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Preface 

SIG2024 is 5th Symposium on Engineering Geodesy which traditionally 
organizes Croatian Geodetic Society ð CGS (FIG member) in cooperation with the 
University of Zagreb ð Faculty of Geodesy (FIG member) and supported by FIG 
Commission 6. CGS was founded in 1953 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 exceptionally 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 Symposium has been organized with the 
close cooperation of the University of Zagreb ð Faculty of Geodesy, and under the 
auspices of the International Federation of Surveyors. In 2020, 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 
Geodesy ð INGEO&SIG2020. This, the fourth Symposium on Engineering 
Geodesy (SIG), actually included two symposia ð SIG and the International 
Conference on Engineering Surveying (INGEO), traditionally organized by 
colleagues from the Slovak University of Technology in Bratislava (Faculty of Civil 
Engineering, Department of Surveying ð STUBA). 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, encompassing 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. Additionally, the Symposium 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 applications. 

The fifth Symposium on Engineering Geodesy ð SIG2024, will be organized 
in hotel AntunoviĻ, in Zagreb under the title òEngineering Geodesy ð Definition, 
Core Competencies and Unique Featuresò. The Symposium Proceedings cover 31 
papers, including 3 special papers related to the topics of invited lectures. The papers 
are divided into nine topics: 

Á invited lectures, 

Á TLS - terrestrial laser scanners, 
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Á BIM & 3D models of buildings, 

Á deformation measurements, 

Á geoinformation infrastructure, 

Á engineering geodesy in construction, 

Á geodetic networks, data quality control & calibration, 

Á indoor and underwater navigation, 

Á UAV, LiDAR & Photogrammetry 

We would like to express our deepest gratitude to all authors of the papers, 
presenters, participants, sponsors, reviewers, 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 expectations, as well as a pleasant and enjoyable stay in 
Zagreb. 

 
Zagreb, September 2024 
 

Rinaldo Paar & Ante MarendiĻ 

on behalf of the 

Scientific Committee of SIG 2024 
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Engineering Geodesy ð Definition, Core Competencies 
and Unique Features I llustrated with Two Examples 
from Infrastructure Monitoring and Crop Production 

Prof. Dr.-Ing. Heiner Kuhlmann1 

1 Head of Working Group Geodesy, University of Bonn, Institute of Geodesy and Geoinformation, Nußallee 

17, Bonn, Germany, heiner.kuhlmann@uni-bonn.de 

Abstract. Engineering geodesy is the discipline of reality capture, setting-out and monitoring of local and 
regional geometry-related phenomena, paying particular attention to quality assessment, sensor systems 

and reference frames. This definition was stated in 2014 by Kuhlmann 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, Monitoring, Deformation Analyses, Multi-sensor systems, Point 

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 of 
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 upon point-based 
measurements, acquired by e.g. total stations, Global Navigation Satellite Systems (GNSS) 
or extensometers. The preselection of these individual points, that should characterize the 
object, falls into the responsibility of the engineer. In general, this selection demands 
interdisciplinary collaboration. After analysing the movement of these individual points, the 
movement of the complete object is gained by a spatial generalization process.  

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 TLS-based deformation analyses is that the object is sampled with a high spatial 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, several challenges 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: 

mailto:heiner.kuhlmann@uni-bonn.de


SIG2024 ð International Symposium on Engineering Geodesy, 12ð14 September 2024, Zagreb, Croatia  

10   
 

Á 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 individual ð if possible spatially limited ð deformations.  

Á Calibrating the laser scanner so that systematic instrumental errors are 
minimized.  

Á Determining a realistic variance-covariance matrix of the TLS measurements 
for describing the measurement uncertainty.  

Á 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.  

Á Complement the stochastic model of TLS measurements and model 
uncertainty by concepts for distribution-free uncertainty modelling to take 
remaining systematic errors into account by sets and intervals.  

Á Segmentation of deformed and non-deformed 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.  

Á Analysing the 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 

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 and artificial intelligence 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 University of Bonn. Geodesy 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 variety of measurement 
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 geometric structures 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 in a higher-level 
coordinate system. The same applies when objects are observed over a period of time to 
measure change, e.g. growth. In the case of moving multi-sensor systems, sensors such as 
GNSS or inertial sensors are usually merged to determine the movement of the sensors 
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. Determining the 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 contribute to recording the 
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 parameters and characteristics 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 using very high-resolution 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 leaf angle distribution, surfaces must be reconstructed from the point 
clouds, which in the case of plants in turn poses some challenges.  
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Locata: Terrestrial Time Synchronized Radio 
Positioning System as a Complementary to GNSS for 
Positioning, Navigation and Timing 

Dr.-Ing. Igor Grgac1 

1 Locata Corporation Pty Ltd., 28-34 Thynne Street, Bruce ACT 2617, Australia, 

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 are used as a time reference for time synchronization which 

øĂ òāøăøòðû øý óøõõôāôýă õøôûóĂ ðýó ăôò÷ýþûþöøôĂ ˭ø˅ô˅ ,4% і'ʿ õøýðýòôĂʿ ñðýúøýöʿ Ăăþòú üðāúôăĂ ôăòˮ˅ 4þóðĈˑĂ 

geopolitical tensions in different parts of the world have shown vulnerability of the GNSS as their signals 
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 navigation 

system in the areas where GNSS signals are not available. It is a terrestrial radio positioning system based 
on a network of time synchronized transmitters of GNSS like signals. One of the biggest advantages of 

the system is proprietary TimeLocз technology which enables sub-nanosecond-level time 

synchronization over the air. Over the past two decades Locata technology has been utilized in different 

applications, 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 alternative 

positioning, navigation, and timing technologies for potential deployment in EU. In the evaluation Locata 
technology achieved centimeter level positioning solution in both outdoor and indoor environments as 

well as sub-nanosecond-level of time synchronization. 

Key words: Locata, GNSS, TimeLoc, Navigation, Autonomous operation  
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Uloga geodetskog struĽnjaka u niskogradnji u kontekstu 
tehnoloĢkog razvoja i njegove odgovornosti za sve 
provedene geodetske zadatke 

$āðöðý &ĄāøĢ, dipl. ing. geod.1 

1 Geo-ing d.o.o., ul. Bernardina Frankopana 4, Ogulin, Hrvatska, furicing@googlemail.com  

Abstract. 5 þąþüô āðóĄ þñùðŶýùðąð Ăôʿ ôûðñþāøāð ø ÿāøúðĉĄùô ÿāôĂùôú üôăþóð ø ÿþĂăĄÿðúð úþó øĂúþûĤôýùð ø  

ÿāðĢôýùð øĉąþĨôýùð öāðĨôąøýĂúø÷ āðóþąð  ýð  ąôĢøü  öāðĨôąøýðüð  ø úþýĂăāĄúòøùðüð Ą ýøĂúþöāðóýùø ˭ýÿā˅ 

ăĄýôûøʿ üþĂăþąøʿ ąøùðóĄúăøʿ ăāðĂôʿ ñāðýô ø óā˅ˮʿ ð ÿāðăôĢø āðĉąþù ăô÷ýþûþŶúþö āðĉąþùð ø ýðÿāôăúð öôþóôăĂúø÷ 

üùôāýø÷ Ăôýĉþāð ø ĂĄĂăðąðʿ þóýþĂýþ øýĂăāĄüôýăðāøùð ø ÿāøÿðóðùĄĢôö ÿāøñþāð úðþ ø āðĉąþù ÿāðăôĢô 

öāðĨôąøýĂúô þÿôāðăøąô˅ 0āôĉôýăøāðùĄ Ăô ýðùĄĤôĂăðûøùø ÿāøüùôāø ÿāþùôúăð ĄĂÿþĂăðąô öôþóôăĂúô þĂýþąô úāþĉ sve 
njene faze; projekt, izvedba i analiza, a na temelju koje se provode svi ostali geodetski zadatci i elaborati 

˭ýÿā˅ ôûðñþāðă øĂúþûĤôýùðʿ ôûðñþāðă ÿāðĢôýùðʿ öôþóôăĂúð Ăýøüúð Ăăąðāýþö øûø öôþóôăĂúð Ăýøüúð øĉąôóôýþö 

stanja i dr.). 

$āĄöð þúþĂýøòð āðóð ùô ÿāøúðĉ ÿþĉøòøùô ø ĉýðĤðùðʿ ăù˅ þóýþĂð öôþóôăĂúø÷ ĂăāĄĤýùðúð Ą øýƝôýùôāĂúþü ăøüĄ 
öāðóøûøŶăð Ą þóýþĂĄ ýð Ăąô þĂăðûô óāĄöô ĂăāĄúô úþùô ĂĄóùôûĄùĄ Ą òùôûþúĄÿýþü ÿāþòôĂĄ öāðóýùô ˭ýÿā˅ 

öāðĨôąøýðāøʿ āĄóðāøʿ öôþûþĉøʿ Ăăāþùðāø ø óā˅ˮ˅ $ðùô Ăô perspektiva geodetske struke u funkciji projektiranja, 

öāðóýùô ø þóāƝðąðýùð øĉöāðĨôýø÷ þñùôúðăð úāþĉ ÿþăāôñýô öôþóôăĂúô ĉðóðăúôˀ øĉāðóð öôþóôăĂúø÷ ÿþóûþöð ĉð 

ÿþăāôñô ÿāþùôúăøāðýùðʿ öôþóôăĂúþ ÿāðĢôýùô öāðĨôąøýð úðúþ Ą øĉöāðóýùø ăðúþ ø Ą ôúĂÿûþðăðòøùø ăô Ąĉ njih 
øĉāðóð ÿāøÿðóðùĄĢø÷ öôþóôăĂúø÷ ôûðñþāðăð˅ 0þĂôñýþ Ăô óðùô ýðöûðĂðú ýð Ăąô øýƝôýùôāĂúô āðóþąô Ą 

öāðĨôąøýĂúøü āðóþąøüð ýøĂúþöāðóýùô ăô Ăô øĂăøĤô þóöþąþāýþĂă þąûðŶăôýø÷ øýƝôýùôāð öôþóôĉøùô úþùø Ăąþùøü 

ÿþăÿøĂþü ø ÿôĤðăþü öðāðýăøāðùĄ ø ÿāôĄĉøüðùĄ ýð Ăôñô ÿāþąôóôýô öôþóôăĂúô ĉðóðăúô Ăąø÷ ąāĂăð øĂúþûĤôýùðʿ 

úþýăāþûð ø ÿāðĢôýùð ÿþüðúð ø óôõþāüðòøùð öāðĨôąøýð ăô úþýĂăāĄúòøùð Ą òøùôûþü ýùø÷þąþü Ɲøąþăýþü ąøùôúĄ˅ 
.ð úāðùĄ Ăô óðùô þĂąāă ýð õøýðýòøùĂúô ĄŶăôóô Ą öāðóýùø Ă òøûùôü ÿþąôĢðýùð úąðûøăôăô øĉąôóôýø÷ āðóþąðʿ 

óþñøąôýô ýð ăôüôûùĄ úąðûøăôăýø÷ ąøĂþúþ ÿāôòøĉýø÷ ø ăþĤýø÷ öôþóôăĂúø÷ ÿþóðăðúð úþó Ăąø÷ öôþóôăĂúø÷ 

ĉðóðăðúð ø øĉąþĨôýùð Ăąø÷ ąāĂăð öāðĨôąøýĂúø÷ āðóþąð˅ 

Key words: ýøĂúþöāðóýùðʿ Ąûþöð öôþóôăð Ą ÿāþòôĂĄ öāðóýùôʿ öôþóôăĂúø ĉðóðăòøʿ ăô÷ýþûþŶúø āðĉąþùʿ úąðûøăôăð 

podataka 

The Role of  the Geodetic Expert in Civil Engineering in 
the Context of  Technological Development and his 
Responsibility for all Performed Geodetic Tasks 

Abstract. This paper explains, elaborates and shows a cross-section of methods and procedures for 

staking out and monitoring the execution of construction works on larger buildings and constructions in 

civil engineering (e.g., tunnels, 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 construction 

operation. The most frequent examples of the project of establishing the geodetic base through all its 

mailto:furicing@googlemail.com
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phases are presented; project, execution and analysis, based on which all other geodetic tasks and studies 
are carried out (e.g., staking study, monitoring study, geodetic recording of the actual or geodetic 

recording of the derived state, etc.). 

The second fundamental part of the paper is the presentation of the position and significance, i.e., the 

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 process (e.g., builders, 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; creation of geodetic foundations 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 engineering 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 deformations of buildings 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, obtained based on high-quality, 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 
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* Geomonitoring Using Long-Range TLS in Swiss Alps 

Tomislav MediĢ1, Nianfang Shi1, Nicholas Meyer1, Andreas Wieser1 

1 ETH Zürich, Stefano-Franscini-Platz 5, Zürich, Switzerland, tmedic@ethz.ch, niaschi@student.ethz.ch, 

nicholas.meyer@geod.baug.ethz.ch, andreas.wieser@geode.baug.ethz.ch   

Abstract. 'ôþüþýøăþāøýö øĂ āôûôąðýă õþā øüÿāþąøýö þĄā ĄýóôāĂăðýóøýö þõ ă÷ô %ðāă÷ˑĂ ÿ÷ĈĂøòðû ÿāþòôĂĂôĂ 
and reducing risks associated with geological hazards. Such efforts are becoming increasingly important 

due to the effects of climate change, causing increased geological activities 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 geomonitoring strategies with novel 
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 unobservable cues in the motion of landmasses over large areas. 

Consequently, a part of the AML explores the opportunities and limitations of long-range TLSs and focuses 

on computing, evaluating, and eventually improving long-range TLS deformation estimates over large 
areas. Within this contribution, we present the implemented monitoring strategy, data-processing 

workflows, and the preliminary results of the study. The analysis covered different aspects of point cloud 

processing, from pre-processing, such as vegetation removal 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 Multiscale 

Model to Model Cloud Comparison (M3C2) approach, but also novel deep-learning-based approaches, 

such Feature to Feature Supervoxel-based Spatial Smoothing (F2S3) algorithm. The deformation 

estimates obtained by these algorithms are also compared with traditional geodetic 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 shed 

light on the best point 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 

1. Introduction 

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 activities, such as 
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 processing algorithms. 
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 temporal resolution that captures subtle 



SIG 2024 ð International Symposium on Engineering Geodesy, 12-14 September 2024, Zagreb, Croatia 

20   
 

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 series of algorithms, each 
dedicated to resolving a particular sub-task within the pipeline. The choice of algorithms, 
selection of their (hyper-) parameters, and the way and order in which they are integrated 
within a single workflow profoundly influence the results. Moreover, once deformation 
estimates are computed their interpretation is not straightforward, their quality-related 
characteristics, such as accuracy and precision, are not typically given (as is the case of 
monitoring within geodetic networks for example) and there is no empirical community or 
experience-based 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 
analysing the achievable quality of deformation estimates. This article presents preliminary 
findings based on a case study of multi-year monitoring of the highly geologically active 
region in Matter Valley (Switzerland). The article aims to support similar efforts by sharing 
our insights acquired within the project. 

The article is structured as follows: Chapter 2 presents the implemented monitoring 
strategy within the case study; Chapter 3 presents the implemented and tested data processing 
pipeline(s); Chapter 4 summarizes the most relevant preliminary findings, while Chapter 5 
concludes the contribution by highlighting remaining challenges and presenting our ongoing 
efforts and future work. 

2. Case Study and Implemented TLS Monitoring Strategy 

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 ROI spans 
approximately 3 x 2 km² on the east side (Figure 2.1, 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 including rock glaciers 
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 living conditions within the valley 
(Rothacher et al., 2021; Möller et al., 2023).  

Monitoring of the ROI started using GNSS in 2008 as part of the X-sense 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 sponsorship of the 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 Möller et al. (2023), the upgraded GNSS stations are delivering station 
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 reference measurements for the evaluation of TLS. 
In this study, 5 of overall 15 available GNSS stations (Figure 2.1) were selected for the 
analysis and their data was compared with TLS-based 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). 

 

Figure 2.1 Map indicating the region of interest and the measurement locations (Kartendaten: 

geo.admin.ch, © swisstopo); reproduced from Möller et al., 2023 

For monitoring with long-range 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 the 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 
heavy-duty tripod centered over a permanently marked and fixed point using the in-built 
laser plummet. The scanner was precisely leveled using an in-built electronic 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 differences in the setup 
between each revisit. 

 

Figure 2.2 TLS measurement setup across the valley relative to the monitored region of interest; 
reproduced from Rothacher et al., 2021 



SIG 2024 ð International Symposium on Engineering Geodesy, 12-14 September 2024, Zagreb, Croatia 

22   
 

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 
angular 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 about 0.15 - 0.4 m. The 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). Additionally, the stability and 
safety of the scanner were enhanced with cargo straps. A geodetic-grade weather station set 
next to the TLS (Figure 2.2) was used to monitor atmospheric conditions, including 
temperature, pressure, humidity, and wind speed. The setup (both TLS and the weather 
station) were powered by an external methanol-powered fuel cell (Rothacher et al., 2021). 

3. Data-Processing Pipeline  

Figure 3.1 presents the implemented data-processing 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 presented in Figure 
3.2. 

 

Figure 3.1 Implemented data processing pipeline (solid boundary lines ð fixed elements, dashed 
boundary line ð 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 installed next to the TLS 
station. This effect primarily causes a non-uniform 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, as such registration can compensate 
for both scale and offset to a large degree.  

 

Figure 3.2 Colored 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 Chapter 2), was refined through a two-step 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 point clouds 
feature descriptors describing the geometrical structure of pointsõ neighborhoods are 
computed using the FPFH algorithm (Rusu et al., 2009); and finally, 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 
RANSAC-based registration solution is refined 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 processing (URL 1). 

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. Such point cloud 
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, which is highly effective 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 extract features describing 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 processing pipeline are per-point 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 cloud differences. 
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 between all possible 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. 

4. Preliminary Findings 

This chapter is separated into 2 subchapters, Chapter 4.1 presents our preliminary 
findings related to the quality of deformation estimates based on long-range TLS point 
clouds, while Chapter 4.2 presents the ablation study analysing different modules within the 
data processing pipeline. 

4.1. Deformation 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 ǃT of 1 and 2 years. The values are visualized in Figure 4.1. Several relevant 
observations can be made based on the visual analysis. Both algorithms tend to detect the 
same regions as being geologically active (Figure 4.1, enumerated regions). A more detailed 
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description of individual regions can be found in Möller et al., 2023. Herein, we highlight the 
differences between the algorithms regarding sensitivity at different locations and time scales 

 

Figure 4.1 Point 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 magnitudes of the 3D displacement 

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 the geometrical structure 
of the environment (rendering pointsõ feature descriptors meaningless). As a result, F2S3 
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 be only indicative 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 (e.g. how much material was eroded or accumulated). 

If the time interval is smaller (see e.g. ǃT of 1 year in Figure 4.1), and therefore the 
displacement magnitudes are smaller, the F2S3 can more successfully evaluate displacement 
magnitudes even in these regions. This observation highlights the relevance of the choice 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 assessed with sufficient quality. 
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