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SUMMARY

Rock cliff monitoring on the Yangtze riverside is of crucial importance for the inhabitant’s life,
waterborne transportation and the Three Gorges Dam. The Lianziya Cliff is in a high-risk area
and requires geodetic monitoring for collapse predictions. This is achieved with different
measurements techniques that co-work with the purpose of determining cliff movements. This
publication shows the fusion of tachymeter, GNSS (Global Navigation Satellite System), GB-
SAR (Ground based Synthetic Aperture Radar) and TLS (terrestrial laser scanner) data and
reaffirms the stability of the cliff within a period of one year. One challenge is to combine data
represented in different dimensions, for e.g. GB-SAR data which gives line-of-sight
displacements and area-wise TLS point clouds that are directly in 3D, as well as point-wise
Total Station (TS) and GNSS. Another challenge was to define a common geodetic reference
for the two epochs and to detect movements or deformations between two epochs. In principle,
this should not be so difficult, but often, as in this case, the measurements are inhomogeneous
or even not complete in each epoch. In this contribution the authors focus on solving these
issues e.g. by TS measurements and the Iterative Closest Point (ICP) algorithm. The two epochs
took place in 2018 and 2019; time interval that is too small to detect deformations. Therefore,
statements regarding the required temporal distance to detect deformations are also made.
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Study of the Lianziya Cliff in Three Gorges National Geological Park in
China

Aiham Hassan, Li Zhang, Gabriel Kerekes, Volker Schwieger, Germany

1. INTRODUCTION

Our world is dynamic and changes continuously. Human activities accelerate this natural
change increasingly in the last decades. In order to avoid or at least reduce the risks caused by
these changes (e.g. landslides, earthquakes) it is important to detect the changes at an early time
and thus to apply suitable actions like stabilization or even evacuation. Deformation
measurements are widely used for change detection. Nowadays numerous deformation
measurement methods are available. The choice of the suitable method depends on the
deformations scenario for example properties of the monitored object (dimension, geometry,
material and reflectivity), expected deformation magnitude and speed and the risk degree (for
contact or contactless measurement). However, each measurement method has limits. For this
reason, it is recommended to combine measurement methods in order to get reliable results.
However, the data acquired by different measurement methods are generally inhomogeneous,
so the data fusion in this case is more challenging.

In this paper, an approach for monitoring of Lianziya rock cliff will be described. Data from
several geodetic sensors that imply point-wise and area-wise measurement methods are used in
an overarching manner, with the goal of data fusion for monitoring purposes. The results from
individual deformation analyses of point-wise (GNSS and tachymeter) and area-wise methods
(TLS and GB-SAR) are presented separately and then an attempt for data fusion is made.
Throughout the paper, intricacies that occurred during the two measurement campaigns
separated by one year and problems with data processing are presented. The encountered
problems, solutions to them and unsolvable issues, should help the reader in decision making
for similar multi-sensor monitoring systems.

Lianziya is located in China on the southwest bank of the Yangtze River and 27 km upper
Three-Gorges Dam. The rock cliff is unstable due to natural conditions (e.g. active geological
structure) as well as human activities (e.g. coal mining). According to the geological structure,
topography and deformation characteristic Linaziya is divided into three areas (for more details
about these areas see Hassan et al. 2018, Wang 1999). Area 1 could be stabilized using
constructive measures (Yi 2006). However, an investigation in areas 2 and 3 indicates that area
3 still active with an annual horizontal displacement up to 4.2 mm to the valley (north-east
direction) and an annual vertical displacement up to 2.9 mm (Tu and Wu 2011). For this reason
just area 3 will be considered in this paper. In figure 2, this area is named by “active area”.
Within the monitoring approach, three monitoring methods are applied. These are GNSS
(Global Navigation Satellite System), TLS (terrestrial laser scanner) and GB-SAR (Ground
based Synthetic Aperture Radar). Measurements data from each method are gathered at two
different epochs: March 2018 and September 2019. The data from those methods and epochs
are fused afterwards. For fusion of this inhomogeneous data, it is necessary to transform them
into a unique coordinate system. This coordinate system is achieved using GNSS and total
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station (TS) in 2019, and only by GNSS in 2018. The deformation analysis is done through
two-epoch comparison and under the justified assumption, that the monitoring site is stable
during the measurement period of each epoch. Since the measurement epochs are only separated
by one year, the movements would have been detected only in case of larger than expected
displacements or of more accurate geo-referencing through GNSS and tachymeter. Therefore,
the focus is on describing the fusion and identity possible shortcomings of the design as well as
possible statements regarding the required temporal distance (monitoring sampling rate) to
detect deformations.

In the following, the characteristic of possible monitoring measurement methods generally will
be discussed. After that, the test scenario for the case study proposed here including the
properties of the monitoring site and the used measurement approach will be presented.
Subsequently the data acquisition and processing of each measurement method are described.
Afterwards the data fusion approach is highlighted. Finally, the results and statements with
respect to deformation analysis are presented and discussed.

2. OVERVIEW AND CHARACTERISTICS OF THE MEASUREMENT
METHODS

Monitoring of artificial structures, such as bridges, tunnel, tower, and natural objects such as
landslides, glacier, rock cliffs, is one of the main tasks of engineering geodesy. Traditional
geodetic instruments are for example GNSS (Global Navigation Satellite System) receiver
system, total station. Both of them enable the pointwise measurement of 3-dimensional position
directly. For point-wise measurement methods, the measurement points should be signalized,
which is laborious and sometimes difficult or impossible in practice. Generally, the geodetic
measurement methods can detect deformation on the surface of the monitoring objects, to “look
inside” the monitoring object and the find out the internal deformation within the monitoring
objects (e.g. landslides) and reasons for the deformation, many geotechnical measurements
instruments, such as extensometer, inclinometers, plumbing, alignment are widely used for
monitoring application. In the recent years, the fibre optic sensors are integrated in the
monitoring object for real time in practice (e.g. Lienhart et al 2019). The geodetic and
geotechnical techniques are complementary to each other and used in combination in many
monitoring projects (Hesse et al 2016, Ryf et al 2017), therefore close interdisciplinary
cooperation of geodesists and geotechnical engineers is essential for monitoring tasks.

Rapid development of performance of computers and communication technologies enables
continuous, automatic and cost-effective monitoring. For instance, geosensor networks (GSN)
with the low-cost GNSS receiver system for monitoring application are introduced in Heunecke
et al. (2011) and Zhang et al. (2012). In recent years the cost-effective mini-computer, such as
Raspbeery Pi, were widely used in GSN (Schliefelbein and Stemphuber 2020, Engel et al.
2020). Every sensor node in GSN contains different kinds of data acquisition
sensors/instruments and be regarded as multisensory system. Besides, they contain also the
modules for data communication and autonomous power supply. The GSNs are installed on the
monitoring objects permanently at least during the project duration, so that the continuous data
acquisition is realized. Also a total station network including reflectors may be understood as
GSN. Furthermore, more and more open source software are available for monitoring
application, e.g. there is open source JAG3D (Steinbeis Transfer Centre Applied Geodesy 2020)
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for adjustment and OpenADMS for sensor control, observation data processing in GSN (Engel
and Foppe 2016). With the development of cost-effective hardware and software, more sensors
could be applied or more points could be observed, so that spatial sample of data acquisition
could be increased slightly.

While the continuity and automation increase the data acquisition temporally, the data
acquisition sample is also increased spatially by measurement methods essentially, such as laser
scanning (terrestrial and airborne), photogrammetric (terrestrial and airborne), radar (satellite
and ground based synthetic aperture radar), so that the monitoring objects can be observed in
area-wise.

In general, in contrast to point-wise measurement methods, area-wise measurement methods
have much higher spatial resolution than point-wise measurement methods and are contactless
and therefore the signalization of the measurement point is often not required. However, if
epoch-wise monitoring tasks (measurement periods are interrupted for defined time intervals)
are considered, one may need identical signalized or non-signalized individual points for
registration or geo-referencing or, at least, to relate the epoch data among each another (e.g.
interepochal registration of TLS data).

However, area-wise measurement methods take at least several seconds to finish the
measurement of one area, so that they are generally not suitable for detecting the high dynamic
deformation or behaviours of the object up to now. Schill and Eichhorn (2017) show an
innovative method for detection of dynamic behaviours (vibration) of bridge with profile laser
scanner with a measurement rate of at least of 50 Hz, however only 2D-profile at one position
is measured and processed. This is sufficient for the intended application, but not generally
applicable for other monitoring applications.

Furthermore, the area-wise measurement methods are general suitable for documentation
propose and generation of 3D-model, such as as-built documentation for construction purpose
and generation of DTM, because the geometry of the objects could be acquired very detailed.
However, area-wise measurement methods meet many challenges for monitoring application.
Firstly, the single measurement point is not reproducible, that means the measurement of
different epochs cannot be compared directly, which makes the deformation analysis more
challenging. Therefore, some deformation analysis methods base on modelling of point cloud
data. If the surface structure is quite regular and could be approximated by some geometry
primitives such as that of dam or other some artificial structure the modelling could be simple.
However, the modelling of the irregular surface, such as that of cliffs and landslides will be
more challenging. Harmening and Neuner (2017) used the NUBRBS (Non-Uniform Rational
B-splines) for the approximation of the surface, which provides more flexibility for modelling.
Moreover, the direct line-of sight must be given for area-wise measurement methods, and the
reflection property of the object surface plays a very important role, enough points should be
reflected, so that the objects could be reconstructed completely and correctly.

The received signal by the area-wise measurement methods is actually an average value of one
area with limited extension on the object surface. The exact form and size (about several mm)
of the beam footprint depend on the structure of the object surface and the angle of incidence.
Depending on the distance between the radar instrument and monitoring object, the size of
footprint of radar could be several meters, so that it will be difficult to get the detailed
deformation of small areas.
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From the radar interferometer, only the distance change in the line-of-sight could be measured
(only one dimension), the deformation in the interested coordinate component could only be
derived if the DTM is available. The distance change in line-of-sight can be measured in sub-
mm by radar, however, if distances change more than ¥ of the wave length, the ambiguities are
then to be fixed, in order to get the actual distance change. This makes it very difficult to use
radar for epoch-wise measurements and deformations analysis.

Up to now, the area-wise measurement instruments are generally more expensive than the point-
wise measurement instruments, so that they are installed usually temporally and measured
epoch-wise instead of continuously, however, costs will be reduced in the future, similar to
hardware of other instruments.

Although aforementioned disadvantages and challenges of the area-wise measurement
methods, due to the high spatial sample of the object, the applying the area-wise measurement
methods is the trend of the monitoring, some of their disadvantages can be came over by
combing the point-wise measurement methods. Therefore, different types of the point-wise and
area-wise measurement methods are combined in the project. Table 1 shows the characteristics
of the terrestrial geodetic measurement methods used within the project regarding the
monitoring application as an overview. Table 1 explains the characteristics of the different
measurement methods in a condensed form. Additionally the opportunities for periodical or
epoch-wise deformation analyses are summed up. As it will be shown in this article only GB-
SAR is not usable for this task, since the geo-referencing is of much lower accuracy than the
measurement accuracy of the method. Therefore, GB-SAR should be used for continuous
measurements; in any case considering the current technical state.

Table 1: Characteristics of terrestrial geodetic measurement methods regarding monitoring

Measurement | Point- /area- | Automation | Individual | Accuracy Dimension of | Epoch-wise
Method wise points (distance 100 | displacements | deformation
measurement needed m to analysis
2 km) possible
GNSS point yes yes mm to cm 3D yes
Total Station | point in principle | yes mm to cm 3D yes
yes
TLS area yes for epoch cm to dm 3D yes
comparison
GB-SAR area yes for epoch pm to mm 1D, line-of- no
comparison sight
direction

3. TEST SCENARIO LIANZIYA CLIFF

Situated on the west bank of the Yangzte River in the Hubei province, the National Geological
Park of Three Gorges in Yangtze River Active Fault Garth of Fairy Mountain and Geo-hazard
Garth of Xintan hosts one of the most disputed and complex natural structures of China, the
rock cliff Lianziya. The opposite river side encompasses the more popular giant Xintan
landslide and the Three Gorges Dam is situated at about 27 km from the cliff (fig.1). It is not
only studied for its geological richness, but also for its potential of unleashing another natural
catastrophe that would endanger the riverside inhabitant’s life, waterborne transportation and
the Three Gorges Dam. Lianziya CIiff is about 750 m high (from its base) and comprises a
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geological structure mostly made out of limestone interbedded with thin shale located on the
weak coal strata. On the outside, it looks like a precipice covered with cracks. The complete
rock body has 13 large cracks and 58 small cracks, the largest of which is 5 meters wide, up to
170 meters long, 105 meters deep (Lu & Wang 2012). Several synthetic interventions were
necessary to stabilize the cliff with special anchors (Guo et al., 1999). These are considered
geotechnical engineering masterpieces, but despite this, the cliff is still prone to deformations.
Several historical events have pointed out that monitoring of landslides along the Yangtze can
help at evacuating areas susceptible to flooding, stopping water traffic and taking all necessary
measures before the slide occurs, thus preventing the loss of countless lives and economical
losses (Guo et al., 1999). For this reason, scientists and engineers are working together in the
attempt of preventing rock fall along the Yangzte River Basin on specific areas (cf. Yin et al.
2011) that show high potential of releasing large masses of rock/earth in the basin.
Consequently causing waves up to 30 m that produce instant unimaginable damage and possibly
completely blocking the river.

Specifically, in the case of the Lianziya CIiff, a research site has been established and among
geological and geotechnical observation, geodetic measurements have been conducted for more
than 20 years by the Research Institute of Rockfall & Landslide in Hubei Province, Three
Gorges University. Within a DAAD (German Academic Exchange Service) and CSC (China
Scholarship Council) cooperation project between the Institute of Engineering Geodesy from
the University of Stuttgart (I11GS) and the School of Geodesy and Geomatics (SGG), Wuhan
University, attention has been focused on epoch-based monitoring of the Lianziya Cliff. This
was achieved on a yearly basis of local measurements with several geodetic methods commonly
used in precise structural monitoring tasks. The overall scope is to identify movement
tendencies and changes in hazardous areas of the Lianziya CIiff.

Figure 1 Location of the Lianziya Cliff on the Yangtze River (Source: opentopomap.org)

To overcome this challenge, several locations have been chosen according to the geodetic
measurement method (see fig. 2). On the cliff’s edge, several concrete pillars have been used
for centring GNSS antennas and GB-SAR corner cube reflectors (CCR). The same pillars are
used to mount the prisms used for the TS measurements. At the bases of the cliff, the topography
permits two locations for measuring the exposed cliff side. These are used for TLS, TS, GB-
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SAR and GNSS measurements. Location 1 is situated at ca. 750 m and location 2 at 125 m from
the cliff (see fig. 2).

Not all methods have been implied in both epochs. Therefore, an overview is given with the
ones used in 2018 and 2019 (tab. 2). Data measured with these sensors/methods are later on
used for the geodetic data fusion within one epoch and between both epochs. Not all sensors
contribute directly to the deformation analysis.

Table 2 Overview with the used sensors/methods in both epochs
Epoch GNSS TLS TS GB-SAR
March 2018 X X X
September 2019 X X X X

S

Figure 2 Measurement locations and seismic areas of the Lianziya Cliff (Background source: Google Maps®©)

This is the typical situation for monitoring cases. A client or an authority realizes the danger of
a hazard e.g. a landslide or a rockslide as possible here, in Lianziya Cliff. Since a fast reaction
is required, available methods are applied for a first analysis. During the progress of the
monitoring, additional measurement methods may be used, since a detailed analysis of the
geometry as well as of the deformation causes leads to new requirement. Supplementary, new
technologies may be integrated. This situation is mirrored in table 2. In 2018 the monitoring
was started with GNSS, TLS and GB-SAR. In 2019, total station measurements are added.
Besides, GB-SAR measurements have two epochs have to be referenced. Other problems arise
due to different reference points in both epochs. The term geo-referencing or even registration
is an enormous challenge for this sort of inhomogeneous data. The identification of identical
points in different data sets is of great importance. In the following, the authors will also focus
on how and with which accuracy these issues were solved. Table 3 shows the information of
the applied measurement methods in project as an overview.
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Table 3 Overview of applied measurement methods in project

Type of Instrument Accuracy Spatial Resolution Coordinate

Measurement | Type System

Methods

Point-wise

GNSS 2018: Leica horizontal: Smm+0.5ppm, vertical: - global (local for
1200 10 mm+0.5ppm (Leica 1200); baselines)
2019: Leica horizontal: 8mm-+1ppm, vertical:
GM30 15mm+1ppm (Leica GM30)

Total Station Leica TM30 0.15 mgon for horizontal angles - local

0.3 mgon for vertical angles
0.6 mm+1 ppm for distances

Area-wise
TLS Leica P50 120 - 270 m (location 2): 22 cm (from location 1) local
1.2 mm + 10 ppm 2.2 cm (from location 2)
570 - 1000 m (location 1): 3 mm + 10
ppm for distance;
2.4 mgon for angles
GB-SAR IBIS-L Sub mm for the displacement in the Range resolution: 0.5 m local 2D
LOS Cross range resolution 4.4
mrad

In the sections 4 and 5 the data acquisition methods, their processing and the data fusion are
explained in detail, but before this, a brief description of how the link between data within one
epoch is realised. Furthermore, the possibility of linking data between epochs is described.
Since the epoch from 2019 comprises all mentioned and used sensors (cf. tab. 2), it will be used
as an example for linking data by means of point-wise and area-wise methods for one epoch.
An exception to this is the GB-SAR data, which cannot be directly referenced in the same
coordinate system. First, GNSS observations are made on two pillars in the active area and one
ground point at location one (see Fig. 2). The same three points are measured by TS.
Additionally, targets scanned by the TLS are also determined by TS observations and included
in the network. This makes registration of the point clouds possible.

As regards the linkage between two epochs, several issues make the task challenging. The
GNSS measurement are used to compute baselines (see section 4.1), but their absolute
coordinates are not available. Therefore, only coordinate differences are used and integrated as
baselines in the TS hybrid-network for 2019. There was no TS network in 2018. Therefore a
direct connection between the TLS data of the two epochs is not given. This problem was solved
by using areas considered stable in location 1, 2 and on the cliff’s stable part. Thus with the
help of an ICP algorithm, scans from 2018 were referenced in the system defined in 2019.

4. DATA ACQUISITION AND PROCESSING
4.1 GNSS

One GNSS-reference station (station R) was installed in location 1 (near the GB-SAR
instrument) in a stable area, the antenna was mounted on one tripod. The reference station in
2018 and 2019 are close to each other but not the same. Two GNSS-rover stations (station M1
and M2) were installed near the cliff’s edge (active area) on concrete pillars and both are in
open sky location (compare figure 3 right). Therefore, two baselines (R-M1 and R-M2) could
be measured (compare figure 3 left). They were measured in 2018 and 2019 in 2 hours with a
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sample rate of 1 Hz. In 2018 Leica 1200 system (GPS only) and in 2019 Leica GM30 receiver
(GPS+GLONASS+Beidou) are used. Two different GNSS receiver system are used, because
the Leica 1200 system was not available in 2019. The given accuracy of these two receiver
system are given Table 3, for a baseline length of ca. 0.7 km, the theoretical accuracy is ca. 5-
9 mm in horizontal components and 10-16 mm in the height component. However, the accuracy
of GNSS receiver system depends strongly on the obstructions in antenna vicinity.
Furthermore, besides the geodetic GNSS receiver system from Leica, low-cost GNSS receiver
system from ublox (C94-M8P application board) were applied, the results have shown that the
accuracy (standard deviation) are comparable (Zhang 2018, Zhang and Schwieger 2017, Zhang
and Schwieger 2020). However, for the deformation analysis, only the results of the Leica
receiver system are considered, because there is no antenna calibration file for applied low-cost
GNSS antennas available, and one low-cost GPS antenna was calibrated and antenna phase
center offset and variations are about several millimeters (Zhang and Schwieger 2017), the
possible deformation between the two epochs is also millimeter to centimeter. The type
calibration file of most geodetic GNSS antennas are available and they are used for the GNSS
data processing.

Figure 3: left: overview of the two baselines (Background source: Google Maps®©) right: location of reference station and rover
stations

Table 4 GNSS baselines of two epochs

Epoch 2018 2019

Baseline | dE [m] dN [m] dh [m] ds [m] dE [m] dN [m] dh [m] ds [m]

R-M1 -534.7696 | 423.3195 205.0149 712.1862 -534.7680 | 423.3363 205.0132 712.1940

R-M2 -546.9636 | 401.0483 211.3691 710.4124 -546.9654 | 401.0613 211.4005 710.4297
Table 5 Standard deviation of GNSS baseline of two epochs

Epoch 2018 2019

Standard | sdE [mm] | sdN[mm] sdh[mm] sds [mm] SE [mm] SN[mm] sh[mm] sds [mm]

Deviation

R-M1 3.9 3.7 122 134 4.5 3.0 135 14.6

R-M2 3.6 5.0 11.2 12.8 2.0 2.8 10.0 10.6
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All GNSS data was processed in China using the GNSS baseline processing software wa2 (Wa2
2020). As aforementioned, the reference station in 2018 and 2019 are not the same. The
reference stations in 2018 and 2019 are calculated separately by SGG using the nearby CORS
stations of Chinese survey authorities. 11GS got only the coordinate difference of the reference
in 2018 and 2019 in one coordinate system and used them for the deformation analysis later on.
Table 4 and Table 5 show the baselines and their standard deviation (1c) in east, north, height
component and that of whole position for both epochs 2018 and 2019. The difference of
baselines of two epochs are in mm to cm. The point-wise deformation analysis based on
baselines will be given in section 6.1. Furthermore, compared with given standard deviation in
their data sheets (see Table 3), the standard deviations in Table 5 are quite realistic and
plausible. On the other side, these standard deviations obviously do not allow to detect the
expected horizontal deformation of 4.2 mm / year for a temporal distance of one year (for
vertical even worth). This means that for GNSS and a two-epoch comparison a longer temporal
distance is required. If normal distribution is assumed, approximately 3 years are required for
detection in the horizontal north-east direction.

4.2 Total Station

Total stations are among the most versatile geodetic instruments available. One may refer to
modern TS instruments as multi-sensor systems. It is beyond this paper’s scope to review TS
features, therefore the reader is directed to Schwieger et al. (2020) for more technical details.
Due to their capability of measuring precise angles and distances, total stations are commonly
used for creating engineering reference frames for construction or monitoring purposes (cf.
Uren & Price, 2010). For this reason, a Leica TM30 and Leica GPR121 precision reflectors
were used to create the connecting network for several measurement types at the Lianziya CIiff;
in any case for 2019.

The network was designed to include observed points for other sensors into one TS network.
There was no need to station and centre above a marked or signalized point. These observed
points include three GNSS points, four TLS targets, two TLS station points, two CCR, six
reflector marks on the GB-SAR base and the three TS station points. As far as possible,
redundant measurements were made in two faces for each point from different TS station points.
Figure 4 left shows the spatial distribution of the TS network points and gives information about
which sensors where used at each location.

Location 2
TLS

»” \

,/ Location 1
| GB-SAR
8 GNSS
TLS
S TS
| X —

Figure 4 Left: TS network and sensors used at each location (Background source: Google Maps®©), right: example of setup at
location 1 with TS, GB-SAR and GNSS Receiver
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All the data was gathered on the 09.09.2019 within slight varying atmospheric conditions.
These were recorded with meteorology measurement stations placed in location 1, between the
two locations and on the cliff’s edge. Air temperature varied between 26°C and 28°C, relative
humidity between 65% and 70% and air pressure between 972 hPa and 974 hPa. For these small
variations and short timespan between measurements, it can be assumed that the distance
measurement correction remains the same during the measurement in two locations.

In some cases, reciprocal measurements that implied exchanging the TS with the reflector
directly through force centring on the tribrach where possible (e.g. TLS station point and TS
station point), but in some cases this is impossible. In addition, some of the TLS targets where
measured directly without a reflector. For the post-processing integration of GB-SAR data, an
attempt of measuring the CCR was made. These were measured in a similar way with the TLS
targets, without a reflector, even though the distances were of 717 m, respectively 746 m. These
distances were at the limit of the maximum measurable range in the given conditions (Leica,
2020), but after successive attempts, the distances could be measured.

Finally, a least-squares network adjustment for the GNSS baselines and TS observations was
conducted with the open source software JAG3D (Steinbeis Transfer Centre Applied Geodesy,
2020) and a local reference network was defined (fig. 5). To have an impression about the
reached network quality, information is extracted from the main diagonal of the variance-
covariance matrix (VCM) as quality indicators. For example, the square root of the trace of the
VCM is 49 mm and 3D standard deviations for the observed points vary from 1.0 mm to 15.9
mm. In the horizontal plane, the error of position is in an interval from 1.5 mm to 19.3 mm.
This is acceptable considering the reference network dimensions and atmospheric conditions.
In addition, the ratio between the degrees of freedom (f) and observations in the network has a
value of B=0.58 computed as follows: B=f/n where f =n-u+d and n=86, u=39 and d=3. This
value is typical for terrestrial measurement adjustments. The before mentioned 3D standard
deviation are in the same order of magnitude as the GNSS measurements and need temporal
distances of 3 to 5 years to significantly detect expected deformations.
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43 TLS

Long range TLS has received much attention in rock cliff and land slide monitoring during the
last decade (cf. Zangerl et al., 2008, Scaioni et al., 2013, Carrea et al., 2015, Huang et al., 2019,
Dong et al., 2019). One main advantage is the level of detail in that can be reached for a large
area. Particularly in the case of rock cliffs, it can be mentioned that the resulting point clouds
represent the surface morphology very close to reality, mainly depending on the chosen TLS
point spacing. Also referred to as point resolution, the point spacing depends on the angular
increments of the laser scanner and the scanner position relative to the observed object. There
are a multitude of interesting technical aspects related to TLS, but for more details the reader is
advised to consult some of the available TLS publications (cf. Staiger, 2003, Wieser et al., 2019
Kuhlmann & Holst, 2018), just to name a few.

One issue that has not been solved yet is the deformation analysis method based on TLS point
clouds (Wunderlich et al., 2016). The problems are mainly related to two aspects: firstly, the
point cloud modeling method and secondly its stochastic model. In what regards the stochastic
model of point clouds, advances have been made (cf. Kauker & Schwieger, 2017, Wujanz et al.
2017, Kerekes & Schwieger, 2020), but to the author’s best knowledge there is still no
commonly accepted method in the scientific community.

Nevertheless, TLS point clouds deliver valuable information about the detailed structure of the
Lianziya CIliff, having no other equivalent in what regards level of detail when compared with
the other four methods. The ranges that needed to be covered reach almost a kilometer, therefore
impulse scanners are the only ones currently capable of scanning up to this distance. This was
the main reason of choosing the Leica P50. According to its specification, it is considered a
panorama scanner with a 45° rotating mirror and according to the used distance measurement
system it is a time-of-flight scanner enhanced with Waveform Digitising (WDF) technology
(Leica, 2020, Walsch, 2015). It disposes of two categories of measurement modes according to
the desired range and uses two different wavelengths for the acquisition modes, both of them
implying the laser class 1 scanning unit. With ranges up to 120 m and 270 m the 1550 nm
invisible light is used. This is reaches range accuracies of 1.2 mm + 10 ppm over the entire
range. In the other measurement modes that are used for distances up to 570 and 1000 m, the
658 nm visible light is used, offering accuracies of 3 mm + 10 ppm. Regardless of the distance
measurement mode, the angular accuracy is 2.4 mgon for both horizontal and vertical angles
(Leica, 2020).

Scans with the P50 were taken from both locations and in all cases, the scanner station point
coincided with the TS station point. An important fact is that the tilt axis of the scanner is higher
that the TS tilt axis when fixed on the same tribrach. This means that an offset between the
physical axis intersection point of both instruments needs to be considered in the network
adjustment. In case of the laser scanner, the tilt axis height is 250 mm, whereas the TS has a tilt
axis height of 196 mm. As for the scanning parameters, at location 1 (approx. 700 m from the
cliff) a scanning resolution of 3.1 mm@10 m was chosen. This means that the angular
increments where 20 mgon leading to a point spacing on the cliff at an average distance of 715
m of ca. 22 cm. It is mentioned that the scan area included the active part of the Lianziya CIliff
and a part of the stable area (see. figure 2). Additionally, areas considered stable near location
1 like fundaments, concrete pathway and neighbouring houses where scanned from the same
station point. As regards the scans from location 2, the average distance from the TLS station
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point to the cliff is ca. 135 m, therefore scanning in the measurement mode with distances up
to 270 m, allowed a reduced scan time with a better resolution. In this case the resolution was
set to 1.6 mm@10m, involving angular increments of 10 mgon and resulting in a point spacing
on the cliff of about 2.2 mm. The resolution is improved by an average factor of 10 compared
to location 1. This fact is essential for the registration that will be explained in section 5.1. To
have an idea about the covered areas, the point clouds from both locations (depicted by long
and short in the image) are presented in unique colours for each scan and epoch in figure 6.
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Figure 6 Point clouds from both locations coloured according to their position and epoch.
4.4 GB-SAR

The potential of GB-SAR for monitoring is been approved through a plenty of studies in the
last two decades e. g. Leva et al. 2003; Herrera et al. 2009; Luzi et al. 2010; Rodelsperger 2011.
GB-SAR is an active remote sensing technique and can be used therefore without direct contact
to the monitored area and independent from day light. It uses the interferometric phase (e.g. the
phase difference between successive acquisitions) for detection of distance change and thus the
displacement in LOS-direction in each pixel of the 2D-image of the GB-SAR. The accuracy of
this LOS-displacement is in sub-mm range. However, the maximum unambiguous detectable
displacement is limited to the quarter of the wavelength. If displacement larger than this limit
occurs between successive acquisitions, the term of ambiguity have to be determined and
considered. This is challenging and requires further information about the real magnitude of the
displacement. In order to avoid this, the GB-SAR is typically used for continuous monitoring
of the area of interest for several days, so that the expected displacement between successive
acquisitions is less than the unambiguous limit. Phase jumps (e.g. ambiguities) could be easily
detected and fixed (temporal phase unwrapping). Nevertheless, epoch wise monitoring of
artificial objects (e.g. dam) using GB-SAR is possible as well, thus the coherence remains
strong enough on those objects (Tarchi et al. 1999; Wieser et al. 2020). A Further limitation of
GB-SAR is that, the LOS-displacement does not represent neither the direction nor the
magnitude of the real displacement. In order to get the real displacement based on GB-SAR
measurement further information are required. Uncertainties in those information affect the
accuracy of the monitoring results (see Hassan et al. 2018 & Hassan et al. 2019). Additionally
the interpretation of GB-SAR measurement results is more complex compared to point wise
measurements method or even TLS for example points at different heights and similar distances
to the GB-SAR could contribute to the same pixel in the SAR-image.
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Within this project, the GB-SAR instrument IBIS-L has been used. The instrument was fixed
on a stable concrete fundament 700 m away from the active monitoring area. Due to the
topography and obstacle within the sight, no better stations were available (near the monitoring
area). The track of the instrument was leveled using an inclinometer. The elevation of the
RADAR-Head was fixed to 10°. Further and as aforementioned two CCR were installed in the
cliff near the GNSS-rover stations (see fig. 4). The same set up was used for both measuring
epochs (2018 and 2019).

Within the measurement period of more than two days (e.g. 50 hours in 2018) a GB-SAR image
was acquired approximately each six minutes (for both epochs). The maximum range was set
to 1000 m. Due to unknown reason the range resolution (e.g. the pixel size) in range direction
was unequal in both epochs (0.4999 m in 2019 and 0.5025 m in 2018). This difference of 2.5
mm/pixel leads to a shifting of several pixels in the active area at a range of almost 700 m.

In order to get possible best results just successive images without data gaps and acquired in
good or rather relative constant atmospheric conditions were included in the processing. At the
end 103 images from 2019 and 89 images from 2018 were selected. Those images were
processed subsequently epoch wise. The steps of the epoch wise processing are described in a
plenty of publication e.g. Rodelsperger 2011; Hassan et al. 2018. For this reason those steps
will be mentioned just briefly in the following.

Firstly the phase and the amplitude were computed from the raw data in each pixel (and each
image). In order to reduce the needed processing time just the data from the rock body and from
the surrounding area (in the range from 600 m to 900 m and cross range from -25 gon to +25
gon) were included in the processing. The rest of the illuminated area is mainly covered by
vegetation. For this reason, the data gathered there has bad quality. Within the included area
the phase jumps in each pixel between successive acquisitions were detected and fixed.
Subsequently the phase coherence was computed for each successive acquisition and the mean
coherence (fig. 7) for each epoch was computed as well. This coherence shows a similar pattern
in both epochs. The phase quality (e.g. coherence) at the rock body is clearly better (large
values) than the quality at the surrounding areas.

Range [m]
coherence
coherence

-2CR -100 0 100 200 -200 -100 0 100 200
Cross range [m] Cross range [m]

Figure 7: Coherence in 2019 (left) and in 2018 (right)

Based on the mean coherence five pixel with good coherence values were selected and used as
ground control points (GCP) in order to determine the atmospheric phase and thus to do the
atmospheric correction. After this correction, the LOS-displacement time series in each pixel
are computed using the interferometric phase (e.g. the phase difference between successive
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acquisitions within each epoch). Figure 8 shows those time series for four selected pixels within
the deformation area in both epochs. The LOS-displacement time series show no significant
deformation or clear trend. The deformation area could be considered as stable within the
measurements period of each epoch.

LOS-displacement of selected pixels in epoch 2019 LOS-displacement of selected pixels in epoch 2018
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Figure 8: LOS-displacement time series for selected pixels in 2019 (left) and in 2018 (right)

Finally, the mean amplitude and the mean phase in each pixel were computed. Furthermore, the
phase standard deviation was determined for all pixels besides those with bad quality outside
the rock area. This standard deviation (fig. 9) will be used later in order to select the pixels,
which will be included in the further processing (e.g. for the determination of LOS-
displacement). As a threshold for this selection, a phase standard < 0.4 rad is required. This
value is used in the literature in order to select persistent scatterers (PS) (Rodelsperger 2011;
Ferreti et al. 2001).
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Figure 9: Phase standard deviation in 2019 (left) and in 2018 (right)

For GB-SAR as well as TLS (from 4.3) direct point accuracy values are not available due to
the area-wise acquisition characteristic and the requirement for geo-referencing. Therefore,
information will be given in section 5.
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5. DATA FUSION
5.1 Registration of Point Clouds

By the term registration, multiple methods of aligning geodetic data to a certain coordinate
system can be understood. To restrict the possible interpretations, it is mentioned that
registration is used in this context as a mean of transforming data acquired in a local coordinate
system (e.g. relative to the laser scanner) into another coordinate system defined with other
geodetic instruments.

As known, TLS point clouds represent an object by means of Cartesian coordinates of millions
of single points on that object. Usually several point clouds acquired from different station
points are connected with one another with the help of direct or indirect registration. In the
current case, indirect registration was used. The TLS point clouds were georeferenced in the
TS reference system using the coordinates of the common points. The same points must be
available in both measurement sets. In case of the TLS point clouds, Leica Tilt & Turn contrast
targets were placed in the areas near the scanner at distances up to 50 m. The coordinates of
the contrast targets middle point were extracted directly with the help of the software Leica
Cyclone and then used for computing the transformations set necessary for registration. All
contrast targets have coordinates in a local coordinate system defined by the laser scanner,
which receives the origin coordinates. As mentioned before, the TLS station points are also
included in the TS reference network. Having coordinates of common points in the two
coordinate systems, the transformation parameters between the two sets can be computed. This
is done with the help of a Helmert 6-parameter-transformation (cf. Niemeier, 2008). The three
translations and three rotations are computed with the help of JAG3D and then applied on the
complete point cloud with the help of a Matlab script. In this way, the point clouds acquired
from both locations are in the same coordinate system within the 2019 epoch.

Since the same TS network is not available for the measurements in 2018, the point clouds
acquired in that epoch need to be referenced in another way. This happened with the help of an
ICP algorithm (cf. Besl & McKay, 1992, Somani et al. 1987) used by the open source software
CloudCompare and applied on common features scanned in both epochs on stable areas.
Firstly, a manual transformation is conducted with the help of identifiable common features
like house corners, fundament corners or boulder edges to place the scans from 2018 in the
same coordinates system with the ones in 2019. Afterwards, the fine alignment (ICP) is applied
with six degrees of freedom. In other words, another 6-parameter-transformation set is
determined based on the best fit found between common areas that are considered stable of the
two point clouds. An example with overlapping areas is shown for in figure 10. The areas used
for the fine alignment are highlighted.

Fusion of Inhomogeneous Geodetic Data for Rock Cliff Monitoring: a Case Study of the Lianziya Cliff in Three Gorges
National Geological Park in China (11340)
Aiham Hassan, Li Zhang, Gabriel Kerekes and Volker Schwieger (Germany)

FIG Congress 2022
Volunteering for the future - Geospatial excellence for a better living
Warsaw, Poland, 11-15 September 2022



Figure 10 Lianziya Cliff with highlighted areas used for transforming the point clouds from 2018 into the 2019 coordinate
system.

It is assumed that the areas remained the same within one year, but it is obvious that this cannot
be completely true; therefore, the overlapping quote between two epochs is reduced from 100%
iteratively until a plausible transformation is achieved. By this, the authors refer to a visible
correspondence between features like edges that appear clear in both point clouds. Plausible
results were obtained with an overlapping quote of 80%. To have a numeric indication about
the transformation quality, the Root Mean Square (RMS) transformation error is given.
Realistic epoch-overlapping registration is possible for point clouds that have the same point
spacing, therefore the long range point clouds were aligned separately from the short range
ones. This resulted in two different RMS values, for the long range scans (from location 1) the
RMS is 9.3 cm and for the short range scans (location 2) the RMS is 7.3 cm. In the given
situation, the results must be accepted since no better ways of registration for the two epochs
are available. In normal TLS monitoring these values may be classified as too high, but it should
be noted, that the transformations are made over natural feature (cliff areas) and even if stable
as a whole, there is no straightforward method for evaluating if small changes occur at the
surfaces of these stable areas. These values already make clear that the inhomogeneous TLS
data needs a much higher temporal distance than 3 to 5 years as for the point-wise measurement
methods.

5.2 Mapping of GB-SAR on TLS Data

The basic idea behind the data fusion concept proposed here is to exploit the advantages and
avoid the disadvantages of each measurement technique. The advantage of GB-SAR is the high
accuracy of the estimated LOS-Displacement. The disadvantages are, as aforementioned, the

limitation of the estimated displacement to the LOS-direction and to the range of + %. In order

to overcome those disadvantages the results of TLS and/ or GNSS could be used to determine
the direction and the magnitude (with less accuracy than the GB-SAR) of the real displacement.
Using that information in addition to the transformation of the GB-SAR data into the same
coordinate system as TLS and GNSS, the estimated LOS-Displacement can be projected on the
direction of the real displacement and the ambiguity tem can be after that fixed using the
estimated displacement magnitude from TLS or GNSS.

The most challenging step in this fusion procedure is the transformation step. In contrast to
TLS, total station and GNSS, it is not enough to use the coordinate of the GB-SAR instrument
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and the two CCR, measured by the TS for this transformation, but the direction of each LOS
(e.g. each pixel) should be determined in the same coordinate system as the one used for TLS
and GNSS.

For this transformation the distances S; as well as the direction angles 6; between the GB-SAR
and each point within the TLS-point cloud were computed as following

S; = \/AXiZ +AY2 4+ AZ2,

AX;
0; = arctan AY,
with (AX;, AY;, AZ;) being the coordinate differences between the GB-SAR and the point i from
point cloud. The coordinates for the GB-SAR instrument are assumed to be the center of gravity
of the six points measured on the GB-SAR- rail using total station.
Additionally the orientation O, of the GB-SAR in TS-coordinate system is needed. This
orientation represents the direction angle of the mean SAR-LOS. This orientation can be
determined through the difference between the direction angle of the line between the GB-SAR
and one of the CCR in GB-SAR coordinate system and the direction angle of the same line in
TS-coordinate system. Unfortunately, the CCRs could not be identified clearly in the GB-SAR
data. Alternatively, the coordinate of the corner points of the GB-SAR rail are used for this
purpose. This is not as accurate as using the CCR coordinates, due to the short length of the
SAR Rail (2.3 m) compared to its range (up to 1000 m), but still the only available way to
determine O,. However, the orientation of the GB-SAR is assumed parallel to the short edges
and perpendicular to the long edges of the rail. So the orientation could be determined 4 times
and the average was used. This ordination O, is been subtracted subsequently from the angles
6; in order to get the orientation O; of each point within the point cloud in GB-SAR range by
cross range coordinate system:
0; =06; -0,

Using S; and 0O; each point in the point cloud be assigned to a specific pixel in SAR-image and
get therefore the information extracted from GB-SAR data (e.g. range by cross range
coordinates, coherence, phase standard deviation, LOS-displacement) as further attributes.
From now on, the information extracted from GB-SAR and from TLS could be represented in
the same coordinate system either in a 3D coordinate system (fig. 11) or in the 2D GB-SAR
coordinate system (fig. 12)
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Figure 11: 3D Point cloud colored by the coherence values of the GB-SAR data from 2019
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Figure 12: Point cloud mapped on the 2D GB-SAR coordinate system and colored by coherence of GB-SAR data from 2019

Figure 12 shows the same pattern for the coherence as the one shown in fig. 11 (down-left).
This approves the validity of the transformation performed here.

Instead of using the point cloud for the transformation a DTM extracted from this point cloud
can be used as well. The transformation will be more complex in this case.

The accuracy of the relative deformations in one epoch is below a mm (GB-SAR specific), but
the accuracy for the deformation between two epochs relies on the accuracy of the mapping in
LOS direction; here realized by TS and TLS measurements. So the accuracy is below the TLS
accuracy of sections 4.2 and 4.3. The accuracy of the estimated real displacement is also very
sensitive to the accuracy of the expected displacement direction, which can be either measured
by other measurement techniques or determined based on geological or constructive models,
and less sensitive to the accuracies of sensor and pixel positions (Hassan et al. 2019).

6. DEFORMATION ANALYSIS
6.1 Point-wise Deformation Analysis

For GNSS measurement, the change of the baselines (coordinate differences) can be calculated,
as aforementioned in section 4.1. These differences are equivalent to the change of rover
stations’ position. Therefore, a point-wise deformation analysis can be conducted based on
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GNSS baseline measurements. Table 6 shows the difference of baselines (based on Table 4)
and the results of significant test.

Table 6 Deformation analysis of GNSS baseline of two epochs

Baseline Differences (2018-2019) Test values
Baseline AdE [mm] AdN [mm] Adh [mm] E N h
R-M1 16 167 L7 0.15 1.58 0.07
R-M2 L7 130 314 0.17 1.18 1.34

For the significant test, the standard deviation of the baselines in both epochs are considered
(compare Table 5). Besides, the standard deviation of reference stations need also be
considered, because their coordinates are calculated using the CORS stations. However, since
there is no information about their accuracy available, the given accuracy in data sheets are
taken (only the distance independent part). For example, standard deviation of baseline

difference in east component is syqz = \/555_2018 + S4E 2010 T Ster £ 2018 + Sref £ 2019+ THE

AdE

corresponding test value can be calculated by t 5z = | . The test values of the other

Saar
coordinate components could be calculated in the same way and they are given in Table 6.

I all the test values are compared with the quantile of 1.96 (with an assumption of normal
distribution and a probability of 95%), all of them are non-significant.

6.2 Area-wise Deformation Analysis TLS & GB-SAR

For the area-wise deformation analysis three methods are directly applied on the point clouds
from two epochs. Holst et al. (2017) tested different methods implemented in Cloud Compare
for detecting movements and deformations of natural and artificial features. The same three
methods are like-wise used here. As regards the significance test, the same as in sec. 6.1 is
performed here, with the mention that instead of the standard deviation of each single TLS
measurement, a global value represented by the transformation RMS (cf. sec 5.1) is used. For
location 1, the RMS is 9.3 cm and for location 2 the RMS is 7.3 cm. This means that for
differences to be identified as statistically significant (normal distribution assumed and 5%
significance, t-value=1.96), they need to be greater than 18.2 cm for the scans from location 1
and 14.3 cm for location 2.

In the first situation, further referred to as Cloud-2-Cloud (C2C) point clouds are compared
directly with one another based on the nearest neighbour distance. In the scans from location 1,
absolute distances between the two epochs (fig. 13 above) resemble only the different point
spacing on the object (cliff). One may be tempted to think that deformations are present in the
orange/red areas, but when analysing the situation on the scans from location 2 (fig. 13 down)
it is clear that no deformation or tendency is evident. The majority of the points are classified
in the blue/light green area with C2C distances from 0 to 22 mm distributed randomly all over
the cliff area. Random scattered red/yellow/orange points are present in areas where vegetation
is covering the cliff. This lead to the conclusion that with C2C, no displacement tendencies are
identified in this case.
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Figure 13 Lianziya CIliff C2C comparison. Long range scans above. Short range down.

The next method Cloud-to-Mesh (C2M) is more adequate in this case because firstly, a mesh is
created for one point cloud and then points from the other are compared to this surface. It offers
a more realistic image of the displacements if any are present because neighbouring points that
may be outliers are not relevant as in C2C method. Note that the colour scale is adapted to
represent positive and negative displacements (fig. 14). This shows regions that are either
behind or in front of the created surface. Here it is clearer that no regions show distinguishable
deformations.
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Figure 14 Lianziya Cliff C2M comparison. Long range scans above. Short range down.

The last method used for is called the multiscale model to model (M3C2) (fig. 15). An
advantage when compared to the previous two is that surfaces are estimated for both point
clouds and a sub-set of points that have computed normal are used for detecting differences
between epochs. Moreover, 3D uncertainty information of the points is considered in the
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analysis. It is beyond the scope of the current paper to present the method in detail, therefore
the reader is advised to consult James et al. (2017) for a comprehensive view on the topic.
This method is the closest one to a classical geodetic deformation analysis in which the
stochastic model characterizes the measurement uncertainty and considers it in decision making
about possible deformations. In each case the 3D uncertainty for the points represents the
transformation RMS (9.3 cm and 7.3 cm). An alternative would be to consider using either the
Variance-Covariance Propagation Law (Niemeier, 2008), an intensity based stochastic model
(Wujanz et al., 2017) or the elementary error model (Kerekes & Schwieger, 2020).

Finally, the subsampled points are placed on the same colour scale as in the C2M comparison.
These do not reveal new findings, besides the areas that have already been identified in C2C
and C2M method as being covered with vegetation. A possible improvement would be to
denoise the point clouds according to Bitenc et al. (2019) and repeat the analysis.

M3C2 distance
0.180000

0.157500
0.135000
0.112500
0.090000
0.067500

i:;: 0.045000

0.022500

0.000000

-0.022500

-0.045000

-0.067500

-0.090000

-0.112500

-0.135000

-0.157500

Figure 15 Lianziya Cliff M3C2 comparison. Long range scans above. Short range down.

These facts related to the area-wise deformation analysis are in concordance with the point-
wise results, reconfirming that the cliff is considered stable for the analysed epochs. This does
not mean that future deformations are not possible or to be expected, therefore monitoring of
the Lianziya CIliff remains an issue that deserves further attention.

6.3 GB-SAR

Before applying the epoch comparison for GB-SAR data both epoch must be registered (e.g.
transformed into the same GB-SAR coordinate system). For this purpose a 2 D cross correlation
was implemented to the mean amplitude data of both epochs. The maximum correlation was
achieved after shifting the 2019 data 8 pixels along the range direction. This shift fits to the
difference in pixel size between both epochs (see 0) at a range of 750 m (the middle of the
considered area). For this reason the data of 2019 was resampled to the same pixel size of the
data from 2018. For this resampling the contribution of each original pixel to a resampled pixel
was considered through a proper weighting function. The contribution of an original pixel to a
resampled pixel was assumed to be the area from the resampled pixel, which is covered by the
original pixel. The coherence between both epochs could be improved significantly through the
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resampling (fig. 16). However, it is still clearly worse than the coherence within each epoch
shown in fig. 11Figure . Even after the resampling just a small area in the middle of the active
part and of the stable part of rock body have good (high) coherence values. The loss of
coherence between both epochs could be caused by different states of the vegetation, which
covers parts of the rock body, and different (average) atmospheric conditions between 2018
(March) and 2019 (September) measurement periods in addition to the different pixel sizes.
However, the good coherence values belong to pixels where no or at least less vegetation cover

exists (see fig.

17).
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Figure 16: Coherence between 2018 and 2019 before the resampling (left) and after the resampling of 2019 data (right)
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Figure 17: TLS point cloud colored by coherence between 2018 and 2019 (left) and by TLS intensity (right) in a 3D
coordinate system (up) and mapped in the 2D GB-SAR coordinate system (down)

In addition to the aforementioned condition regarding the phase standard (see 0) in each epoch,
the coherence between both epochs was considered in order to select the pixels used to extract
the LOS-displacement. Just the pixels with a phase standard deviation (< 0.4 rad) in both
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epochs and coherence > 0.8 were used for this purpose. Only 403 pixels full fill these conditions
(for the comparison, just 3 pixels full fill these conditions without the resampling of 2019 data).
For those pixels the interferometric phase (e.g. the phase difference between both epochs) was
computed. Subsequently the LOS-displacement was determined from the interferometric phase.
The estimated LOS-displacement after the resampling is shown in fig. 17. Due to the bad quality
of the data and specially the gaps between selected pixels no spatial phase unwrapping was
performed. Additionally the atmospheric effects between both epochs were not corrected.

850 =

800

LOS-displacemnet [mm]

650

600 . . . L . ,
-150 -100 -50 0 50 100 150
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Figure 3: LOS-displacement between both epochs after resampling of 2019 data

The estimated LOS-displacement varies in the range of i%z +4.3 mm. This range

represents the whole unambiguous measureable deformation range. The majority (90 %)
of the selected pixels has a negative deformation values near the minimum measurable

deformation (—%). The rest of the selected pixels show a positive deformation near to the

maximum measurable deformation value indicating a phase jump in those pixels. This issue
could be addressed to the missing spatial phase unwrapping. Furthermore, the similar
deformation pattern could be recognized in the active deformation area (in the middle of fig.
16Figure 3) as well as in the stable area (down left part of fig. 18) of the rock body. For this
reason, the registered deformation could be related to the different atmospheric conditions
between both epochs. Similar to the results of TLS and GNSS, the rock cliff could be considered
as stable within the measurement period.

7. CONCLUSION AND OUTLOOK

This contribution shows the attempts to fuse inhomogeneous data of point-wise and area-wise
measurement methods and analyze deformations. It deals with the well-known problems of
fusing point-wise (GNSS and tachymeter) and area-wise methods (TLS and GB-SAR) as well
as the detecting of deformation between two area-wise measured epochs in statistically correct
way. These challenges are aggravated by the incompleteness of the data in the year 2018. Here
no unique registration was realized, so that the coordinate systems of the TLS data and the GB-
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SAR are not defined. By the way, for the GB-SAR this is method-inherent, for TLS this was a
logistic error.

The TLS the challenge was solved by identifying stable areas in the scans of the two epochs
and, in consequence, determine deformations for the remaining unstable areas only. The epoch-
wise deformation analysis using GB-SAR data could not be solved. The mapping in LOS
direction using TRS and TLS measurements was realized and it is a good way to enhance the
interpretation of monitoring results of GB-SAR.

For the test scenario Lianziya Cliff no movements could be detected with the methods used,
even if they are fused as in the case of tachymeter, GNSS and TLS as well as TLS and GB-
SAR. The main reason for this fact is that the expected movements are well below the
determined standard deviations. Thus, leading to non-significant statistical tests for the
deformations. To have the opportunity to detect deformation, the second epoch should be
measured more than three years after the first one. Even better is a time span of four to five
years. The authors recommend to use GNSS and tachymeter measurements for geo-referencing
and TLS measurements within distances of about 100 m to 200 m and to perform area-wise
deformation analysis (preferably M3C2) with a high resolution. Additionally, a stochastic
model that takes in consideration most of the error sources (e.g. a synthetic variance-covariance
matrix should be integrated into the analysis. GB-SAR gives some additional interpretation
support, but does not really help, because of the inaccurate geo-referencing of the two-epochs
relative to each other. For future epochs, it may be omitted. If continuous monitoring is strived,
GB-SAR is the adequate measurement tool providing significant deformations after a short
time. If again the 4.2 mm horizontal deformation per year is expected, GB-SAR may deliver
significant results after some months, if the meteorological corrections are take into account,
because geo-referencing between epochs in not an issue anymore.

Obviously, the design of these monitoring measurements was not appropriate to detect the
expected movements in a one-year period. Within this contribution, several short-comings of
the design in the epochs 1 and 2 as well as occurred logistical faults are described. Nevertheless,
hints are given to avoid these problems in the future and to provide a plan for future monitoring
of the Lianziya CIiff after three, better five years.
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