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Abstract

In this paper, we investigate various registration techniques for Terrestrial Laser Scanning (TLS) in the context
of deformation analysis of hydroelectric dams. Accurate spatiotemporal registration of TLS data is particularly
challenging in non-urban and mountainous environments due to the scarcity of unobstructed and geometri-
cally well-defined surfaces. This is compounded by the presence of unknown changes over time in potentially
large parts of the scanned scenes. These challenges complicate the establishment of suitable correspondences
between the scans. Traditional registration methods often struggle under these conditions, leading to point
cloud differences that may be misinterpreted and mask the actual deformations. We apply an approach uti-
lizing optical flow, as well as Feature to Feature Supervoxel-based Spatial Smoothing (F2S3), to determine
3D vector fields between corresponding points and robustly estimate the registration parameters from these
correspondences. We conduct a comparative analysis of the registration accuracies achieved using the above
methods and those obtained from traditional registration methods, including the Iterative Closest Point (ICP)
algorithm. Target-based registration results serve as a benchmark for this analysis. Additionally, we study
the impact of the various registration approaches on the estimated deformations and compare the TLS-based
results to those obtained from plumb line measurements within the dam. The presented investigation uses
real measurements from the Santa Maria dam in the Swiss Alps, but the findings are transferable to other
geomonitoring application cases in non-urban environments.

Keywords: Terrestrial laser scanning (TLS), deformation analysis, point cloud registration, structural health
monitoring, 3D vector fields

1 Introduction

Switzerland possesses approximately 150 hydro-
electric dams, 80 % of which are located in the
mountainous region of the country (Hauenstein and
Lafitte, 2012). Governmental regulations require
the owners of these structures to establish regular
monitoring (Adam et al., 2023). Traditional solu-
tions, such as geodetic networks, leveling, strain
gauges, or plumb lines, coupled with manual in-
spections for cracks, have been in place for a long
time (Kalinina et al., 2016). While providing highly
accurate (up to sub-mm) and reliable point-wise
data, these technologies lack the possibility of sup-
plying areal data over the entire structure. Terres-
trial laser scanning (TLS) offers an opportunity to
bridge this gap.

Point cloud data need to be captured at different
points in time (epochs) and be transformed into a
common reference coordinate system before the ac-
tual deformation analysis. This registration process
can either be accomplished by i) placing artificial
targets in the scan scene and identifying them as cor-
responding points within the scans or ii) estimating
correspondences directly from the scan data (cloud-
based approaches). It is unclear which registration
accuracies can be achieved in an alpine monitoring
setting with either of these two general approaches.

The Iterative Closest Point (ICP) algorithm pro-
posed by Besl and McKay (1992) is an established
instance of the cloud-based approach. ICP recur-
sively forms point correspondences between point
clouds by nearest neighbor search in Euclidean
space and iteratively refines the alignment by mini-
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mizing a distance metric. However, due to its sim-
plicity in establishing correspondences, ICP is sus-
ceptible to the problem of local minima. Thus,
it requires sufficiently accurate initialization. In
addition, traditional ICP has no mechanism, other
than maximum distance thresholding, to reject cor-
respondences from non-stable areas in the context
of registering scans from different epochs. Espe-
cially in the mountainous terrain of Swiss hydro-
electric dams, where the surroundings are mostly
comprised of jagged rock, loose debris, and highly
irregular and repetitive surfaces due to vegetation,
a robust correspondence search paired with an ade-
quate (in)stability assessment is necessary.

The topic of establishing robust correspondences
between point clouds is not only a fundamental
problem in registration but also in monitoring and
deformation estimation. For most point cloud–
based deformation estimation algorithms, it is as-
sumed that the point clouds are pre-aligned, and
therefore, that the resulting (3D) vector fields rep-
resent true deformations. By removing this as-
sumption and applying these algorithms to non-
aligned point clouds, the interpretation of the result-
ing vector fields changes to a mixture of two sig-
nals: the pending registration and the true defor-
mations. Hence, these deformation estimation al-
gorithms could be leveraged for registration when
combined with a strategy to separate these signals.
Two examples of algorithms that could be used
in combination with such a strategy are the Fea-
ture to Feature Supervoxel-based Spatial Smooth-
ing (F2S3) method proposed by Gojcic et al. (2021),
typically used for landslide monitoring, and our own
Intensity Image Optical Flow for 3D displacements
(IOF3D) method under development (Sec. 2). The
degree to which such methods can be successfully
leveraged for registration purposes is not yet clear.

Herein, we aim to investigate whether and how suf-
ficient registration accuracy can be achieved for the
specific use case of monitoring hydroelectric dams
in mountainous terrain. We compare four different
registration approaches, two established ones, and
two experimental ones, adopted from deformation
monitoring: Target-based registration, ICP, F2S3-
based, and IOF3D-based registration. Their per-
formance is evaluated using real monitoring data
from the Santa Maria hydroelectric dam. The data
were collected in collaboration with the owner of
the dam (Kraftwerke Vorderrhein AG) and the sur-

veying team of Axpo Power AG. The investigated
registration methods are briefly described in Sec-
tion 2, and the datasets in Section 3. We discuss
the results (Sec. 4) in Section 5, and conclude in
Section 6.

2 Methods

For all four investigated registration methods, we
first perform a coarse registration of the secondary
scans to the reference scan. We achieve this by com-
puting each point’s Fast Point Feature Histograms
(FPFH) descriptor (Rusu et al., 2009). This pose-
invariant descriptor describes the local geometry of
each point based on a fixed number of neighbor-
ing points. Given the FPFH descriptors, we apply
a Random Sample Consensus (RANSAC) approach
(Fischler and Bolles, 1981) by repeatedly estimat-
ing the transformation parameters based on three
randomly selected points in the secondary scan and
their nearest neighbors in the reference scan within
the feature space and evaluating the overall fit. Due
to computational considerations and to equalize the
neighborhood sizes for the FPFH calculation, the
point clouds are spatially down-sampled for this
coarse registration process. We use the full resolu-
tion point clouds unless stated otherwise for the fol-
lowing fine registration with the investigated meth-
ods. The methods and relevant implementation de-
tails are briefly presented in the following text.

Target-based: For the target-based approach, we es-
timate target center coordinates of black and white
planar targets in each scan using the image corre-
lation approach proposed by Janßen et al. (2019).
This approach uses a combination of plane fitting
and template matching of an idealized artificial tar-
get against the intensity images generated from the
point clouds. Given a set of target center coordinates
for each point cloud, we calculate the parameters to
transform the secondary scans’ coordinate systems
to the project reference coordinate system given
by the reference scan with a robust 7-parameter
Helmert transformation. We include the scale es-
timation to compensate for changes in atmospheric
conditions between the different scans. We separate
outliers from inliers by performing RANSAC prior
to the final estimation of the transformation param-
eters.

ICP: For our ICP analysis we use traditional ICP
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(Besl and McKay, 1992) with a point-to-point ob-
jective function:

E(T) = ∑
(p,q)∈κ

||p−Tq||2 (1)

where κ represents the set of correspondences by
assigning to each point q in the source point cloud
its nearest neighbor in Euclidean space p from the
target point cloud. We use a multi-scale coarse-
to-fine scheme for computational considerations to
limit the number of iterations performed at full res-
olution (Jost and Hugli, 2002).

F2S3: F2S3 combines a feature-based correspon-
dence search with a neural network-based outlier
detection step. For this, the Distinctive 3D Local
Deep Descriptor proposed by Poiesi and Boscaini
(2021) is calculated for each point of the two point
clouds. A nearest neighbor search within the feature
space is then performed for each point in the source
point cloud to find its corresponding point within
the target point cloud. Due to computational con-
siderations, the Hierarchical Navigable Small World
Graphs method (Malkov and Yashunin, 2020) is
used for an approximate nearest-neighbor search.
For outlier removal, a local rigidity assumption is
introduced by applying the supervoxel segmentation
algorithm proposed by Lin et al. (2018) to the source
point cloud and evaluating if, per supervoxel, a ma-
jority of correspondence vectors match a rigid body
transformation.

IOF3D: The Intensity Image Optical Flow for
3D Displacements (IOF3D) detects displacements
between two point clouds by leveraging well-
established optical flow approaches. The point
clouds are first converted into a set of range and in-
tensity images, then 2D flow vectors are estimated
between pairs of epochs using the Recurrent All-
Pairs Field Transformers for Optical Flow algorithm
(Teed and Deng, 2020). 3D displacements are then
estimated with these 2D flow vectors and the range
image information. A more in-depth publication on
IOF3D is in the making at the time of writing this
paper.

For both the F2S3- and the IOF3D-based approach,
we first estimate the dense 3D vector fields with
the given framework. We introduce the assump-
tion that a majority of areas within the scan scene
are stable between the two scans. This allows us
to separate the registration and the estimation of

deformations using a RANSAC-based transforma-
tion approach. Post RANSAC, we perform a final
7-parameter Helmert estimation with all the corre-
spondences classified as inliers. This step mitigates
the impact of quantization errors introduced during
the initial vector field estimation. Such errors oc-
cur because both F2S3 and IOF3D require some
form of discretization: F2S3 in the form of voxel-
downsampling prior to the calculation of the point
descriptors, and IOF3D through the 2D rasterization
introduced by the conversion to intensity and range
images.

Further implementation details are omitted for
brevity, and the analysis of the impact of different
(hyper-)parameters, e.g. the ones necessary for the
mentioned discretization, is out of the scope of this
study. We chose the parameters with care based
on trial and error and prior experiences. The im-
plemented workflows for coarse, ICP-based, and
F2S3-based registration are based on open-source
code (Open3D Python library and gseg-ethz GitHub
repository). The code for the IOF3D-based regis-
tration workflow and overall performance analysis
will be published in conjunction with the previously
mentioned forthcoming publication.

3 Data set

3.1 Santa Maria hydroelectric dam

The Santa Maria hydroelectric dam is an arch dam
located in the Swiss Alps. It measures 117 m in
height and has a length of 560 m along the top
of the dam. The dam contains six galleries along
the entire length, of which three are monitored
by geodetic measurements. In addition, a system
of distributed automated plumb line measurements
(Huggenberger AG Telelot VDD2V4) continuously
monitors horizontal displacements with an accuracy
of 0.05 mm at 13 positions in the dam structure.

We selected a spot on the small valley-side access
road roughly 200 m from the foot of the dam as the
scanner location. In combination with a heavy-duty
tripod, this position offers enough ground stability
in the otherwise rather marshy terrain while still be-
ing roughly equidistant to most of the dam’s valley-
side surface. Eight mounting points for the laser
scan targets were permanently affixed to the rock
face and large boulders in the vicinity of the scan-
ner’s selected position. The mounting points were
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Figure 1. Overview map of the study site with po-
sitional markers for the scanner, black and white
targets, geodetic network targets and stations, and
geodetic datum definition.

positioned to achieve a roughly uniform distribution
in all directions around the scanner location. The
distances were mainly dictated by the availability of
suitable surfaces and ended up being between 65 m
and 120 m (Fig. 1). In addition, three pillars of the
larger geodetic network used to control the stability
of the dam were also included by placing 30×30 cm
black and white targets on them (distance to the
scanner between 95 m and 175 m). For both the
rock- and pillar-based targets, mounting solutions
were used that allowed for interchangeability with
standard geodetic prisms. This enables control of
the stability of the target coordinates over time us-
ing traditional geodetic network measurements.

3.2 Measurement campaigns

Two measurement campaigns were carried out in
2024 to capture the deformation of the dam between
low (May) and high water (September) levels. Dur-
ing the first campaign, we collected TLS data with
several repeated scans throughout one morning. For
the second campaign, we collected data (nearly)
continuously over two consecutive nights. For both
campaigns, we used a Leica ScanStation P50 with
the scan settings listed in Table 1. The manufacturer
states the accuracies in this case as 3 mm + 10 ppm
for the range measurements and 8′′ for the angu-

Table 1. Leica ScanStation P50 settings.

Parameter Value
Resolution 1.6 mm@10 m
Field of view Full dome scan
EDM mode max distance 570 m
EDM sensitivity Normal
Scan duration 54 min
Atmospheric settings Standard atmosphere

lar readings. By variance propagation, this results
in an approximate 3D positional accuracy (Helmert
point error) of 12 mm per point when taking into
account the distance to the dam. Throughout both
campaigns, meteorological parameters—air temper-
ature, barometric pressure, and relative humidity—
were recorded using a Reinhardt MWS 9-5 weather
station positioned on a geodetic tripod a few me-
ters from the scanner. Geodetic network measure-
ments were carried out within each measurement
campaign to ensure the stability of the target mount-
ing points between the two epochs.

3.3 Scan selection

For this investigation, we selected several scans
from the entire acquisition, one reference scan and
three secondary scans. This selection allowed us
to investigate three scenarios: comparison between
two scans i) Same day: collected one right af-
ter the other; ii) Other day: collected within the
same campaign but with a longer time gap (ap-
proximately 22 hours) and with repositioning of the
scanner setup (approx. 5 m away from the origi-
nal); iii) Other epoch: from different measurement
campaigns, i.e., approximately four months apart.
We reduced the impact of atmospheric effects by
choosing the four scans that had minimal changes
in the refractive index of the atmosphere in prox-
imity to the scanner during their individual acqui-
sition times based on the meteorological data col-
lected with the weather station, following the rec-
ommendations outlined by Friedli (2020, p. 83).

3.4 Reference data set

Plumb measurement data from eight locations
within the dam are available for both measurement
campaigns. The comparison of these data shows a
deformation of the dam’s top-center region between
May and September of up to 2.5 cm radially in the
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direction of the valley (direction approximately in
line with the surface normal of the dam). This defor-
mation is expected and corresponds to the changes
in water level and temperature. The measured de-
formations within each measurement campaign are
negligible for this investigation (below 0.3 mm).

4 Results

We perform the scan registration for the three sce-
narios with each of the four methods described in
Section 2. This results in twelve distinct registration
solutions. Since the dam is the subject of deforma-
tion monitoring, and we thus assume it to deform,
we remove it from the scans during registration. In
addition, we remove all points below 15 m distance
to the scanner to avoid impacting registration by ge-
ometrical changes in the scanner’s proximity due to
the modifications in the experimental setup (weather
station, fuel cell, etc.). For all registration methods,
we evaluate the registration quality based on the tar-
get coordinate residuals between the reference and
secondary scans post-registration.

Additionally, to contextualize the impact of remain-
ing registration errors on the use-case of hydroelec-
tric dam monitoring, we estimate the deformation of
the dam w.r.t. the surface normal using the Multi-
scale Model to Model Cloud Comparison algorithm
(M3C2) introduced by Lague et al. (2013). M3C2
is suited for this purpose because the surface nor-
mal vectors align closely with the typically expected
radial deformations of arch dams. For the scenar-
ios Same day and Other day, we interpret any visi-
ble deformation in the M3C2 results to be false de-
formations, whereas for scenario Other epoch, we
compare the M3C2 results to the available plumb
line data. For this, we extract a 2×2 m patch at each
plumb line measurement location from the M3C2
results and compute the averages within each patch.

4.1 Target coordinate residuals

The average target coordinate residuals w.r.t. the
reference epoch are summarized for all approaches
in Table 2. We can see that the target-based ap-
proach reliably results in average 3D residuals be-
low 5 mm. For the target-based approach, sce-
nario Other epoch displays a higher average 3D
residual compared to Same day and Other day. A
closer inspection of the robust Helmert transforma-

Table 2. Post-registration target coordinate residu-
als w.r.t. target coordinates of the reference scan.

M
et

ho
d

Sc
en

ar
io

Average target coordinate residuals
(1σ in brackets)

∆X
[mm]

∆Y
[mm]

∆Z
[mm]

∆3D
[mm]

Ta
rg

et
-

ba
se

d

Same
day

0.0
(1.7)

0.0
(1.6)

0.0
(1.2)

2.1
(1.6)

Other
day

-0.5
(2.1)

0.4
(1.3)

0.4
(2.7)

2.9
(2.3)

Other
epoch

0.0
(2.4)

-1.4
(3.4)

1.1
(2.7)

4.5
(2.8)

IC
P

Same
day

-17.6
(2.8)

-8.1
(1.5)

-0.9
(3.9)

19.9
(2.5)

Other
day

2.5
(2.1)

-4.6
(1.3)

2.3
(2.3)

6.5
(1.2)

Other
epoch

0.0
(7.5)

-20.0
(6.8)

-52.6
(5.4)

57.1
(6.7)

F2
S3

-
ba

se
d

Same
day

15.9
(2.6)

-13.5
(1.4)

-3.2
(4.8)

21.7
(2.6)

Other
day

-0.7
(6.6)

9.0
(6.7)

-8.9
(3.7)

15.4
(5.0)

Other
epoch

10.3
(9.3)

-1.9
(7.8)

-33.7
(2.3)

37.2
(3.2)

IO
F3

D
-

ba
se

d

Same
day

4.2
(2.6)

8.3
(1.3)

1.7
(6.5)

11.5
(2.9)

Other
day

-6.4
(5.0)

-3.1
(2.5)

0.6
(10.3)

12.2
(6.4)

Other
epoch

-32.5
(10.4)

-6.7
(12.5)

-32.9
(25.2)

53.7
(14.4)

tion shows that two of the eleven targets (target 4
and N09) were marked as outliers. If we exclude
the residuals from these two targets, the average 3D
residual drops to 3.3 mm. Target 4 was also marked
as an outlier in the robust Helmert transformation of
scenario Other day. After exclusion, the average 3D
residual is 2.2 mm. Target 4 has the largest distance
of 175 m relative to the scanner.

All non-target-based approaches show average 3D
residuals that are worse by a factor of 2 to 10 com-
pared to the target-based approach, with the sce-
nario Other epoch being consistently the worst per-
forming for each approach. While the IOF3D-based
approach has similar results in the scenarios within
an epoch, the results of both the ICP and the F2S3-
based approaches show no such consistency. A
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Table 3. Errors calculated from M3C2 deformation results for each of the investigated methods and scenar-
ios.

Method
Median error [mm]

(5th to 95th percentile spread in brackets)
Mean error [mm]

(total spread in brackets)

Same day Other day Other Epoch

Target-based -0.5 (2.8) 1.8 (2.9) -2.4 (5.3)

ICP -14.2 (10.0) 0.2 (6.1) -12.3 (33.9)

F2S3-based -0.7 (17.7) -7.8 (11.6) 13.3 (18.8)

IOF3D-based 4.1 (10.9) -7.4 (8.4) 15.7 (17.0)

closer inspection of the individual coordinate com-
ponent residuals shows that while the Z-components
have similar or better residuals for the scenarios
Same day and Other day compared to the other two
components, they (Z-component residuals) are the
highest in the Other epoch scenario.

4.2 Dam deformation

The results of the M3C2 deformation estimation
are summarized in Table 3 for all registration ap-
proaches. We use two metrics to evaluate the regis-
tration quality and its impact on the subsequent de-
formation analysis: bias and spread. For the scenar-
ios Same day and Other day, we use the median as a
robust bias estimator and the difference between the
5th and 95th percentile as a robust metric of spread,
calculated directly from the approximate 2.2 mil-
lion M3C2 estimates covering the entire visible dam
surface (plumb line measurements indicate negligi-
ble deformations for these scenarios). For the sce-
nario Other epoch, we first compute the difference
between the plumb line measurements and the av-
erage M3C2 results of the corresponding 2× 2 m
patch. Due to the insufficient number of data points
for a robust analysis (only eight available plumb line
measurement positions within the field of view), we
use the mean as an indicator of the bias, and the span
as an indicator of the spread. The target-based ap-
proach leads to a consistent spread of around 3 mm
for the first two scenarios, with scenario Same day
having an almost unperceivable bias and scenario
Other day displaying a bias below 2 mm. Addi-
tional inspection of a visual representation of these
results shows the presence of a vertical stripe pattern
(Fig. 2). These stripes are most pronounced towards
the left and right edges of the dam structure and can
exhibit deviations of up to ±4 mm from the bias,
therefore exceeding the calculated spread.

Figure 2. Visualization of the M3C2 analysis for
scenarios Same day (top) and Other day (bottom)
following the target-based registration method.

We observe that the target-based approach outper-
forms the other ones up to one order of magni-
tude when taking both bias and spread into account,
as was already indicated by the target coordinate
residuals. Similarly to the previous results, all non-
target-based methods perform equally poorly. Inde-
pendent of the registration method, the Other epoch
scenario has the highest spread among all scenarios.
We show the effects of high bias with low spread,
and vice versa, by two representative results in Fig-
ure 3.

5 Discussion

While the analysis of target center coordinate resid-
uals using the target-based registration method
showed very similar performance for the Same day
and Other day scenarios, the M3C2 analysis, which
is an integral part of the chosen monitoring strat-
egy, revealed a bias in the second scenario. This
demonstrates the need for an analysis of registration
errors on the use-case of the specific project. Con-
versely, interpreting solely the M3C2 analysis re-
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Figure 3. Representative visualization of high bias
(top) and high spread (bottom).

sults would indicate smaller registration errors than
estimated from the target residuals. Especially, the
errors in the Z-component are masked by the M3C2
estimation of the arch dam structure. This highlights
the need for a target-based ground truth analysis for
more generalized investigations of registration algo-
rithms, beyond specific use-cases.

Furthermore, we observed a clear decrease in per-
formance between scenarios Same day/Other day
and Other epoch. While for the target-based ap-
proach, our results indicate that this equates to an
increase in uncertainty of only a few mm, the results
of the non-target-based methods show a decrease in
performance on the level of multiple cm. This indi-
cates that not only ICP, but also the two experimen-
tal methods, F2S3-based and IOF3D-based, which
are designed to separate true deformation signals
from registration information, struggle with changes
in the environment between epochs. The increase
in the Z-component residuals points towards the
change in vegetation between May and September
as a possible error source contributing to the degra-
dation of non-target-based registration between the
epochs.

Systematics in the form of vertical stripes with in-
creasing error magnitudes up to 4 mm towards the
edges are visible throughout the M3C2 results. The
pattern, coupled with the increase in the angle of in-
cidence of up to 30◦ towards the edges of the dam
and the vicinity of the line of sight to the valley
flanks, could indicate both a connection to beam
bending due to atmospheric refraction and (colored)
noise in the readings of the instrument’s angular en-
coders.

In general, we observe an approximate order of

magnitude difference between the performance
of the target-based and the non-target-based ap-
proaches. This indicates that the investigated non-
target-based approaches struggle to various degrees
with establishing correct correspondences for reg-
istration in this mountainous scene, regardless of
whether changes are present or not. The residu-
als and M3C2 evaluation of the target-based regis-
tration approach are in line with the manufacturer-
stated accuracies of the instrument used in this
study, indicating that the inaccuracy introduced by
the registration approach itself is not the dominat-
ing source of error but rather a combined effect with
other inherent error sources, such as refraction, cal-
ibration or general instrumental errors, etc. Hence,
for further accuracy gains, if required, other effects
need to be addressed as well. This is in contrast
to the non-target-based methods, where the regis-
tration errors are significantly higher. Instead, these
methods introduce dominating sources of inaccu-
racy that require further investigation to identify and
mitigate.

6 Conclusion & Outlook

In this study, we showed that a target-based regis-
tration can be used to facilitate reliable deforma-
tion estimates of a hydroelectric dam with an un-
certainty of below 5 mm. These values are derived
by comparing the estimation results to ground truth
data obtained by plumb line measurements. We fur-
ther compared these results to the established cloud-
based registration approach (ICP) and newer ap-
proaches that leverage more sophisticated point cor-
respondence establishment techniques. The com-
parison showed that all non-target-based approaches
perform up to an order of magnitude worse than
the target-based approach in this large-scale, non-
urban environment. Particularly in combination
with changes in the registration scene between
epochs, these algorithms struggle to produce reli-
able correspondences of only stable areas, which
are needed to estimate registration parameters at an
accuracy level comparable to the target-based ap-
proach. Future work is required to develop methods
that reliably identify stable areas and select corre-
spondences accordingly.
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