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Abstract

Deformations of the road surface due to high traffic load shorten the life span of the road and negatively influ-
ence the safety of the traffic participants. Usually, special sensor systems are used to monitor road conditions,
which are expensive and only built for one particular application. Mobile mapping systems, however, capture
their close environment including the road surface. With the processed point cloud, multiple parameters can be
derived. The major drawback of these systems is, that the uncertainty of the measured points and accordingly
of the derived parameters is unknown and hard to derive. However, the uncertainty of the derived parameters
is crucial for the interpretation. Within this study, we empirically evaluate the uncertainty of a mobile mapping
system in the context of road surface monitoring. The considered parameters are the road cross fall and the rut
depth. We repeatedly measure the road surface from both driving directions and extract the mentioned param-
eters for each pass at the same location from the point cloud data. Two data sets with different environmental
conditions are considered, to evaluate the influence of the environmental conditions. This study demonstrates
that the road cross fall is sensitive to remaining errors in the system calibration. The rut depth only depends
on the uncertainty of the used profile laser scanner and on the used algorithm, especially the detection of the

support points.
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1 Introduction

The road network is one key infrastructure for the
society and economy of a country. In 2023 over
70 percent of the freight transport was performed
by trucks in Germany'. Additionally, 58 percent
of trips with at least one overnight stay from ger-
man citizens were made by car. The high demand
for road infrastructure leads to a faster deteriora-
tion of the road surface quality and consequently
to a faster need for rehabilitation. Bad road con-
ditions can negatively influence the driver’s safety
and has also a bad influence on the traffic flow and
fuel costs. In 2021/22 over 7000 kilometers of high-
ways are ranked as in need of rehabilitation by the
Federal Ministry of Transport in Germany.

The road quality is classified by considering differ-
ent quality features like the skid resistance or the
evenness, which should be regularly inspected by
hand or with kinematic multi-sensor systems. These
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systems are built to measure specific road quality
features, like the evenness of the cross-profile and
along the road axis (FGSV, 2009). The major ad-
vantage of the kinematic approach is, that the mea-
surement can be performed much faster and without
traffic interference.

Mobile mapping systems (MMS) are capable of
measuring the geometry of the road surface as well
as the near surroundings of the roads and are used by
surveying companies for different mapping applica-
tions. Recent publications show the use of such sys-
tems for road surfacing monitoring (Ma et al., 2024;
Miraliakbari et al., 2014), which may help to in-
crease the number of monitored roads per year. The
main disadvantage of MMS is the lack of knowledge
regarding uncertainty, which is key information for
the correct interpretation, especially for monitoring
applications. Consequently, the uncertainty of the
considered parameter like the evenness has to be
known and has to be small enough to be able to in-
terpret the resulting values. To our knowledge, the
evaluation of these parameter uncertainties is con-
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ducted by only comparing the results to ground truth
data without analyzing the potential influencing fac-
tors. This leads to the problem, that the resulting un-
certainty cannot be referred to certain error sources
within the processing chain.

In this paper, we present an empirical approach to
evaluate the uncertainty of a mobile mapping sys-
tem in the context of the extraction of two road qual-
ity parameters: the road cross fall describing the in-
clination and the rut depth describing the evenness
of the road cross section. We therefore use the road
surface itself and derive the parameters at differ-
ent positions multiple times by performing repeated
measurements. To evaluate the uncertainty of both
parameters properly, four key questions are tackled
in this work, which might influence the uncertainty
and which can change considering the used system
and the environmental conditions:

* How do the environmental conditions influ-
ence the uncertainty of the considered pa-
rameters? Bad GNSS conditions indicated by
a small number of visible satellites or high Po-
sitional Dilution of Precision (PDOP) values
(Teunissen and Montenbruck, 2017) lead to in-
accurate pose estimation. The pose informa-
tion is one of the largest influencing factors on
the MMS point cloud.

* How does the system calibration influence
the uncertainty of the considered param-
eters? The relative position and orienta-
tion of the scanner coordinate system and the
body frame, where the trajectory information
is given, should be known to achieve an accu-
rate point cloud. Errors in the boresight angles
for example lead to a constant tilt of the point
cloud relative to the position of the system.

* How do the scanner properties influence the
uncertainty of the considered parameters?
The point spacing and the measurement noise
vary depending on the used scanner, which in-
fluences the description of the road surface.

* How does the surface representation influ-
ence the uncertainty of the derived param-
eters? Different surface representations may
provide more precise rut depth estimation since
they can deal better with noisy and sparse data.

The four questions will be tackled as follows: In
section 2 the two considered parameters are ex-
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Figure 1. Cross section of one lane of the road sur-
face and the considered parameters.

plained and the considered data sets and the used
system are presented. Additionally, the extraction
and evaluation procedure of the considered parame-
ters are explained. In section 3 the results from both
data sets are shown and interpreted. A summary is
given in section 4.

2  Materials and methods

Figure 1 shows a cross section of one lane of the
road including the considered parameters, which are
described in the following.

2.1 Road cross fall

The cross fall m describes the inclination of the
cross section of the road surface, which ensures
proper water drainage (see Figure 1). Furthermore,
the road has to be inclined depending on the permit-
ted velocity and the curvature, so centrifugal forces
will not push the car outwards. Consequently, the
magnitude of this value varies depending on the
shape of the road section and is chosen during the
planing process. For the determination of the road
cross fall, GNSS measurements using two anten-
nas can be used (Baffour, 2002). The height dif-
ference between both antennas and the knowledge
about the baseline between them are used to com-
pute the desired inclination. Tsai et al. (2013) uses a
MMS point cloud to determine the cross fall at pre-
defined regions along the road by fitting a regression
line into the cross section of the road. Shams et al.
(2018) computes the height differences and the dis-
tances between road markings in the cross section to
determine the cross fall. In both works, the authors
compare the results with digital level measurements.
Both analyze the uncertainty on different data sets
but they did not analyze the impact of the scanner
properties on the results.
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2.2 Rut depth

The rut depth & describes the evenness of the road’s
cross section and is defined by the largest dimension
between the rut bottom and a reference line, which
is described by a 2 m rod (FGSV, 2009). In Figure 1
the rod is visualized by the blue lines for each of the
two ruts on one lane. Rutting increases the danger
of hydroplaning (Fwa et al., 2012), since water ac-
cumulates in the ruts and cannot run off properly
and this negatively influences the driver’s safety.
For the determination of the rut depth using MMS,
multiple approaches exist. In Ma et al. (2024), the
points lying on the road profile are first filtered with
a Vandrak filter, and the supporting points for the
imaginary 2 m rod are found by computing the con-
vex hull of the filtered points. They also changed
the smoothing factor of the filter and analyzed its
impact on the computed results. Other approaches
fit polynomials into the cross section (Miraliakbari
et al., 2014) and perform a feature matching to de-
tect the location of the ruts. In Liu et al. (2022),
the scanned road surface is converted into an eleva-
tion feature matching, and the ruts are detected us-
ing image processing algorithms. Some of the men-
tioned works also evaluate their approaches against
ground truth data from e.g. terrestrial laser scans.
Besides the evaluation for different surface repre-
sentations or smoothing factors, the analysis regard-
ing the other influencing factors was not performed
to our knowledge.

2.3 Data collection

In this part, the MMS and the captured data sets are
presented.

Figure 2. Used MMS. left: Z+F Profiler 9012A
profile laser scanner; right: iMAR iNAV-FJI-
LSURV IMU and RTK GNSS antenna

2.3.1 Measurement System

The mobile mapping system used in this work
is shown in Figure 2. It consists of an in-
ertial navigation system iMAR iNAV-FJI-LSURV
(https://www.imar-navigation.de/en/) with fiber op-
tic gyroscopes, servo accelerometers and RTK-
GNSS (Real Time Kinematic) for the navigation.
The trajectory estimation is performed in the soft-
ware Waypoint Inertial Explorer 9.00 (NovAtel Inc,
2024). We use a virtual reference station computed
by SAPOS NRW for the considered data sets in this
work. The coordinate of the reference station is cho-
sen in the center of the test environment, such that
the maximum baseline is below 2 kilometers in both
cases. For the mapping task, a 2D laser scanner Z+F
Profiler 9012A is mounted on the system (Zoller &
Frohlich GmbH, 2020). The precision of the range
measurement is specified as 0.2 — 0.5 millimeters
at a distance of 10 meters depending on the reflec-
tion properties of the measured surface. The cho-
sen profile rate is 200 Hz and the scan rate is set to
1016 kHz for both data sets considered in this study.
Considering the height of the used van, the point
spacing Ky on the road surface is approximately 2.5
mm across the driving direction. The system cali-
bration is done by a plane-based approach described
in Heinz et al. (2020) in 2019. The authors showed,
that the uncertainty of the lever arm is below 0.5 mm
and below 0.002 deg of the boresight angles.

2.3.2 Country road data set

The first data set was captured on a country road
near Cologne, Germany in winter 2023. Figure 3a
shows the considered road part. The two-lane road
part is around 3 km long and leads through a for-
est, so GNSS conditions are expected to be bad.
The PDOP value is larger than 3.0 for the whole
road part in the captured data set. The trees near
the road occlude the sky, so that the GNSS signals
are blocked or disturbed. The measurement starts
at the northern town “Bensberg” and after driving
over the reference road part, the system turns to the
southern town “Forsbach” and drives back to "Bens-
berg”. This procedure was performed five times so
that the road surface was measured ten times.

2.3.3 Urban data set

The second data set was captured at the univer-
sity campus “Poppelsdorf” in Bonn, Germany in
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Figure 3. Overview of both data sets

the summer of 2024. Figure 3b shows the consid-
ered road parts. For the computation of the road
quality parameters, only the blue highlighted road
parts are considered. In the area around the "Meck-
enheimer Allee”, the mean PDOP value is higher
than 10, whereas, on the other "Endenicher Allee”,
the average value is around 2.9. The measurement
starts at the parking lot southwest of the ”Nussallee”
(red dot). After turning in the Nussallee”, the sys-
tem heads north-west and drives the whole track
clockwise, turns at the parking lot, and drives then
counter-clockwise. This procedure is performed
five times so that the road surface is captured ten
times in total.

2.4 Extraction of the road quality param-
eters

Since we want to analyze the impact of the environ-
mental conditions on the cross fall and the rut depth,
we need to compute them at different locations in
the data sets. Therefore we define a regular grid

1 2 i n
P = {Xérgd’xérgd’ ) “X((gr)id’ o 'Xérgd} o))

with a constant spacing 1 m along the given road

axis, where both parameters are estimated. Both
the grid points Xi,?l. , and the measured points in the
point cloud are transformed to ETRS89/UTM co-
ordinates with ellipsoidal height information as the
i
tract the neighboring measured points Xl(,? which are
within a radius of » = 10 m. With this, we filter out

unimportant points and decrease the memory con-
(@)

in°

z-component. For every grid point X we ex-

sumption. Next, we transform the points X:’, such

x () "':’Ej;:;;*aj:;._x

grid s

Figure 4. Extraction of the points lying on different
lanes of the road’s cross section

that the x-axis of the resulting coordinate system is
parallel to the road axis defined by the generated
grid &. As a result, we receive the transformed
points Xg‘, where the x-axis points along the road
axis and the y-axis are parallel to the cross section
of the road (see Figure 4). The origin of the coor-

dinate system is the grid point Xé?l. 4+ We then filter
out all points whose x-coordinate lies outside a cer-
tain interval with a width of € = 0.3 m, since both

parameters may vary along the road
Xin=Xia (Il <e). @

After that, we need to find the borders y; and y, of
the road surface to filter out points that do not rep-
resent the road surface. This is done by analyzing
the gradient of the z-component along the cross pro-
file, to identify for instance curbs. But there are also
other methods to extract the road border in point
cloud data (Zhou et al., 2014).

Furthermore, we split the points into a left and right
part based on the y-coordinate, because both road
quality parameters are estimated for each lane sepa-

4
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rately:
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Xiiont = Xpur (yl(nzf > =S Ayzﬁif < y,) )

The parameter s denotes a certain overlap and is
chosen to 0.3 m to guarantee, that the road center
is represented in both point sets (see Figure 4). For
Xgé)ﬂ and Xﬁgm the cross fall and the rut depth are
computed.

2.4.1 Estimation of the road cross fall

Because of the transformation of the points into the
road axis coordinate system explained before, we
can estimate the cross fall by fitting a 2D line into
the points Xl(;)ﬂ and XEZ,M within a least squares ad-
justment. Equation (5) shows the functional rela-

tionship of the 2D line for the left side of the road
m;?ft 'yl(;)ft + b — Zl(é)fz =0, )

but please note, that the same equation can be used
for the right part as well. The slope of the line m()
equals the cross fall of the road surface.

2.4.2 Estimation of the rut depth

Figure 5 visualizes the steps for the determination of
the rut depth. We use the residuals AX (black dots)
of the line adjustment, describing the surface of the
cross profile without the inclination. The noise of
the residuals impacts the detection of the supporting
points, where the virtual 2 m rod touches the road
surface and consequently the computed rut depth.
Because of this, we need to smooth the signal from
the residuals AX to describe the road surface prop-
erly (yellow curve). There are two options investi-
gated in this study. The first method uses a mov-
ing average filter of a length of 0.1 m. The second
approach approximates a cubic spline with five in-
terior knots into the residuals AX. Both methods

o ,:..:"
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Figure 5. Scheme of the estimation of the rut depth

provide the smoothed points X; on a regular grid
with a width of 1 cm. They are then used to find lo-
cal extrema representing the supporting points and
the deepest location of the ruts. The number of ruts
per lane is assumed to be two, so consequently we
choose the two most prominent minima for the rut
locations. If there are no minima detected, the rut
depth is set to zero. The three most prominent max-
ima or saddle points are used as support points for
the virtual 2 m rod, whereas the point in the center
is used for both ruts. The rut depth §) is computed
by the orthogonal distance between the virtual rod
defined by the support points A and B and the mini-
mum C (see Figure 5):

50 — [0 —xa) (e —ya) — (B —ya) (xe —xa)|
vV (x8 —x4)2 + (8 —ya)?

(6)
Please note, that we compute 5, and 8.” for each
(i)
grid-

lane at every grid position X
2.5 Evaluation of the uncertainty of the
road quality parameters

For the evaluation, we use the multiple acquisitions
of the road surface in both data sets. Reference data
is unavailable for both data sets, so only the preci-
sion can be evaluated in this work. We compute the

empirical standard deviation of the cross fall sffl) and

of the rut depth sgl) , sgz) for each grid point Xf;)i , for
both lanes separately. By analyzing the magnitude
of these standard deviations for different grid point
locations and data sets without changing the surface
representation, we can derive the dependency of the
environmental conditions on both parameters.

To evaluate the impact of the system calibration,
the resulting parameters from the forward and back-
ward passes are compared, since the impact of po-
tential calibration errors on the point cloud data
depends on the measuring configuration. Conse-
quently, a constant difference between forward and
backward passes should be present in case of a cali-
bration error.

To evaluate the impact of the scanner properties on
the parameter uncertainty, we modify the measured
points Xl(é)ﬂ and XSLM in two ways and re-estimate
the parameters. To simulate a different sampling
rate, we change the point spacing k; = k- Kp (see
section 2.3.1) by using only every k-th point in the
point set. Furthermore, we add normal distributed
noise o to the z-component of the measured points,
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Figure 6. Empirical standard deviation of the road
cross fall for every grid point

to simulate higher noise in the range measurement.
This procedure is done 1000 times for different
point spacings x and noise levels 0;. We then com-
pute the standard deviation sf,’;) and sg) out of these
estimations and compare them between the different
simulated scanner properties.

To evaluate the impact of the surface representa-
tion on the rut depth, the simulation is performed
for the two representation approaches explained in
2.4.2 and the results are compared.

3 Results

The cross fall changes between —8 % and 6 % in
the country road data set and between —1 % and 5%
in the urban data set. The mean rut depth is 5 mm
for both data sets. We structure the results from our
uncertainty evaluation based on the four questions
from section 1.

3.1 Impact of environmental conditions

Figure 6 shows the standard deviation of the cross
fall s%) for both data sets along the investigated road
parts for one lane. They do not differ depending
on the location within one data set, but the average
standard deviation is slightly higher in the campus
data set. The shape of the cross section is curved and
not linear in this data set, which negatively influ-
ences the cross fall estimation using the line adjust-
ment. The same findings are made for the rut depth.
That means, the environmental conditions have no
significant influence on the road cross fall or the
rut depth. Since the scanner is mounted, such that
the scanning profile is perpendicular to the driving
direction, the road cross section is captured within

one scanning profile. Consequently, the uncertainty
of the trajectory information does not influence the
computation of the parameters except the roll angle
of the vehicle for the cross fall. This orientation an-
gle seems not to be influenced by the environmental
conditions.

3.2 Impact of system calibration

Figure 7a shows the residuals of the cross fall V,(,?
with respect to the mean value for each grid point
location in the country road data set. The for-
ward (FW) and backward (BW) passes are symbol-
ized with upper and upside-down triangles colorized
differently for each pass. We observe a system-
atic offset between all forward and backward passes
of around 0.2%, which stays constant for all grid
points and data sets. Larger residuals can be ex-
plained by occlusion due to traffic and remaining
outlier points in the point cloud. The reason behind
this is an error in the boresight angle of the system
calibration, which causes a tilt of the point cloud
across the driving direction.

By analyzing the rut depth residuals Vg) for ev-
ery grid point (see Figure 7b), no systematic offset
between forward and backward passes are present,
so no influence of the system calibration is visible.
Since the rut depth is computed using the residuals
from the line estimation, the systematic errors in the
system calibration are canceled out. A variation of
the other calibration parameters did not affect any
of both parameters significantly.

3.3 Impact of scanner properties

For the evaluation of the impact of the scanner prop-
erties, we chose one grid point location for the anal-
ysis described in section 2.5. Figure 8a shows the
empirical standard deviation of the road cross fall
computed from the simulations for different scanner
properties. We observe an increasing standard devi-
ation by an increase of the sensor noise o, and the
point spacing k. Furthermore, we see that the noise
level has a higher impact on the cross fall than the
point spacing. If we only increase the noise level,
the value of s, also increases significantly, which
does not count for the point spacing in this case.
The standard deviation of the rut depth (see Figure
8b), however, increases depending on both proper-
ties the same way, since the shape of the heat map
differs from the cross fall result.
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3.4 Impact of surface representation

For the evaluation of the impact of the surface rep-
resentation, we compare the results from the spline
smoothing (see Figure 8b) with the moving average
solution (see Figure 8c). We observe, that the shape
of the heat map does not change significantly be-
tween both figures. However, we see, that the mag-
nitude of the s differs significantly depending on
the surface representation. The spline smoothing
method provides more precise results than the mov-
ing average solution. Using this kind of simulation,
other surface representations and rut depth estima-
tions can be evaluated regarding their precision.

4  Conclusion
This paper presents a method to empirically eval-

uate the uncertainty of MMS in the context of the
extraction of the road cross fall and the rut depth

as two important road quality parameters. The ap-
proach analyzes the impact of four major influ-
encing factors for the uncertainty of MMS point
clouds in general: the trajectory information in dif-
ferent environmental conditions, the system calibra-
tion and the scanner properties. Furthermore, we
analyzed the influence of the choice of the road sur-
face representation on the rut depth estimation.

e The impact of the environmental conditions
was analyzed considering two data sets with
different GNSS conditions. At all locations
along the road axis the standard deviation of
both parameters stays constant and only varies
because of the different shapes of the cross sec-
tion of the road surface. This is due to the
measuring configuration, which makes the in-
stantaneous measurement of the cross section
nearly independent from the GNSS quality.

* The impact of the system calibration on the un-
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certainty of the road quality parameters was
analyzed by comparing the derived parame-
ters from different driving directions. For the
cross fall a systematic offset between forward
and backward passes for both data sets was de-
tected. The most likely explanation would be
an error in one boresight angle since the error
stays constant. This does not count for the rut
depth estimation, since there is no such sys-
tematic offset visible. This is due to the fact,
that the rut depth estimation mainly relies on
the surface representation of the road and not
on its position or orientation.

* The impact of the scanner properties was ana-
lyzed by simulating different sensor noise and
point densities. With increasing sensor noise
and point spacing, the standard deviation of
both parameters increases significantly.

* The impact of the surface representation on the
uncertainty of the rut depth was analyzed by
comparing the results of two approaches with
different scanner properties. It can be seen,
that the surface representation plays an impor-
tant role, especially for data with a higher noise
level and point spacings.

Additional reference information would enable the
evaluation of the accuracy. The evaluation method
can be performed on other road quality parameters,
like longitudinal evenness. The impact of the influ-
encing factors considered in this work may vary for
these parameters, which can be analyzed with the
presented approach.
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