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Statistical pass-by (SPB) measurements are carried out to detect individual vehicles in road traffic. The
measurement procedure is defined in ISO 11819-1 and is generally very resource consuming, since a
measurement engineer must guide the whole process. A newly developed system achieves to automate the
necessary decisions during the measurement and can omit the presence of a human. Several revisions of
this so-called autonomous SPB system have been tested as well as used successfully in previous research
projects (EU Horizon 2020, German Environmental Agency). In order to investigate the agreement of SPB
data obtained with the autonomous system and the traditional, human-monitored SPB systems, another
project was initiated by the Danish Road Directorate. Three SPB measurement systems have been used in
parallel at two different measurement sites in Denmark with the goal to compare the resulting SPB data.
Two systems were operated by humans, whereas one system operated autonomously. The data acquired
from each system has been evaluated according to ISO 11819-1. The regression lines describing the
relationship between vehicle speed and maximum sound pressure level as well as the mean third-octave
band spectra have been overlayed and compared. The slopes of the regression curves of the different
systems are very similar. The offset, i.e. the average maximum sound pressure level at a reference speed,
varies by at most 1.5 dB. As a result, the three systems show comparable results that lie within the margin
of measurement uncertainty that is given in the ISO standard. The proper functionality of the autonomous
SPB system was demonstrated successfully with the statistical results.
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1 Introduction

Road traffic noise is the primary source of environmental noise pollution in Europe. As of 2022, the Environmental Noise
Directive estimates that approximately 89 million people in Europe, or nearly 12 % of its population, are exposed to road
noise levels above the threshold of 55 dB, where noise exposure becomes unhealthy [1]. Road traffic noise primarily
consists of tyre-road-noise, which generally masks engine- and exhaust-noise at velocities above approx. 30 km/h. While
tyre manufacturers are mainly concerned about the safety rather than the noise emission of their products, so far, the road
surface remains as the main medium to mitigate tyre-road-noise. The monitoring and evaluation of the noise-reducing
properties of road surfaces is thus a necessary procedure to mitigate road traffic noise.

Two standardized measurement methods to evaluate road surfaces exist, the Statistical Pass-By (SPB) method, defined
in ISO 11819-1 [2], and the Close-ProXimity (CPX) method, defined in ISO 11819-2 [3].

With the SPB method, a statistical data set of vehicles with different categories, different tyres, and different speeds is
measured at a distance of 7.5 m to the centre of the lane to find the velocity-dependent average noise emission of the road
section. The measured vehicles must be “single pass-bys” in a sense that the noise peak generated by one vehicle has a
dynamic of at least 6 dB, such that the noise level contribution of vehicles before and after is negligible. On road sections
with dense traffic or multiple lanes, this condition is often hard to meet, leading to long and tedious sessions for the
measurement engineer. Even on road sections where it is feasible to perform SPB measurements in a “reasonable” amount
of time, this method is often still considered very resource-consuming.

The CPX method, on the other hand, can be performed in a much more controlled way. Two sets of reference tyres are
available to be installed in a specialized enclosed trailer equipped with sound absorbing material and two microphones at
each tyre. The trailer is pulled over the road section of interest at a constant speed, and the noise emission of the reference
tyres is measured in the near field. The CPX method is thus generally easier to perform.

For the listed reasons, many service providers choose not to offer SPB measurements anymore, relying exclusively on
the CPX method instead. However, the CPX method cannot give insight into the influence of the sound pressure level
attenuation due to the sound propagation path, which e.g. has a significant influence on porous asphalts, and further lacks
information about the noise emission of different tyres and tyre loads.

A SPB system that measures autonomously, omitting the presence of a human during measurement, was therefore
developed. Several revisions of this system have been tested in numerous research projects (e.g. [4], [5]). Nevertheless,
the Danish Road Directorate (Vejdirektoratet) initiated another pilot project to compare the results of different SPB meas-
urement systems with the aim of evaluating the functionality of the newest revision of the autonomous SPB (aSPB) system
for their own usage.

2 Measurements

The aSPB-system was set up in parallel to the SPB-system of the Road Directorate at two different measurement locations.
Additionally, the “conventional” SPB-system of Miiller-BBM was set up in parallel to have a third system to compare
the results with. The measurement locations were chosen to be close to “weigh-in-motion” (WIM) stations, which are
simultaneously measuring the weight and number of axles of each individual vehicle, as well as detecting their license
plates. Individual vehicles measured from the four different systems should be matched to correlate the acoustic
measurement with technical specifications of the vehicle.

Although WIM stations collected axle loads, vehicle classifications and license plate information in parallel to the acoustic
measurements, these data were not integrated into the present analysis. Only a limited number of vehicles could be
matched unambiguously between the WIM events and the acoustic detections across all three SPB systems. This resulted
from differences in trigger timing, detection thresholds and vehicle selection among the systems. Consequently, the WIM
dataset did not provide a sufficiently robust basis for supporting vehicle-level comparisons in this study. Nevertheless,
the data offer considerable potential for future investigations, particularly for analysing fleet composition effects or
improving vehicle matching between systems.

2.1 SPB measurement systems

In total, three SPB measurement systems were being used in parallel.

e The system of the Danish Road Directorate is built-in a measurement vehicle that must be parked alongside the
road. It is operated from within the vehicle. The measurement setup consists of a laser measuring speed (distance



and time) and a Briiel and Kjeer Pulse system. To assess the acoustic behaviour of the pass-by, headphones are
used to listen to the live-feed of the measurement microphone in order to make an on-site quality check on the
noise from passing vehicles. The system was operated by a representative of the company FORCE Technologies
and will be labelled as “ForceTechnologies” in the following.

The conventional SPB system of Miiller-BBM Industry Solutions consists of a small enclosure mounted on a
tripod that holds both the radar device, the soundcard (NI-9234), as well as the industrial PC that runs the
measurement program. It is operated by remote network connection (local) to the industrial PC. The engineer
can sit anywhere within reach of the ethernet cable length or WiFi router connection. No measurement vehicle
is necessary. The system will be labelled as “MBBM” in the following.

The autonomous SPB system of Miiller-BBM Industry Solutions consist of the same small enclosure mounted
on a tripod, which however only holds the radar device. The other components (soundcard NI-9234, industrial
PC, mobile network router, additional electronics) are mounted on a metal frame within a water-resistant
transportation box. The system uses two microphones to automatically identify individual vehicles by acoustic
source localization [6]. The system runs unmanned. The status of the measurement (how many vehicles have
been measured) can be seen by remote connecting (global) to the system. This requires a stable internet
connection. The system will be labelled as “4ASPB” in the following.

2.2 Measurement conditions

Two measurement points around Silkeborg (Denmark) that are in close proximity to “weigh-in-motion” (WIM) stations
were selected: One on a two-lane highway road (motorvej A15) with high driving speed (MP1) and the other on a country
road (landvej no. 26) with medium driving speed (MP2). The vehicles at MP1 were measured on the first/right lane. The
vehicles at MP2 were measured on the second/far lane across the first lane to meet the required conditions for the sound
propagation path stated in ISO 11819-1:2023. The meteorological conditions according to ISO 11819-1:2023 were met
at MP1. At MP2, it has rained shortly before the measurement, which is why the street was still moist when the
measurement commenced. It was approximately dried off when the measurement concluded. Since the systems were
operating in parallel under the same conditions, the results are nevertheless comparable. The following table shows the
number of detected vehicles from the different systems according to the vehicle categories passenger cars (PC) and heavy
vehicles with more than three axles (HV).

Table 1. Number of measured vehicles. PC: passenger cars, HV: heavy vehicles (>3 axles)

Number  Location Measurement system Nec Nnv
WIM lane 0: 1817 81
lane 1: 1347 0
Silkeborg :
MP1 ; ForceTechnologies 156 24
Motorvej A15
MBBM 101 5
ASPB 88 13
WIM lane 0: 697 93
lane 1: 790 93
MP2 Férvang ForceTechnologies 120 39
Landvej no. 26
MBBM 95 17
ASPB 89 18

The number of detected vehicles is higher for the system ForceTechnologies, which has a practical reason. Both systems
MBBM and ASPB were set up and maintained by one person only. Therefore, the measurement period was longer for the
system ForceTechnologies, leading to a slightly bigger dataset.



3 Data analysis

The goal of the analysis is the comparison of the results of the different SPB measurement systems. A statistical analysis
will be used to evaluate whether the systems deliver similar results. Even though heavy vehicles were measured, in this
paper, we will focus on measurements of the vehicle category “passenger car”. Scatter plots of the measured maximum
sound pressure levels Lyg q, Over the velocity v will serve as a qualitative indicator of the distributions of the data sets.
A regression analysis will be carried out according to ISO 11819-1:2023 to compare the resulting velocity-dependent
mean noise emissions. Finally, the normalized mean third-octave band spectra are compared between the different
systems.

A one-to-one comparison of individual vehicles measured with different systems was found to be not suited for this
statistical data set. Controlled pass-by measurements would be a useful means to compare the results from individual
vehicles; however, this was not within the scope of the project.

3.1 Data set distribution

In order to get an overview of the data sets generated by the different systems and for quality control, the measurement
data of each system is visualized in a scatter plot. The scatter diagrams in Figure 1 show the data points with respect to
the measured velocity v and maximum sound pressure level Lyp 14y
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Figure 1: Maximum sound pressure level over velocity (passenger cars) of the three SPB systems.
Left: MP1 (Silkeborg), right: MP2 (Farvang).

The distribution of the data set of system MBBM at MP1 indicates, that the vehicles were measured slightly faster. This
is only observed at MP1, which is why it likely resulted from an imperfect setup of the radar device'. The distribution of
the data set of system ASPB at MP2 indicates, that the vehicles were measured slightly louder. Other than that, no obvious
outlier points can be observed.

! The speed radar sensor operates at a measurement angle of 45°. It is sensitive to small deviations of this angle, which
can lead to an offset in the velocity measurements.



3.2 Regression analysis
3.2.1 Methods

The relationship between velocity and maximum sound pressure level of tyre-road noise is modelled with a logarithmic
dependency [2]:

Lspp.py = A+ Blogyo(v) ,
where Lgpg.p,, is the SPB level in dB for passenger cars P dependent on the velocity v. The parameters A and B can be

found by performing a regression analysis on the measurement data points Ly 4, and v. A then denotes the offset and
B the slope of the resulting regression curve. By normalization of the velocities with a reference speed v,

v
Lreg - A + B 10g10 <E> )
the offset A can be interpreted as the mean sound pressure level at the reference speed V.

For the regression analysis, it is common practice to remove the lower and higher 5-percentile values of the velocities to
mitigate the influence of outliers on the slope B.

3.2.2 Results

The regression curves and formulas of the data sets from the three SPB systems are shown in Figure 2.
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Figure 2: Regression curves and formulas (passenger cars) of the three SPB systems.
Left: MP1 (Silkeborg), right: MP2 (Farvang).

For MP1 (Silkeborg) the regression curves of the systems ForceTechnologies and ASPB show a nice overlap. The offset
at 110 km/h deviates by < 0.3 dB between the two systems and the slope is very comparable. System MBBM has a similar
slope, but a smaller offset. The difference in the offset at the reference speed is up to 1.5 dB. This might partially result
from the fact that the velocity values were measured as a bit too high. Imagining shifting the curve to the left, the offset
would increase and be more comparable to the other two curves. The “estimated expanded uncertainty” for light vehicles
(P) of ISO 11819-1:2023 (chapter 13, Table 6) is given as 1.4 dB for a coverage probability of 80 % and 2.2 dB for a



coverage probability of 95 % [2]. The observed difference at the reference speed thus lies within this measurement
uncertainty. Even though parallel SPB measurements eliminate several uncertainty components listed in ISO 11819
1:2023 (Annex H), the observed differences between the systems remain well within the expanded measurement
uncertainty defined by the standard. Since the ISO uncertainty values represent a conservative estimate for typical (non-
parallel) measurement conditions, the agreement observed here can be regarded as particularly robust.

For MP2 (Farvang) the regression curves overlap more nicely for systems ForceTechnologies and MBBM, even though
the slope is less comparable than for MP1. The measured sound pressure level values for system ASPB are up to 1.2 dB
higher than for the other two systems and thus also remain within the measurement uncertainty given above. The
microphones of all systems were mounted very close to one another and at the same distance, which is why the higher
offset does likely not result from an imperfect measurement setup. The same offset cannot be observed for the
measurements at MP1, which indicates that it is not a systematic error, but likely results from the selection of vehicles.

3.2.3 Temperature correction procedures

During the investigation of the results, it was recognized that different temperature correction approaches were used.
ForceTechnologies applies fixed correction values per road speed class (low, medium, high). All measurement data are
corrected using the same value, independent of the actual pass-by speed. MBBM and ASPB, in contrast, correct each

individual pass-by considering the specific speed of that pass-by.

Table 2. Temperature correction for different SPB measurement systems.

MP1 MP2
System (Silkeborg) (Farvang)
high-speed medium-speed
ForceTechnologies  All: =0.41 dB  All: —0.76 dB

Avg: —0.39dB Avg: —0.69 dB
MBBM / ASPB Min: —=0.47 dB  Min: —0.74 dB
Max: —0.24 dB Max: —0.65 dB

At MP1 (Silkeborg), the influence of different temperature correction procedures is at most < 0.2 dB and at MP2
(Férvang) it is at most ~ 0.1 dB. It therefore does not contribute significantly to the observed differences in the offset
parameters A. Further parallel test measurements could give more insight into the deviating offsets for the different
systems.

3.3 Mean third-octave band spectra

The normalized mean third-octave band spectra of the maximum sound pressure levels have been calculated according to
ISO 11819-1:2023. These can give insight into whether there are any significant spectral deviations considering the
vehicle fleet that was measured by each system. The spectra are shown in Figure 3.
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Figure 3: Normalized mean third-octave band spectra (passenger cars) of the three SPB systems.
Left: MP1 (Silkeborg), right: MP2 (Farvang).

The spectra for MP1 (Silkeborg) align well with only a slight deviation between the systems. The deviations manifest as
a small offset over the entire frequency range.

For MP2 (Farvang) it can be observed that the spectrum for system ASPB is approx. 1-2 dB higher at frequencies above
1600 Hz. Since the street was not completely dry at this location, this might have affected the results. However, it is not
completely clear, why system ASPB seems to be affected more than the other two systems. However, since this behaviour
is not observed at MP1, a systematic error can be ruled out.

4 Conclusion

Statistical pass-by measurements have been performed with three SPB measurement systems in parallel under identical
environmental and traffic conditions at two locations in Denmark. The measurement data has been evaluated according
to ISO 11819-1:2023 and the results of the different systems have been compared. The comparison shows a very good
agreement between the systems. The differences observed in regression offsets and spectral levels are small, non-
systematic, and remain within the expanded measurement uncertainty defined in ISO 11819-1:2023. This constitutes a
conservative benchmark because many uncertainty components are eliminated in parallel measurements.

Future work should focus on increasing the number of identical vehicles detected by all systems to further analyse
potential selection effects. Controlled pass-by measurements may complement this approach where targeted validation of
individual-system behaviour is required. Overall, the study confirms the proper functionality and technical maturity of
the autonomous SPB system.
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