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Abstract

Early detection of changes in the ballast of railway tracks and timely maintenance are important to ensure
a highly-available and affordable railway service. In this paper, we present a novel method utilizing point
clouds to detect ballast problems and assess temporal changes of a track. We assume that consecutive sleepers
locally approximate a plane, with deviations of the point cloud from this plane indicating ballast anomalies,
and changes of the planes over time indicating deformations of the track. We demonstrate the method using
airborne laser scanning data of a 430 m long part of a railway track in Switzerland. The results indicate
areas with ballast problems through a high percentage of anomalies (>30% in some cases). Our method
provides more, and more easily interpretable, information about track conditions than conventional point-
cloud based deformation analysis, like M3C2. It is applicable to photogrammetric point clouds as well as
point clouds from different LIDAR sensors and platforms. As such, it complements existing track inspection
and monitoring approaches, and helps to improve railway infrastructure management.

Keywords: railway tracks, ballast, deformation monitoring, point clouds, ALS, M3C2

Received: 29" November 2024. Revised: 24" February 2025. Accepted: 25" February 2025.

1 Introduction

Effective monitoring of the ballast condition of
railway tracks, coupled with timely maintenance,
is essential to ensure the reliability, safety, and
cost-efficiency of railway operations (Hoelzl, 2023).
Early detection of degradation or shifts in the bal-
last can prevent severe infrastructure problems. By
proactively addressing these issues, railway opera-
tors maintain continuous service, reduce operational
costs, and extend the overall lifespan of the track
system (Podofillini et al., 2006; Caetano and Teix-
eira, 2015; Hansmann et al., 2021).

Conventional methods for detecting changes in rail-
way tracks focus primarily on the rails themselves,
utilizing advanced diagnostic vehicles equipped
with a variety of sensors and measurement Sys-
tems (Hoelzl et al., 2022). The collected data are
analyzed to identify potential faults or irregulari-
ties, and to plan maintenance interventions (e.g.,

Berggren et al.,, 2014). The required accuracies
are at the mm- to sub-mm-level (Higgins and Liu,
2018), and diagnostic data are usually collected at
regular intervals depending on the frequency of use
of the track, e.g., every 2 to 6 months for tracks of
the Swiss Federal Railways (SBB).

However, when it comes to the track ballast, i.e.,
the layer of crushed stone below and between the
sleepers, which in turn support the rails (see Fig. 1
in Hoelzl et al. (2022) for terminology), detec-
tion methods are often less advanced. Inspection
of ballast conditions in Switzerland typically relies
on visual assessment or manual measurements per-
formed during scheduled track checks. Inspectors
assess factors such as the level of ballast degrada-
tion, ballast contamination, and the proper drainage
and load distribution of the track (Hoelzl et al.,
2023).

Still, these conventional methods are labor-
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intensive, time-consuming, and do not provide ac-
curate information on the volumetric changes of the
ballast. However, such information would be par-
ticularly relevant both as an indicator of potential
ballast subsidence, and as an input to calculate how
much ballast needs to be transported to a specific
location (e.g., in preparation for tamping work).
By extending monitoring capabilities to the ballast
layer, the railway industry can thus further opti-
mize maintenance practices and enhance the over-
all health of the track infrastructure (Berggren et al.,
2014; Sadeghi et al., 2018). Due to the size (20-65
mm diameter) and irregular shape of the stones
forming the ballast (Guo et al., 2018), the accuracy
of these observations can be an order of magnitude
lower than that of the railway track measurements.
However, the measurements should allow identifi-
cation of deviations of the mean ballast surface on
the order of a few cm between consecutive sleepers.

In this paper, we introduce a novel approach, in-
tended to support track ballast management by indi-
cating problems like emerging voids beneath sleep-
ers, ballast flow, and excessive track settlement.
This is done through an assessment of the local pla-
narity of the track surface and deformation analysis
between pairs of epochs using point clouds obtained
from airborne laser scanning (ALS), e.g., Wehr and
Lohr (1999). We approximate the track surface
patch-wise by planes through the sleepers, calculate
anomalies in terms of deviations from this plane,
and analyze these anomalies as well as the changes
of the planes over time.

We denote the part of a railway track to be analyzed
as region of interest (ROI). Here, we assume that
the ROI is symmetric to the axis of the track, has
constant width, and comprises the top surface of the
ballast, the sleepers, and the rails along a continuous
section of a single track (Fig. 1). We treat adjacent
multiple tracks and parting tracks at a switch as dif-
ferent ROIs, although it may be possible to extend
the approach later for joint processing of adjacent
tracks.

Monitoring and maintenance of railway tracks are
relatively new application fields for point clouds.
A review of related publications was recently given
by Dekker et al. (2023). Wunderlich et al. (2016)
classified point cloud-based approaches to deforma-
tion monitoring. Our proposal combines geometry-
based and parameter-based assessment in a way

Figure 1. Example of an ROI (light blue box) and
patches (dark blue boxes) with length / and width
w for the proposed patch-based analysis. Back-
ground image: orthophoto 2020 (SBB).

similar to Yang et al. (2017) or Xu et al. (2018).
Holst et al. (2014) and Holst and Kuhlmann (2016)
have discussed the importance of the reference sur-
faces chosen for the analysis, and several authors
propose free-form surfaces for point-cloud-based
monitoring (e.g., Harmening and Neuner, 2015).
However, the specific geometry of railway tracks al-
lows us to keep the complexity low by using planes
and patches.

The main novelties of our approach comprise (i) the
capability to extract information on ballast condi-
tions already from a single epoch of data, and (ii)
the adaptation of a surface-based two-epoch moni-
toring approach to the specific conditions of railway
tracks. The single-epoch analysis can help in early
detection of problems such as ballast flow or voids
emerging beneath sleepers. The two-epoch analy-
sis can help to study the evolution of such problems
and to detect others, e.g., inadequate bearing layers,
deterioration of substructure, and excessive ballast
attrition (Selig and Waters, 1994; Powrie and Pen,
2016). Additionally, changes in the location and ge-
ometric relation of consecutive sleepers are relevant
as indicators of corresponding changes of the rails
and thus of the track itself.

In Section 2 we provide a detailed description of the
proposed method. We then demonstrate the applica-
tion to a real-world data set (Sect. 3) provided by the
SBB and show selected processing results (Sect. 4).
We conclude with a brief discussion and an outlook
for future work in Section 5.
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2 Methods

The input point clouds of both epochs are assumed
to be georeferenced to the same coordinate frame,
and any possible horizontal track displacements or
deformations are assumed to be small (a few cm, at
most). The underlying coordinate reference system
is compound, consisting of projected 2d coordinates
(North, East) and height (Up).

The processing starts with the definition of patches,
each of them containing a short segment of the
track. Each patch is first processed separately for
each epoch: the points belonging to the patch are
extracted and classified as sleeper or non-sleeper
points; a plane is fitted to the sleeper points, and
indicators quantifying the deviations of all patch
points from the plane are calculated. Indicators of
deformation are then obtained by combining the
per-epoch results. This comprises calculating the
deviations of the points of the second epoch from
the best-fit plane of the first, and the changes of the
plane in terms of height and tilt. All these indicators
are finally aggregated for the entire track.

2.1 Patch definition

The patches are defined in a Eulerian sense, i.e.,
they are fixed in space rather than moving with the
track. The union of all patches %;, i = 1,...b,
should represent the whole ROI (see Sect. 1). Rail-
way tracks have very small tilt, e.g., the gradient
(longitudinal tilt) is less than 2.3deg and the max-
imum superelevation (expressed as lateral tilt) less
than 5.7 deg within the SBB rail network, so patches
can be defined as polygons in 2d (North, East). Tak-
ing into account that also the curvature of the tracks
is typically small, we propose to use rectangular
patches of constant width w (equal to the width of
the ROI) and constant length [/, placed symmetri-
cally to the horizontal projection of the track axis at
constant intervals [ along this axis (Fig. 1). Neglect-
ing the small overlap and gaps that result in curved
parts of the track, we consider these patches to be
non-overlapping and their union equal to the entire
ROL

A reasonable choice of w and [ depends on the de-
sired information and quality, the geometry of the
track, the resolution of the point cloud, and its un-
certainty. While we leave a detailed analysis of
these relations and a potential optimization of the

size, shape, and overlap of the patches for future
work, we recommend choosing w approximately the
width of the sleepers; / should be large enough such
that each patch covers several consecutive sleepers
but small enough that the nominal ballast surface is
nearly planar within each patch.

Typically, the coordinates of points along the nomi-
nal track axis are known to the railway operator, and
the deviations of the actual track from the nominal
one are small (a few cm, or less). The patch loca-
tions can then be calculated from available geospa-
tial data, independent of the point clouds. If no such
data are available, or the deviations between nomi-
nal and actual track are too large, the point clouds
must be collected with a sufficiently high resolu-
tion to facilitate automated extraction of the track
axis from the point clouds, e.g., following Kononen
et al. (2024) or Karunathilake et al. (2020). Due to
the Eulerian approach taken herein, it is sufficient to
do this for one of the epochs only.

2.2 Sleeper detection

Let P*, k € {1,2} be the point clouds of the two
epochs, and ]P’f-‘ their subsets comprising all points
whose horizontal coordinates are within patch ;.
For the subsequent analysis, the points on sleep-
ers, i.e., Si-‘ C IP’{-‘ need to be extracted through an
appropriate classification. It is beyond the scope
of this paper to study which data and which clas-
sifier are best suited. Within this paper, we apply
a handcrafted classifier which is sufficient for the
specific sleepers present in our case study while it
would likely fail with other tracks or other types of
sleepers. It classifies points as sleeper points if their
intensity is between the 15-th and 40-th percentile
of the empirical distribution of all intensities within
the respective patch. We carry out the classification
separately for S} and S?.

2.3 Plane fitting

For each patch and epoch, a plane 7rlk is fitted to the
sleeper points Sf.‘ . However, the real surface of indi-
vidual sleepers is typically not a plane, consecutive
sleepers are not necessarily parallel, and the sleeper
classification will not be perfect. We thus propose to
use a robust estimator for calculating the parameters
of the planes and to ignore points within the point
cloud which are farther than a certain threshold 0,
from the plane. Additionally, the estimation process
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should provide means to quantify the uncertainty of
the results such that it can be taken into account for
the assessment of deviations and deformations.

Within this paper, we use RANSAC (Fischler and
Bolles, 1981) with a user-selected, fixed inlier
threshold 6, to estimate the normal vector and an
offset per plane. We apply an approach inspired
by bootstrapping, see e.g., Efron (1979), Neuner
et al. (2014), or Kargoll et al. (2019), to esti-
mate the covariance matrix of the parameters by
repeating the estimation N = 100 times and cal-
culating the empirical diagonal covariance matrix
from the N estimation results. This data driven
approach avoids the challenges of computing an
appropriate, fully populated covariance matrix of
the point cloud coordinates starting from assump-
tions (Kauker and Schwieger, 2016, 2017), and at
the same time avoids the detrimental impacts of an
over-simplified stochastic model (Zhao et al., 2019).

2.4 Patch-wise indicators

We interpret the orthogonal distances Azfﬁ j of the in-
dividual points j from the plane ﬂlk as anomalies if
their magnitude exceeds 6. Let the number of such
anomalous points be Ni’fu, and the total number of
points, i.e., the number of all points of the corre-
sponding patch and epoch, be Nik,. If w is signifi-
cantly smaller than the track gauée, and 0 is large
enough, anomalies calculated for a track in perfect
shape should mostly be quasi-random consequences
of the granular composition of the ballast and thus
of the fact that the ballast surface is rough. A high
percentage

Pla =100 x Nii /N (1
of anomalous points would indicate potential ballast
problems in such a case.

If points on the rails or rail fasteners are part of the
patches, e.g., because rails pass diagonally through
a track near a switch or crossing, or because w is too
large, and if these points are not removed before the
analysis, then they will likely show up as anoma-
lies (unless 6, were chosen larger than the height of
the fasteners and rails). However, also in this case,
the percentage of anomalous points will typically be
low if the track is in good shape. So, overall, the
percentage Plka of anomalies is an indicator of (geo-
metric) ballast conditions.

In order to properly assess the deviations of the track
surface from a plane, it is helpful to quantify the
anomalies in addition to counting them. As a first
step, we propose to do this by calculating the mean
value of the positive anomalies and the mean value
of the negative ones:

act . L8182, > 6r))

)

 Y(Azj-I(Az; < —6y))

Yil(Az; < —0r)
where I(-) is a function evaluating to 1 if the argu-
ment is true, and to 0 otherwise.

AZ

3)

2.5 Indicators of deformation

Track deformations can be identified by comparing
the point clouds from different epochs. The patch-
based approach presented herein allows to perform
the deformation analysis according to two of the ap-
proaches summarized by Wunderlich et al. (2016):
a parameter-based deformation analysis focusing
on the changes of the best-fit planes between the
epochs, and a point cloud-based analysis focusing
on the deviations of the points of one epoch from
the best-fit plane of the other epoch. We restrict
the analysis to approximately vertical components
of deformation and displacement, corresponding to
the high sensitivity of ALS data in the line-of-sight
direction and of plane-based quantities in the direc-
tion perpendicular to the plane.

For the comparison of plane parameters, assume
that the normal vector n has been estimated for each
patch and epoch (i and k omitted here for simplic-
ity) as a unit vector and is parameterized in terms of
North, East and Up components with respect to the
superordinate coordinate system, i.e.,

ny
n:= ng R
ny

[Inf| = 1. 4)

Additionally, let the azimuth of the track axis within
the respective patch be ¢. Then, the longitudinal and
lateral tilt, v and ¢, can be calculated for the respec-
tive patch and epoch from

—ny CcoSt — ng sint

Vv = arctan , &)
ny

¢ = arcsin(ny sint — ng cost), (6)
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where v > 0 indicates rising track in the direction ¢,
¢ > 0 indicates that the left hand rail is higher than
the right hand rail as seen in direction #, and both
angles are small enough for real tracks such that
Egs. (5) and (6) are unambiguous. Variance prop-
agation from the covariance matrix of nto v and ¢
allows to derive their standard deviations and sub-
sequently assess the significance of the tilt changes
between the epochs.

To assess potential height changes of the track, we
intersect the planes fitted for the two epochs with a
vertical line through the center C := [Cy,Cg,Cy] of
the patch. The height value of the intersection points
is obtained from the components of the normal vec-
tor, the coordinates of C, and the plane’s distance d
from the origin as

th: i‘(d—l’lNCN—I’lECE). (7)
hy

Based on all above assumptions and the choice of
rectangular patches symmetric about the track axis
(Sect. 2.1), the height difference between these two
points represents the height change of the track
sufficiently well. Again, variance propagation al-
lows to calculate also the standard deviations of the
heights and use those for statistical significance test-
ing.

Finally, for the point-cloud-based analysis, we cal-
culate the anomalies of the patch points P? of the
second epoch with respect to the best-fit plane 7} of
the first epoch, and derive the indicators introduced
in Section 2.4 also for this case.

2.6 Track assessment

For assessing the track ballast conditions and defor-
mations, we aggregate the patch-based analysis re-
sults over the whole track.

Currently, this consists of plotting the indicator val-
ues versus stationing along track. Closer visual in-
spection of segments with irregular indicators helps
to identify potentially problematic parts of the track,
and the indicators can be used by experts to further
investigate the track conditions and plan appropriate
counter measures. We see this visual inspection as
a first step towards a more automated point-cloud-
supported track assessment, but leave the develop-
ment of the related algorithms, possibly comprising
machine learning, for the future.

3  Study site and data

We demonstrate the application of the method using
ALS data from a 430 m long part of a railway track
in Switzerland (Fig. 2), acquired in December 2016
and March 2020. The sleepers are approximately
2.6 m wide in this area, and therefore we define the
ROI of the analysis as the area symmetrically ex-
tending 1.3 m from both sides of the nominal track
axis. This axis was available from a database as co-
ordinates of points approximately 4 m apart.

The ALS data were collected from a helicopter, and
processed into georeferenced point clouds in the
Swiss coordinate frames LV95 (projected coordi-
nates) and LNO2 (height) by an external company.
The data acquisition was not custom-tailored to the
present study but had been designed for an assess-
ment of the ground movements along the railway
track. Relevant details of the data acquisition and
data set can be found in Table 1.

Figure 2. Study site in Switzerland with two
patches (orange markers) indicated on the analyzed
railway track (red line, 430 m long). Background
image: Swisstopo.

Table 1. Key parameters of data acquisition and
point clouds used within this study (source: SBB)

Parameter (unit) 2016/ 2020
Flight altitude (m) 170/ 240
LiDAR sensor Riegl VQ480U /
Riegl VQ4380ii
Pulse repetition rate (kHz) 550 /2000

Point density (pts m~2) approx. 140 /230
Width covered per pass (m) 170/360
Accuracy (10, elev.) (cm) 3-5/3-5
Accuracy (1o, horiz.) (cm) 5/3-5
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4 Results

According to the width of the ROI, we used w =
2.6m for the rectangular patches. For convenience,
we chose a length / ~ 4m without an underly-
ing optimization or analysis of deformations to be
expected. This choice assured that we could di-
rectly tie the rectangular patches to the given track
axis points, and still had at least 6 sleepers and
>500scanned points for defining the plane per
patch. Taking into account the noise and vertical ac-
curacy of the scan data (Table 1), we chose a thresh-
old 6; = 3 cm for plane estimation and anomaly de-
tection.

Figure 3 shows the anomalies calculated according
to Sections 2.4 and 2.5 for two patches. We also in-
clude deformation magnitudes from a conventional
M3C2 analysis (Lague et al., 2013) for comparison.

Patch 1 comprises about 2400 points in epoch 1
(2016) and 5000 in epoch 2 (2020). There are only
Plzgm =20% and P12220 = 13% of anomalous points,
with the majority of the positive anomalies repre-
senting the rails (Figs. 3a, 3c). The few other ones
are small and mostly correspond to isolated points
at the ballast between the sleepers. These anomalies
do thus not indicate any ballast problems.

The situation is different for patch 2, where P70!6 =
32% of the points are anomalous in epoch 1,7 with
a clearly visible excess of ballast (anomalies up to
about 20cm) along the western (bottom) side of the
patch and ballast covering the sleepers in that region
(Fig. 3e). This may indicate a ballast flow problem.
Much of this excess ballast has apparently been re-
moved between epochs 1 and 2, (Fig. 3g), where
Pzzgzo is down to 17% and most anomalies are again
related to the rails.

The anomalies of epoch 2 with respect to the plane
from epoch 1 (Figs. 3b, 3f) indicate deformation
of the ballast surface between the epochs, for both
patches. In this case, we identify 25% and 32%
of the points as anomalies for patches 1 and 2, re-
spectively. Some increase in anomalies is expected,
as compared to the analysis using the plane from
the same epoch; georeferencing errors affect any
type of between-epoch deformation analysis. Still,
the changes mostly relate to the ballast while the
sleepers themselves have not changed by more than
0 = 3cm. In fact, the planes change only by
AU\ z = —7Tmm and AU, ; = —18 mm for the two

patches, respectively, see Fig. 4e. These changes
could be seen as indicating subsidence of the sleep-
ers or consequences of track maintenance, but the
accuracy of the georeferencing (3 to 5 cm) is too low
to draw such a conclusion.

The established M3C2 analysis (Figs. 3d, 3h) shows
on average only a slight subsidence but virtually
no changes by more than 3 cm for patch 1, which
agrees well with the above results. However, the
M3C2 results indicate a clear subsidence of the sur-
face for the part of patch 2, which is hard to cor-
rectly interpret as removal of excess ballast rather
than subsidence of the track.

Figure 4 shows several of the patch-wise indicators,
aggregated according to Section 2.6. Across the
whole track, i.e., for all patches, there are between
12 and 55% of anomalies. Based on the nominal
cross section of the rails and the size/arrangement
of the sleepers in the study area we assume that 6%
of the points per patch are rail points more than 6; =
3cm above the sleepers. So, in our case, the rails ac-
count for a minimum of 6% (positively) anomalous
points. Scanning noise and ballast roughness also
result in detected anomalies with the given value
of 0. Taking into account the above analysis of
patches 1 and 2 as well as the lowest percentages in
Figure 4a, we assume that values below 20% indi-
cate a track with ballast in excellent geometric con-
ditions, whereas values higher than 30% indicate
likely ballast distribution problems.

Applying these thresholds, Figure 4a indicates that
(i) the ballast distribution was likely problematic in
2016 for some areas around 50 m chainage (distance
along track) and between 100 and 170m, (ii) the bal-
last distribution has changed significantly in several
parts of the track, especially from about 280 m to the
end, and (iii) the ballast showed minimal anomalies
from the plane in 2020 for most of the track, except
the final 70m. Indeed, there has been track mainte-
nance between the two epochs, which explains the
improvements, and the ROI ends at a section with
a rail crossing and a buffer stop, where, on the one
hand, additional infrastructure on the track affects
the anomaly assessment, and on the other hand, the
ballast distribution does not need to have the same
high quality as along other parts of the track.

The lateral tilt ¢ (Fig. 4b) is related to track cur-
vature and corresponds qualitatively to the expecta-
tion. It is up to almost 5 deg in the curve and around
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Figure 3. a)-c) Patch of the point cloud (colored box) with the points on the plane (0+£0.03 m, grey) and
anomalies (colors). a) denotes the point cloud and plane from 2016, b) is the plane from 2016 with point
cloud from 2020, and c) the point cloud and plane from 2020. d) M3C2 deformation analysis between 2016
and 2020. e) to h) are the same, but for patch 2 (see Fig. 2) of the track. The color bars denote the anomalies
from the planes and M3C2 distances, respectively, in m. Note that the axes are turned 90° conforming to Fig-

ure 2.

0 in its straight section with apparent greater vari-
ability in some parts of the curve and towards the
buffer stop at the end. The standard deviations of
the tilt values, extracted from the point cloud, are
on the order of 0.1 deg, corresponding to 3.3 mm for
the superelevation.

We do not display the longitudinal tilt v here, as the
estimates were non-significant due to the low gradi-
ent (about 0.6 m height change over the entire ROI,
i.e., less than 1.5%¢ or 0.06 deg) and standard devia-
tion of about 0.08 deg of the estimates.

Like the percentages (Fig. 4a), the average positive
anomalies (Fig. 4c) include the rails and are thus bi-
ased. Figure 4c indicates some patches with much
higher values than the surrounding ones. This may
point at actual ballast problems, as e.g., for patch
2 (see above). However, the values are difficult to
interpret, because they are mostly around 0.10 m
while the height of the rails is about 0.17 m, and ex-
cellent ballast conditions could result both in mean
positive anomalies close to 0.17 m (if the rails are
the only anomalies) or much lower values (if the

ballast surface is at nearly the same height as the
sleepers, and scanning noise and ballast roughness
result in a relatively large number of small posi-
tive anomalies). We leave it for future work to
solve this problem by improved segmentation of the
point clouds such that rails and ballast can be distin-
guished in the analysis.

The mean negative anomalies (Fig. 4d) are not af-
fected by the rails. Most of them are around 0.04 m
and are dominated by the impact of ballast particle
size and scanning noise. Only the strikingly lower
values towards the end of the track clearly indicate
that there may be areas with a lack of ballast or poor
ballast distribution, requiring closer inspection. Fig-
ure 4d also shows that our method is applicable to
railway tracks where the ballast is in general lower
than the sleeper surfaces, as there is always a cer-
tain amount of negative anomalies. However, future
developments of the algorithm may allow offsetting
the planes by a nominal amount along their normal
vectors before calculating anomalies. This will bet-
ter accomodate situations, where the nominal bal-
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Figure 4. a) Percentage of anomalies from the de-
rived plane with a threshold distance to the plane
of 0.03 m for the 2016 data (blue), the 2020 data
with the plane equation of 2016 (orange) and the
2020 with a new derived plane (green) for each
patch. b) Lateral tilt ¢. ¢) Average anomaly of all
anomalies above the plane. d) Average anomaly of
all anomalies below the plane. e) The height differ-
ence between 2016 and 2020 of the center points of
each patch. Patch 1 and 2 from Figure 3 are indi-
cated with grey bars.

last surface does not coincide with the envelope of
the sleepers.

Last, the height changes AU, (Fig. 4¢e) of the planes
between 2016 and 2020, representing the patch-
wise estimates of the height changes of the sleepers
and thus rails, overall indicate only small changes
except for the last about 150m of the track, where
the track has been lowered by up to 2cm. Consider-
ing the standard deviations of the estimated values,
the underlying real height changes are likely smooth
along the track except for very few locations (e.g.,
around 50, 260 or 340m), which might need a closer
inspection. The accuracy of these estimates is af-
fected by the uncertainty of the point cloud regis-
tration and georeferencing, potentially resulting in
some long-wavelength biases of the estimated val-
ues AUy. Further research is needed to properly
quantify those and take them into account for the
assessment of the results.

5 Discussion and conclusion

The method presented in this study supports the
monitoring of railway tracks with a focus on assess-
ing geometric ballast conditions. As a point-cloud
based method it allows combining documentation
with a variety of quantitative analyses. The under-
lying assumptions are that (i) the surface of consec-
utive sleepers approximate a plane sufficiently well,
(ii) changes of this plane over time correspond to
changes of the rails and track, (iii) significant devi-
ations of points of the track surface from this plane
(except the rails) indicate potential ballast problems,
(iv) the point cloud data contain a sufficient number
of points from the surface of the sleepers, and (v)
the point clouds are correctly segmented into sleeper
and non-sleeper points.

In our view, a key strength of the proposed method,
and an advantage over established point-cloud de-
formation analysis approaches like M3C2, is that it
allows assessing the state of the track ballast even
with scan data from a single epoch or with dif-
ferent data acquisition parameters between epochs.
Additionally, the results may be easier to interpret
than standard point cloud differences. Although this
method can only complement and not replace regu-
lar track diagnosis (which requires determining the
geometry of the loaded track with very high accu-
racy), it may help railway operators detect problems
and plan maintenance measures early. Furthermore,
it may help to gain a better understanding of cer-
tain phenomena (e.g., voids beneath sleepers, or bal-
last flow). We anticipate that ballast scans might be
most useful if carried out once or a few times be-
tween consecutive diagnostic surveys, i.e., once per
4 to 12 weeks within SBB’s network, depending on
the use and conditions of the track.

The study case presented in Sections 3 and 4 served
to demonstrate the main ideas of the approach, pro-
vide an impression of its potential benefits, and
identify needs for further research. We have iden-
tified several points for potential improvement and
necessary further investigations by ourselves and
others. One of these areas is the point cloud seg-
mentation, which should be versatile enough to
correctly identify (i) sleeper points and (ii) rail
points for all relevant track configurations (material
and shape of the sleepers, distance between sleep-
ers, type and conditions of ballast, crossings and
switches); this can be based on point cloud geom-
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etry and intensities, but may also have to include
RGB images or even prior knowledge about the
track. Another area requiring further research is the
optimum choice of patch shape, patch size, thresh-
olds for calculation and interpretation, as well as
their relation to ballast chip size, point cloud noise,
and other potentially relevant parameters. Finally, it
will be required to automate the joint assessment of
the point-cloud based results, possibly in combina-
tion with image analysis, and to classify identified
track problems or confirmation of good track condi-
tions in a way to support planning and operation of
network maintenance.

Herein, we only used ALS data. However, the algo-
rithms proposed are agnostic regarding the source
of the point clouds, and we anticipate that it will
be possible to apply them to data from e.g., air-
borne photogrammetry, UAV-based photogramme-
try, UAV-based LiDAR, or train-based LiDAR. The
plane-based approach and the proposed indicators
allow a comparison between epochs even if the data
have been acquired with different acquisition pa-
rameters (Table 1) or even with different point cloud
sensor technologies and platforms. This may facil-
itate efficient data acquisition and quality assurance
in the future by combining data from track inspec-
tion with a diagnostic vehicle and fully autonomous
UAV flights. With this flexibility and the potential
to provide relevant information with high techni-
cal quality and operational efficiency, we expect the
proposed method to be a foundation for future, auto-
mated railway track ballast monitoring contributing
to enhanced railway infrastructure management.
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