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Abstract

Hydropower is the most important domestic source of renewable energy in Switzerland, ac-
counting for around 57 % of domestic electricity production. The high intensity usage of
hydropower plants results in high costs for regular maintenance and inspection, which are
currently carried out through manual inspections by professional divers. The aim of this work
is to develop a workflow for underwater photogrammetry with Remotely Operated Vehicles
(ROV) to supplement or replace these dangerous and expensive dives. A calibration frame
was developed to provide a scale reference for the data collected during the inspection. With
different acquisition missions, investigations on camera calibration and 3D reconstruction
were performed. The reconstruction of underwater objects was successfully implemented.
Well- distributed control points provide accurate results as a point cloud with a sub-centime-
tre accuracy at object distances of up to 6 m. 80 % of the point cloud differ less than 1 cm
from the reference scan.
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L'hydroélectricité est la principale source d'énergie renouvelable en Suisse, représentant environ 57 % de
la production nationale d'électricité. L'utilisation intensive des centrales hydroélectriques entraine des colits
€élevés pour la maintenance et I'inspection régulieres, qui sont actuellement effectuées manuellement par
des plongeurs professionnels. L'objectif de ce travail est de développer un processus de photogrammeétrie
sous-marine a I'aide de véhicules téléopérés (ROV) afin de compléter ou de remplacer ces plongées dan-
gereuses et colteuses. Un cadre d'étalonnage a été développé pour fournir une référence d'échelle pour
les données collectées pendant I'inspection. Avec différentes missions d'acquisition, des études sur I'étal-
onnage des caméras et la reconstruction en 3D ont été réalisées. La reconstruction d'objets sous-marins
a été réalisée avec succes. Des points de contrble bien répartis fournissent des résultats précis sous la
forme d'un nuage de points avec une précision inférieure au centimetre a des distances d'objets allant
jusqu' a 6 m. 80 % du nuage de points different de moins de 1 cm du balayage de référence.
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Resumen

La energia hidraulica es la fuente nacional mas importante de energia renovable en Suiza, y representa
alrededor del 57 % de la produccion nacional de electricidad. El uso intensivo de las centrales hidroeléc-
tricas genera elevados costes periddicos de mantenimiento e inspeccion, que actualmente se realizan
mediante inspecciones manuales de buceadores profesionales. El objetivo de este trabajo es desarrollar
un flujo de trabajo para fotogrametria submarina con Vehiculos Operados por Control Remoto (ROV) para
complementar o sustituir estas inmersiones peligrosas y caras. Se desarrollé un marco de calibracion para
proporcionar una referencia de escala para los datos recogidos durante la inspeccion. Con diferentes
misiones de adquisicion, se realizaron investigaciones sobre calibracion de la camara y reconstruccion
3D. Se realizé con éxito la reconstruccion de elementos submarinos. Puntos de control bien distribuidos
proporcionan resultados precisos como nube de puntos con una exactitud por debajo de un centimetro
a distancias del elemento de hasta 6 m. El 80 % de la nube de puntos tiene menos de 1 cm de diferencia

con el escaneo de referencia.

1 Introduction

Due 1o the topography and considerable average rain-
fall, Switzerland offers ideal conditions for the use of
hydroelectric power. With around 57 % of domestic
electricity production, hydropower is our most im-
portant domestic source of renewable energy (BFE,
2022). A major challenge associated with hydropower
generation and storage is the high intensity of the
plants, resulting in high costs for regular maintenance
and inspection of these plants. Current underwater
inspections of hydropower plants in rivers can be
dangerous and expensive, as manual inspections by
professional divers are necessary. The aim of this pro-
ject in cooperation with Axpo Power AG and Schuck
Consulting is the development and verification of a
novel workflow for 3D mapping based on an ROV-
based underwater structure-from-motion process.

2 Related work
3D reconstruction is used in various fields. The im-
age-based reconstruction of in air objects is already
well researched. Various applications exist, where
3D underwater reconstruction is used, for example
monitoring marine ecosystems (Neyer et al., 2018),
mapping archaeological heritage (Bruno et al., 2015)
and underwater construction (Chemisky et al., 2021).
Underwater reconstruction applications with op-
tical systems require images from a short distance,
whereby a large number of images is needed to
create complete 3D scenes (Chemisky et al., 2021).
For true-to-scale 3D reconstructions, a scaling factor
is applied leveraging control points with local or global
coordinates, scale bars or stereo camera configura-
tions. The accuracy of the 3D model mainly depends
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on the quality of the images (contrast, sharpness, ex-
posure), the environmental conditions (visibility, parti-
cles in the field of view) and the scene (heterogeneity
of texture, moving objects). Furthermore, parameters
such as the scaling method or the camera calibra-
tion influence the accuracy of the reconstruction
(Chemisky et al., 2021).

Comprehensive calibration is essential, when ac-
curacy is important and especially when the meas-
ured object has a 3D surface (Shortis, 2019). There
are different approaches to calibrate the camera, e.g.
using a scale bar (Aragon et al., 2018), reference
tape measurements (McCarthy & Benjamin, 2014), a
target board or plane (Menna et al., 2017) or a geo-
detic network (Neyer et al., 2018).

3 Materials and methods

3.1 Materials

For this project a Sony Alpha 7 I (ILCE-7M2;
Sony Europe B.V, 2022) with a lens FE 28 mm F2
(SEL28F20) with a 75° FOV is used. The camera is
placed in a Sony A7 I NG V.2 Series UW underwater
camera housing kit with a 8" Dome port from seafrog
(seafrogs, 2023). The housing is mounted under-
neath a BlueROV2, which is an underwater robot with
open-source electronics and software (Fig. 1; Blue
Robotics Inc, 2022). Because the camera housing
is larger than what the payload kit allows, the height
was extended by 3D printed plates (Fig. 1, right). The
ROV is manually steered on an external computer via
the ROV camera stream.

~

Fig. 1 ROV (left) and ROV with
extended payload-kit and the
camera (right).
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3.2 Calibration frame

A calibration frame made of aluminium was developed
to perform a self-calibration during the 3D reconstruc-
tion (Fig. 2). The objects of interest are captured by
moving the ROV on an arc on different heights, due to
the fixed mounting of the camera, which allows hori-
zontal image capturing only. Multiple exposures should
ensure the redundancy of the images.

3.3 Study areas and data acquisition

To capture test data three different study areas were
evaluated. The indoor swimming pool in Muttenz was
used for test capturing in clear water. Furthermore, the
water lock was used for the capturing with a reference
measurement, which were performed with the laser
scanner (Figs. 3 and 4). By filing the lock, different water
levels can be set, simulating different depths (1-10 m)
of acquisition. And finally, a water filter in the water was
used to have a real object (Fig. 3).

The focus of the camera could not be set manually
due to the camera trigger software available with the
test system. A summary of the image acquisition at the
hydropower station in Eglisau can be found in Table 1.

For reference measurements, a Leica RTC360 laser
scanner was used to create a dense and very accurate
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Fig. 3 The Hydropower plant in Eglisau: The water lock (orange) and the water filter (blue) in the inlet basin.

Fig. 4 Sketch of the water lock wall, the mounted calibration frame (blue object) and the measured lines

for comparison: line 1 (green), line 2 (dark blue) and line 3 (light blue).

m P-1 THE INTERNATIONAL HYDROGRAPHIC REVIEW

ROBOTIC PHOTOGRAMMETRIC UNDERWATER INSPECTION OF HYDROPOWER PLANTS

Fig. 2 Calibration frame with the colour chart int the bottom left.

scan of the empty water lock with a 3D point accuracy
of approximately 2.8 mm at 20 m and a Leica TS60
fotal station was used to determine control points for
referencing in a local coordinate system with a 3D
point accuracy of approximately 2.25 mm at 20 m.

3.4 Camera calibration

The camera was calibrated in Agisoft Metashape con-
ducting a self-calibration (Agisoft LLC, 2022). The
standard frame camera model of Metashape with
Brown Distortion Model was used (Brown, 1971).

The parameters focal length (), principal point offset
(x, and y,), the radial distortion coefficients (K- K)),
the tangential distortion coefficients (P, and P, and
the affinity and non-orthogonality coefficients (B, and
B,) were determined. Different parameter sets were
examined by three methods (Table 2) with original or
pre-processed white balanced images. The values are
statistically tested using the Student's t-distribution as
in (Harvey & Shortis, 1998).

3.5 3D Reconstruction

For 3D reconstruction, a dense point cloud was com-
puted in Metashape with the self-calibrated cameras.
The resulting point cloud of the water lock was com-
pared to the reference scan using the plugin M3C2
in (CloudCompare, 2023). Furthermore, the scale was
controlled by three reference lines in the water lock
(Fig. 4).

For the point cloud of the water filter no reference
data was available. To assess the quality of this mis-
sion, a cylinder is fitted into the data using the tool
Best Cylinder in Cyclone 3DR from Leica (Leica
Geosystems AG, 2023) and the diameter is compared
with the nominal value of the manufacturer (32.39 cm).
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Table 1 Summary of the image based acquisition.

Date Evironement Places #lmages Distance [m] Depth [m]
19.12.2022 In air Indoor swimming pool 57 1.56-2
19.12.2022 In pool Indoor swimming pool 202 2 2
30.11.2022 In river Water lock 271 0.1-2 1,3,5,7,10
20.01.2023 In river Water lock 1594 0.1-2 0.5-10
20.01.2023 In river Water filter 359 0.1-2 0.5-5

Table 2 Overview calibration methods.

Method White balanced images fx Yo Ki K, Ky K, P, P, B, B,
1 - X X X X X X - X X -
2 X X X X X X X - X X -
3 - X X X X X X X X X X X

4 Results
4.1 Camera calibration 1901
All missions and methods varied significantly, hence, a
mission with Method 1 was divided into three parts of
20 images each. For these parts the calibration was
recalculated. Fig. 5 shows that even in one mission
the camera results in significantly different parameters.

-
IS
o
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change significance

4.2 3D Reconstruction >
The processed point clouds of the water lock were 00
compared to the reference scan for each calibration o frse & im middle Rt oSt dm st
method. Fig. 6 shows a close-up of the histograms

of the deviation between 3D reconstruction and ref- Fig. 5 Significant change of the first, middle and last part with Method 1.

erence scan. 80 % of the points in the point cloud of
Method 1, 78 % of Method 2 and 80 % of Method 3
differ less than 1 cm. 50 1 1 .

The reference lines show similar results (Table 3). The
largest differences occur at the shortest reference dis-
tance, which is slightly extrapolating and has less image
overlap. One mission (based frame at last column)
shows greater differences with an average of 3.6 cm.
The mission is orientated based on the calibration frame
only and thus the lines were extrapolated.

The reconstruction of the water fiter (Fig. 5) is refer-
enced based on the calibration frame and results in a 307 ] ]
very dense point cloud (point distance up to 0.3 mm).
However, the reconstructed point cloud has missing
parts.

The Best Cylinder tool was applied to the points of 204 J J
the pipe and results in a cylinder with a diameter of
33.12 cm (Fig. 6). Therefore, a difference of 0.73 cm
to the nominal diameter resulted.

wall method 1 wall methed 2 wall methed 3

Percent

5 Discussion 107
The camera calibrations of the different missions, as

well as the different calibration methods, show a sig-

nificant variability (Fig. 3). Possible explanations are

the instable mounting in the water housing and the 0 i g
autofocus. -10 -5 0 5 10 -10 -5 0 5 10 -10 ] 0 5 10

However, as discussed by Luhmann (2018), if the deviation to the referenc scan [cm
3D measurements in object space later turns out Fig. 6 Deviation per calibration method of the point cloud to the reference scan (close up).
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Table 3 Comparison of line measurements in the point cloud and the reference scan.

ROBOTIC PHOTOGRAMMETRIC UNDERWATER INSPECTION OF HYDROPOWER PLANTS

Reference  TS60 Photogrammetric reconstruction Reconstruction-based frame

scan points

A Method A Method A Method A Method

AMethod  AMethod oo 1 [m] A Method 1 [om]

1[m] 2 [m] 3 [m] 1 [cm] 2 [cm] 3 [cm]

1 3.722 3.725 3.709 3.713 3,708 1.6 1.2 1.7 3.684 44

Line 2 5.835 - 5.838 5.835 5.836 0.3 0.0 0.1 5.825 1.0
3 12,764 12.764 12.766 12.768 12.766 0.2 0.4 0.2 12.706 5.8

o} 0.7 0.6 0.7 3.6

Fig. 7 Point cloud of the water
filter (left) close up (right).

Fig. 8 Calculated cylinder for the
pipe in the point cloud of the water
fitter.

sufficiently accurate, the corresponding camera cali-
bration is also sufficient. Hence, the processing of
the 3D reconstruction can successfully be carried out
and investigated.

For each method, a point cloud was reconstructed.
There are no major differences between the calibra-
tion methods (Fig. 4). Only the point clouds from
Method 2 are slightly more widely distributed than
those from the other methods. The white balanced
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images do not improve the results of these missions.
Since Method 3 uses more parameters, there are
more uncertainties possible. Therefore, it is recom-
mended to use Method 1.

The largest deviations of the distances were found
in the extrapolated areas of the water lock, while
areas within the control points showed only a devi-
ation of 1 cm. The results from the mission, which
orientation is based on the calibration frame, revealed
even larger deviations.

The water filter could be reconstructed as a 3D
point cloud (Fig. 5). There are certain holes in the
point cloud which are probably from a small image
overlap, the fixed acquisition angle of the camera or
the difficulties with the access of the object. The tool
Best Cylinder fits a cylinder in the point cloud. Despite
the large extrapolation, as is referenced based on
the calibration frame, the difference is 0.73 cm to the
nominal diameter.

6 Conclusion and outlook

The photogrammetric reconstruction of underwater
objects was successiully implemented with the cur-
rent set-up. Thanks to the calibration frame and addi-
tional control points, true-to-scale and very dense point
clouds can be reconstructed, which can be used for
further purposes. With well distributed control points,
accuracies of sub-centimetres at distances of up to 6 m
and 80 % of the points within a deviation of = 1 cm can
e achieved.

While survey areas framed by control points showed
less deviation than 1 cm, the largest deviations of the
distances were found in the extrapolated areas of the
water lock. More calibration frames or scale positioning
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in the area could potentially reduce the distortion over
larger distances. Future research should be in this field.

The calibration results of the different missions and
methods show a significant variability. Further investi-
gations with improved camera mounting and better
camera control are needed to determine the cause of
these variations. A good camera calibration could im-
prove the accuracy of extrapolation.
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