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Abstract
With the increasing adoption of electric vehicles, tyre–
road noise is becoming the dominant source of vehicle
exterior noise at low and medium speeds. This study
analyses on-board sound intensity (OBSI) data col-
lected under constant-speed and acceleration condi-
tions for five production tyres on three electric vehicles,
measured on an ISO 10844:1994 reference surface.
The baseline speed dependence of OBSI levels is de-
scribed using a log-linear mixed-effects model, confirm-
ing speed as the dominant factor governing tyre–road
noise (9.9 dB per speed doubling, RMSE = 0.24 dB).
Acceleration-related contributions, evaluated using a
two-stage residual approach, show substantial variabil-
ity across tyre–vehicle combinations, with no consis-
tent overall effect and indications of confounding with
vehicle characteristics.
The trailing–leading level difference exhibits a tyre-
dependent speed sensitivity that shows a strong asso-
ciation with rolling resistance (r = 0.95, p = 0.014),
supported by within-vehicle comparisons. These find-
ings suggest a potential link between rolling resistance
and the balance of leading- and trailing-edge noise
generation mechanisms.
Keywords: tyre–road noise, OBSI, electric vehicles, ac-
celeration noise, trailing–leading balance

1. Introduction
Road traffic is a major source of environmental noise
exposure in Europe. Its health effects, particularly
sleep disturbance and cardiovascular disease, are well
documented [1], [2]. The increasing adoption of elec-
tric vehicles (EVs) has reduced propulsion noise, mak-
ing tyre–road interaction the dominant source of vehi-
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cle noise, particularly at urban and medium speeds [3].
This makes it essential to understand how tyre–road
noise (TRN) depends on operating conditions and tyre
properties, both for physical interpretation and for
noise reduction.

On-board sound intensity (OBSI) measurements cap-
ture acoustic radiation directly at the tyre–road in-
terface and provide near-field information on TRN.
By placing probes at the leading and trailing edges
of the contact patch, they enable the separation of
contributions from distinct source regions [4].

Previous studies have shown that acceleration can
increase near-field tyre noise levels by several decibels
depending on tyre design [5], and pass-by measure-
ments have confirmed that this effect varies across
tyre–vehicle combinations [6]. However, the continu-
ous separation of speed and acceleration contributions
to near-field tyre noise has not yet been systemati-
cally addressed. Similarly, while source localisation
studies have shown that the leading and trailing edges
of the contact patch contribute differently to TRN [7],
the relationship between tyre properties and these
directional characteristics remains largely unexplored,
particularly in the context of OBSI measurements.

This study addresses these gaps by introducing a two-
stage modelling framework to separate speed and ac-
celeration effects in OBSI data, and by analysing
directional noise characteristics in relation to static
tyre properties.

The analysis is based on OBSI measurements from
five production tyres on three EVs, collected within
the TyRoN (Tyre Road Noise) project. The measure-
ment framework and a physics-based OBSI-to-pass-by
model are described in [8], while a complementary
data-driven analysis of the pass-by measurements is
presented in [9].
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2. Measurement Data and Processing
The measurements were carried out on an
ISO 10844:1994 compliant surface at the IKA test
track in Aachen [10]. Five production tyres mounted
on three EVs were investigated (Table 1). Since only
one or two tyres were tested per vehicle, the experi-
mental design is partially nested, which may introduce
confounding between tyre and vehicle effects. For each
test, TRN was measured at the right-rear wheel posi-
tion using the OBSI method, with probes positioned
at the leading and trailing edges of the contact patch.
The probe setup follows the OBSI methodology, with
adaptations to the lateral probe positioning as de-
tailed in [8]. Vehicle speed, longitudinal acceleration,
air temperature, and road surface temperature were
recorded simultaneously.

Table 1: Tested tyres and vehicles.
ID Tyre model Size Vehicle
T1 EcoContact 6 Q 235/55 R19 ID.4
T2 RainSport 5 235/55 R19 ID.4
T3 PremiumContact 6 AO 255/50 R20 Q8 e-tron
T4 Ventus S1 evo3 ev 255/50 R20 Q8 e-tron
T5 P-Zero 275/35 R21 Taycan

Two types of driving manoeuvres were performed (Ta-
ble 2). Constant-speed passes at 45, 80, and 100 km/h
were used as the baseline dataset. For the acceleration
runs, the vehicle entered the measurement section at
50 km/h and was accelerated at target levels of 1, 2,
and 3 m/s2. Each combination of tyre and manoeuvre
was repeated multiple times.

Table 2: Driving manoeuvres and test conditions.
Manoeuvre Conditions
Constant speed 45, 80, 100 km/h
Acceleration 1, 2, 3 m/s2, starting from 50 km/h

In addition, static tyre properties were determined for
each tyre, including Shore A hardness, radial stiffness,
footprint dimensions, circumference, rolling resistance,
and tyre mass. These parameters were used in the
exploratory analyses presented in Section 3.
All time-series signals were segmented into non-
overlapping 0.25 s windows. For each window, speed
and acceleration were obtained as arithmetic means,
while the sound intensity signals were averaged in
the linear domain (i.e. in W/m2). The leading- and
trailing-edge intensities were then combined to obtain
the overall OBSI level:

L = 10 log10

(
Ilead + Itrail

2 I0

)
, (1)

where I0 = 10−12 W/m2. After processing, the dataset
comprised 481 observation windows for constant-speed
conditions and 410 for acceleration runs.

3. Analysis and Results
3.1. Speed and Acceleration Effects on OBSI

Level
To separate the speed dependence of rolling noise
from any additional acceleration effect, a two-stage
modelling approach was adopted. In the first stage, a
linear mixed-effects model was fitted to the constant-
speed data:

Lij = β0 +β1 log10 vij +u0j +u1j log10 vij +εij , (2)

where Lij is the windowed OBSI level of observation i
on tyre j, vij is the vehicle speed, u0j and u1j are
tyre-specific random intercept and slope allowing for
differences in both overall noise level and speed sensi-
tivity across tyres, and εij ∼ N (0, σ2) is the residual
error. Parameters were estimated by restricted maxi-
mum likelihood (REML).
Air and road surface temperatures were initially con-
sidered as additional predictors but were excluded
from the final model. Measurements for each tyre
were conducted on different days, with air tempera-
tures ranging from approximately 15 to 25 ◦C across
test days and little overlap between tyres, resulting
in strong confounding between temperature effects
and the tyre-specific intercepts. This exclusion is
unlikely to affect the subsequent comparison, since
constant-speed and acceleration runs for each tyre
were conducted on the same day under nearly identi-
cal conditions (with a mean air temperature difference
between constant-speed and acceleration runs of less
than 1 ◦C for each tyre).
The baseline model yields a speed coefficient of
β̂1 = 33.0 dB/decade, corresponding to approximately
9.9 dB per doubling of speed. The model provided
a good fit to the constant-speed dataset within the
tested range, with root mean square error (RMSE)
of 0.24 dB. Differences among the tested tyre–vehicle
combinations are captured by the random effects, as
shown in Figure 1.
In the second stage, the baseline model was used to
predict the expected level L̂ij for the acceleration data.
The residual

∆Lij = Lij − L̂ij (3)
was interpreted as the acceleration-induced noise con-
tribution beyond the baseline speed effect. The speed
range of the acceleration data (approximately 47 –
70 km/h for all tyres) fell entirely within the range
of the constant-speed data (42 – 100 km/h), ensuring
that the Stage 1 predictions represent interpolation
rather than extrapolation.
A second mixed-effects model with random intercept
and slope per tyre was fitted to ∆L:

∆Lij = γ0 + γ1 a2
ij + b0j + b1j a2

ij + ϵij , (4)

where aij is the longitudinal acceleration, b0j and b1j

are tyre-specific random effects representing differ-
ences between tyres in overall level and sensitivity
to acceleration, and ϵij is the residual. The acceler-
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T1: ID.4 - EcoContact 6 Q
T2: ID.4 - RainSport 5
T3: Q8 e-tron - PremiumContact 6 AO
T4: Q8 e-tron - Ventus S1 evo3 ev
T5: Taycan - P-Zero

Figure 1: OBSI level vs. speed for each tyre (constant-
speed data). Lines represent the fitted mixed-effects model
(Eq. 2).

ation term was modelled as a2 rather than a, as the
quadratic form provided a better fit.
The overall (average) effect of acceleration was not
statistically significant (γ̂1 = 0.158, SE = 0.088, p =
0.075), suggesting that a single common effect does
not adequately describe the data. Instead, tyre-
specific slopes reveal substantial heterogeneity (Ta-
ble 3, Figure 2): the two tyres measured on the ID.4
(T1 and T2) exhibited slopes of approximately 0.37–
0.38 dB/(m/s2)2, whereas the three remaining tyres
showed slopes below 0.04 dB/(m/s2)2. This suggests
that the effect of acceleration varies across tyre–vehicle
combinations.

Table 3: Tyre-specific acceleration slopes γ̂1 +
b̂1j [ dB/(m/s2)2 ], sorted by descending magnitude.

Tyre Model Vehicle Slope
T1 EcoContact ID.4 0.382
T2 RainSport ID.4 0.365
T5 P-Zero Taycan 0.033
T3 PremiumContact Q8 e-tron 0.008
T4 Ventus S1 evo3 Q8 e-tron 0.001

To explore whether this heterogeneity could be linked
to tyre properties, the tyre-specific slopes were com-
pared against the static tyre characteristics described
in Section 2. Several parameters showed strong cor-
relations with the acceleration slope, notably radial
stiffness (r = −0.98, p = 0.002), footprint width
(r = −0.98, p = 0.004), and tyre mass (r = −0.94,
p = 0.017).
However, these correlations are likely spurious, as
the parameters are themselves highly intercorrelated
and only one or two tyres were tested per vehicle,
confounding tyre and vehicle effects. This interpreta-
tion is supported by within-vehicle comparisons: for
both the ID.4 (T1 vs. T2) and the Q8 e-tron (T3 vs.
T4), the ranking of tyre properties did not match the
ranking of acceleration slopes.
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T1: ID.4 - EcoContact 6 Q
T2: ID.4 - RainSport 5
T3: Q8 e-tron - PremiumContact 6 AO
T4: Q8 e-tron - Ventus S1 evo3 ev
T5: Taycan - P-Zero

Figure 2: Acceleration-induced noise residual ∆L vs.
longitudinal acceleration. Lines show the fitted model
(Eq. 4) for each tyre.

Separating these contributions would require a crossed
experimental design with more tyres tested per vehicle.

3.2. Trailing–Leading Level Difference
The results in Section 3.1 indicate substantial vari-
ation in acceleration effects across tyre–vehicle com-
binations, but the underlying causes remain unclear.
To gain additional insight into the directional charac-
teristics of the noise generation, the trailing–leading
level difference is examined in the following.
TRN is known to exhibit directional asymmetry, with
different contributions from the leading and trailing
edges of the contact patch. The OBSI method enables
a comparison of sound levels at these two locations in
the near field, providing an indication of this asymme-
try. The quantity

∆LTL
i = Ltrail

i − Llead
i , (5)

quantifies the balance between trailing- and leading-
edge sound levels. Trailing-edge radiation is com-
monly associated with air pumping and tread snap-
out, whereas leading-edge radiation is linked to tread
impact and texture excitation. Positive values indicate
that trailing-edge noise dominates.
Figure 3 shows that the absolute level of ∆LTL varies
considerably across tyres, with T2 and T4 showing
trailing-edge dominance (positive values), T3 and T5
showing leading-edge dominance (negative values),
and T1 remaining close to zero. The fitted lines also
suggest that the speed dependence differs across tyres.
To quantify this, per-tyre linear regressions were fitted:

∆LTL
i = αj + βj log10 vi + εi, (6)

where αj and βj are the intercept and slope for tyre j,
and εi is the residual error. Separate regressions were
used since the aim was to characterise individual tyre
behaviour rather than estimate a population-level ef-
fect. The estimated slopes ranged from −0.22 dB per
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T1: ID.4 - EcoContact 6 Q
T2: ID.4 - RainSport 5
T3: Q8 e-tron - PremiumContact 6 AO
T4: Q8 e-tron - Ventus S1 evo3 ev
T5: Taycan - P-Zero

Figure 3: Trailing–leading level difference ∆LTL vs. speed
for each tyre (constant-speed data), with per-tyre linear
regressions (Eq. 6).

decade for T1 to 3.09 dB per decade for T5 (Table 4).

Table 4: T–L speed slopes β̂j and rolling resistance (RR).
Tyre Vehicle β̂j [dB/decade] RR [kg/t]
T5 Taycan 3.09 9.20
T2 ID.4 1.69 7.28
T3 Q8 e-tron 1.54 7.16
T4 Q8 e-tron 0.60 6.98
T1 ID.4 −0.22 4.51

Among the tyre properties examined, rolling resistance
showed the strongest association with the T–L slope
(r = 0.95, p = 0.014, n = 5; Figure 4). This trend
was also consistent within vehicle groups: for both the
ID.4 (T1 vs. T2: ∆β̂ = +1.91, ∆RR = +2.77 kg/t)
and the Q8 e-tron (T3 vs. T4: ∆β̂ = +0.94, ∆RR
= +0.18 kg/t), the tyre with higher rolling resistance
exhibited a larger T–L speed slope. This within-
vehicle consistency is in line with the observed trend,
although the limited sample size precludes robust sta-
tistical inference.
A possible interpretation is that higher rolling resis-
tance is associated with greater viscoelastic energy
dissipation in the contact patch, which may enhance
vibration or slip processes at the trailing edge. At
higher speeds, these mechanisms are amplified, result-
ing in a steeper growth of the T–L difference. This
should be regarded as a hypothesis to be tested in
future campaigns with a larger and more balanced
dataset.
Together with the results of Section 3.1, these obser-
vations highlight the substantial variability in TRN
characteristics across the tyre–vehicle combinations
tested in this study.

4. Conclusion
This study shows that the speed dependence of OBSI
TRN can be well described by a log-linear mixed-
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Figure 4: T–L speed slope β̂j vs. rolling resistance (r =
0.95, p = 0.014, n = 5), with linear fit (dashed line).

effects model. The estimated population-level coef-
ficient is 33.0 dB/decade, with an RMSE of 0.24 dB,
confirming speed as the dominant factor governing
OBSI levels.
Acceleration-induced contributions, evaluated using a
two-stage residual approach, were not significant at
the population level but exhibited substantial hetero-
geneity across tyre–vehicle combinations. Since only
one or two tyres were tested per vehicle, the present
data do not allow a robust separation of tyre and
vehicle effects.
The trailing–leading level difference revealed distinct
directional emission patterns across tyres. Its speed
dependence showed a strong association with rolling
resistance (r = 0.95, p = 0.014), a trend consistent
across vehicle groups. A possible link to viscoelastic
energy dissipation at the trailing edge is proposed as
a hypothesis for further investigation.
Ongoing work within the TyRoN project aims to ex-
tend the dataset using a crossed tyre–vehicle design,
enabling a robust separation of tyre and vehicle effects.
In addition, detailed tyre structural and tread-related
features will be incorporated as predictors to investi-
gate the mechanisms governing noise generation under
different operating conditions.
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