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Introduction
Auralization of complex urban scenarios is a promising
approach. As exemplarily shown in a framework pub-
lished in a recent publication [1], environmental noise
studies with regard to the perception of sound sources
in urban environments can be performed in Virtual Re-
ality (VR). Especially for studies on the psychoacous-
tic properties of noise sources, such as aircrafts, cars
or trains, the acoustic source models should reproduce
spectro-temporal characteristics and be parametrically
controllable for enhanced plausibility. With regard to
compatibility to the open-source Virtual Acoustics au-
ralization software (VA) [2] and according real-time con-
straints, this work presents a method to generate acous-
tic source models for dynamic, real-time auralizations for
moving objects, at the example of vehicle pass-by noise.
The VA framework is following a three-step paradigm of
discrete source-propagation-receiver models. The source
model is subdivided into an omnidirectional and a higher-
order directional component. The latter component is
coded into a file using the OpenDAFF format [3].
The core idea of the presented approach is an angle-
dependent filter construction based on simulated prop-
agation effects using a digital twin of the measurement
test track and subsequent application of the inverse filters
to calibrated vehicle pass-by measurements.

Far-field directivities of moving sources
The presented method focuses on the measurement and
calculation of acoustic far-field directivities of moving
sources. In such a far-field directivity some effects on
the wave propagation are included that cannot easily be
simulated even with elaborated numerical methods and
therefore have to be measured:

• Advection due to the object speed and the laminar
flow around the moving object;

• Refraction due to turbulent flow at body cavities;

• Diffraction due to object geometry;

• Scattering due to surface roughness (of asphalt) that
in turn influences both sound generation mechanism
and the near-field propagation.

In order to obtain a directivity that is comparable to
free-field conditions, the measured signals from the pass-
by must be corrected for

• an image source that appears due to the surface
impedance,

• the geometrical distance law-dependent loss, and

• the air absorption between the measurement point
and the virtual directivity hull of the moving object.

For parameterization and virtual reality implementa-
tions, the obtained directivities must be based on speed-
dependent data.

Measurement of vehicle pass-by sound
The pass-by measurements were taken at dry road sur-
face conditions at the Seffenter Weg in Aachen, Germany
(fig.1). The temperature and humidity conditions during
the measurements were 24◦C and 45% respectively.

Figure 1: Recording site of pass-by measurements.

The measurement setup consists of two timer micro-
phones, in 15 m distance each relative to a measurement
microphone (fig.2), whose signals are used to identify the
vehicle position. The surface material consists of non-
porous asphalt. The driving speed was assumed to be
at constant speed during the pass-by measurement. The
measurement microphone was placed at the pavement
edge, in a height of 0.1 m relative to the asphalt surface.

Figure 2: Pass-by measurements setup using a reference
measurement microphone and two additional omnidirectional
timer microphones. The dummy head shown in fig.1 is used as
auralization reference and not used for the proposed method.

Digital twin modelling
The filters for the directivity estimation are based on
position-variant, spectrally inverted transfer functions of
the backpropagated wave effects (from the measurement
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microphone back to the moving object). As shown in
fig.3, the according backpropagated transfer functions
are calculated from an image source model [4], assum-
ing the moving object as an equivalent point source. Ac-
cording to [5], an equivalent source height of 0.3 m can
be assumed for cars. A homogeneous atmosphere is as-
sumed, so that the path lenghts of the direct and reflected
wave are determined along straight lines. Furthermore,
the model assumes plane waves and a flow resistivity of
σasphalt = 2 · 104 kPa s

m2 for non-porous asphalt [6], after
application to the single-parameter Miki model for equiv-
alent fluids resulting in a very high surface impedance [7].

Figure 3: Digital twin: Image source model of pass-by mea-
surement setup.

The aforementioned outdoor sound propagation is calcu-
lated according to the effects to be considered by ISO
9613-2 [8]. Each effect individually contributes to the
overall transfer function between source and receiver po-
sitions. Generally, for the inversion, time-variant transfer
functions are applied and therefore are calculated for the
discretized trajectory of the moving source. Details on
the individual effects are given in the following. Accord-
ing to the standard, the individual partial contributions
are added to calculate the total attenuation in decibels:

Atot = Adiv +Aatm +Agr +Abar +Amisc (1)

where Adiv=attenuation due to spherical spreading
Aatm=att. due to air absorption
Agr=att. due to the ground effect
Abar=att. due to diffraction
Amisc=att. due to misc. effects (e.g. turbulence).
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Figure 4: Air absorption coefficient α for on-site measure-
ment conditions, calculated acc. to [9].

Due to the inverse-distance law, the field-field sound pres-
sure is frequency-independent and just depends on the
distance between sound source and receiver which is rep-
resented as Adiv in eq. (1). All other terms are functions

of frequency. In this study, Abar and Amisc are neglected
since no barriers were placed between source and receiver
or any notable wind was present during the measurement.

Air attenuation
The air absorption Aatm is calculated by integration over
the absorption coefficient α [9], shown in fig.4. For the
dimensions of the on-site measurement setup with a max-
imum lateral distance of 15 m, the according distance-
dependent air absorption Aatm is shown in fig.5.

Figure 5: Spectrum of distance-dependent air absorption
Aatm for on-site measurement range up to 15 m.

Ground effect
The ground effect Agr is simulated by superposition of
the direct and a ground-reflected wave between source
and receiver position. Compared to the direct wave, the
ground-reflected wave is delayed and attenuated. The at-
tenuation depends on the surface impedance of asphalt.
The asphalt is assumed to be locally reacting, i.e., the
normal specific acoustic impedance of the surface is inde-
pendent of the angle of incidence of the incident wave. As
mentioned, in the case of non-porous asphalt the ground
reflection impedance at the asphalt surface is nearly rigid.

Figure 6: Distance-dependent overall absorption spectra,
calculated acc. to ISO 9613-2 [8]. Towards lower frequen-
cies, the shown curves can be assumed to be linear.

The overall distance-dependent transfer function accord-
ing to equation (1) are shown in fig.6 for the on-site mea-
surement setup with a maximum lateral distance of 15 m.
The angle-dependent IIR filter coefficients are computed
from the magnitude spectra using the Yule-Walker algo-
rithm [10]. The inversion filter coefficients are obtained
by interchanging the values of the computed nominator
and denominator IIR filter coefficients.

DAGA 2022 Stuttgart

1456



Figure 7: Power spectral densities of four vehicle pass-by recordings after backpropagation.

Analysis of backpropagated signals
The pass-by signals after backpropagation are analyzed
using power spectral density (PSD), by application of
Welch’s estimation method [11]. Subsequently the spec-
trogram shown in fig.7 is sliced into segments of non-
equal width that are equivalent to an angular resolution
of 10◦. In general, the spectrograms of four different cars
show distinguishable components with a stochastic and
a harmonic part:

• In the frequency range below 250 Hz harmonics due
to the engine radiations are dominating and appear
for all angles. In this frequency range, a narrow
level-reduced frame is visible on two types (Mercedes
and Chevrolet) in perpendicular to the driving direc-
tion, indicating a dipole-like radiation pattern.

• The road-tyre noise component dominates for fre-
quencies higher than 250 Hz.

• The Horn effect is visible in a narrow band around
1 kHz and shows a dipole radiation characteristic in
driving direction.

For auralization syntheses the omnidirectional and
higher-order directional components are separated: The
first is coded as a shaping filter of the synthesized mono
audio stream whereas the latter are coded as magnitude
spectra in the aforementioned DAFF format.

Synthesis of vehicle pass-by sound
Based on the described procedure, the omnidirectional
component of the backpropagated measurement data is
coded into a shaping filter. At the example of road-tyre
noise synthesis, the resulting signal is shown in fig.8.

In order to keep low computational costs with focus on
real-time compatibility, the following filter characterics

Figure 8: Synthesized road-tyre noise component.

are implemented as IIR filters:

• Peak filter at 1 kHz, Q = 2.0, g = 1.8

• Peak filter at 400 Hz, Q = 0.9, g = 0.2

• 2nd order lowpass at 1.5 kHz, Q = 0.71

• 2nd order highpass at 200 Hz, Q = 0.71

The highpass filter is implemented optionally switchable
as this spectral property can be observed in an analytical
road-tyre noise model [12].
The higher-order directional component is coded in a
DAFF file as magnitude spectra. The power spectral
densities are averaged in third-octave bands as shown in
the balloon plot in fig.9. According to the slice width
of the backpropagated signals, the DAFF file contains
magnitude spectra in an angular resolution of 10◦.

Conclusion
Heading at acoustic modelling of moving sources for real-
time auralization, an inverse backpropagation filtering
is applied on measured vehicle pass-by data to extract
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Figure 9: Higher-order directivity component, shown in the
OpenDAFF Viewer.

angle-dependent spectro-temporal characteristics. After
backpropagation the source model is a point source with
virtually free-field boundary conditions and is applied
in a demonstrator using Virtual Acoustics to generate
the road-tyre noise component with additional higher-
order directional filtering using the OpenDAFF file for-
mat. Further optimization will include a qualitative un-
certainty contribution analysis of the method and a per-
ceptual study on the needed level of detail for source
models under consideration of sound propagation in an
urban scenario.
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