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Abstract: Having access to accurate and recent digital twins of infrastructure assets benefits the
renovation, maintenance, condition monitoring, and construction planning of infrastructural projects.
There are many cases where such a digital twin does not yet exist, such as for legacy structures.
In order to create such a digital twin, a mobile laser scanner can be used to capture the geometric
representation of the structure. With the aid of semantic segmentation, the scene can be decomposed
into different object classes. This decomposition can then be used to retrieve CAD models from a
CAD library to create an accurate digital twin. This study explores three deep-learning-based models
for semantic segmentation of point clouds in a practical real-world setting: PointNet++, SuperPoint
Graph, and Point Transformer. This study focuses on the use case of catenary arches of the Dutch
railway system in collaboration with Strukton Rail, a major contractor for rail projects. A challenging,
varied, high-resolution, and annotated dataset for evaluating point cloud segmentation models in
railway settings is presented. The dataset contains 14 individually labelled classes and is the first of
its kind to be made publicly available. A modified PointNet++ model achieved the best mean class
Intersection over Union (IoU) of 71% for the semantic segmentation task on this new, diverse, and
challenging dataset.

Keywords: semantic segmentation; point cloud; railway infrastructure; deep learning; terrestrial

laser scanner; catenary arch

1. Introduction

Renovation, maintenance, condition monitoring, and construction of infrastructural
projects demand assessments of the current situation [1]. These processes are necessary
for the evaluation of the existing situation, possibly leading to advice for re-designing
aspects such as structural integrity, optimisation of traffic flow, and safety. In addition, the
introduction of BIM (Building Information Modelling) and 3D design in general have created
an increased need for accurate, up-to-date, 3D information of existing infrastructure.

Three-dimensional information can easily become outdated as the actual constructed
infrastructure can deviate from the original design plans or can currently exist in an altered
state [2]. Furthermore, blueprints do not always exist with a sufficient level of detail, are
not available in a digital format, or only exist in 2D. These factors underline the need for
accurate, up-to-date, 3D information.

At present, assessments and the subsequent translation to 3D are performed mostly
manually, which is a time-consuming and error-prone task. This has given rise to technology
aimed at automating the digitisation of infrastructure, such as photogrammetry and mobile
laser scanning [3]. Laser scanning is a method that provides immediate 3D geometric
information without any elaborate processing, which is in contrast with photogrammetry;
further, accuracy-wise, laser scanning has better performance over photogrammetry [4].
Another benefit of laser scanning is its independence of illumination, which means spe-
cialised measuring trains can operate at night when the utilisation of the rail network is
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lower. A downside of laser scanning is the high cost of measurement devices compared
to vision-based systems and the unstructured nature of the data. We believe the bene-
fits of laser scanning outweigh its downsides; therefore, this technique was chosen for
this application.

This paper evaluates several state-of-the-art approaches to semantic segmentation
for the digitisation of infrastructure through a use case of railway catenary arches in the
Netherlands. Catenary arches are the supporting structures above the railway track that
carry the power lines for the trains, see Figure 1. The catenary system in the Netherlands
consists of a variety of new and legacy arches, with custom and standardised components
being mixed. Digitising the physical arches into their 3D, digital counterparts is an ongoing
task. As part of this undertaking, mobile laser scans have been made of a small piece of
railway track in the Netherlands (see Section 3).
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Figure 1. An example of a catenary arch (not in dataset) that shows the labels of the majority of the
classes (own work).

Supervised semantical segmentation of the scanned scene provides a starting point for
digitisation. In turn, these segments can be matched to individual components from a CAD
library to create a full digital twin of the scene. This paper considers three state-of-the-art
approaches, which semantically segment a dataset of catenary arches in the Netherlands,
and compares their efficacy. Specifically, we address variations on PointNet++ [5], an imple-
mentation of SuperPoint Graph [6], and Point Transformer [7]. PointNet++ is considered as
it has been a milestone in applying deep learning to point clouds. A catenary arch can be
seen as a set of geometrically placed objects, which fits well with the objective of SuperPoint
Graph to encode geometrical relations. The third method chosen is Point Transformer, as
this was the first method to break the 70% mean Intersection over Union (mIoU) threshold
on the S3DIS dataset [8]. Finally, implementation availability of code was taken into account
when selecting these methods.

The remainder of this article is organised as follows. First, existing work on semantic
segmentation in point clouds is described (Section 2). This is followed by a description of
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the dataset (Section 3). Next, the methodology for comparing the semantic segmentation
techniques is described (Section 4). Thereafter, the results and discussions (Section 5) are
provided. The discussion contains valuable pointers for future work and highlights the
importance of explainable artificial intelligence. Finally, the conclusion and outlook for
future work (Section 6) complete the article.

2. Related Work

Point clouds have vast applications in different areas of science and engineering
such as the construction industry [9], digital photogrammetry [10], surveying [11], and
robotics [12]. Therefore, many survey papers [13-18] have been written to compare different
point-cloud-based machine learning models both technically and empirically.

Liu et al. [16] compared various deep-learning-based algorithms for different point
cloud tasks, such as classification, segmentation, and object detection. The algorithms
were divided into two categories, namely, raw point-cloud-based methods and tree-based
deep learning. The raw point-cloud-based methods use the points directly as an input
for training a deep learning model. The tree-based algorithm first forms a k-dimensional
tree [19] (or kd-tree in short) representation of the raw point clouds. Local and global
cues imposed by this tree structure can be exploited to progressively learn representation
vectors [20]. An extensive empirical comparison of the performance of these models for a
large number of benchmark datasets was also reported [16]. However, these datasets do
not include railway catenary systems.

In a recent paper, Guo et al. [15] provided a comprehensive survey of deep learning
methods for different point cloud tasks. The methods were categorised according to the
three tasks associated with point clouds, namely, shape classification, object detection and
tracking, and segmentation. The methods for each of these classes were further classified
into different categories such as projection-based, point-based, object detection, object
tracking, scene flow estimation, semantic segmentation, instance segmentation, and part
segmentation ([15], Figure 1). Guo et al. not only briefly described the datasets but also
commented on evaluation metrics. Furthermore, a chronological overview of the methods
for all three categories was also given. The algorithms are empirically compared via
different standardised metrics using benchmark datasets.

Although the surveys described above are comprehensive in describing the algorithmic
advancement concerning various tasks related to point cloud data, they lack the aspect
of one dataset, namely, datasets related to railway infrastructure. In the remainder of
this section, the literature on point clouds related to railway infrastructure is surveyed.
The reader should be warned that the performance metric used by various authors is not
consistent—F1-score, accuracy, and mloU are all used.

Arastounia used a high-density point cloud covering 550 m of Austrian railroad for
segmenting individual catenary components [21]. A heuristic method was employed
for this task based on the local neighbourhood structure, the shape of objects, and the
topological relationship between objects. Each of the objects being segmented had a
different model. The first step towards segmentation was detecting the track bed, which
acted as a reference base for detecting the other components such as tracks, poles, and
wires. In total, six different objects were segmented, with an average accuracy of 96.4%
being obtained.

Chen et al. [22] used a more data-driven approach towards segmentation of catenary
arches. Their approach starts by extracting line primitives at three different scales from the
point cloud data. These line primitives are then used for training a hierarchical Conditional
Random Field (CRF) model. A total of ten different objects were segmented with an overall
accuracy of 99.67%.

Soilan et al. compared two deep-learning-based approaches, PointNet [23] and KP-
Conv [24], for the task of segmenting railway tunnels [25]. Four classes were defined:
tunnel lining, tracks, wires, and ground. The PointNet model achieved an average F1-
score of 86.7% and the KPConv approach achieved an average Fl-score of 87.2%. It is
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surprising that no data augmentation methods were used because the number of samples
is small. An additional surprise is the low Fl-score on segmenting the tracks, which have
a very consistent geometric shape. This low score is attributed to labelling errors by the
original authors.

The works of Chen et al. and Lin et al. share the same dataset [26,27]. This dataset
was collected using a mobile, 2D laser scanning device mounted on a cart moving along
the railway track to collect data. The data consist of sequences of 2D slices, which are
perpendicular to the direction of the railway track. The sensor location is constrained to
the track, making it very easy to define a constrained search area. We hypothesise that
the variation within the captured railway catenary system is small, resulting in highly
accurate results for both works. Due to the sequential nature of the data, Chen et al. opted
to use a Recursive Neural Network (RNN) [26]. First, each of the slices is partitioned into non-
overlapping regions of points using an iterative point partitioning algorithm. After this,
PointNet [23] is used to derive local features from these regions. Thereafter, an RNN based
on Long Short-Term Memory (LSTM) architecture is used to segment the points. Seventeen
classes of catenary components are defined for the segmentation task. Obtained accuracies
in terms of mloU were extremely high, even smaller components such as droppers and
suspension insulators achieved scores of 90.8% and 97.8%, respectively. The approach
of Lin et al. [27] to segment the point clouds into individual catenary components is by
first classifying each of the slices into one of the following categories: wires, droppers, or
poles [27]. After this, adjacent slices with the same category are grouped together. For each
of the groups, a different deep-learning-based segmentation model is trained. In total, eight
classes were segmented, and a mean accuracy of 97.01% was achieved.

We hypothesise that the majority of the work on semantic segmentation of catenary
systems rely on data from scenes with little variation. To determine the robustness of the
segmentation models, the work presented here depends on a dataset with a large variety of
catenary arches. In addition, a large number of components (14) is segmented.

3. Catenary Arch Dataset

This section details the process of creating the catenary arch dataset. First, the acquisi-
tion of the raw data is described. Thereafter, arch localisation, cropping, and labelling are
addressed. Finally, a summary of the dataset, both visual and textual, is provided.

3.1. Acquisition

To the best of our knowledge, there are no publicly available point cloud datasets of
railway catenary arches. Therefore, our work is based on a dataset provided by Strukton
Rail, containing an 800 m stretch of railway track near Delft, the Netherlands containing
15 catenary arches, which has been digitised into a point cloud. The point cloud data were
collected with a Trimble TX8 laser scanner using the level 2 operation mode. This model
has a scan duration of three minutes and a point spacing of 11.3 mm at 30 m. Points are
referenced within the Rijksdriehoeksstelsel [28] coordinate system, a national standard
coordinate system of the Netherlands.

3.2. Arch Localisation

The scanned stretch of railway track was made available by the data provider in four
chunks of data. A semi-automated method was used to detect the location of the catenary
arches within these chunks of data. This method follows a similar approach as described
by Zhu et al. [29] and Corongiu et al. [30]. The method is based on the assumption that
poles are represented by a dense volume in the z-direction.

Our method first downsamples each chunk of data using a voxel filter with a cell size
of 10 cm. This cell size enables the detection of poles and reduces the computational load.
After that, the scene is flattened to a two-dimensional grid by summing in the z-direction.
The grid size used is 20 cm. This two-dimensional representation is written to disk as a
greyscale image. Within these images, pole locations are clearly visible because of their
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high-intensity values. The procedural steps of arch localisation within a larger scene are
depicted in Figure 2. Other elements such as trees or signalling posts also produce high-
intensity regions in the image. Therefore, pixel coordinates of the outer catenary poles
are manually selected and are used to define a rectangular crop region with a padding of
2 m around the catenary arch. The major axis of the rectangular crop coincides with the
line being defined by the poles of the catenary arch. Each of the arches is cropped from
the larger chunk of data and stored individually in an LAS file [31]. After this, each of the
samples is manually labelled into 14 different classes. Labelling was performed by five
students and one senior researcher. The classes labelled are as follows: top bar, pole, drop
post, top tie, bracket, pole foundation, steady arm, contact wire, stitch wire, wheel tension
device, dropper, messenger wire support, insulator, and unlabelled.

» Voxelise data « Threshold » Detect lines + Apply mask
* Sum in z-direction + Morphological + Use as mask + Find high z-values
operations

Figure 2. Processing steps for locating catenary arches within a large scene.

3.3. Data Summary

A summary of the data is provided in Table 1. It shows that the number of points in a
catenary arch ranges between 1.6 and 11 M points. In total, the dataset contains roughly
55.4 M points. Not all classes are always present in each sample; for instance, tension
wheels are only needed every few arches and, thus, occur less frequently in the dataset.

Table 1. Statistical description of the dataset.

Arch Name Points Classes (out of 14)
0 01_01 1,586,927 13
1 01_02 2,147,546 13
2 01_03 2,664,907 13
3 02_01 11,112,574 13
4 02_02 2,415,930 11
5 02_03 4,362,055 11
6 02_04 5,257,501 11
7 03_01 2,787,253 12
8 03_02 6,782,568 10
9 03_03 1,973,730 6
10 03_04 6,582,344 11
11 04_01 2,271,179 11
12 04_02 1,673,804 11
13 04_03 1,598,090 11
14 04_04 2,183,600 12

A graphical overview of the entire dataset is provided in Figure 3. Some arches still
have the track bed present; this is due to the fact that different individuals labelled the data.
Some samples had the ground removed using an approximate progressive morphological
filter [32]. The overview also clearly shows the large variation of catenary arches. For
example, some arches span two adjacent tracks whilst others span four adjacent tracks.
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Figure 3. Overview of the dataset. Note the large variation of catenary arch types present in
the dataset.

The dataset has a large imbalance in the distribution of the classes, which is inherent
to the type of object, see Figure 4. The three largest classes (unlabelled, pole, and top bar)
jointly constitute 72.3% of the points in the dataset. On the other hand, the three smallest

classes (dropper, stitch wire, and wheel tension device) constitute only 1% of the dataset.

40 1

30 A

Occurance (%)

Figure 4. Normalised class distribution after the voxel centroid nearest neighbour filter is applied.
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4. Methodology

Three different deep learning models are evaluated with regards to the semantic
segmentation task of point clouds. The models evaluated are PointNet++, SuperPoint
Graph, and PointTransformer. The first subsection describes the general pre-processing of
the data, augmentation procedures, and the metric used for evaluation. The subsections
following this describe the details of each of the three individual models.

4.1. General Pre-Processing

Point clouds collected using a mobile laser scanner have a non-uniform density where
the density decreases as the distance from the laser scanner becomes larger. In pursuit of a
uniform density within each sample, each of the samples is downsampled using a voxel
centroid nearest neighbour filter with a cell size of 1 cm. A centroid nearest neighbour
approach is used to preserve the local point density distribution within a cell.

Each of the samples is normalised by centring the scene to the midpoint of the data
span. In addition, a scaling factor is used to limit the range of coordinate values between
—1 and 1. Taking into consideration the maximum dimension of a catenary arch in the
dataset as 24 m and adding 3 m of safety margin, the resulting maximum dimension would
be 27 m. Therefore, the appropriate scaling factor to limit coordinates between —1 and 1 is
set to 13.5 m (half of the maximum dimension).

To increase the robustness of the models and to artificially increase the variations of
the data seen by the models, various data augmentation techniques are used. The following
three augmentations are sequentially applied to the input point cloud.

1.  Uniform random rotation between —180° and 180° of the points around the z-axis;

2. Uniform random translation of the point coordinates between —1 m and 1 m in
all directions;

3. Adding random noise to the points. The random noise is selected from a truncated
normal distribution with a mean of zero, a standard deviation of 2 cm, and truncated
at =5 cm.

The parameters for the additive noise are chosen based on intuition and the facts
that the laser beam has a width of 10 mm at 30 m and the smallest object (insulator) for
segmentation has a maximum dimension of ~30 cm.

A summary of the processing steps described previously is provided in Figure 5.

Raw arch
data
Voxel centroid
nn-filter

Centre scene
to (0,0,0)

Fixed scaling
to &~ (£1,£1, +1)

Augment data

Select random
seed point
Select 4096
nearest neighbours

|

[Point Transformer]

Random downsample
to 131,072 points

PointNet++

Figure 5. Overview of the processing steps, from the raw arch data to the data fed to the machine
learning model.

As the number of samples of the dataset is limited, a leave-one-out cross-validation
procedure is used. In total, 14 different components are segmented within the scene. The
mean Intersection over Union (mloU) per class is used as a performance metric. This metric
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weighs all the classes equally and is independent of the class size. It should be noted that
not all components are always present in each sample. As an additional overall metric, the
mean of the mIoU across all samples is reported.

As the dataset has a large class imbalance, each of the models is also trained with a
loss function that incorporates the class weights—that is, classes that are rare will have a
higher weight compared with the more common classes.

The models are trained on a desktop computer with 64 GB of RAM, an AMD Ryzen
Threadripper 2950X CPU, and two NVIDIA TITAN V GPUs with 12 GB of memory each.

4.2. PointNet++

The data pre-processing for the PointNet++ models follows the procedure outlined
in the previous section. To ensure a fixed number of points per sample, the pre-processed
point cloud is randomly downsampled to 131,072 (2!7) points. This number of points still
shows sufficient density for the smaller objects in the scene such as insulators, and also
allows for a small batch size of four. This means the benefits of batch normalisation [33] can
still be reaped. A limiting factor to the number of points sampled is the available memory
on the GPU. The normalisation method described in the previous section deviates from the
original PointNet++ work, which scales each individual sample to a unit circle. A fixed
scaling factor is used since the model does not need to learn to be scale-independent. As a
baseline, a vanilla PointNet++ [5] model is trained to perform the semantic segmentation
task. After the baseline is established, the PointNet++ model is modified to enhance the
segmentation of smaller objects within the scene.

This modification consists of adding an additional set abstraction level to the model.
The parameters are set such that they are in line with the sequence of the other parameters.
The number of points is set to 2048, the radius is set to 0.05, and the size of the multi-layer
perceptron is set to [16,16, 32].

The steps per epoch are set to 4, which ensures that the model has encountered all
training samples at least once during each epoch. The training parameters are selected
based on preliminary explorative research. The model is trained for 400 epochs with a
learning rate of 0.01 followed by 200 epochs with a learning rate of 0.001. The choice was
made to use a fixed number of epochs because with the leave-one-out approach there is no
validation set, which can be used to determine an early stopping trigger.

4.3. SuperPoint Graph

The SuperPoint Graph (SPG) [6] method first geometrically partitions the input cloud
into individual segments using an unsupervised global energy model. These segments are
referred to as superpoints in the article and represent the nodes of the graph. Nodes are
connected by edges that have feature attributes such as volume and surface ratios of the
two nodes being connected. The features and the superpoints are then used as input to a
neural network.

Calculations of some of these edge features make use of the Quickhull algorithm [34].
Due to calculation imprecision and given the complex structure of the input point clouds,
the algorithm is not always able to calculate the convex hull of the point cloud. In our
case, it was not possible to create the graph in five out of the fifteen arches. An envisioned
solution to overcome the imprecision issue is by enabling the ‘joggle input’ option of the
Quickhull tool. This option randomly perturbs the input point cloud before running the
Quickhull algorithm.

Considering that only a small part of the dataset can be used, the derived results
would not be representative. Together with the fact that the generation of the graphs
is computationally expensive, the decision was made not to include the results of the
SuperPoint Graph in this article.



Sensors 2023, 23, 222

9of 14

4.4. Point Transformer

Self-attention networks [35] are a major milestone in the area of deep learning. These
networks made a significant impact in the areas of computational linguistics [36] and
computer vision [37]. The goal of the Point Transformer model is to apply the concept of
self-attention to point clouds.

In contrast to the PointNet++ model, this model is trained on subsets of the catenary
arch. A subset is created by selecting a random point within the arch together with its
nearest neighbours. A k-d tree is used to efficiently query the nearest neighbours of
a point—in this implementation, 4096. During each training step, an arch is selected
at random from which to draw the subset of points. To compensate for the fact that
not all arches contain the same number of points, the probability of choosing an arch is
proportional to the number of points in the arch.

The training parameters are selected based on preliminary explorative research. The
model is trained for 100 epochs with 100 steps per epoch. The initial learning rate is 0.1,
which is decreased to 0.01 after 60 epochs and decreased once more to 0.001 after 80 epochs.
A batch size of 32 is used.

5. Results and Discussion

The mloU per class for both the PointNet++ model and the Point Transformer model
can be seen in Table 2. The numbers in bold indicate the highest scores. The classes are
ordered subjectively based on size from large to small.

Table 2. Per-class mIoU compared for the vanilla PointNet++ model, the modified PointNet++ model,
and the Point Transformer model (standard deviations between parentheses). The term nw refers to
non-weighted losses and iw refers to inversely weighted losses.

PointNet++ Point Transformer
Class Vanilla Modified Vanilla
nw iw nw iw nw iw
unlabelled 0.63 0.63 0.69 0.67 0.73 043
top bar 0.73 0.73 0.80 0.78 0.78 0.70
pole 0.81 0.81 0.83 0.82 0.89 0.76
drop post 0.77 0.77 0.81 0.79 0.80 0.64
top tie 0.42 0.59 0.83 0.79 0.32 0.20
bracket 0.59 0.74 0.88 0.82 0.33 0.26
pole foundation 0.60 0.60 0.67 0.66 0.74 0.48
steady arm 0.54 0.54 0.58 0.58 0.70 0.63
contact wire 0.65 0.65 0.69 0.68 0.71 0.69
stitch wire 0.60 0.67 0.71 0.68 0.58 0.60
wheel tension device 0.52 0.44 0.70 0.76 0.07 0.09
dropper 0.31 0.31 0.51 0.46 0.54 0.39
messenger wire supp. 0.45 0.52 0.69 0.64 0.73 0.50
insulator 0.33 0.38 0.48 0.46 0.76 0.58
class mean 0.57 0.60 0.71 0.69 0.62 0.50
(0.15) (0.14) (0.12) (0.12) (0.22) (0.20)
sample mean 0.58 0.60 0.68 0.66 0.65 0.50
(0.10) (0.10) (0.12) (0.11) (0.15) (0.11)

It is challenging to objectively compare the performance of both models as they are
trained using two different methods of feeding in the input data. The PointNet++ model
trains on the downsampled version of the entire arch, whereas the Point Transformer trains
on subsets of individual arches.

Overall, the modified PointNet++ model has the best performance in terms of mean
class and mean sample accuracy. On the other hand, when counting the best performing
metrics, the Point Transformer model is clearly superior. It performs best for eight out
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of the fourteen classes, with its performance entirely pulled down by the following three
classes: top tie, bracket, and wheel tension device.

It is surprising that even with a small number of samples during training, good results
can be obtained. This can be attributed to the fact that most of the catenary arch components
have a well-defined geometrical structure, which does not vary between instances. This
might also explain the fact that applying class weights to the loss function does not give a
significant performance boost for the case of the PointNet++ model. In contrast, the Point
Transformer model shows a large gap in performance when comparing the weighted and
non-weighted results. It is unknown why this is the case.

One of the difficulties of using this dataset is the large differences in the sizes of objects,
which require segmentation. For instance, an insulator measures approximately 30 cm
and a top-bar might measure approximately 24 m, which is a factor of 80 difference with
respect to the size of the insulator. This difficulty translates into the fact that large objects
are segmented more accurately compared with smaller objects. The modified PointNet++
model shows an improvement in terms of class mloU for the smaller components such as
the droppers, messenger wire supports, and insulators.

The dataset contains an unlabelled class, which contains all points that do not fall
into one of the other categories. Even though the models are able to correctly classify
this class to a certain extent, it is difficult to understand how it does so. Does it learn to
recognise the large variety of features associated to the unlabelled class? Or does it learn the
process of elimination—that is, if a point does not belong to one of the thirteen other classes,
then must it be an unlabelled point? These questions highlight the necessity of explainable
artificial intelligence [38] to discover the hidden, underlying functionality of such models.

Exploring the explainability of a deep learning model is a challenging task on its
own [39-42]. As a preliminary step, we focused on the shape and location of an object
since these two aspects are most important for the semantic segmentation task. We applied
transformations such as translation and rotation to the example dataset and measured the
segmentation performance of the PointNet++ based deep learning model. The preliminary
results indicate that shape has an almost negligible effect on the segmentation performance.
Changing the object’s location significantly affects the performance (these results can be
found in the student paper [43]). We are currently devising more experiments to explore
the explainability and robustness of the model.

Another interesting question that arises when trying to segment a large number of
classes is whether the performance degrades when the number of classes is large. Addition-
ally, it is hypothesised that having dedicated models for each individual class is beneficial.

When comparing the per-class mloU of both models, the wheel tension device stands
out, which the PointNet++ model is still able to segment reasonably well. On the other hand,
the Point Transformer model has poor performance for this class. This could be caused by
the unique shape of the wheel tension device, which is circular, flat, and symmetrical. This
is another example where explainability of the model can aid in the understanding.

6. Conclusions

This work evaluated three deep-learning-based point cloud segmentation methods
(PointNet++, SuperPoint Graph, and Point Transformer) in a real-world scenario. A custom
dataset containing high-resolution point cloud scans of catenary arches was collected for
this application. The arches were manually labelled into 14 different classes. To the best of
our knowledge, this is the first high-resolution point cloud dataset of catenary arches that
is available to the public.

Overall, the modified PointNet++ model performed best, achieving an average class
mloU of 71%. However, when counting the number of best-performing metrics, the non-
weighted Point Transformer is superior. Its mean class performance was dragged down by
just a few classes. The SuperPoint Graph model was not deemed appropriate for this use
case as it was very prone to calculation imprecision and had high computational demands.
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To counter the substantial class imbalance of the dataset, the models were also trained
using class weights. Surprisingly, this had a negligible effect on the result for the PointNet++
models, yet for the Point Transformer model it was destructive.

Outlook

Semantic segmentation of railway scenes provides a crucial stepping stone towards
automated condition monitoring. For instance, the work of Burton and Heuckelbach is
focused on vegetation monitoring [44]. Their work uses point cloud data to assess the risk
of trees falling on the railway track. With the help of semantic segmentation, the track,
masts, wires, relay cabinets, and other assets can be identified and the risk of a falling tree
can be evaluated per object type.

Other opportunities arise when wires are also part of the semantic segmentation
process. This enables monitoring parameters such as sag and stagger [45,46] of wires.

If catenary masts are part of the segmentation process, their tilt can automatically be
determined [47]. Maintenance can be planned if certain thresholds for tilt are exceeded.
Measuring the same piece of track at multiple epochs leads to an even more advanced
maintenance paradigm: predictive maintenance. For instance, in the case of mast tilt, it
would be possible to determine a tilt velocity. This can be used to make projections in the
future and can aid the creation of optimal maintenance plans.

A bottleneck for semantic segmentation in real-world scenarios is the availability of
labelled data. Creating such a dataset is tedious, time-consuming, and prone to human
errors as the classes are manually labelled. These datasets also tend to be inflexible. For
instance, adding a new class would require another iteration of manual labelling. To
address this issue, the possibility of a more model-driven approach, where models from
an existing CAD library are used, can be explored. For instance, Vock et al. proposed a
robust method for template matching within point clouds [48]. In our case, the templates
can be generated from existing CAD libraries [49]. Such an approach could be feasible as
components of the catenary arch have strong geometric shapes. An alternative approach
is to use an active learning paradigm [50] for reducing the labelling cost. It is possible to
leverage the trained model in this feat for the human-in-loop approach. This technique has
been applied successfully for image classification tasks [51] and also object detection in
point clouds [52]. Given the additional computational challenge, exploring its applicability
for point cloud segmentation opens new possibilities for research.

The current dataset was collected using a mobile laser scanner mounted on a tripod;
such a solution would not be viable when moving towards a more production-ready
solution. Therefore, the segmentation models should also be evaluated on data captured by
a train-mounted mobile laser scanner. This poses new challenges such as lower resolution,
shadow effects, and merging data together from multiple trajectories.

To further improve the segmentation quality, the possibility of adding additional
features such as colour and intensity values should be explored. The current work only
considers cropped out arches, further research should focus on segmenting entire rail-
way scenes.

Author Contributions: Conceptualisation, B.T., FA. and ].L.; methodology, B.T., FEA. and J.L.; soft-
ware, B.T.; validation, B.T.; formal analysis, B.T.; investigation, B.T.; data curation, B.T.; writing—original
draft preparation, B.T.; writing—review and editing, B.T., FA. and J.L.; visualisation, B.T. and FA.;
supervision, J.L.; project administration, J.L.; funding acquisition, J.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was mainly supported by collaboration with Strukton Rail (https:/ /strukton.
com/en/rail (accessed on 25 December 2022)) in a project called ‘Digitalisatie Bovenleidingen en
Draagconstructies’, funded by TechForFuture (https:/ /techforfuture.nl (accessed on 25 December
2022)). The APC was funded by the University of Twente.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.


https://strukton.com/en/rail
https://strukton.com/en/rail
https://techforfuture.nl

Sensors 2023, 23,222 12 of 14

Data Availability Statement: The dataset related to this article can be found at https://dx.doi.org/
10.4121/17048816, an online data repository hosted at 4TU.ResearchData [53].

Acknowledgments: Student work by Mani Salahmand, Egbert Dijkstra, Floris Verburg, Zino Vieth,
Benjamin Bakir, Job Jonkers, Joey Teunissen, Thomas Tunc and Rehan Ahmed assisted the authors in
attaining the current results.

Conflicts of Interest: The data was collected by Strukton Rail. The authors declare no further conflict
of interest. The funders had no role in the design of the study; the analyses, or interpretation of data;
in the writing of the manuscript; or in the decision to publish the results.

References

1.  Uddin, W,; Hudson, W.R.; Haas, R. Public Infrastructure Asset Management; McGraw-Hill Education: New York, NY, USA, 2013.

2. Tang, P; Huber, D.; Akinci, B.; Lipman, R.; Lytle, A. Automatic reconstruction of as-built building information models from
laser-scanned point clouds: A review of related techniques. Autom. Constr. 2010, 19, 829-843. . [CrossRef]

3. Baltsavias, E.P. A comparison between photogrammetry and laser scanning. ISPRS |. Photogramm. Remote Sens. 1999, 54, 83-94.
[CrossRef]

4. Kalvoda, P; Nosek, J.; Kuruc, M.; Volarik, T. Accuracy Evaluation and Comparison of Mobile Laser Scanning and Mobile
Photogrammetry Data Accuracy Evaluation and Comparison of Mobile Laser Scanning and Mobile Photogrammetry Data. In
IOP Conference Series: Earth and Environmental Science; IOP Publishing: Bristol, UK, 2020. [CrossRef]

5. Qi, C.R; Yi, L; Su, H,; Guibas, L.J. PointNet++: Deep Hierarchical Feature Learning on Point Sets in a Metric Space. In
Proceedings of the 31st International Conference on Neural Information Processing Systems, NIPS’17, Long Beach, CA, USA, 4-9
December 2017; Curran Associates Inc.: Red Hook, NY, USA, 2017; pp. 5105-5114.

6. Landrieu, L.; Simonovsky, M. Large-Scale Point Cloud Semantic Segmentation with Superpoint Graphs. In Proceedings
of the 2018 IEEE/CVF Conference on Computer Vision and Pattern Recognition, Salt Lake City, UT, USA, 18-23 June 2018;
pp. 4558-4567. [CrossRef]

7. Zhao, H,; Jiang, L, Jia, J.; Torr, PH.; Koltun, V. Point Transformer. In Proceedings of the IEEE/CVF International Conference on
Computer Vision (ICCV), Montreal, QC, Canada, 10-17 October 2021; pp. 16259-16268.

8. Armeni, I; Sener, O.; Zamir, A.R.; Jiang, H.; Brilakis, I.; Fischer, M.; Savarese, S. 3D Semantic Parsing of Large-Scale Indoor Spaces
Supplementary Material. In Proceedings of the 2016 IEEE Conference on Computer Vision and Pattern Recognition (CVPR), Las
Vegas, NV, USA, 27-30 June 2016; pp. 1534-1543.

9.  Wang, Q.; Kim, M.k. Applications of 3D point cloud data in the construction industry: A fifteen-year review from 2004 to 2018.
Adv. Eng. Inform. 2019, 39, 306-319. [CrossRef]

10. Callahan, M.A ; LeBlanc, B.; Vreeland, R.; Bretting, G. Close-Range Photogrammetry with Laser Scan Point Clouds; Technical Report;
SAE Technical Paper: Warrendale, PA, USA, 2012.

11.  Valero, E.; Bosché, E.; Forster, A. Automatic segmentation of 3D point clouds of rubble masonry walls, and its application to
building surveying, repair and maintenance. Autom. Constr. 2018, 96, 29-39. [CrossRef]

12.  Mabhler, J.; Matl, M,; Satish, V.; Danielczuk, M.; DeRose, B.; McKinley, S.; Goldberg, K. Learning ambidextrous robot grasping
policies. Sci. Robot. 2019, 4, eaau4984. [CrossRef] [PubMed]

13.  Bello,S.A.; Yu, S.; Wang, C.; Adam, ].M.; Li, J. Review: Deep Learning on 3D Point Clouds. Remote Sens. 2020, 12, 1729. [CrossRef]

14. Burume, D.M.; Du, S. Deep Learning Methods Applied to 3D Point Clouds Based Instance Segmentation: A Review. Preprints
2021, 2021110228. [CrossRef]

15.  Guo, Y.; Wang, H.; Hu, Q.; Liu, H,; Liu, L.; Bennamoun, M. Deep learning for 3D point clouds: A survey. IEEE Trans. Pattern Anal.
Mach. Intell. 2020, 43, 4338-4364. [CrossRef]

16. Liu, W,; Sun, J.; Li, W,; Hu, T.; Wang, P. Deep Learning on Point Clouds and Its Application: A Survey. Sensors 2019, 19, 4188.
[CrossRef]

17.  Liu, S.; Zhang, M.; Kadam, P.; Kuo, C.C.J. Deep Learning-Based Point Cloud Analysis. In 3D Point Cloud Analysis; Springer:
Berlin/Heidelberg, Germany, 2021; pp. 53-86.

18.  Zhang, J.; Zhao, X.; Chen, Z.; Lu, Z. A review of deep learning-based semantic segmentation for point cloud. IEEE Access 2019,
7,179118-179133. [CrossRef]

19. Bentley, ].L. Multidimensional binary search trees used for associative searching. Commun. ACM 1975, 18, 509-517. [CrossRef]

20. Zeng, W.; Gevers, T. 3DContextNet: K-d tree guided hierarchical learning of point clouds using local and global contextual cues.
In Proceedings of the European Conference on Computer Vision (ECCV) Workshops, Munich, Germany, 8-14 September 2018.

21. Arastounia, M. Automated Recognition of Railroad Infrastructure in Rural Areas from LiDAR Data. Remote Sens. 2015,
7,14916-14938. [CrossRef]

22.  Chen, L; Jung, J.; Sohn, G. Multi-Scale Hierarchical CRF for Railway Electrification Asset Classification From Mobile Laser
Scanning Data. IEEE . Sel. Top. Appl. Earth Obs. Remote Sens. 2019, 12, 3131-3148. [CrossRef]

23. Charles, R.Q.; Su, H.; Kaichun, M.; Guibas, L.J. PointNet: Deep Learning on Point Sets for 3D Classification and Segmentation. In

Proceedings of the 2017 IEEE Conference on Computer Vision and Pattern Recognition (CVPR), Honolulu, HI, USA, 21-26 July
2017; pp. 77-85. [CrossRef]


https://dx.doi.org/10.4121/17048816
https://dx.doi.org/10.4121/17048816
http://dx.doi.org/10.1016/j.autcon.2010.06.007
http://dx.doi.org/10.1016/S0924-2716(99)00014-3
http://dx.doi.org/10.1088/1755-1315/609/1/012091
http://dx.doi.org/10.1109/CVPR.2018.00479
http://dx.doi.org/10.1016/j.aei.2019.02.007
http://dx.doi.org/10.1016/j.autcon.2018.08.018
http://dx.doi.org/10.1126/scirobotics.aau4984
http://www.ncbi.nlm.nih.gov/pubmed/33137754
http://dx.doi.org/10.3390/rs12111729
http://dx.doi.org/10.20944/preprints202111.0228.v1
http://dx.doi.org/10.1109/TPAMI.2020.3005434
http://dx.doi.org/10.3390/s19194188
http://dx.doi.org/10.1109/ACCESS.2019.2958671
http://dx.doi.org/10.1145/361002.361007
http://dx.doi.org/10.3390/rs71114916
http://dx.doi.org/10.1109/JSTARS.2019.2918272
http://dx.doi.org/10.1109/CVPR.2017.16

Sensors 2023, 23,222 13 of 14

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Thomas, H.; Qi, C.R.; Deschaud, J.E.; Marcotegui, B.; Goulette, F.; Guibas, L. KPConv: Flexible and Deformable Convolution for
Point Clouds. In Proceedings of the 2019 IEEE/CVF International Conference on Computer Vision (ICCV), Seoul, Republic of
Korea, 27 October-2 November 2019; pp. 6410-6419. [CrossRef]

Soilan, M.; Sanchez-Rodriguez, A.; del Rio-Barral, P.; Perez-Collazo, C.; Arias, P; Riveiro, B. Review of Laser Scanning
Technologies and Their Applications for Road and Railway Infrastructure Monitoring. Infrastructures 2019, 4, 58. [CrossRef]
Chen, L.; Xu, C,; Lin, S.; Li, S.; Tu, X. A Deep Learning-Based Method for Overhead Contact System Component Recognition
Using Mobile 2D LiDAR. Sensors 2020, 20, 2224. [CrossRef]

Lin, S.; Xu, C.; Chen, L,; Li, S.; Tu, X. LiDAR Point Cloud Recognition of Overhead Catenary System with Deep Learning. Sensors
2020, 20, 2212. [CrossRef]

Bruijne, A.d.; Buren, ].V.; Marel, H.V.D. Geodetic Reference Frames in the Netherlands; NCG, Nederlandse Commissie voor Geodesie,
Netherlands Geodetic Commission: Delft, The Netherlands, 2005; pp. 1-117.

Zhu, L.; Hyyppa, J. The Use of Airborne and Mobile Laser Scanning for Modeling Railway Environments in 3D. Remote Sens.
2014, 6, 3075-3100. [CrossRef]

Corongiu, M.; Masiero, A.; Tucci, G. Classification of Railway Assets in Mobile Mapping Point Clouds. Int. Arch. Photogramm.
Remote Sens. Spat. Inf. Sci. 2020, XLIII-B1-2,219-225. . [CrossRef]

American Society for Photogrammetry and Remote Sensing. LAS Specification Version 1.4-R13; Technical Report; ASPRS: Bethesda,
MD, USA, 2013.

Zhan, K,; Chen, S.; Whitman, D.; Shyu, M.; Yan, J.; Zhang, C. A progressive morphological filter for removing nonground
measurements from airborne LiDAR data. IEEE Trans. Geosci. Remote Sens. 2003, 41, 872-882. [CrossRef]

Ioffe, S.; Szegedy, C. Batch Normalization: Accelerating Deep Network Training by Reducing Internal Covariate Shift. In
Proceedings of the 32nd International Conference on International Conference on Machine Learning—JMLR.org, ICML'15, Lille,
France, 7-9 July 2015; Volume 37, pp. 448-456. [CrossRef]

Barber, C.B.; Dobkin, D.P; Huhdanpaa, H. The quickhull algorithm for convex hulls. ACM Trans. Math. Softw. 1996, 22, 469-483.
[CrossRef]

Vaswani, A.; Shazeer, N.; Parmar, N.; Uszkoreit, J.; Jones, L.; Gomez, A.N.; Kaiser, L.; Polosukhin, I. Attention is All You Need. In
Proceedings of the 31st International Conference on Neural Information Processing Systems, NIPS’17, Long Beach, CA, USA, 4-9
December 2017; Curran Associates Inc.: Red Hook, NY, USA, 2017; pp. 6000-6010.

Devlin, ].; Chang, M.; Lee, K.; Toutanova, K. BERT: Pre-training of Deep Bidirectional Transformers for Language Understanding.
In Proceedings of the 2019 Conference of the North American Chapter of the Association for Computational Linguistics: Human
Language Technologies, NAACL-HLT, Minneapolis, MN, USA, 2-7 June 2019; Burstein, J., Doran, C., Solorio, T., Eds.; Association
for Computational Linguistics: Minneapolis, MN, USA, 2019; pp. 4171-4186. [CrossRef]

Wang, X.; Girshick, R.; Gupta, A.; He, K. Non-local Neural Networks. In Proceedings of the 2018 IEEE/CVF Conference on
Computer Vision and Pattern Recognition (CVPR), Salt Lake City, UT, USA, 18-22 June 2018; IEEE Computer Society: Los
Alamitos, CA, USA, 2018; pp. 7794-7803. [CrossRef]

Samek, W.; Miiller, K.R. Towards Explainable Artificial Intelligence. In Explainable Al: Interpreting, Explaining and Visualizing
Deep Learning; Samek, W., Montavon, G., Vedaldi, A., Hansen, L.K., Miiller, K.R., Eds.; Springer International Publishing: Cham,
Switzerland, 2019; pp. 5-22. [CrossRef]

Linardatos, P.; Papastefanopoulos, V.; Kotsiantis, S. Explainable Al: A review of machine learning interpretability methods.
Entropy 2021, 23, 18. [CrossRef] [PubMed]

Pan, H.; Wang, Z.; Zhan, W.; Tomizuka, M. Towards Better Performance and More Explainable Uncertainty for 3D Object
Detection of Autonomous Vehicles. In Proceedings of the 2020 IEEE 23rd International Conference on Intelligent Transportation
Systems (ITSC), Rhodes, Greece, 20-23 September 2020; pp. 1-7. [CrossRef]

Zhang, M.; You, H.; Kadam, P; Liu, S.; Kuo, C.CJ. PointHop: An Explainable Machine Learning Method for Point Cloud
Classification. IEEE Trans. Multimed. 2020, 22, 1744-1755. [CrossRef]

Matrone, F; Paolanti, M.; Felicetti, A.; Martini, M.; Pierdicca, R. BubblEX: An Explainable Deep Learning Framework for Point-Cloud
Classification. IEEE ]. Sel. Top. Appl. Earth Obs. Remote Sens. 2022, 15, 6571-6587. . [CrossRef]

Verburg, EM. Exploring Explainability and Robustness of Point Cloud Segmentation Deep Learning Model by Visualization.
Bachelor’s Thesis, University of Twente, Enschede, The Netherlands, 2022.

Burton, T.; Heuckelbach, D. Fugro vegetation control: A remote solution for lineside vegetation management. Perm. Way Inst.
2020, 138, 34-37.

Gutiérrez-Fernandez, A.; Fernandez-Llamas, C.; Matellan-Olivera, V.; Sudrez-Gonzalez, A. Automatic extraction of power cables
location in railways using surface lidar systems. Sensors 2020, 20, 6222. [CrossRef]

Zhang, L.; Wang, ].; Shen, Y.; Liang, J.; Chen, Y.; Chen, L.; Zhou, M. A Deep Learning Based Method for Railway Overhead Wire
Reconstruction from Airborne LiDAR Data. Remote Sens. 2022, 14, 5272. [CrossRef]

Marwati, A.; Wang, C.K. Automatic retrieval of railway masts tilt angle from Mobile Laser Scanning data. In Proceedings of the
42nd Asian Conference on Remote Sensing, ACRS 2021, Can Tho City, Vietnam, 22-24 November 2021; Asian Association on
Remote Sensing (AARS): Can Tho, Vietnam, 2021.

Vock, R.; Dieckmann, A.; Ochmann, S.; Klein, R. Fast template matching and pose estimation in 3D point clouds. Comput. Graph.
2019, 79, 36-45. [CrossRef]


http://dx.doi.org/10.1109/ICCV.2019.00651
http://dx.doi.org/10.3390/infrastructures4040058
http://dx.doi.org/10.3390/s20082224
http://dx.doi.org/10.3390/s20082212
http://dx.doi.org/10.3390/rs6043075
http://dx.doi.org/10.5194/isprs-archives-XLIII-B1-2020-219-2020
http://dx.doi.org/10.1109/TGRS.2003.810682
http://dx.doi.org/10.5555/3045118.3045167
http://dx.doi.org/10.1145/235815.235821
http://dx.doi.org/10.18653/v1/n19-1423
http://dx.doi.org/10.1109/CVPR.2018.00813
http://dx.doi.org/10.1007/978-3-030-28954-6_1
http://dx.doi.org/10.3390/e23010018
http://www.ncbi.nlm.nih.gov/pubmed/33375658
http://dx.doi.org/10.1109/ITSC45102.2020.9294177
http://dx.doi.org/10.1109/TMM.2019.2963592
http://dx.doi.org/10.1109/JSTARS.2022.3195200
http://dx.doi.org/10.3390/s20216222
http://dx.doi.org/10.3390/rs14205272
http://dx.doi.org/10.1016/j.cag.2018.12.007

Sensors 2023, 23,222 14 of 14

49.

50.

51.

52.

53.

Vieth, Z.]. Point Cloud Classification and Segmentation of Catenary Systems. Bachelor’s Thesis, University of Twente, Enschede,
The Netherlands, 2022.

Sayin, B.; Krivosheev, E.; Yang, ]J.; Passerini, A.; Casati, F. A review and experimental analysis of active learning over crowd
sourced data. Artif. Intell. Rev. 2021, 54, 5283-5305. [CrossRef]

Budd, S.; Robinson, E.C.; Kainz, B. A survey on active learning and human-in-the-loop deep learning for medical image analysis.
Med. Image Anal. 2021, 71, 102062. [CrossRef]

Meng, Q.; Wang, W.; Zhou, T.; Shen, J.; Jia, Y.; Van Gool, L. Towards a weakly supervised framework for 3D point cloud object
detection and annotation. IEEE Trans. Pattern Anal. Mach. Intell. 2021, 44, 4454-4468. [CrossRef]

Strukton, R.; Ton, B. High resolution labelled point cloud dataset of catenary arches in the Netherlands. 4TU.ResearchData 2021.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1007/s10462-021-10021-3
http://dx.doi.org/10.1016/j.media.2021.102062
http://dx.doi.org/10.1109/TPAMI.2021.3063611
http://dx.doi.org/10.4121/17048816

	Introduction
	Related Work
	Catenary Arch Dataset
	Acquisition
	Arch Localisation
	Data Summary

	Methodology
	General Pre-Processing
	PointNet++
	SuperPoint Graph
	Point Transformer

	Results and Discussion
	Conclusions
	References

