1. Most popular computational 
urban acoustics methods

Method Acronym
Pseudo-spectral 
time-domain

PSTD

Finite-differences 
time-domain

FDTD

Boundary element 
method

BEM

Equivalent source 
method

ESM

Transmission line 
matrix method

TLM

Parabolic equation PE
Finite element 
method

FEM

Discontinuous 
Galerkin

DG

Digital wave-
guide mesh

DWM

Lattice Boltzmann 
method

LBM



Figure 1 - Snap-
shots of wave 
propagation in a 
section of a street 
computed with 
a wave-based 
method (left 
column of graphs) 
using PSTD and 
a geometrical 
method (right 
column of graphs)
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of PSTD models, and the parabolic equa-
tion and the equivalent source method 
have been used to characterize the ex-
cess attenuation of intermediate canyons 
to obtain a correction factor for engin-
eering methods.
       SONORUS has contributed to fur-
ther developing some of these numer-
ical methodologies. For instance, a 
novel hybrid method combining PSTD 
and DG has been implemented to allow 
the computation of arbitrary boundary 
conditions and complex geometries 
as shown in the schematic example of 
Figure 2 and in an application of the 
methodology to a 2D irregular shape, as 
shown in Figure 3. Additionally, source 
directivity has been incorporated in PSTD 
by using spherical harmonics technique 
and currently these developments are 
used for the auralisation of inner city car 

pass-by. Other projects within SONORUS 
have used numerical simulations in their 
investigations. For example, at microscale 
level the influence of the urban canyon 
shape has been investigated using the 
FDTD method and at macroscale level 
several SONORUS projects have worked 
on combining noise control and urban 
planning by using engineering meth-
ods for noise and exposure assessment. 
More details about these projects can 
be found in the “Controlling the sound 
environment” Chapter.
       As emphasized above, wave based 
methods (FDTD, PSTD, etc.) are more ac-
curate than geometrical acoustics meth-
ods, while being computationally heav-
ier. Furthermore, geometrical acoustics 
methods may become more appropriate 
at high frequencies where complex wave 
based effects may be neglected. 

Figure 2 - Schematic example of an application of the hybrid method 
developed within the SONORUS project for a two-dimensional domain
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Figure 3 - Application of the 
hybrid PSTD/DG method 
developed within the 
SONORUS project to a 2D 
irregular-shape; a) detail of 
the hybrid grid and b) snap-
shots of wave propagation

a)

b)
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This initializes the design of a hybrid 
auralisation methodology where a wave 
based method is used for the low fre-
quencies and a geometrical acoustics 
method for the higher frequencies. 
During the past two decades there has 
been an increased research interest in 
this approach. An impulse response (the 
acoustic response of an environment to 
an impulse excitation) is composed as 
follows using the hybrid approach. First, 
two impulse responses are computed 
using the wave based and geometrical 
acoustics methods, and second, those 
two impulse responses are combined. 
A graphical demonstration is shown in 
Figure 4. How to combine the impulse 

responses is not straightforward and is 
still an open question. Also, further work 
is needed to identify the appropriate 
crossover frequency between the two 
methods. 
       Numerical methods for computing 
sound propagation in the urban envir-
onment have not yet been fully de-
veloped. One main reason is the continu-
ous development of computer architec-
ture (e.g., parallel GPU’s) that will keep 
progressing in the coming years, requir-
ing that the numerical methods are 
continuously updated in order to exploit 
the computational power. Also, there is a 
need to bring the urban acoustics pre-
diction codes to real-life applications and 

Figure 4 - Top figure: Lay-
out of a potential hybrid 
auralisation of urban 
environments. 
Bottom figure: anatomy 
of an impulse response in 
an urban environment. 
The low frequency part 
is modelled using a wave 
based method for both 
early and late parts of 
the simulation and for 
the high frequency part 
the early reflections are 
modelled with an image 
source method (ISM) and 
the late with a Ray tracing 
method.
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For the sound synthesis of the source, 
several methods exist. Synthesis can be 
achieved by determining the physical 
properties of a source, with possible 
sub-sources, and determining their 
sound spectrum. Then noise according 
to these spectra can be generated and 
updated. Spectral modelling for example, 
will construct a sound spectrum by 
adding frequency components. Sub-
tractive synthesis on the other hand will 
remove unwanted components from 
a noise spectrum. Another method is 
synchronous granular synthesis, an idea 
first conceived for musical purposes. 
Granular synthesis will acquire small 
grains of sound, usually from recordings, 
saved as a library for a source and picked 
up according to the preferred source 
property. This has been proven useful 
for sources that contain cycles of opera-
tion, just like a car engine. For example, 
a group of grains has been recorded for 

a certain gear and engine speed (rpm) 
of a car and can be reconstructed to a 
seemingly continuous sound stream. This 
way, a car with a variable speed across its 
route can be given a sound with smooth 
and controlled transitions. Aside from the 
spectrum of the source, its temporal 
behaviour is generally also needed. 
Examples are amplitude modulations 
in the emission of wind turbines and jet 
engines as well as impulse-like sounds.
       Directivity of a source refers to the 
angular distribution of the sound field 
generated by the source. The major 
sources of noise in urban environments, 
road, rail and air traffic, have a directional 
character. A realistic auralisation of these 
noise sources in urban environments re-
quires taking into account these aspects 
in the prediction method.
       Another factor that affects the 
perceived sound field is the effect of the 
head, outer ears and torso of the listener. 

open source codes, facilitating the appli-
cation of the methods by others, outside 
the academic and research institutes. 
Furthermore, there is a lack of acous-
tic input data for the models (e.g., ab-
sorption coefficient of facade materials, 
source features, etc.), a point that must 

be addressed in the coming years since, 
clearly, this is most relevant for the accur-
acy of the final results. Input data for the 
models can be obtained via experiments 
or using other numerical techniques, e.g. 
simulating the acoustic features of ma-
terials.

Auralisation
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Figure 5 - Directivity in horizontal plane: analytical directivity (blue solid) 
and modelled directivity (red dotted) in PSTD for the octave-bands with 
centre frequencies 63Hz, 125Hz and 250Hz

Prediction and auralisation of urban sound environments

This is referred to as the head related 
transfer function (HRTF) or head related 
directivity. An HRTF is the response that 
characterises how the human ear re-
ceives the sound from a point in space. 
With the use of HRTFs a 3D sound ex-
perience can be achieved with the use 
of only two audio channels (headphone 
playback). By incorporating directivity 
and HRTFs in auralisation the quality of 
auralisation is significantly improved. 
       Source directivity and HRTFs have 
been incorporated in various geometrical 
acoustics methods and computational 
methods. Within the SONORUS project 
a methodology to include source and 
head related directivity in the pseudo-
spectral time-domain method (PSTD) has 
been developed. In Figure 5, directivity 
patterns of an analytically derived and 

a PSTD simulated source are shown for 
three different octave bands. 
       A valid auralisation tool will not 
necessarily simulate accurately all of the 
physical properties and processes 
of an environment and its sources the 
way they are taking place in reality, but 
through translating these will give useful 
results for the situation. Source models 
can be constructed by using psycho-
acoustic properties of the human 
hearing, for example taking into consid-
eration temporal and frequency masking. 
In the SONORUS project, a method for 
auralisation of background road traffic 
has been developed, with the aim to 
concentrate computational power to 
foreground events, e.g. a car passing 
by on a local road where the listener is 
located. The approach uses modulation 

47



transfer functions, i.e. rippled noise spec-
tra that shift with time, which appears 
to be a compact and promising way to 
model a time varying noise event. Initial 
listening tests have been carried out for 
this approach and further work is ongo-
ing.
        Aircraft are a major contributor 
to noise in urban environments. The 
amount of people exposed to aircraft 
noise increases every year due to urban 
densification and increasing flight move-
ments. Within the SONORUS project 
tools have been developed to simulate 
how it sounds when an aircraft flies over 
an urban environment. The developed 
tools can be used to study the impact of 
aircraft noise on humans. 
       The propagation model takes into 

account typical effects like spherical 
spreading and air absorption. Especially 
important with aircraft auralisation 
are the often strong Doppler shift and 
ground effect. Also, while listening to 
aircraft noise, one can typically hear 
fluctuations that are relatively slow and 
random. These fluctuations are often due 
to atmospheric turbulence. An important 
contribution of the project was a model 
to simulate the effects of atmospheric 
turbulence on sound propagation result-
ing in more realistic sounding auralisa-
tions.
       Figure 6 shows a spectrogram of an 
auralisation of an Airbus A320 taking off 
from Zurich Airport. Strong tonal com-
ponents can be observed during the first 
seconds as the aircraft approaches the 

Figure 6 - Spectrogram of an aircraft 
auralisation. The instantaneous sound 
pressure level is shown in the colour 
scale as function of time (x-axis) and of 
frequency (y-axis).
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observer, visible as horizontal lines in 
the figure. A strong Doppler shift occurs 
and, as the aircraft passes, the relative 
strength of the tonal components drops 
significantly. Interference between direct 
and ground reflected paths results in a 
clearly noticeable interference pattern. 
How noticeable the interference pattern 
is depends on the ground type and the 
atmospheric turbulence condition.
       The overall directivity of the aircraft 
is stronger to the rear, and therefore as 
an aircraft approaches and flies over, the 
level quite rapidly increases. This is ex-
pected to contribute to the disturbance. 
       An equally important stage to the 
auralisation process for creating the 
wanted sounds is the way the produced 
sounds will be used. Initially it has to be 
decided whether the auralisations will be 
used as a final product or as a means for 
extracting further information. In the first 
case, choosing a reproduction method is 
needed, e.g. headphones or multi-
channel loudspeaker setups.
       Although it might seem straightfor-
ward, for critical listening, headphone re-
production should be handled with care. 
Even when using high-end headphones 
with a known frequency response given 
from the manufacturer, each unit will 
show irregularities. To avoid these, the 
units can be measured in lab to create 
filters that will compensate for the irreg-

ularities and ensure a controlled listening 
experience. Moreover, since headphones 
do not usually offer good low frequency 
response they could be used together 
with a loudspeaker, like a subwoofer, 
while using open-back headphones. This 
will enhance the listening experience, of 
importance for most traffic sounds, and 
may furthermore provide vibrations that 
radiate through the human body. As it 
can be seen, headphone reproduction 
cannot easily be used in a mobile set-
up, except for preliminary or screening 
listening tests.
       The simplest loudspeaker setup for 
listening tests is the vector-based amp-
litude panning (VBAP), giving the com-
mon “stereo” effect. This method offers a 
small sweet-spot area , i.e. the position 
where the contribution of each loud-
speaker of the setup is correctly balanced 
with the others and gives the desired 
spatial imagery. As with all loudspeaker 
reproduction setups, the room that the 
listening test takes place should be prop-
erly treated. VBAP can also be combined 
with HRTFs to give more realistic results. 
As mentioned, HRTFs output a signal for 
each ear of a listener, and as such, sound 
due to e.g. the loudspeaker representing 
the right channel, will contribute to the 
left ear, and this may be counteracted by 
using the HRTFs, in what is called cross-
talk cancellation.
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More multichannel setups exist, where 
the most popular ones are higher order 
ambisonics (HOA) and wave field syn-
thesis (WFS) rendering techniques. The 
main difference between these two is 
that HOA has a sweet spot, although it 
can be expanded and controlled, where-
as WFS, with its large number of loud-
speakers, avoids the sweet-spot limita-
tion. For the latter, virtual sound sources 
are spatially located within the listening 

area, and the listeners can navigate 
themselves within this acoustic field. Both 
HOA and WFS can be configured to cre-
ate a correct acoustic field in either a 2D 
plane or a 3D volume. It should be noted 
that the headphone setup coupled with 
HRTFs, HOA or WFS techniques, can be 
enhanced by using sensors tracking the 
position and rotation of a listener, and 
adjusting the output. 
       Designing a subjective listening 

Reproduction of sound: 
Headphone and multichannel 
loudspeaker setup
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test itself is a part of the field of psycho-
acoustics. Here, the statements under 
test should be decided in order to define 
the structure of the test. If, for example, 
the purpose is to validate an auralisation, 
the test would vastly differ from one that 
investigates a certain noise abatement 
measure within the context of urban 
sound planning. For the former case, 
the auralisation should be tested either 
against a reference (e.g. a recording or 
an already validated sound), or using 
certain tracking abilities and responses 
of the listener (e.g. perception of speed 
of car pass-by, detection of individual 
cars in a mixed traffic sound environ-
ment, etc.), which will assess the realism 
of an auralisation. For the latter case, 
the attributes that are tested should be 

carefully chosen as they may bias the 
result. It is, for example, common to test 
for the perceived annoyance, which may 
be self-introduced in the results already 
by asking about it.
       Subjective listening test methods 
can be further developed by including 
objective data from the subjects. These 
can be muscle movements and heart 
rate variations when introducing a sound, 
as well as brain responses, although this 
is yet a largely unknown area. By obtain-
ing these data with properly designed 
tests to avoid biases and cross depend-
encies between fixed and non-fixed para-
meters, useful indicators that describe 
attributes of urban environments may be 
created.
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