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ABSTRACT

This study presents a first assessment of the performances of a low-cost permanent laser scanning (PLS) system for geomorphic
monitoring applications. The goal is to evaluate the applicability and accuracy of these accessible technologies in comparison with
high-end, commercial laser scanning systems. The assessment focuses on accuracy estimations and reliability in detecting and
quantifying geomorphic changes over time in a target area in the Rotmoos valley, located in the Otztal (Tyrol, Austria), featuring
sediment movement and riverbed changes that are manually induced in an experimental setup. In this study, we use a Livox Avia
scanner, controllable via an open SDK and Raspberry Pi, as low-cost monitoring setup in comparison to a high-end RIEGL VZ-2000i
TLS. We acquired 14 epochs of point clouds from both systems simultaneously while inducing changes to the scene in-between
acquisitions. Changes are quantified via direct point cloud comparison using the M3C2 algorithm and assessed both spatially per epoch
as well as regarding the time series information at selected locations. Our results show consistent change values and patterns obtained
with both Livox and RIEGL scans, demonstrating that, despite minor differences in time series trends, the low-cost Livox scanner
effectively captures geomorphic changes comparable to those measured by the RIEGL. Our presented approach, by leveraging
affordable hardware and open-source software tools, could provide a cost-effective solution for long-term environmental monitoring.
By comparing the results obtained from both systems, this research highlights the potential of low-cost alternatives for continuous

geomorphic monitoring, offering valuable insights for cost-effective environmental management and research.

1. Introduction

Detailed spatiotemporal monitoring is important for hazard
assessment and management of many geomorphological
processes including landslides, flooding, soil erosion and dune
migration (Alcantara-Ayala and Goudie, 2010). High-accuracy
3D laser scanning is commonly used as sensing strategy as it
provides accurate topographic data which enables analysis of
landform changes over time. Recently, permanent laser scanning
(PLS) has been widely adopted. PLS, i.e. the acquisition of
LiDAR point clouds from a terrestrial laser scanning (TLS) setup
in a fixed position, has come up with the emergence of
programmable terrestrial laser scanners as well as increased
availability of instruments that were replaced by a second
generation in research groups (Eitel et al., 2016). PLS enables
automatically scheduled high-frequency acquisitions (minute- to
hour-intervals of point clouds from a fixed position) and has
become an important observation method to cover unprecedented
spatiotemporal scales in geomorphic monitoring (Schrdder et al.,
2022; Vos et al., 2022).

Repeat acquisition from a long-term mounting enables near-
continuous observation of natural phenomena, i.e. an acquisition
frequency that captures not only states before and after an event

but allows to describe the spatiotemporal behaviour of surface
processes. Monitoring applications so far have demonstrated how
the completeness of process information increases (e.g. in terms
of event detection), if the temporal scales of monitoring can be
adapted to near-continuous observation of relevant surface
dynamics (Williams et al., 2019; Anders et al., 2019).

Early applications have acquired high-frequency TLS data of an
active lava flow (Crown et al., 2013) and of snow cover dynamics
(Adams et al., 2013). The first long-term setups are presented by
Kromer et al. (2017), who used an Optech ILRIS TLS to monitor
a landslide at half-hourly intervals. Some applications have
collected data over many months or years. Williams et al. (2018)
used a RIEGL VZ-1000 for hourly acquisition of rockfalls.
Campos et al. (2021) used a RIEGL VZ-2000i for hourly
monitoring of vegetation dynamics as part of the FGI LiDAR
phenology station. Vos et al. (2022) used a RIEGL VZ-2000 for
hourly monitoring of sandy beaches at several sites. In recent
years, extensive monitoring tasks have been conducted with the
RIEGL VZ-2000i, as reported in Schroder et al., (2022) and
RIEGL (2023), marking the technology’s transition to a market-
ready monitoring service. Within these projects, comprehensive
engineering geodetic investigations were performed, exemplified
by studies such as Kermarrec et al. (2023) or Yang et al. (2024).
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The example studies mentioned here all use high-end and high-
cost (at the time) TLS instruments, that enable the operators to
acquire time series observations at high spatial resolution and
accuracy (mm- to cm-scale). However, the cost of high-end
topographic LiDAR sensors limits their widespread use to only
the most high-risk or representative sites (Jaboyedoff et al.,
2012). In addition to the economic aspects, many applications do
not require the measurement range that was previously provided
by the measurement systems used. Examples of applications
include the monitoring of small-scale embankments or the
monitoring of individual structures such as railway
embankments, bridges or retaining walls, which are usually
recorded from distances of up to 100 metres.

The recent availability of low-cost laser scanning instruments
together with open software development kits (SDKs) could
make PLS more accessible. Low-cost LiDAR sensors have
become ubiquitous in the last years, foremost with the advent of
autonomous driving (Schulte-Tigges et al. 2022). Another
advantage of low-cost LIDAR sensors, besides cost, is that they
come with an interface to open-source SDKs, which empower
researchers and practitioners to customize data acquisition,
processing, and analysis to meet specific project requirements,
enabling broader experimentation and flexibility in LiDAR
applications. By providing transparent, modifiable code, open-
source SDKs allow users to adapt tools to unique geoscientific
needs without the limitations of proprietary software. This
openness fosters innovation by enabling collaboration across
research communities, reducing costs, and accelerating the
development of new techniques. Furthermore, open SDKs
support reproducibility in research, as workflows and
modifications can be shared openly, enhancing the reliability and
accessibility of LIDAR technology across various applications.

At present, the applicability of using these low-cost sensors for
geomorphological applications has hardly been examined and
more research is needed to assess their accuracy for this
application. Although their specifications are not comparable to
conventional laser scanning sensors, they are likely adequate for
some geomorphological process analysis. At present, only a
small number of studies have explored this.
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Perks et al. (2024) conducted a preliminary study into evaluating
low-cost laser scanners against their conventional counterparts
for hydrogeomorphic monitoring. They showed that low-cost
laser scanners have the potential to produce comparable results
to a conventional LiDAR system when monitoring channel
changes in an adjusting fluvial system. However, further work is
needed to demonstrate optimisation of processing workflows and
the applicability of the methods to other geomorphic
environments. Ruttner-Jansen et al. (2024) conducted a study
using low-cost LIDAR and optical sensors to monitor snow depth
variations in an avalanche release area. Their findings indicate
that the low-cost scanner is sufficiently accurate at observing
snow depth and successfully captured an avalanche event and its
potential at monitoring wind-induced snow depth redistribution.
Also here, further work is required to automate procedures, and
there is need for comparisons to other sensors, and dedicated
experiments such as the effect of light on the sensor to better
quantify the accuracy of the system.

These studies reveal the applicability of using low-cost laser
scanning for geomorphological applications. Building on this,
assessing the systems for other geomorphic environments and
optimisation of processing workflows would improve the
accessibility of monitoring geomorphic processes and as a result
encourage more widespread, continuous monitoring campaigns.
The sensors have the potential to improve the observational
record and provide new insight into geomorphological processes
at even more detailed spatiotemporal scales.

In this paper, we test the capabilities of a low-cost scanner (Livox
Avia) for near-continuous geomorphic monitoring. Specifically,
we investigate how the capabilities of a low-cost sensor compare
against the capabilities of a high-cost sensor (RIEGL VZ-2000i).
This work is driven by the need to develop cost-effective and
highly accurate methods for the continuous monitoring of
geomorphological and infrastructural changes, exposing the
broad utilisation of such technologies to smaller companies, local
authorities and scientific user groups which are unable to afford
existing measurements systems due to financial constraints.
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Figure 1: Overview of the processing workflow.

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLVIII-G-2025-359-2025 | © Author(s) 2025. CC BY 4.0 License. 360



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLVIII-G-2025
ISPRS Geospatial Week 2025 “Photogrammetry & Remote Sensing for a Better Tomorrow...”, 6-11 April 2025, Dubai, UAE

— —anzour
V.

Trenting —Alto
Adige/Sudtirol
Map data © OpenStreetMap contril

~

eters { o

s, chrosc{Facebock, Inc. and jts

( affiliates, Epridcagmunity Maps cu@utar’s, Map layes by Esfijli - Venezi

- a3 i i

Figure 2: Location of study site an investigation area. Area 1
is the unstable slope and Area 2 is part of the braided channel.

2. Methodology

We perform a comparison of the capabilities of a Livox Avia
scanner and a RIEGL VZ-2000i TLS by simultaneously
capturing introduced changes in a study area over several hours
with both scanners (14 epochs). After pre-processing, the scans
from the Livox scanner are compared with the scans from the
RIEGL scanner by deriving topographic changes across the time
series with the M3C2 (multi-scale model to model cloud
comparison; Lague et al, 2013) algorithm and extracting
cumulative change quantification maps and time series at specific
locations. An overview of the full workflow is given in Figure 1.

2.1 Rotmoos Valley (Otztal, Tyrol)

This research is focused on the Rotmoos Ache, a glacial river in
the Rotmoos Valley, Otztal Alps near Obergurgl (Tyrol, Austria).
This site and its surrounding areas have been used as a test site
for glacial monitoring and subsequent geomorphological analysis
using remote sensing approaches (Geist et al., 2022) which make
it well suited for this study. An area of the river was chosen where
there is both a braided channel and an unstable slope which could
be monitored independently. Area 1 comprises mainly loose
earth, grass and rocky debris. Area 2 comprises loose stones and
pebbles. The total area measures approximately 80m?. The
location of the study site and the investigation area are visualized
in Figure 2.

2.2 Instrumentation

Instrumentation for this case study consisted of a Livox Avia
laser scanner (connected to a laptop and battery for power), a
RIEGL VZ-2000i (controlled via an instrument specific app and
equipped with internal batteries), both mounted on survey
tripods, and a Leica Viva RTK-GNSS receiver. Laser scans from
both systems were taken simultaneously, i.e. triggered at the
same time, and stored locally. Data acquisition, although
designed to be permanent, was only collected on a single day in
our experimental setup. Therefore, the monitoring system was

not set up to be left in-situ, i.e. no protective cover against
weather influences. Each scanner was mounted on a standard
surveying tripod in a fixed position throughout the
measurements. Technical details of both laser scanners can be
found in Table 1.

Table 1: Technical specifics of the scanning devices according
to the manufacturer specifications.

Instrument Livox Avia RIEGL VZ-2000i
Maximum Detection | 450 m 2500 m

Range

Field of View* 70.4° x 77.2° 100° x 360°
Maximum Number | Triple-echo 15

of returns

Point Rate 240,000 500,000

Range Precision 2cm 3 mm
Wavelength 905 nm 1550 nm

*For the non-repetitive scanning

The Livox Avia laser scanner utilised the non-repetitive circular
scanning mode which provides more time for the system to scan
the area and improves the detection of objects and details within
the field of view (Livox, 2024). With this set-up the Livox scan
needed 3 seconds for each acquisition whereas the RIEGL
scanner needed 45 seconds (for a 360° panorama scan). Scans of
the area of interest are acquired at approximately 15 m range,
which is the distance of the riverbank to the sensor positions. The
spatial distribution of the point densities of the first epoch are
given in Figure 3a and 3b, for the RIEGL and Livox acquisition,
respectively. The point densities were determined by calculating
the number of neighbours for each point in a circular neighbour
with a 0.565 m radius in the CloudCompare software (v2.13.2),
which corresponds to an approximate circular area of 1 mZ.
Resulting mean point densities are 8,179 and 9,61 1pts/m? and
median point densities are 5,240 and 4,420 pts/m? for the Livox
and RIEGL acquisitions, respectively.
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Figure 3: Spatial distribution of the number of neighbours
within the RIEGL (a) and Livox (b) point clouds, calculated
with a 0.565 m radius circular neighbourhood. The probability
distributions of the neighbour counts in the point-clouds are
given in plots (c) and (d) for the RIEGL and Livox point-clouds,
respectively.
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2.3 Data collection

Changes were induced in two separate areas of the study site, as
highlighted in Figure 2. In area 1 of the study site, changes were
simulated by walking across the slope and inducing rock
movements after each scan. The movements covered
approximate displacement of 0.1-0.2 m for large rocks and up to
5 m for smaller pebbles. In area 2, changes were induced by
moving a specific set of rocks in the riverbed (with height
dimensions ranging from 0.02 to 0.3 m) in a regular pattern in the
line of sight direction of the scanners by approximately 0.5 m for
each movement. In total, 14 epochs were collected with each of
the scanners over a time period of 1 hour. Lastly, reflector targets
were placed around the area of interest and measured with the
RTK GNSS receiver for the georeferencing of the scans.

2.4 Data pre-processing

Raw data processing of the RIEGL point clouds was performed
in the manufacturer-specific software RiSCAN PRO (v2.19.1),
including georeferencing of the single scan position using the
reflectors and corresponding GNSS measurements.

For the georeferencing of the Livox data, the first Livox scan was
registered to the first RIEGL scan by manually picking four
corresponding coordinate pairs in the point clouds and deriving a
rigid transformation matrix by minimizing their distances in the
CloudCompare software (v2.13.2). This resulted in a rough co-
registration of the first acquisition of both sensors, which was
improved using the ICP (Iterative Closest Point) algorithm for
fine alignment in CloudCompare. To account for issues with ICP
registration between point clouds with large point density
differences, the RIEGL and Livox point clouds were first
downsampled to a comparable minimum interpoint distance of 5
cm. The alignment between the Livox epochs was then assessed
by calculating changes between the initial and final Livox
acquisitions using the M3C2 method in CloudCompare. The
analysis evidenced a mean change of 0.002 m with a standard
deviation of 0.015 m (including areas of actual change in the
scene), indicating stable sensor conditions across the Livox
epochs. Therefore, all Livox point clouds were georeferenced
with the same transformation matrix derived from the registration
of initial Livox and RIEGL acquisitions without further time-
dependent fine alignment.

The same assessment for the RIEGL scans yielded an instability
of the acquisition throughout the time series, indicated by large
systematic shifts of the entire area of interest. To account for this,
additional registration was performed using the ICP algorithm of
CloudCompare.

2.5 Change quantification

For change quantification, surface changes were derived
separately for the consecutive epochs of the Livox and RIEGL
point clouds, relative to the first epoch of their time series as fixed
reference point cloud.. To automate the calculation of the
consecutive analysis we made use of the open-source Python
library py4dgeo v0.6.0 (py4dgeo Development Core Team,
2023), which is specifically designed for change analysis from
point cloud time series. The change quantification in py4dgeo

was performed using the M3C2 algorithm (Lague et al., 2013).

The M3C2 was set to a cylinder radius of 0.2 m, normal radius of
0.2 m and a maximum depth of the search cylinder of 1.5 m. As
core points, i.e. coordinates where M3C2 distances are calculated
throughout the time series, we used all the points within the
respective reference epochs for both the RIEGL and Livox time
series. To quantitatively compare the results of the change
quantification capabilities of the two sensors, we derived surface
changes at specific locations (M3C2 core points) as time series,
which are directly accessible from the data structure of change
time series in py4dgeo. Four locations were selected for this, two
from each of the areas depicted in Figure 2.

3. Results

3.1 Change quantification

Figure 4 shows the results of the bitemporal point cloud distance
computation between the initial and final acquisitions for the
RIEGL (Figure 4a) and Livox (Figure 4b) time series. The results
show that most (99%) of the bitemporal analysis surface changes
fall between +3.29 and -5.38 c¢cm for the Livox acquisitions and
+2.44 and -4.10 cm for the RIEGL acquisitions. The mean of the
absolute distances for the Livox acquisition is slightly higher at
0.004 m than the RIEGL acquisitions at 0.003 m. Another thing
to note is that the RIEGL acquisitions show more localized
changes, while the changes from the Livox acquisitions are more
smoothed.
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Figure 4: Bitemporal change quantification between the initial
and final acquisitions using the RIEGL VZ-2000i (a) and the
Livox Avia scanner (b). In Figure 2, the location of Area 1 (the
unstable slope) and Area 2 (the braided channel) are marked.

The results of the time series change analysis of the four selected
locations are shown Figures 5 and 6. The introduced changes
mentioned in Section 2.3 correspond to points A and B in Area 1
and points C and D in Area 2. These four points are chosen in
order to monitor and track changes in locations where changes
were expected to be positive (points A and C) and negative
(points B and D). Figure 5 presents the time series from the
change quantification derived from the RIEGL acquisitions and
Figure 6 presents the time series from the Livox acquisitions. It
should be noted that the coordinates of selected points C and D,
in the Livox acquisitions, were shifted slightly to find a more
comparable timeseries. The original selected points are given in
grey within Figure 6.

The results show that both sensors captured similar behaviour
over time in the estimated surface changes at all four locations,
with most differences in distance between the sensors lying in the
range of 5 cm. Aside from the smaller-scale changes, the timing

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLVIII-G-2025-359-2025 | © Author(s) 2025. CC BY 4.0 License. 362



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLVIII-G-2025
ISPRS Geospatial Week 2025 “Photogrammetry & Remote Sensing for a Better Tomorrow...”, 6-11 April 2025, Dubai, UAE

RIEGL Acquisitions
* 0.20

e PointA = L el
¢ PointB
PointC

Y% PointD

0.15

0.10

5190100
Ll

0.05

0.00

Y [m]

ol -0.05

Distance [m]

-0.10

5190090

& -0.15
653790 653795 653800 653805 653810
X [m]

-0.20

Distance [m]

_— Time series at selected location

0.15
0.10
0.05

0.00
—0.05 {

&—.

11:40 11:50 12:00 12:10 12:20 12:30 12:40 12:50

2040-Sep-25

-0.10
=0.15
-0.20

Figure 6: Time series of the change quantification for the selected location in the scans obtained using the RIEGL VZ-2000i.

Livox Acquisitions
-
Yr PointA W ey
¥ PointB »_ 4, '!";-
PointC e ' ; ;.’,’:'-
x 2 E .

0.20
0.15

¥ PointD s
Shifted

0.10

0.05

5190100

Y [m]
o

AR s 0.00
0.05

Distance [m]

-0.10
-0.15
-0.20

5190090

653790 653795 653800 653805 653810
X [m]

Distance [m]

Time series at selected location

0.20
0.15
0.10
0.05

- —— 3
- R Ty e I

e

0.00

-0.05

-0.10
-0.15
-0.20

11:40 11:50 12:00 12:10 12:20 12:30 12:40 12:50

2024-Sep-25

Figure 5: Time series of the change quantification for the selected location in the scans obtained using the Livox Avia scanner.

of surface change initiations are almost identical for both systems
and the final surface change is very similar. Only the time series
analysis of point D is very different, with an earlier onset of
change in the Livox acquisitions by approximately 10 minutes
and also a large underestimation of more than 10 cm in the final
distance estimation, compared to the RIEGL acquisitions.

4. Discussion

The results of the time series change quantification show that the
Livox is capable of capturing surface change patterns in good
agreement with the RIEGL scanner used as reference. Especially
in the time series analysis it was shown at three of the four
selected locations that there are only minor differences in both
the timing and final change estimation quantifications from the
two scanners. Excluding point D, the distance deviation of the
corresponding timeseries is less than 5 cm.

Some important differences also emerge between the two
cumulative change maps, both in terms of magnitude and
localization of the estimated changes. There are several locations
within the scene where the Livox data indicates much lower or
higher values of change. Furthermore, the RIEGL data is much
more detailed with localized changes, while the changes in the
Livox map appear smoothed. Considering that the range
precision of the Livox scanner differs by a factor 10 from the
range precision of the RIEGL scanner, these differences in
system accuracy and precision are to be expected.

However, the cause of the differences is not solely related to the
differences in accuracies and capabilities between the two
scanners. An important issue is the accurate co-registration of the
point clouds, which could not be optimized in the scope of this
study. In particular, heterogeneous point distributions between
the two scanners but also between scan epochs led to issues with
different available open-source ICP implementations. Since the
time series were analysed on a point-basis, even small errors in
the co-registration of the systems could result in very different
time series analyses.

We further assume that a difference in location of the surface
changes is exacerbated by the difference in viewing angle of the
two scanners during the acquisition. This could result in very
different representations of the captured objects by the two
scanners, especially in close proximity to the scanner position
such as the shifted points in Figure 6.

Regarding near-continuous monitoring, an important difference
between the sensors is related to the potential acquisition
frequency. Here, the Livox Avia system enables a much shorter
acquisition time (second-scale), smaller weight and lower
requirements in terms of power infrastructure and economic
costs. Considering the overall capabilities of the Livox Avia
system in this study, this shows great potential for applying the
system in near-continuous geomorphic monitoring setups.
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5. Conclusion

The comparison in this study of topographic surface change
analyses from two different acquisition systems allowed an
evaluation of the potential of low-cost monitoring offered by the
Livox Avia. The observed distribution of surface changes
indicates that the Livox Avia scanner is effective at capturing
geomorphic changes, also for changes of lower magnitudes. This
is a very valuable insight for cost-effective environmental
management and monitoring approaches. Future research may
investigate the performance of the low-cost system in other
analysis strategies, such as feature tracking, and clarify the
factors contributing to the underestimation observed in the
change detection results.

Overall, our contribution demonstrates the potential of low-cost
LiDAR systems for permanent geomorphic monitoring. Together
with the lower requirements to power infrastructure and lowered
risk of economic loss in case of instrument breaking of low-cost
LiDAR systems, this opens up new opportunities to equip a
broader range of sites and even remote locations with near-
continuous 3D observation.
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