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Abstract

In outdoor sound propagation simulations, geometric
modeling often focuses on large-scale features, while
small roadside structures are neglected or simplified.
For vehicle noise sources located close to the ground,
roadside structures of similar height can modify the
sound field and become perceptually relevant. There-
fore, it can be important to consider in auralization,
as it allows for listening to simulated scenarios by
filtering an audio source signal through sound prop-
agation effects. This contribution investigates the
effects, different curb shapes introduce to the sound
field emitted by road vehicles. The results show that
curb geometry can have perceptual relevance for the
auralization filters, which is discussed based on the
psychoacoustic metrics loudness and sharpness. The
effect size depends not only on curb shape but also
on source–receiver configuration. Curb modeling may
therefore improve perceptual realism for low-height
traffic noise sources.
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1. Introduction

Auralization promises to be a useful tool for traffic
noise assessment, as it enables listeners to experience
simulated traffic scenarios and evaluate them based
on perception beyond conventional noise level metrics
such as A-weighted sound pressure level. To achieve
a perceptually convincing auralization, acoustic sim-
ulations must account for the sensitivity of human
auditory perception, as even small deviations of the
simulated sound field from a reference may be perceiv-
able to listeners. Among the factors affecting simula-
tion accuracy, the geometry of the target space plays
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a key role because it determines sound propagation
paths.

In a number of road traffic auralization studies, out-
door sound propagation models such as Nord2000 [1]
and Harmonoise [2] are employed to represent large-
scale structures, considering terrain, street canyon,
buildings, and noise barriers. For example, the LIS-
TEN project developed a demonstrator based on
Nord2000 and Harmonoise [3]. Viggen et al. proposed
an urban auralization framework using Nord2000 [4].
Maillard et al. employed a noise evaluation software
integrating a noise prediction tool with an auraliza-
tion tool that applies the Harmonoise propagation
model [5]. Some studies invested lower roadside struc-
tures, particularly low-height noise barriers as roadside
noise mitigation measures [6], [7]. However, unlike
such purpose-built acoustic structures, smaller existing
roadside features, such as sidewalk steps, are generally
not represented explicitly in simulation models.

This simplification may not always be justified in
urban traffic scenarios. In Nord2000 [8] and Har-
monoise [9], relevant noise source components are
defined close to the ground, such that their height
can be comparable to the height of a sidewalk step or
curb. Consequently, these small roadside structures
may modify the sound propagation from the sources
to the receiver, thereby changing spectral character-
istics of the received sound. Despite this potential
difference, it remains unclear whether they lead to
perceivable changes in auralized environments, and
therefore whether these structures need to be explicitly
represented in simulation models.

This study investigates the influence of curb geometry
on road traffic auralization. A flat model without a
sidewalk serves as the reference model for the simu-
lation, against which sidewalk models with different
curb shapes are compared. The simulation is based
on the 2D Boundary Element Method (BEM) and
delivers frequency responses for a number of static
source-receiver configurations. They are used to filter
a tyre-road noise. The result is analyzed by psychoa-
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coustic metrics loudness and sharpness.

2. Methods

2.1. Geometry

The sidewalk modeling concept is illustrated in Fig. 1.
While the sidewalk edge is located in the center, the
roadway is located on the left side, whereas the side-
walk is located on the right side. For the Flat Model
(FM), the sidewalk thickness hp was set to 0. For
the simplified Sidewalk Model (SM), a right-angle
curb was used, with hp = 0.15 m, consistent with the
dimensions specified in DIN 483 [10].

Figure 1: Simulation geometry: top view (top) and side
view (bottom). The red point represents the source, the
blue points represent the receivers.

The simulations were performed for different source
positions determined based on the Harmonoise and
Nord2000 prediction models. The vertical source posi-
tion, hs, depends on the vehicle noise component. The
lateral source position was assumed to be at the wheel
closest to the receiver, 1 m from the vehicle centerline
[8], [9]. Furthermore, the horizontal source position in
the simulation domain, xs, accounted for a movement
clearance of 0.25 m from the vehicle side, and an addi-
tional side safety clearance as specified in “Richtlinien
für die Anlage von Stadtstraßen” (RASt06) [11]. The
resulting source positions are summarized in Table 1.
To isolate the effect of the presence of a sidewalk on
the sound field and the perceived sound, the vehicle
was modeled as an equivalent stationary source at the
closest point of approach.

Table 1: Source positions

xs (m) hs (m)

0.25, 0.50, 0.75, 1.25 0.01, 0.30, 0.75

The horizontal receiver position xr was defined relative
to the sidewalk width. According to RASt06, the
sidewalk width for urban roads or local main streets is
generally recommended to be 3.0 m [11]. Based on this
recommendation, the receivers were assumed to be
positioned at the center of the sidewalk, corresponding
to 1.5 m from the sidewalk edge. As shown in Fig. 1,
24 receivers were arranged along the z-axis, starting
at a height of 0.26 m above the sidewalk surface, with
a spacing of 0.125 m.
To further investigate detailed curb shapes, two differ-
ent curb types, namely the High Curb (Hochbord-
stein, HB) and Flat Curb (Flachbordstein, FB),
were considered based on DIN 483 [10], as shown in
Fig. 2.

Flat curb (FB)

0.25 m

0
.1

5
 m

0
.1

5
 m

0.03 m

High curb (HB)

Figure 2: Different curb shapes

2.2. Numerical Setup
The acoustic field was simulated using a 2D BEM
solver in COMSOL Multiphysics [12]. Since the side-
walk geometry was assumed to be approximately in-
variant along the road direction, the problem was
considered suitable for 2D simulation.
The simulations were performed over the frequency
range from 20 Hz to 10 kHz with a mixed frequency
resolution:

• 1/12-octave spacing below 1.73 kHz and

• 100 Hz linear spacing above 1.73 kHz.

This resolution was chosen to keep sufficient detail at
low frequencies while capturing narrow high-frequency
features, such as notches, without unnecessary com-
putational cost.
All the boundary surfaces were assumed to be acous-
tically rigid and were therefore modeled as a sound-
hard boundary condition in COMSOL. The boundary
mesh size was set based on λ/6, where λ denotes
the acoustic wavelength at each simulated frequency.
In addition, the minimum receiver height above the
boundary surface hr,min was considered to avoid near-
singular integration errors for receivers close to, but
not directly on, the surface. The final maximum mesh
size was chosen according to
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h ≤ min



hr,min

N
,

λ

6



, (1)

where N was determined iteratively and empirically
set to 7. This combined criterion was used to ensure
sufficient accuracy of both the near-singular integra-
tion and the acoustic wavelength resolution, providing
stable results especially at low frequencies, while keep-
ing the computational effort reasonable.
Following the Harmonoise prediction model, the ve-
hicle noise source was represented as a point source
in the simulations. However, because 2D formulation
assumes invariance in the out-of-plane direction, this
source corresponds to an infinitely long line source
in 3D and leads to a different geometrical spreading
behavior from that of a 3D point source. To compen-
sate for this difference, a correction factor was derived
from the Green’s functions of a 3D point source and
a 2D line source,

C(r, k) =

√

πk
1[m]

2r
, (2)

where k is wavenumber and r denotes the distance
between the source and the receiver positions. Accord-
ingly, a cylindrical wave was implemented in COM-
SOL as a background sound field representing a line
source. After the simulation the correction function
in Eq. 2 was applied to the simulated sound pressure
p2D(r, k) to obtain the corresponding 3D point source
result p3D(r, k). Subsequently, p3D was normalized by
the sound pressure at a distance of 1 m for further
post-processing and comparison.

2.3. Post-Processing

The signals for the psychoacoustic analysis were gen-
erated by convolving a source signal with the simu-
lated transfer functions. As the BEM results were
available only at a limited number of non-uniformly
spaced frequency points, the transfer functions were
reconstructed on a uniformly spaced, high-resolution
frequency grid prior to the convolution. First, the mag-
nitude response is interpolated using a cubic spline.
Then, a minimum-phase response is derived from the
interpolated magnitude response based on the Hilbert
transform of the real-valued cepstrum and a linear
phase term corresponding to the direct sound path is
added. Finally, the interpolated magnitude response
and the reconstructed phase response are combined
to obtain the complete transfer function.
For the source signal, the spectral characteristics of
road traffic noise, particularly those originating from
the tyre-road contact of passenger cars, are considered.
Tyre-road noise exhibits a broadband character, with
the sound level gradually decreasing toward higher
frequencies [9]. This overall tendency is similar to
that of pink noise. Therefore, pink noise was used as
the source signal in this study. The sound power level
is selected based on the driving speed of passenger
cars according to the Harmonoise prediction model
and was set to 93 dBSWL for constant driving speed

of 50 km/h [13].

2.4. Psychoacoustic Metrics

To assess whether the differences between the FM and
the different curb models may be perceptually rele-
vant, psychoacoustic metrics were calculated from the
generated audio signals. Loudness and sharpness were
selected because they promise to capture perceptual
characteristics of traffic noise.
Loudness N was calculated using the Zwicker method
according to ISO 532-1 [14]. The relative loudness
difference was calculated with respect to the loudness
obtained for the reference model,

∆Nrel =
|N − Nref |

Nref

× 100%, (3)

where Nref and N denote the loudness values of the
reference model (FM) and target model, i.e. SM, HB,
and FB, respectively. In this study, the just noticeable
difference (JND) in loudness was assumed to be 5 %
of the reference loudness, based on Weber’s law [15].
Therefore, A threshold of ∆Nrel ≥ 5 % was used as
the criterion for a potentially perceivable loudness
difference.
Sharpness S was calculated according to Aures [16].
Since this model includes a loudness-dependent weight-
ing, differences in loudness between FM and the other
models do influence the calculated sharpness values.
However, reported JNDs for sharpness are typically ob-
tained under controlled conditions with constant loud-
ness and according to DIN 45692 [17]. Accordingly,
no JND was applied to sharpness; instead, sharpness
was evaluated comparatively between the two models
using the absolute difference

|∆S| = |S − Sref |, (4)

where Sref and S denote the sharpness values of the
reference model (FM) and the other models, respec-
tively.

3. Results

3.1. Sound Field in the Presence of a Sidewalk

Fig. 3 shows the frequency response of the FM, SM,
HB and FB for each source height at the distance
xs = 0.25 m. For the results presented here, four
receiver heights were selected: 0.26 m, 1.01 m, 1.76 m
and 2.51 m.

3.1.1. Simplified Sidewalk Model

First, to investigate the influence of a sidewalk step on
sound propagation, FM, shown as pink solid line, and
SM, shown as blue solid line, are compared. The dif-
ferences between FM and SM can be mainly observed
in the interference pattern, particularly in the notch
depths and their frequency locations. For hs = 0.01 m,
SM exhibits pronounced attenuation at high frequen-
cies at hr = 0.26 m. With increasing hr, this atten-
uation becomes progressively weaker, and the SM
response approaches that of FM. At hs = 0.3 m the
interference pattern of SM differs clearly from that
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Figure 3: Comparison of frequency responses for FM and all curb shapes at xs = 0.25 m. Only four representative
receiver heights, hr = 0.26 m, 1.01 m, 1.76 m and 2.51 m, are shown for clarity.

of FM at hr = 0.26 m, the notch locations approach
those of FM as hr increases, while the notch depths
vary non-monotonically. For hs = 0.75 m, the SM
notch depths slowly become shallower, but the notch
locations do not converge as clearly to FM, particu-
larly in the the mid-frequency range.

Although only results for xs = 0.25 m are shown
in Fig. 3, additional simulations were performed for
larger xs values, as listed in Table 1. Increasing xs

reduces the high-frequency attenuation in the SM re-
sponses and leads to close agreement with FM at lower
hr. For hs = 0.3 m, SM still shows a clearly differ-
ent interference pattern from FM at the lowest hr.
However, compared with the case of xs = 0.25 m, the
non-monotonic trend is shifted toward lower receiver
heights and is confined to a narrower range of hr. The
same tendency is also found for hs = 0.75 m.

3.1.2. Realistic Curb Shapes

To examine the influence of more realistic curb shapes,
the analysis is extended to the curbs introduced in
Sec. 2.1. The following analysis focuses on SM, HB,
and FB, shown as blue solid line, yellow dash-dotted
line, and green dashed line, respectively.

The different curb shapes produce similar broadband
trends, with the HB showing the closest agreement
with the SM. This suggests that the simplified SM
captures the overall spectral behavior of a realistic
HB model reasonably well.

Differences from SM are most pronounced in the FB
case, where deviations at high frequencies are notice-

able. For hs = 0.01 m, FB shows less attenuation than
SM and HB at lower hr, while exhibiting a different
interference pattern as hr increases. For hs = 0.3 m,
the remaining differences are mainly observed as slight
shifts in the notch locations. For hs = 0.75 m, FB ex-
hibits the weakest interference pattern, characterized
by reduced spectral fluctuations at higher hr.

3.2. Perceptual Implications

Since the frequency responses showed that the side-
walk step alters the sound field, the following analysis
examines whether these changes are perceptually rel-
evant. Based on the good agreement between SM
and HB observed in Section 3.1.2, the psychoacoustic
analysis compares HB and FB with FM.

3.2.1. Loudness

Fig. 4a and Fig. 4c show the relative loudness dif-
ferences between HB and FM, and between FB and
FM, respectively. The source–receiver configurations
with ∆Nrel < 5 % are shown in gray, while those
with ∆Nrel ≥ 5 % are represented using a heatmap.
Overall, the results indicate that curbs can produce
perceivable differences in loudness, depending on the
source–receiver configuration.
In Fig. 4a, the potentially perceivable loudness region
covers a broad range of receiver heights at xs = 0.25 m,
with its location varying with source height. Configu-
rations exceeding the JND criterion are mainly found
at lower receiver heights for hs = 0.01 m, at interme-
diate heights for hs = 0.3 m, and at higher receiver
positions for hs = 0.75 m. With increasing xs, regions
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Figure 4: Relative loudness difference ∆Nrel (left) and absolute sharpness difference |∆S| for hs = 0.01 m (right) with
respect to FM, for HB (top) and FB (bottom).

above the JND become smaller and shift toward lower
receiver height.

A similar overall trend is shown for the FB in Fig. 4c,
but with a different perceivable loudness pattern for
hs = 0.01 m. At this source height, the potentially
perceivable loudness region is divided into two separate
regions located at lower and higher receiver heights.

3.2.2. Sharpness

Fig. 4b and Fig. 4d show the absolute sharpness differ-
ences between HB and FM, as well as between FB and
FM, for hs = 0.01 m. The most pronounced sharpness
differences and the clearest trends can be observed for
this source height. For the other source heights, |∆S|
remains below approximately 0.3 acum and does not

exhibit similarly distinct patterns.

In Fig. 4b, |∆S| of HB is largest at lower receiver
heights and decreases rapidly with increasing hr.
Largest values occur for the smallest source distance
from the sidewalk edge, xs = 0.25 m. For a given re-
ceiver height, |∆S| generally decreases as xs increases,
and noticeable differences become confined to lower
receiver heights.

In Fig. 4d, |∆S| of FB is relatively large at lower
receiver heights, decreases to a minimum at interme-
diate heights, and then increases again toward higher
receiver heights. This trend is observed for all source
distances, although the magnitude of |∆S| progres-
sively decreases as xs increases.
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4. Conclusion

This study examined the acoustic and perceptual ef-
fects of sidewalk curb geometry by comparing a flat
model with simplified and realistic curb shapes. De-
pending on the source height, the elevated sidewalk
either blocks the direct and reflected sound paths,
leading to high-frequency attenuation or alters the
reflection path, thereby modifying the interference
pattern. Among the investigated curb shapes, HB ex-
hibited the closest agreement with SM, suggesting that
the simplified right-angle curb provides a reasonable
approximation of conventional high curbs. In contrast,
the larger deviations observed for FB, mainly at higher
frequencies, indicate that although the presence of a
curb is the dominant factor, local curb geometry can
further modify the interference pattern.
The loudness and sharpness analysis further demon-
strated that these acoustic differences can become
perceptually relevant. For a range of source-receiver
combinations, loudness differences appear to be well
above commonly employed JNDs. HB and FB ex-
hibited different patterns for loudness and sharpness
relative to FM, consistent with their distinct frequency
responses.
Accordingly, curb modeling supposably improves the
perceptual realism of outdoor auralization for a certain
range curb shape and source-receiver configuration,
while it might not be necessary for every case. The
findings suggest that, for example, a standing person
close to the road experiences the differences for rela-
tively high sound sources only. If the person is further
away, then the differences become perceivable already
at lower source heights.
In future work, listening experiments will be con-
ducted to determine whether the predicted differences
are actually perceivable and to identify perceptual
dimensions, beyond loudness and sharpness, that con-
tribute to the perception of differences between small-
scale roadside structures such as sidewalk models. Fur-
thermore, this study considered only tyre noise and
ignored propulsion noise, looking at only one source po-
sition at a time. Though, according to Nord2000 and
Harmonoise, both sources are emitted simultaneously
[8], [9], which should be taken into consideration.
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