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Department of Mathematics and Computer Science
University of Barcelona, Spain
{thanasis.zoumpekas,annapuig,maria.salamo}@ub.edu

ABSTRACT

Rockfall poses a significant threat to human life and infrastructure in mountain-
ous regions, necessitating effective detection and mitigation strategies. Sensor
technologies, such as Terrestrial Laser Scanners, are being widely utilized to
periodically scan mountain terrains and cliffs acquiring 3D point clouds. Cur-
rent research on intelligent rockfall detection utilizes pre-computed features and
machine-learning models, clearly lacking hidden geometric properties inherent in
3D point clouds. Also, recent point-based deep learning approaches that focus
on geometric feature extraction and end-to-end learning, mainly study datasets
with balanced labeled observations, not addressing the rockfall class imbalance
in real-world cases. Our approach builds upon advancements in point-based neu-
ral networks and integrates spatiotemporal information to enhance performance in
detecting rockfall candidate areas in cases where rockfall observations are limited.
Addressing the class imbalance issue inherent in rockfall detection, we present re-
sults in real-world 3D scans from a cliff in Spain showcasing the effectiveness of
our method in identifying rockfall candidate areas.

1 INTRODUCTION

Rockfall is a common natural hazard that poses a significant threat to human life and infrastruc-
ture in mountainous regions. Effective rockfall detection and mitigation strategies are essential for
risk reduction and prevention of potential disasters (Bourrier et al., 2009; Agliardi et al., 2009).
Advances in sensor technology and machine learning have shown promise for improving rockfall
detection accuracy and efficiency (Abellán et al., 2014; Jaboyedoff et al., 2012; Zoumpekas et al.,
2021; Blanco et al., 2022). Currently, LiDAR scanners and photogrammetry tools are highly utilized
to capture high-resolution 3D point clouds digitizing the geometry of rocky slopes and mountainous
areas (Jaboyedoff et al., 2012; Westoby et al., 2012).

In rockfall detection tasks, point clouds are captured periodically to acquire information about
changes in the cliff or other rock masses. Analyzing these point clouds through multi-temporal
comparison and inspection is time-consuming and prone to errors based on factors like human skill
and sensor sensitivity. While machine learning has enhanced automation in rockfall detection, cur-
rent approaches overlook hidden geometric properties in 3D scans and rely on pre-computed features
(Lague et al., 2013; Zoumpekas et al., 2021).

Point-based neural networks, such as PointNet (Qi et al., 2017a), and PointNet++ (Qi et al., 2017b),
have shown potential in 3D object detection, segmentation, and recognition tasks (Guo et al., 2021).
Their ability to directly process 3D point clouds and learn global and local geometric features en-
hances accuracy and efficiency in geometric deep learning tasks (Qi et al., 2017a;b). Given their
success in learning from intricate geometric structures, point-based neural networks are particularly
well-suited for the analysis of complex and irregular rock masses, making them a valuable tool in
tasks where a 3D spatial understanding is important.

Despite several studies addressing the detection of rockfall using point-based neural networks, such
as Farmakis et al. (2022; 2023), the class imbalance nature of the problem has not been fully
investigated, as rockfall candidates are typically limited compared to other classes such as vegetation
in certain mountainous areas and geological contexts. Also, although Zoumpekas et al. (2021) and
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Blanco et al. (2022) have attempted to address this issue, they have relied on machine learning and
resampling strategies on pre-computed features rather than point-based neural networks.

In this paper, we address the issue of class imbalance and we propose (i) a process to augment limited
labeled data samples integrating spatiotemporal neighborhoods of points and (ii) a rockfall detection
framework utilizing well-known point-based neural networks. Our proposal shows that integrating
spatiotemporal information leads to performance improvements in rockfall detection using point-
based deep learning models in cases where rockfall candidates are limited. Our results on 3D point
clouds captured by a Terrestrial Laser Scanner of a cliff in Spain demonstrate the effectiveness of
the proposed approach in detecting rockfall candidates.

2 RELATED WORK

Traditional methods for rockfall detection and prediction rely on continuous monitoring of the ter-
rain using various sensors and physical modeling (Gallo et al., 2021; Alvioli et al., 2021; Samodra
et al., 2016). However, these methods require significant data acquisition, processing resources, and
collection of geotechnical parameters to generate realistic models. Moreover, they are often limited
by sensor placement and coverage.

Recent advances in remote sensing have led to the development of enhanced approaches for rockfall
detection and prediction, leveraging point cloud data. Research efforts to identify changes in the
cliff’s surface and rockfall candidates typically use the m3c2 method (Winiwarter et al., 2021) for
change detection, followed by clustering-based feature extraction and statistical analysis (Blanco
et al., 2022). More recent approaches to address rockfall detection have shifted to point cloud
classification and segmentation (Farmakis et al., 2022; 2023; Weidner et al., 2019; Zoumpekas et al.,
2021; Blanco et al., 2022; Battulwar et al., 2020).

Machine learning-based approaches such as Weidner et al. (2019), utilize classification models such
as random forests. Other studies such as Zoumpekas et al. (2021) utilize multiple classifier models,
resampling strategies, and feature selection processes to tackle class imbalance in rockfall candi-
dates. However, due to the lack of further geometric understanding of the machine learning models,
research has been focused on point-based deep learning approaches. Such efforts offer several ad-
vantages, such as higher accuracy and robustness, and local geometry understanding emphasizing
their ability to detect rockfall candidates that may not be detected by traditional or machine learning
methods (Farmakis et al., 2023).

In a closely related study to ours, Farmakis et al. (2022) proposed a method for rockfall detection
using PointNet (Qi et al., 2017a) and PointNet++ (Qi et al., 2017b), achieving high accuracy on
two different datasets, the CN Rail Ashcroft Mile 109.4 (Mile 109) and White Canyon (WCW).
In addition, they extend their work using graph-based and convolutional-based models in similar
set-ups showing promising results in detecting rockfalls (Farmakis et al., 2023). However, they rely
on datasets containing nearly balanced instances of rockfall candidates in comparison to vegetation
or other classes. Thus, despite the recent progress in point-based approaches for rockfall detection
and susceptibility assessment, there are still several challenges that need to be addressed, such as
robustness in detection accuracy with limited rockfall data samples. Also, it is worth noticing the
significance of learning with class imbalance in earth vision tasks (Bai et al., 2023).

3 OUR APPROACH

We formulate the problem as a 3D scene segmentation task and we detail our approach in two main
phases. In the first phase, we create a densely labeled 3D scene representing the spatiotemporal
distribution of the labeled points (see Sec. 3.1), and in the second one, we learn point-based models
to segment the rockfall candidate areas (see Sec. 3.2).

3.1 CREATION OF A DENSELY LABELED 3D SCENE

Starting from a small dataset of labeled data samples, i.e. sparsely labeled 3D point cloud, and
multiple temporal 3D scans (3D scans acquired periodically), our goal is to create a densely labeled
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large-scale 3D scene by augmenting the labeled points of the sparse point cloud to form a larger set
of points based on per-point spatiotemporal neighborhoods.

We do this by selecting and labeling points in the temporal point clouds with the label of their
nearest point from the small set of labeled samples. For convention, we refer to the labeled points
in the small set as centroids. Formally, we begin with a set of N labeled centroids, denoted by
{ci | 1 ≤ i ≤ N} = {c1, c2, . . . , cN}. We denote the sequence of T temporal 3D point clouds as
{P(t) | 1 ≤ t ≤ T} = {P(1),P(2), . . . ,P(T )}. Specifically, for each ci with label li, we find the k
closest points in each P(t) and assign them the label li.

To efficiently find the k closest points to each centroid ci, we represent each temporal point cloud
P(t) as a KDTree, a common way to represent point clouds (Zeng & Gevers, 2019), and we itera-
tively query the centroids. We use the Euclidean distance as our distance function d between the
points and utilize a fixed radius sphere r to select the points around each centroid from the temporal
point clouds. Precisely, given a radius r, we denote the set of points in P(t) within distance r from
ci is as Z(t), i.e. the points that satisfy the d(ci,x

(t)
j ) < r, where x

(t)
j is the j-th 3D point of P(t).

Then, we select k points from Z(t) that are closest to ci, creating the following set of densely labeled
points:
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are the k points in Z(t) that minimize d(ci,x
(t)
j ) subject to the condition

that d(ci,x
(t)
j ) < r. In simpler terms, we select k points from the temporal point clouds that are

closest to each centroid ci, within a distance r from ci, and assign them the label of ci.

The labeled points from all the temporal point clouds are then combined to form a complete set of
labeled points, denoted by L = L(1)∪L(2)∪· · ·∪L(T ). Please note that all sets in L contain unique
points, i.e. there are no duplicate points or repetitions among them. Finally, we combine these
labeled points to generate a densely labeled 3D scene. Then, for training purposes, we randomly
sample with a fixed number of points the densely labeled scene to create multiple labeled instances.

3.2 3D SCENE SEGMENTATION

We handle the problem of rockfall detection as a 3D scene segmentation problem using per-point
supervision. To facilitate the task of rockfall detection, we binarize the labels by encoding them
as rockfall candidates (li: 1) and non-candidate (li: 0). As the utilized data has a significant class
imbalance, i.e. the rockfall candidates are approximately 0.5% of the total labels, we use a weighted
binary cross entropy loss function, where the weight assigned to each class is proportional to its
inverse frequency. Specifically, the assigned weight to the rockfall class is set to 0.995, and the
weight to the non-rockfall class is set to 0.005. This approach allows us to give more importance to
the rare class, which leads to improved performance in similar tasks of class imbalance.

4 IMPLEMENTATION

This section describes the implementation of our approach for point-based rockfall detection.

4.1 DATA DESCRIPTION

We utilize the ”Degotalls E Section South” dataset from the from the study of Blanco et al. (2022).
The dataset consists of 3D point clouds captured by a Terrestrial Laser Scanner, once a year over a
period of nine years, from 2007 to 2015. The point clouds have an average number of points equal
to 2.5 Million and a minimum distance between two points of 0.01 meters. In addition, we have a
sparse set of 5970 labeled points (centroids) as vegetation, rockfall candidate, and limit effect. The
set of labeled points refers to 2007-2009 and was labeled through a change detection and statistical
analysis approach as explained in Blanco et al. (2022). The sparsely labeled point set has a minimum
pairwise distance between points equal to 0.18 meters and a minimum distance between a rockfall
and non-rockfall candidate equal to 0.43.
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Figure 1: Densely labeled 3D scene and example instances. Following our notation, starting from
left to right, we show the generated densely labeled scene L, and three randomly sampled instances.
Blue and red colors correspond to non-rockfall and rockfall candidates respectively.

To create a densely labeled large-scale 3D scene (L) from the captured temporal 3D point clouds, as
explained in Sec. 3.1, we arbitrarily select k = 30 closest points to each centroid and a fixed radius
sphere with r = 0.3, i.e. smaller than the minimum distance between a rockfall and non-rockfall
candidate in the initial labeled point set.

4.2 TRAINING & EVALUATION

We use PointNet (Qi et al., 2017a) and two variants of PointNet++ (Qi et al., 2017b), Single Scale
Grouping and Multi-Scale Grouping, to learn global and local geometric point-wise features. For
training, we create a dataset of 904 unique instances with 1024 points each by iteratively randomly
sampling the generated densely labeled scene (L). An example is shown in Fig. 1. Then, we ran-
domly split these labeled instances into 80% training and 20% testing sets. We train the models for
100 epochs using Adam optimizer with a learning rate of 0.001 and a batch size of 8.

In imbalanced classification, traditional accuracy is not an appropriate metric as it does not account
for class distribution, i.e. models can achieve high accuracy by favoring the majority class. For
this, we evaluate our approach using Precision, Recall, F1-score, and Balanced Accuracy (Accb)
on the per-point labels. Please note that while we studied the same mountainous region in Spain
as Zoumpekas et al. (2021) and Blanco et al. (2022), we cannot compare our method directly with
theirs, because the acquired publicly available dataset from the provided links in Blanco et al. (2022),
is a refined dataset and slightly different to the full dataset that is utilized in their studies. However,
it is worth noticing that our findings align closely with theirs.

5 RESULTS

In this section, we show our results and discuss the insights. We conduct the following ablation
study. The initial sparsely labeled point set refers to cluster centroids labeled after a change detec-
tion and statistical analysis approach on snapshots captured in years 2007 and 2009 as explained
in Blanco et al. (2022). The limited number of labeled samples in the initial sparsely labeled point
set, i.e. 5970, makes it impractical for point-based modeling. For this, we augment the sparsely la-
beled points using neighbor points (r = 0.3 and k = 30) referring to the actual change detection and
analysis years, i.e. 2007 and 2009. Then we follow the same process to create the dataset and train
the networks, as described in Sec. 4.2. We compare the obtained results against using spatiotemporal
augmentation in all the scans captured through the years 2007-2015.

In Table 1 we show the performance metrics in the test sets. In terms of precision, recall, and F1
score, we report the macro average, i.e. classes equally contribute to the average, and the weighted
average, i.e. each class’s contribution to the average is weighted by its number of samples. In rock-
fall detection, we mainly seek a model with high recall values, because recall measures the ability
of a model to correctly identify all relevant instances of the positive class. Recall is particularly
important when the cost of false negatives (miss-classifying a rockfall candidate) is high.
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Method Accb Precision Recall F1 Score
M W M W M W

PointNet2007−2009 0.84 0.51 0.99 0.84 0.75 0.45 0.85
PointNet2007−2015 0.94 0.53 0.99 0.94 0.90 0.53 0.94
PointNet++(SSG)2007−2009 0.94 0.52 0.99 0.94 0.90 0.53 0.94
PointNet++(SSG)2007−2015 0.96 0.54 0.99 0.96 0.92 0.56 0.95
PointNet++(MSG)2007−2009 0.95 0.53 0.99 0.95 0.92 0.54 0.95
PointNet++(MSG)2007−2015 0.97 0.55 0.99 0.97 0.93 0.57 0.96

Table 1: Performance Evaluation. M and W denote macro and weighted average respectively. Bold
font corresponds to the best model.

Utilizing the spatiotemporal augmentation module improves the performance of all tested models.
Among the models, Pointnet++ SSG and MSG had the best balanced accuracy and recall values,
with the PointNet++ MSG model performing slightly better mainly due to its ability to capture
multiscale patterns and learn multi-scale features.

6 DISCUSSION AND FUTURE WORK

This paper introduces an approach to intelligent rockfall detection, focusing on identifying areas
prone to rockfall rather than predicting specific events. Leveraging spatiotemporal neighborhoods
of points, the study demonstrates promising performance in detecting rockfall events. Nonetheless,
there are certain limitations. First, our approach for detecting rockfall candidate areas is dependent
on the availability of high-quality labeled data (initial set). Second, our approach assumes that
rockfall candidate areas can be detected using only their coordinate information, i.e. x, y, and z.
Also, we inherently assume that areas susceptible to rockfall remain consistent over time. To address
these, future research directions include exploring unsupervised learning approaches, such as Xie
et al. (2020); Zhang et al. (2023); Long et al. (2023), for regions lacking labeled data, considering
the dynamic nature of geological processes in detection methods, and incorporating additional data
from various sources such as Synthetic Aperture Radar (SAR) data and weather-related data.

Moreover, in this study, we evaluated three neural networks that employ point-wise operations. It is
worth noting, however, that there are other architectures, such as voxel-based (Liu et al., 2019) or
graph-based (Wang et al., 2019), and thus, further experimentation is recommended. Additionally,
in our spatiotemporal augmentation module different values of radius, r, and neighbors, k, should be
investigated to better understand the typical size and distribution of rockfall patches. Also, instead
of using random sampling to create multiple instances, alternative sampling techniques like furthest
point sampling or spatially organized sampling could be utilized. Finally, a potential next step is
to learn models with further per-point features such as the intensity from the captured 3D scan.
Including intensity information from the 3D scans can provide richer information (Reymann &
Lacroix, 2015). This step could lead to more comprehensive models capable of capturing further
details and potentially improving overall performance and robustness.

7 CONCLUSION

In conclusion, our spatiotemporal point-based approach offers a promising solution for rockfall
detection in cases where labeled data instances are limited and have a significant class imbalance.
In addition, point-based neural networks show high potential in understanding the highly complex
geometry of cliffs and mountainous areas facilitating downstream tasks such as rockfall detection.
Finally, improving the performance and reliability of rockfall detection and prediction mechanisms
enhances the safety of infrastructure and communities in mountainous regions.
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ABSTRACT

In this supplementary document, we first present additional details regarding the
utilized loss function for the learning of the selected point-based neural networks
(Sec. 1). Then, we provide further results and visualizations (Sec. 2).

1 LOSS FUNCTION

To address the class imbalance in the utilized data, we use a weighted binary cross entropy loss func-
tion, where the weight assigned to each class is proportional to its inverse frequency. Specifically,
the assigned weight to the rockfall class is set to 0.995, and the weight to the non-rockfall class is
set to 0.005.

Formally, the weighted binary cross entropy loss (negative log-likelihood) function can be expressed
in Eq. 1, as follows:

L = − 1

N

N∑
i=1

[
wiyi log(pi) + (1− yi) log(1− pi)

]
(1)

where N is the total number of samples, yi is the ground truth label of the ith point, pi is the
predicted probability that the ith point belongs to the rockfall class, and wi is the weight assigned to
the ith point.

The weight for each data point is given by Eq. 2. This approach allows us to give more importance
to the rare class, which can lead to improved performance in cases of class imbalance.

wi =

{
0.995 yi = 1

0.005 yi = 0
(2)

2 RESULTS & VISUALIZATIONS

This section presents further results and visualizations facilitating the understanding and interpreta-
tion of rockfall detection as a 3D scene segmentation problem. In Figs. 1, 2, 3, we show visualization
results using PointNet, PointNet++ Single-Scale Grouping (SSG) and Multi-Scale Grouping (MSG)
respectively. Please note that the Ground Truth Scan refers to the test set acquired after the creation
of the densely labeled 3D scene using our spatiotemporal augmentation module in all temporal 3D
point clouds, i.e. referring to years 2007-2015. Following, we observe the segmentation result and
we provide additional visualizations of the per-point classification errors and per-point classification
errors concerning only rockfall candidates.
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Figure 1: PointNet Results.
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Figure 2: Pointnet++ SSG Results.
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Figure 3: Pointnet++ MSG Results.
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