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Preface

S1G2024 is 5th Symposium on Engineering Geodesy which traditionally
organizes Croatian Geodetic Sod&¢S (FIG member) in cooperation with the
University of Zagred Faculty of Geodesy (FIG member) and supported by FIG
Commission 6. CGS was foundetidd3 and has been organizing conferences and
symposia ever since, providing a platform for the exchange of knowledge and
experiences among its more than 1,300 members.

This series of Symposium CGS has started back in 2007 when the first
Symposium was held. Like Croatian Congress on cadastre that CGS has been
holding since 1997, this symposium of CGS has also become traditional, and from
its very beginning, it has exaamily nurtured the international component.
Colleagues from Slovenia, Bosnia and Herzegovina, Serbia, Greece, Austria,
Slovakia, Germany, Switzerland and many other countries traditionally participate in
the symposium. From its beginnings, the Symposisitnelen organized with the
close cooperation of the University of ZagrEbculty of Geodesy, and under the
auspices of the International Federation of Survélyd820, a Symposium on
Engineering Geodesy was held under the title of the 8th International Conference
on Engineering Surveying and the 4th International Symposium on Engineering
Geodesyd INGEO&SIG2020. This, the fourth Symposium on Engineering
Geodesy(SIG), actually included two sympasi&IG and the International
Conference on Engineerirgurveying (INGEO), traditionally organized by
colleagues from the Slovak University of Technology in Bratislava (Faculty of Civil
Engineering, Department of SurveyWw®TUBA).The Symposium is traditionally
attended by renowned experts from both practice and the academic community.

The Symposium, traditionally held every four years, aims to present the latest
domestic and international scientific and professional achievements in the field of
engineering geodesy. The topics covered by the Symposium align with this
overarching goal, empassing a wide range of scientific aspects and applications
related to engineering geodesy in construction and industry, new technologies in
engineering geodesy and the monitoring of deformations in both natural-and man
made structures. Additionallye 8ymposium is designed to bring together experts,
researchers, and practitioners in the field of engineering surveying, provide the
opportunity to discuss the latest scientific and technical achievements, as well as
explore new technologies and applicatio

The fifth Symposium on Engineering Geo@S{G2024, will be organized
in hotel Antunovi L, i n Zagr @befinionder t |
Core Compet enci es The Synposium FRyjoceedingsecaver 8 e s (
papers, including 3 special papers related to the topics of invited Téetyrasers
are divided intoinetopics

Ainvited | ectures,
ATLS errestri al |l aser scanner s,
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ABI'M & 3D models of buildings,

Adef ormation measurements,
Ageoinformation infrastructure,
Aengineeringngéeodesionn

Ageodetic networks, data quality coni
Aindoor and underwater navigation,
AUAV, Li DAR & Photogrammetry

We would like to express our deepest gratitude to all authors of the papers,
presenters, participants, spons@g@ewers, lectors, committee members and all
colleagues and friends for their support and commitment that greatly assisted the
organizing of this Symposium. We wish all participants a successful and interesting
conference that meets their expectationgelhas a pleasant and enjoyable stay in
Zagreb.

Zagreh Septembe?2(®4

Rinaldo Paar& Ant e M
on behalf of the
Scientific Committee of SIG 2024
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Engineering Geodesyd Definition, Core Competencies
and Unique Featureslllustrated with Two Examples
from I nfrastructure Monitoring and Crop Production

Prof. Dr.-Ing.Heiner Kuhlmarin

1Head ofVorkingGroupGeodesyniversity of Bonn, Institute of Geodesy and Geoinfohhsaiee
17 BonnGermanyheiner.kuhimann@dpdnn.de

Abstract.Engineering geodesy is the discipline of reality capturegussdiiigmonitoring of local and

regional geometrglated phenomena, paying particular attention to quality assessment, sensor systems
and reference frames. This definition was statéd imy2Quhimann et.al. This talk will give insights to

this definition, especially against the background of point clouds created by terrestrial laser scanners or
kinematic multi sensor systems.

In the talk, two fields of application will be presented. The monitoring of infrastructure (A) is a common
task in engineering geodesy, whereas sustainable crop production (B) came up recently as a new field.

Key words: Engineering geodesy, MonitorDeformationAnalysesMulti-sensor systemBpint
clouds, TLS

A) Infrastructure monitoring

Within geodetic deformation analyses, congruency investigations statistically test
geometric changes of two or more object states. A rigorous assessment of significance is
needed to separate between actual geometric changes and the uncertainty influences o
measurement procedures and data processing methods. This topic is in the tension field of
measurement procedures and data processing methods and their quality assurance. It is a
core task of engineering geodesy.

Within the current state of the art, the deformation analysis rests updragpeint
measurements, acquired by e.g. total stations, Global Navigation Satellite Systems (GNSS)
or extensometers. The preselection of these individual points, that shouktizbatee
object, falls into the responsibility of the engineer. In general, this selection demands
interdisciplinary collaboration. Afggralysinghe movement of these individual points, the
movement of the complete object is gained by a spatialig@tm@ngrocess.

The terrestrial laser scanning (TLS) is already an established method for reality capture.
For rigorous deformation analyses, it has been used only rarely so far. The great advantage
of TLSbased deformation analyses is that the object is sampledghitspatial resolution
of the resulting point cloud. Thus, the subjective object discretization with individual points
as mentioned before can be omitted, leading to more objective analyses. Nevertheless, in
order to use TLS for deformation analyses, s@feienges need to be solved. These
challenges are closely related to the previously mentioned demand on small measurement
uncertainties and strict significance investigations that need an entirely determined
uncertainty budget. The challenges are:

LPR 9
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A A surface representation of the measured object surface is needed that allows
for representing object details as well as for introducing smoothness
assumptions. Additionally, changes in individual parameters should be
connectable to individu&lf possibé spatially limited deformations.

A Calibrating the laser scanner so that systematic instrumental errors are

minimized.

Determining a realistic variasmoeariance matrix of the TLS measurements

for describing the measurement uncertainty.

Quantifying the model uncertainty that originates from deviations in the

surface representation of the measured object surface since this representation

only approximates the real surface.

A Complement the stochastic model of TLS measurements and model
uncertainty by concepts for distribuifoee uncertainty modelling to take
remaining systematic errors into account by sets and intervals.

A Segmentation of deformed and fw@fiormed parts of the point cloud and
robust determination of the geodetic datum for the laser scans to accurately
transform different laser scans in a consistent coordinate frame.

A Analysingthe sensitivity of the deformation analysis to determine optimal
measurement geometries and laser scanner settings so that deformations can
be detected as early and as reliably as possible.

B) Engineering Geodesy for Sustainable Crop Production

p>

p>3

One of the biggest challenges for agriculture in the future is to reduce negative impacts
on the environment while increasing yields. One approach to address this task is the use and
further development of technologies such as sensors, robotics aiadl iatéfigence and
their integration into agricultural production processes, modeling and forecasting. This
approach is being pursued in the Cluster of Excellence "PhenoRob: Robotics and
Phenotyping for Sustainable Crop Production" at the Universityiof Beodesy plays a
leading role in this. In this article, we present the cluster PhenoRob and the contribution of
engineering geodesy using various examples.

There are essentially two areas in which competencies from the field of engineering
geodesy can contribute to questions of precision agriculture and thus also to sustainable crop
production. On the one hand, this is the georeferencing of a wide vanieasafement
data, especially those recorded by moving measurement platforms such as UAVs (Unmanned
Aerial Vehicles) or field robots. On the other hand, it is the recording and parameterization
of geometric structures and their changes, whereby the gesimgttires can be entire
plant populations, individual plants or parts of plants.

In order to be able to evaluate measurement data such as laser scans, images and
spectral information together and to combine them with other potentially existing spatial
data such as weather, climate or soil maps, the data must be registered -le\eelhigher
coordinate system. The same applies when objects are observed over a period of time to
measure change, e.g. growth. In the case of movinganst systems, sensors such as
GNSS or inertial sensors are usually merged to determine the movengestn$dts
observing the object space and to georeference their measurements. However, the data from
the cameras and laser scanners themselves can also be used, often together with measured
target signs in the environment, or combinations of both. Detagrttiei exact position
and orientation of the platform is also important in applications in which certain actions,
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such as the application of crop protection or fertilizers, are to be carried out in certain areas
of the field, on certain individual plants or even parts of plants. The latter corresponds to a
kinematic stakeout problem in engineering geodesy

Monitoring plants over time can be used to derive times and locations for specific
management activities, to detect plant diseases or deviations from expected development, or
to calibrate or improve growth models. Engineering geodesy can contributeitg ribeo
geometric and structural appearance of plants. However, plants are structurally very complex
and irregular objects, where both detection and parameterization pose challenges. At the
same time, it is currently still partly unknown which pararaetktrsharacteristics are
required for which agricultural science or plant physiological question and which can actually
be observed with which sensor technology. For example, it is possible to count individual
plants or leaves or determine their size w&ng highresolution sensors. With other
methods, individual plants, such as wheat, can no longer be separated after a certain growth
stage, but interesting parameters such as crop height can be derived. For other parameters,
such as leaf area or leaflamljstribution, surfaces must be reconstructed from the point
clouds, which in the case of plants in turn poses some challenges.

LR 11
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Locata: Terrestrial Time Synchronized Radio
Positioning System as aComplementary to GNSS for
Positioning, N avigation andTiming

Dr-Ing.lgor Grgdc

1 Locata Corporation Pty [td2834 Thynne &tet Bruce ACT 2617Australia
igrgac.pnttech@gmail.com

Abstract.Today, GNSS today is the most widely utilized navigation system and as such it has a crucial
part in the operations of worldwide most critical infrastructures (i.e. ports, cargo terminals, airports,
etc). Besides that, signals from GNSS system ara tisee @erence for time synchronization which

oA 0apgidg0d0 @y Opb6O6OAOYyA OGLOUOA dyod6 &4060+yplpose
geopolitical tensions in different parts of the world have shown vulnerability of the GbI§Sats the

are prone to jamming and spoofing.

This showed that critical national infrastructure should not be dependent on only one system and led to
increased interest in development of different alternative PNT technologies worldwide.

Locata is a positioning system designed to complement GNSS or to work as an independent navigatior
system in the areas where GNSS signals are not available. Itis a terrestrial radio positioning system base
on a network of time synchronized transmift@sI8S like signals. One of the biggest advantages of

the system is proprietary TimeLotechnology which enables -saosecordével time
synchronization over the air. Over the past two decades Locata technology has been utilized in differen
applicatiog, mostly for navigation and autonomous operation of machines and vehicles in different
industries including mines, ports, and aerial navigation.

Positioning and timing performance of Locata positioning system has been independently evaluated by
the Joint Research Centre of European Commission in 2022 as a part of the project of assessing alternati
positioning, navigation, and timing technofogiestential deployment in EU. In the evaluation Locata
technology achieved centimeter level positioning solution in both outdoor and indoor environments as
well as sulbanosecorével of time synchronization.

Key words:Locata, GNSS, TimeLoc, Navigation, Autonomous operation
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Keywordsy s AGp6adoyud” AODpo6d 606p66ad A VapodbAA 6adé

podataka

The Role of theGeodeticExpert in Civil Engineering in
the Context of Technological Development and his
Responsibility for allPerformed Geodetic Tasks

Abstract This paper explains, elaborates and shows -aectass of methods and procedures for

staking out anahonitoring the execution of construction works on larger buildings and constructions in
civil engineering (e.winnels, bridges, viaducts, routes, dams, etc.), and following the development of
technological development and progress of geodetic measurement sensors and, systems, i.e.
instrumentation and associated accessories, as well as the development of the accompanying constructic
operation. The most frequent examples of the project of establishing the geodetic base through all its
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phases are presented; project, execution and aaaldiswhich all other geodetic tasks and studies

are carried out g, staking study, monitoring study, geodetic recording of the actual or geodetic
recording of the derived state, etc.).

The seconfdndamentgbart of the paper is the presentation of the position and significahee, i.e.
relationship of geodetic experts in the engineering team of the construction site in relation to all the other
professions that participate in the entire construction pragesmiil@ers, miners, geologists,
machinists, etc.). The perspective of the geodetic profession is given in the function of designing, building
and maintaining built objects through the necessary geodetic tasks; creatiiornfafngadms for

the purposes of designing, geodetic monitoring of buildings both during construction and exploitation,
and in addition to them, the creation of associated geodetic studies. Special emphasis is given to all
engineering works in civil ieegring construction works, and the responsibility of authorized geodetic
engineers is emphasized, who with their signature and seal guarantee and undertake the geodetic tasks
of all types of staking, control and monitoring of displacements and defafatitdings and

structures throughout their lifetime.

At the end, an overview is given of financial savings in construction with the aim of increasing the quality
of performed works, obtailesed ohighquality, highly precise and accurate geodetic data for all
geodetic tasks and the execution of all types of construction works.

Key words civil engineering, the role of surveyors in the construction process, geodetic tasks,
technological development, data quality

16 L P



TS 18 TLSO Terrestrial Laser Scans

Section 1

TLS o Terrestrial Laser Scanars

Chairman Hr voj e(Croaidni L

Vice-chairman Josip KCroal@anovi L

LR 17



SIG 2024 International Symposium on Engineering Geodedy, $8ptember 2024, Zagreb, Croatia

18 L P



TS 18 TLSO Terrestrial Laser Scans

* Geomonitoring Using Long-Range TLS in Swiss Alps
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Abstract' 6 plipywsapagyd oA adldagdya O6pa esuyapasgyd bA
and reducing risks associated with geological hazards. Such efforts are becoming increasingly important
due to the effects of climate change, causing increagied| gamivities such as landslides and rock

falls, which are particularly pronounced in the Alpine areas. Motivated by this, ETH established a research
project Alpine Measurement Laboratory (AML) focusing on exploring geomonitoringtstraiegies w

sensors and processing algorithms. Some of the sensors that showed advantages over traditionally
employed solutions are terrestrial laser scanners (TLSs), primarily due to their high spatial resolution,
which can uncover previously unobservabde it the motion of landmasses over large areas.
Consequently, a part of the AML explores the opportunities and limitatioasge Bin§s and focuses

on computing, evaluating, and eventually improvinguhgegTLS deformation estimates over large

areas. Within this contribution, we present the implemented monitoring stratpgycedsitag

workflows, and the preliminary results of the study. The analysis covered different aspects of point cloud
processing, from ppeocessing, such as vegetaéoroval and point cloud registration, up to-epoch

wise point cloud comparisons and obtaining the deformation estimates. The deformations are estimated
using different point cloud processing strategies, including established approaches, such as the Multiscal
Model to Model Cloud Comparison (M3C2) approach, but also #easiingesgsed approaches,

such Feature to Feature Superbased Spatial Smoothing (F2S3) algorithm. The deformation
estimates obtained by these algorithms are also comparedlitidtialtrgeodetic measurements,

namely with the Global Navigation Satellite System (GNSS) measurements obtained using the network
of permanently installed GNSS stations positioned across the monitored region. These initial results shec
light on the best ipb cloud processing practices in this application domain and give insight into
achievable measurement uncertainty.

Key words:change detection, deformation monitoring, LIDAR, point clouds, rockfalls, terrestrial laser
scanning, TLS

l1lntroducti on

The importance of geomonitoring in understanding geological processes and
minimizing risks due to geological hazards is well recognized, especially nowadays as climate
change exacerbates related environmental threats. Increased geological actiafties, such
landslides and rock falls, are notably severe in the Alpine regions, making developing and
deploying effective monitoring strategies in these mountainous regions increasingly relevant.

To support these efforts, the Institute of Geodesy and Photogrammetry (IGP) at ETH
Zurich and the Swiss Federal Office for the Environment established a collaborative Alpine
Measurement Laboratory (AML) project to deploy novel sensors and processimgsalgori
One of the key technologies investigated within the project is terrestrial laser scanning.
Terrestrial Laser Scanners (TLSs) as instruments for monitoring are distinguished by their
ability to deliver data with relatively high spatial and temgotation that captures subtle
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movements of landmasses across expansive areas, providing insights that traditional sensors
cannot.

Despite their powerful capabilities, effectively deploying TLSs is not without
challenges. Estimating deformations from TLS data (point clouds) is not a trivial task and it
requires relatively complex data processing pipelines employing a serielsn$ adgafit
dedicated to resolving a particulartask within the pipeline. The choice of algorithms,
selection of their (hyp&parameters, and the way and order in which they are integrated
within a single workflow profoundly influence the results.oMereonce deformation
estimates are computed their interpretation is not straightforward, theiredatiy
characteristics, such as accuracy and precision, are not typically given (as is the case of
monitoring within geodetic networks for examplé)tlaere is no empirical community or
experiencéased knowledge of how good the deformation estimates can be.

Motivated by the latter challenges, a substantial part of the scientific efforts related to
AML focus on investigating different choices related to the TLS data processing pipeline and
analysinghe achievable quality of deformation estimates. This article presents preliminary
findings based on a case study of yedtr monitoring of the highly geologically active
region in Matter Valley (Switzerland). The article aims to support similabye#basng
our insights acquired within the project.

The article is structured as followsajér2 presents the implemented monitoring
strategy within the case studyg@ér3 presents the implemented and tested data processing
pipeline(s); Gipter4 summarizes the most relevant preliminary findings, wajeEh
concludes the contribution by highlighting remaining challenges and presenting our ongoing
efforts and future work.

2Case Study and | mplemented TLS Monitoring

The Region of Interest (ROI) of the case study under the AML project is situated on
the orographic right side of the Matter Valley in Canton Valais, Switzerland. Figure 2.1
provides a detailed depiction of the region and the measurement setup. The ROl span
approximately 3 x 2 km2 on the east sider@2gl, right side) and lies below two mountain
peaks, Breithorn (3176 m) and Gugla (3376 m), having a mean slope angle of around 30
degrees. The ROI contains multiple geologically active formations imokkdigigciers
and landslides, forests cover the lower part and the higher part comprises predominantly
rocky areas. The mentioned geologically active formations are of significant concern due to
their potential to impact infrastructure and affect livorglitons within the valley
(Rothacher et al., 2026ller et al., 2023).

Monitoring of the ROI started using GNSS in 2008 as part ofstese project, with
the initial installation of single frequency (SF) stations (Wirz et al., 2014). Additionally, five
new dual frequency (DF) stations were set up in 2021 under the bgpofthe AML
project. The coordinate time series necessary for estimating deformations or displacements
were computed using version 5.2 of the Bernese GNSS software (Dach et al., 2015).
According to Mdller et al. (2023), the upgraded GNSS stationdivaendestation
coordinates with a standard deviation ranging from 2 to 4 mm. This precision suggests that
using daily averages of station coordinates likely allows for displacement estimates with
accuracy better than 1 cm, offering strong referenceeneasts for the evaluation of TLS.
In this study, 5 of overall 15 available GNSS stationse(Big) were selected for the
analysis and their data was compared witthd$e2l displacement estimates (the choice was
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subject to sufficiently good TLS coverage and uninterrupted availability of GNSS data during
the project duration).

NN L

® TLs ¥ GNSS ("] Region of interest

Figure 2.1Map indicating the region of interest and the measurement locations (Kartendaten:
geo.admin.ch, © swisstopo); reproduced from Méller et al., 2023

For monitoring withlongrange TLS we implemented the following strategy. We
revisited a location on a regular basis, yearly, in the period from 2019 to 2022. The TLS
station was strategically located on the edge of a stable bedrock (Figure 2.2), ensuring free
visibility of he ROI from the opposite side of the valley (Figure 2.1). The setup included a
RIEGL VZ-4000 scanner, with the maximum measurement range of 4 km, mounted on a
heavyduty tripod centered over a permanently marked and fixed point usinpuitte in
laser plmmet. The scanner was precisely leveled usingp@h &ectronic bubble, set at
the same height each time using the measuring tape, and the orientation around the standing
axis was approximately aligned towards the ROI, all to minimize the diffietbpcestup
between each revisit.

Figure 2.2TLS measurement setup across the valley relative to the monitored region of interest;
reproduced from Rothacher et al., 2021
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Each scanning session lasted approximately 15 hours, from 6 PM to 9 AM the
following day, during which we acquired a series of about 6 consecutive scans, with each
scan taking approximately 2 hours. The scanning window covered a 105° x 60° area with an
angilar resolution of 0.005°, chosen to balance scan duration and spatial resolution. The
measurement frequency was set at 50 kHz and the measured distances spanning from 1.5 to
4 km. Depending on the range, the resulting point spacing was abdu#iGrilbhe scans
were acquired mostly during the night (including periods in the evening and early morning)
to minimize atmospheric refraction effects on the laser beam propagation, reducing
systematic distortions of measurements (Friedli et al., 2019). &ljjditloa stability and
safety of the scanner were enhanced with cargo straps. A-geadeticeather station set
next to the TLS (Figure 2.2) was used to monitor atmospheric conditions, including
temperature, pressure, humidity, and wind speed. Theglssttu TLS and the weather
station) were powered by an external metipamadred fuel cell (Rothacher et al., 2021).

3DatPa ocessing Pipeline

Figure 3.1 presents the implemented gateessing pipeline with fixed (solid
boundary lines) and optional (dashed boundary lines) elements. The input to the pipeline are
TLS point clouds acquired during two measurement epochs (E1 and E2), where one or more
point clouds per epoch are used. An example of such a point cloud is presentssl in Fig
3.2.

Vegetation
removal
) 1D or 3D
Registration leferen(.:e differences
computation (changes)

Figure 3.1Implemented data processing pipeline (solid boundaryfixext elements, dashed
boundary liné optional elements)

The first optional step is transforming point clouds from 3D Euclidean representation
into the original spherical coordinates and applying atmospheric correction to range
measurements based on the readings of the meteorological station installe@ && to th
station. This effect primarily causes auroform offset and scale change of the point cloud.
Hence, the related processing step can be skipped in the case of registration with 7 degrees
of freedom (DoF), which includes the scale parameter, asgiathtion can compensate
for both scale and offset to a large degree.

Figure 3.2Colored point cloud of the monitored region of interest (acquired during the day, not
used for processing), reproduced from Rothacher et al., 2021
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The rough alignment of the point clouds from E1 and E2, given by the strictly repeated
TLS setup (see @pter2), was refined through a tatep registration process. In step one,
the point clouds are spatially subsampled producing an average point spacing of 3 m (approx.
10x larger spacing than in the original point cloud); then for each point in the paint cloud
feature descriptors describing the geomet
computed using the FPFH algorithm (Rusu et al., 2009nallyd RANSAC registration
based on feature matching is applied to find the set of corresponding points and registration
parameters (6 DoF, 3 translations, 3 rotations) with the highest consensus. In step two, the
RANSACGChbased registration solution iBned using the ICP algorithm and original point
clouds without subsampling. The approach follows the recommended workflow for global
registration provided by the Open3D Python library for point cloud processint) (URL

Once the point clouds of different epochs are registered and represented in a common
coordinate system, the deformation estimates are computed as point cloud differences that
correspond to the magnitude of land mass movements or displacements. Suehdooint ¢
differences were computed using two different algorithms: M3C2 (Lauge et al., 2013) and
F2S3 (Gojcic et al., 2020). The M3C2 algorithm, a standard in change detection, measures
1D distances between point clouds along the surface normal, whicl sffieiciile for
detecting volumetric changes, but lacks sensitivity to displacements perpendicular to the
surface normal. This limitation can lead to underestimations of 3D displacements.
Conversely, the F2S3 algorithm utilizes deep learning to extrees fizscribing the local
surface geometry of each point in the point clouds, searches corresponding points between
the epochs using these features, and robustly computes dense 3D displacement vector fields.
Hence, the outcome of our data processingn@paie pepoint estimated magnitudes of
both M3C2 (1D) and F2S3 (3D) point displacements.

As densely vegetated areas represent surfaces with poor properties for registration and
deformation estimation with high quality, we optionally added a vegetation removal step
either before the point cloud registration or before computing the point iflerehces.

Finally, as we collected a series of several point clouds within each epoch, we optionally
added an averaging step, either on the level of averaging point clouds after the registration
or averaging the point cloud differences computed betiv@assible combinations of

point clouds from both epochs E1 and E2. The effectiveness of this data processing pipeline,
its elements, and the quality of the results are presented and discussed in the following
section.

4Preliminary Findings

This chapter is separated into 2 subchapteaptéZh.1 presents our preliminary
findings related to the quality of deformation estimates based -oanigadlLS point
clouds, while CGipter4.2 presents the ablation stadglysinglifferent modules within the
data processing pipeline.

4 . Deformati on estimates

The estimated deformations are presented as magnitudes of 1D and 3D point cloud
differences computed using M3C2, respectively F2S3 algorithm over the whole ROI for time
intervals I'T of 1 and 2 yuwedrlsSeverdlhedevantal u e
observations can be made based on the visual analysis. Both algorithms tend to detect the
same regions as being geologically activee{#ity, enumerated regions). A more detailed
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description of individual regions can be found in Méller et al., 2023. Herein, we highlight the
differences between the algorithms regarding sensitivity at different locations and time scales

M3C2 [m] F283 [m]

-2.0 -0.5 0.5 2.0 0.4 2.0 4.0 6.0 8.0

Figure 4.1Point cloud differences computed using M3C2 and F2S3 algorithms between point clouds
acquired 2 years and 1 year apart (M3C2 color scale indicates volume loss by negative values and
volume gain by positive values; F2S3 provides the absolute magritied#3 dfsplacement

vectors, but all values below 0.4 m are removed from the analysis due to a high noise level)

At two-year intervals, M3C2 is better at clearly detecting and delineating the locations
where the large changes occurred (regions 1, 3, 5, and 7), while the F2S3 algorithm struggles
to compute valid point correspondences due to strong changes in theagstnecture
of the environment (rendering pointsé featur
produces sparse fields with the estimates of very large motions (10 m or more, indicated by
sparse red dots in Figure 4.1) which are likely to yoéndidative of large displacement
magnitudes and not accurate estimates of their quantity. On the other hand, although M3C2
cannot provide valid estimates of 3D displacements, in such regions it can provide accurate
estimates of volumetric changes (exy.rhuch material was eroded or accumulated).

I f the time interval is smaller (see e.g.
displacement magnitudes are smaller, the F2S3 can more successfully evaluate displacement
magnitudes even in these regions. This observation highlights the rdlévaicteice of
temporal resolution with which the monitoring is to take place to be able to resolve and
correctly represent the land mass movements over time. In the case of insufficient temporal
resolution, only volumetric changes can be assessedfieimsguality.
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