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Abstract

This paper presents an advanced methodology for automatic geodetic monitoring using total stations, employ-
ing the open-source software library JAG3D. As part of the BMBF-funded AImon5.0 research project, an
extensive installation of geodetic measuring systems was set up in Trier (Germany). In addition to a perman-
ent laser scanner, GNSS, inclination sensors and numerous meteorological sensors, a total station has been
installed, whose data acquisition and evaluation has been further developed as part of an automated pipeline
based on open data interfaces and open-access analytical software. Our approach demonstrates the practical
application of JAG3D in geodetic monitoring by detailing the system’s setup, data acquisition processes, and
analysis procedures. The results underline the software’s capability to handle large datasets and provide accur-
ate deformation measurements. This automated system enhances efficiency and reliability, allowing for timely
responses to geological hazards. In the Trier case study, the system successfully detected hourly displacement
magnitudes in the rock formation, which were critical for early warning and mitigation strategies. This paper
examines the challenges encountered, including environmental influences and complexities in automation, and
discusses the approaches taken to address them. The findings highlight the potential of open-source solutions
in geodetic monitoring, promoting wider accessibility and adoption in various geotechnical applications.
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1 Introduction

In recent years, the frequency and magnitude of
gravitational mass movements such as landslides,
slope failures, debris flows, and rockfalls has in-
creased. This phenomenon is primarily driven by
climate change and the complex interactions among
various interdependent factors under its influence
(Brasseur et al., 2023). When monitoring these
phenomena, methods from engineering geodesy can
make a crutial contribution by producing qualitat-
ive, high-resolution and reliable 4D (3D + time)
earth surface data. The purpose of monitoring is not
only to document the status quo, but is also a key
component of risk management to identify hazards
at an early stage and initiate mitigation strategies.

This paper is part of the Almon5.0 research pro-
ject (Czerwonka-Schroder et al., 2025) funded by
the German Federal Ministry of Education and
Research (BMBF). The project focuses on real-
time monitoring of gravitational mass movements,
with particular emphasis on the use of permanent
laser scanners (PLS). This technology enables the
continuous acquisition of high-resolution 4D point
clouds, which are essential for the accurate analysis
of changes in at-risk objects. The analysis of this
type of data is complex, so Al-based methods are
being developed to automatically identify relevant
events and process the data for decision-making.

An important aspect of the project is a test installa-
tion at the Trierer Augenscheiner, a geologically ex-



6" Joint International Symposium on Deformation Monitoring (JISDM)

7.-9. April 2025, Karlsruhe, Germany

posed rock massif that has already been affected by
gravitational mass movements in the recent past. In
addition to permanent laser scanning, a total station
is being used at this site to verify the laser scanner
measurements and ensure the accuracy and consist-
ency of the data.

One of the main challenges in comprehensive geo-
monitoring projects is the integration of different
sensor types. In many cases, users find themselves
in a proprietary hardware and software ecosystem
where the integration of sensor data into a homo-
geneous monitoring result is complex and inflex-
ible. Existing software solutions often function as
"black box" systems, restricting user access to para-
meterization. Additionally, poorly documented or
inaccessible data interfaces and exchange formats
hinder customization for project-specific require-
ments. Significant licensing costs are added to the
already considerable hardware costs, as many sys-
tems use project or sensor-based billing models.
These fundamental barriers make it difficult to im-
plement monitoring projects in a scalable and eco-
nomically efficient manner.

Therefore, we aim to address the lack of open,
modular software solutions that support vendor-
independent integration and enable flexible data
analysis. Open source software offers a promising
approach. It creates transparency and makes it pos-
sible to respond precisely to project or application-
specific requirements. It also eliminates the reliance
on project-specific solutions: Once a software solu-
tion has been developed, it can be deployed across
various projects, independent of geographic loca-
tion or specific project requirements, thereby obvi-
ating the need to develop new software from scratch
for each application. This increases the range of ap-
plications and reduces integration time and costs for
each monitoring task.

The research project will develop a application-
orientated approach to integrating global navigation
satellite systems (GNSS), PLS, inclination sensors
and total station data into a common global coordin-
ate framework. This approach will significantly im-
prove the comparability and quality of results.

In this article, we examine the integration of a total
station into a workflow based on open-source soft-
ware. The chosen software platform is JAG3D, a es-
tablished solution developed by the Steinbeis Trans-
fer Centre Applied Geodesy. JAG3D allows the

combination of different observation methods such
as levelling, direction and distance measurements as
well as GNSS baseline measurements. The software
has proven itself worldwide due to its flexibility and
wide range of applications in the field of geomonit-
oring and industrial metrology.

Based on this, we formulate the key research ques-
tion of the article: Is it possible to effectively use
open source software for geodetic monitoring? We
present a workflow from data acquisition to analysis
and visualisation. The aim is to provide the sci-
entific community with an example of an automated
workflow that demonstrates the integration of het-
erogeneous sensor data and shows the potential ap-
plications.

This contribution is organised as follows: Section 2
provides a brief overview of the JAG3D software
package and the implemented approach for ana-
lysing deformations. The developed workflow for
automated monitoring, including instrument com-
munication and data management, is presented in
Section 3. It was successfully tested on a rockfall in
Trier and Section 4 shows some preliminary results.
The study concludes with a discussion in Section 5
on the benefits of utilizing JAG3D, including cost-
effectiveness, adaptability, and community support,
suggesting a robust framework for future geodetic
monitoring projects.

2 JavarApplied-Geodesy:3D

Java-Applied-Geodesy-3D (JAG3D) is an open
source software for geodetic network adjustment
and deformation analysis. The software estimates
the coordinates of redundantly observed points by
combining levelling data, classical terrestrial obser-
vations, laser-tracker measurements as well as data
obtained form GNSS using the principle of least-
squares adjustment. As shown by Durand et al.
(2022), large-scale networks can be fully spatially
estimated by introducing a topocentric coordinate
system that takes into account the curvature of the
Earth. For a detailed description of the implemen-
ted mathematical model, the interested reader is re-
ferred to the contribution by Losler et al. (2023).
The application consists of three logical compon-
ents, namely the graphical user interface (GUI), the
adjustment kernel, and the project management sys-
tem. The project management is realised by an em-
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bedded relational SQL database management sys-
tem. The user interface as well as the adjustment
kernel are independent of each other and interact
with the database. The database contains all project-
specific settings and data and can be operated on and
modified with any tool that supports the structured
query language. Thus, JAG3D’s graphical user in-
terface is not required to administrate the database
or to adjust a network. This emphasises the suit-
ability of JAG3D in automated applications such as
continuous monitoring tasks.

The implemented concept of the deformation ana-
lysis is based on the original observations 1; of
i = 1,2 epochs to be analysed, and estimates the ref-
erence points Xg, which are assumed to be stable, as
well as the object points X, of each epoch. The
related functional model reads (Jager et al., 2005,
p.274)

XR

) = a5
+ = Xo, [, (1)

Lz \ D) AR2 0 A()2 ﬁo;

where nuisance parameters are assumed to be elim-
inated. The vector v; ~ N (0,C);) denotes the nor-
mal distributed residuals where Cj; is the positive
definite dispersion matrix defining the stochastic
model. The design matrix A is separated into two
parts. Whereas Ag, refers to the reference points,
Ao, relates to the object points. The reference
points xg connect both epochs and define the uni-
form datum of the deformation network. The object
points X are considered unstable and treated as in-
dependent in each epoch.

In order to evaluate the stability of the reference
points, the functional model (1) is extended, i.e.,

1+v=A%+B;V,. 2)

Here, the matrix B; is the extension of the design
and the vector V; parameterises the potential dis-
placement of the j-th reference point in xg. If the
Jj-th reference point is stable, i. e. \% i~N <O, C@j),
the test statistic

A
Tj= ——— ~ Fyel|Ho 3)

follows a central F,, -distribution with m = rg Cvj
numerator and o denominator degrees of freedom
(Lehmann and Losler, 2017).

The null hypothesis is rejected in favour of the al-
ternative hypothesis, if the test statistic exceeds the
critical value ¢ computed for a type I decision error
with probability ¢. The reference point correspond-
ing to the largest test statistic exceeding the critical
value, i.e. maxT; > c, is to be considered unstable
and treated as object point within the next network
adjustment. This consecutive procedure is repeated
until a stable reference point field is identified and
is fully equivalent to the data snooping procedure
proposed by Baarda (1967).

Based on the identified stable reference point field,
the deformations of the object points are evaluated.
Let the k-th difference vector between the corres-
ponding object points be defined as

A X
Vk _ Fk [A01
X0

~k ~k
:| :XOZ_XOI’ (4)
2

where Fy = [0 .
ficient matrix.

0 I§ 0] is a coef-

According to Eq. (3), the test statistic under the null
hypothesis, which states that no deformation oc-
curred, follows an F, .-distribution. If this test
statistic exceeds the critical value, i.e. max T} > c,
the null hypothesis is rejected in favour of the al-
ternative hypothesis, and the k-th object point is
considered as deformed. A detailed description of
the implemented deformation analysis is given by
Losler et al. (2017).

If the test statistic in Eq.(3) is rejected, the
distribution of 7 follows a non-central Foco -
distribution with non-centrality parameter (Baarda,
1967, pp. 27f)

A= ?Tc\;lv (5)

The non-centrality parameter is not known because
the expectation E {@} =V of the true deformation

is generally unknown. However, by specifying the
type I and type II decision errors o and 3, the non-
centrality parameter A (m,a, ) is obtained. Sub-
stituted into Eq. (5) yields the minimum detectable
deformation V (o, ) w.r.t. the stipulated probab-
ility levels as a measure of the internal reliability
(Knight et al., 2010). As V(a,) is independent
of the observations, it provides an indicator for the
size of detectable deformations w.r.t. the network
configuration and the stochastic model. During the
planning and optimization process of geodetic and
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deformation networks, JAG3D provides V (¢, B) as
a measure of sensitivity to evaluate the accuracy and
the reliability of the network.

3 General Workflow

This section presents the automated workflow for
deformation analysis, integrating total station meas-
urements into JAG3D for efficient geodetic net-
work monitoring. The developed scripts are freely
available on GitHub!. Two main components are
provided there. The first component (I) involves the
main JAG3D-Batch process. The second compon-
ent (II) extends this functionality by enabling con-
trol of a Leica total station on a Raspberry Pi, ensur-
ing automation of the entire monitoring workflow
on a microcomputer.

In the following the workflow is shown in Figure 1
and divided into several tasks marked with [brack-
ets]. Initially, all targets must be measured once
during the setup of the deformation-network to en-
sure that observation elements for all targets are
available [1]. The script, originally developed for
a monitoring project at Bochum University of Ap-
plied Sciences, utilizes the GeoCom?2 library, which
encapsulates serial communication between a Py-
thon script and a Leica total station. This library
provides access to the Leica GeoCOM Reference
Manual functions (Leica Geosystems, 2006), en-
abling automated instrument positioning and meas-
urement execution. By establishing a serial con-
nection, the library transmits commands as charac-
ter strings to the total station, waits for a response,
and returns the measurement object to our JAG3D-
Batch script. This structured communication pro-
cess ensures the sequential acquisition of all target
points while maintaining compatibility with older
instruments.

If the atmospheric correction and mapping reduc-
tion have not yet been applied within the instrument,
they should be performed at this stage to avoid in-
troducing systematic deviations into the adjustment
[2]. After correction, the observations are transmit-
ted to the batch process (I) for congruence analysis.

To perform deformation analysis, users should first
create a JAG3D project manually. It is recommen-
ded to perform this setup via the GUL. Approximate

lgithub.com/Frederik-Schulte/JAG_Batch

- Global statistics
- Deformation vectors

! - Alerting
] ' - Time series analysis

Figure 1. Schematic representation of the auto-
matic, open source monitoring process with
JAG3D using an Raspberry Pi

coordinates for the reference points (Xg) and the ob-
ject points for both epochs (X, , Xo,) must be impor-
ted. Additionally, point nexuses of Xo, and Xop, are
required for the computation of deformation vectors
% j)- The type I and II errors must also be spe-
cified. With these inputs, the mathematical model
of the deformation network can be pre-analyzed in
terms of accuracy, reliability, and sensitivity. This
approach enables the assessment of the geodetic
datum, network configuration, and observation un-
certainties, ensuring optimal network design before
the beginning of the measurements. To conduct a
deformation analysis, the observations from the first
two epochs (1, 1) with their statistical uncertainties
are required, and all points must be present in these
initial epochs. Once all necessary data is included
in the project database, the automation process can
begin [3]. Since the reference epoch remains con-
stant, only the observations from the new epoch (1)
are required. During preprocessing [A], SQL com-
mands are generated to update the observations in
the JAG3D-project database. Additionally, points
not measured during the control epoch are identi-
fied, and corresponding deactivation commands are
generated. This approach avoids deleting old data
from the database, allowing points to remain inact-
ive until measurements for them are available in a
subsequent epoch. In the next step [B], a connec-
tion to the HyperSQL project database is established
and the commands generated in [A] are executed to
include the new control epoch (I,) in the database.

4

\]

b}

TS measurements Preprocessing of TS data
- Automatic workflow - Reductions
- Approx. Coordinates needed - Corrections L
: ()blep,
JAG3D-Batch process Project database
A: Preprocessing vLIE | JAG3D project
B: Update observation | ——p Raw. data:
C: JAG3D-Batch Hypersor, |~ Pomts
. - Observation
D: Read results «— " -
- Pointnexus &
I
=
v’ o._._._Other Software _ _ _ _
Results = v§ i Further processing (e.g.) :


https://github.com/Frederik-Schulte/JAG_Batch

6" Joint International Symposium on Deformation Monitoring (JISDM)

7.-9. April 2025, Karlsruhe, Germany

In [C] the JAG3D adjustment kernel is started via
a system call, to perform the deformation analysis
with the new epoch. Finally, the project database
can be accessed again to extract the results of the de-
formation analysis [D]. Any table values can then be
exported or viewed via the JAG3D-GUI. The script
only outputs the global a-posteriori variance factor
62, deformation vectors Vy for all points, the a-
priori test statistics 7}, and the results of hypothesis
tests [4]. The output can be adapted with minimal
modifications to the code.

These results can be transmitted via internet to
a database for further processing using additional
open source software, enabling tasks such as alarm
generation or time series analysis [5]. The entire
workflow can be automated using open source tools
like Node-RED or Cron, which can execute the de-
scribed process at predefined, regular intervals (e.g.,
every 60 minutes). The combination of multiple
total station control scripts (II) and the JAG3D-
Batch script (I) enables the application with mul-
tiple stations in a deformation measurement. The
script additionally already provides functionality for
importing and adjusting height differences, such as
those from hose balances. Theoretically, all obser-
vations supported by JAG3D can be integrated into
the automated workflow. This enables cost-effective
and professional monitoring of highly complex de-
formation tasks.

4  Monitoring of a rockfall in Trier

Following the presentation of the mathematical
foundations of deformation analysis and the imple-
mentation of automation using JAG3D in previous
sections, this section introduces a practical applica-
tion of these methods. A research project at Bochum
University of Applied Sciences in Schwelm, Ger-
many has successfully implemented remote control
of a total station using a Raspberry Pi. This sys-
tem has been monitoring a building for several years
with minimal operational issues, demonstrating its
reliability. The automated deformation analysis
with JAG3D was implemented within the frame-
work of the AImon5.0 project, building upon the
feasibility studies conducted by Losler et al. (2010)
during measurement campaigns in Wettzell, Ger-
many.

The monitoring is located at the Trierer Au-

genscheiner, where a potential rockfall poses a
threat to the infrastructure which is placed below
and frequently used by the public. The geological
formation together with the network configuration
is illustrated in Figure 2. The main setup is de-
scribed by Czerwonka-Schroder et al. (2025), while
this study focuses specifically on the total station
monitoring component. The measurements are con-
ducted from the southern side of the Mosel river, us-
ing a Leica TM30 total station. This setup enables
real-time data acquisition, correction, analysis, and
visualization via an online portal. To detect dis-
placements within the monitored area while main-
taining a stable geodetic reference frame, 22 prisms
(Leica GPR1) were installed on both sides of the
river. The total station was calibrated before de-
ployment. To further minimize instrument-related
influences, each measurement epoch consists of a
two-face observation of each point (Deumlich and
Staiger, 2002). Due to the large target distances of
up to 400 m, the influence of atmospheric refrac-
tion has a significant impact on distance measure-
ments. Therefore, these measurements are corrected
in post-processing using data from a weather sta-
tion, applying the formulas by Ciddor (1996). A
correction of the distance-observations into a global
geodetic reference system is not required, as a to-
pocentric coordinate system is used, as outlined in
Section 2.

To systematically record deformation events with
the total station, a measurement interval of 1 hour
was chosen. The data acquisition campaign started
on December 12, 2023. At this stage, no precise
information on the displacement behaviour of the
monitored area was available. Therefore, all points
south of the Mosel were initially designated as ref-
erence points, while those to the north, where the
rocks are, were treated as object points for deforma-
tion measurements. Due to the resulting suboptimal
network geometry, the JAG3D project created for
the deformation analysis was utilized to perform a
pre-analysis, assessing whether the network could
provide sufficiently reliable data. Consequently, the
study area was monitored using this network design
for the first few months. Once the initial time series,
including deformation vectors and statistical global
and point-wise tests, became available, the geo-
detic datum of the network was reconfigured using
the JAG3D-GUI. Subsequently, all data were repro-
cessed with the new datum to establish a consistent
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Figure 2. 3D visualization of the Almon5.0 monitoring project at the Trierer Augenscheiner. A potential
rockfall event is automatically monitored over several years using a total station. Background map: (Google

Earth, 2025)

time series. A further datum change was necessary
when a rockfall event occurred during the night of
August 25, 2024 to August 26, 2024. Points within
the influence area of this event were plastically de-
formed, making previously stable datum points un-
usable. The deformation was successfully detected,
as shown in Figure 3. The time series of point U08,
which, as seen in Figure 2, was directly affected by
the rockfall, is presented there. It shows a signific-
ant deformation of about 15 mm, which also led to
the rejection of the statistical test. Since most other
points in the monitoring area remained stable, the
deformation can be quickly localized based on the
data. Thus, the JAG3D-Batch was able to demon-
strate its functionality under real-world conditions.

Another advantage of using JAG3D was the abil-
ity to establish a topocentric coordinate system and
perform a comprehensive 3D deformation analysis
with integration into a global reference frame. This
approach enabled direct comparison and validation
of total station measurements with data from two
GNSS receivers deployed in the field (see Figure 2).

As of early February 2025, approximately 10,000
epochs have been successfully processed without
any failures in the JAG3D-Batch processing. This
result underscores the reliability of the low-cost,
open source system for large-scale monitoring ap-
plications.

Abzgolute Deformation & Statistical Test Results for Point U08

o

o

o

Deformation [mm]

L L )
Aug 26, 00:00 Aug 26, 12:00 Aug 27, 00:00
time 2024

I
Aug 25, 00:00 Aug 25, 12:00

Figure 3. Time series of point UO8 from August
25, 2024, to August 26, 2024. This point was dir-
ectly affected by the rockfall. In addition to the
deformation, the result of the statistical test for de-
formation is shown. Green indicates that the point
has not shifted statistically significantly, while red
indicates that it has shifted statistically signific-
antly. The authors interpret that the single signific-
ant change on August 25 was likely caused by an
unaccounted systematic atmospheric influence.

S Summary and Outlook

In this paper, an automatic open-source monitor-
ing system was presented. A python library was
developed that enables a Raspberry Pi to control a
Leica total station and automatically collect meas-
urement data. These data can subsequently be auto-
matically processed either directly on the micro-
computer or on a PC using the JAG3D software.
The results can be visualized as a time series, and
the workflow was successfully tested in the Al-
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mon5.0 project using a total station-based monit-
oring setup. Additionally, the acquired data were
used to verify 4D point clouds recorded with a PLS
system. The developed scripts have been published,
to make them available to the scientific community
and other applications.

In future work, inclination and GNSS sensors
should not only serve as control elements but also
be directly integrated into the network adjustment.
This extension could help better estimate envir-
onmental influences, particularly refraction effects,
which can have a significant impact, especially
over water, thereby making the results more ro-
bust against outliers. Furthermore, the developed
workflow with JAG3D could also be applied to pro-
cess PLS measurements, for example, through dir-
ect target measurements (Schroder et al., 2022) or
by performing a preliminary analysis using pseudo-
observations (Raffl and Holst, 2024). This could
lead to an even broader adoption of this concept.
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