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2 Related work
3D reconstruction is used in various !elds. The 
image-based reconstruction of in air objects is al-
ready well researched. Various applications exist, 
where 3D underwater reconstruction is used, for 
example monitoring marine ecosystems (Neyer, 
Nocerino and Gruen 2018), mapping archaeologi-
cal heritage (Bruno et al. 2015) and underwater 
construction (Chemisky et al. 2021), etc.

Underwater reconstruction applications with 
optical 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 ste-
reo camera con!gurations. The accuracy of the 3D 
model mainly depends on the quality of the im-
ages (contrast, sharpness, exposure), the environ-

1 Introduction
Due to the topography and considerable average 
rainfall, Switzerland o"ers ideal conditions for the 
use of hydroelectric power. With around 57 % of 
domestic electricity production, hydropower is 
our most important domestic source of renew-
able energy (BFE 2022). A major challenge associ-
ated 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 profes-
sional divers are necessary. The aim of this project 
in cooperation with Axpo Power AG and Schuck 
Consulting was the development and veri!cation 
of a novel work#ow for 3D mapping based on an 
ROV-based underwater structure-from-motion 
process.
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Multiple exposures should ensure the redundancy 
of the images.

3.3 Study areas and data acquisition
To capture test data three di"erent study areas 
were evaluated. The indoor swimming pool in 
Muttenz was used for test capturing in clear water. 
Furthermore, the water lock (Fig. 3 and Fig. 4) was 

mental conditions (visibility, particles in the !eld 
of view) and the scene (heterogeneity of texture, 
moving objects). Furthermore, parameters such 
as the scaling method or the camera calibra-
tion in#uence 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 di"erent approaches to calibrate the camera, 
e.g. using a scale bar (Aragón et al. 2018), reference 
tape measurements (McCarthy and Benjamin 
2014), a target board or plane (Menna, Nocerino 
and Remondino 2017) or a geodetic network (Ney-
er, Nocerino and Gruen 2018).

3 Materials and methods

3.1 Materials
For this project a Sony Alpha 7 II (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 II NG V.2 Series UW underwa-
ter camera housing kit with an 8" dome port from 
seafrog (seafrogs 2023). The housing is mounted 
underneath a BlueROV2 (Fig.  1), which is an un-
derwater robot with open-source electronics and 
software (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.

3.2 Calibration frame
A calibration frame made of aluminium (Fig. 2) was 
developed to perform a self-calibration during the 
3D reconstruction. The objects of interest are cap-
tured by moving the ROV on an arc on di"erent 
heights, due to the !xed mounting of the camera, 
which allows horizontal image capturing only. 

 

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

Fig. 2: Calibration frame with the colour chart in the 
bottom left

Fig. 3: The hydropower plant in Eglisau: The water lock (orange) and the water !lter (blue) in the inlet basin
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For reference measurements, a Leica RTC360 la-
ser scanner was used to create a dense and very 
accurate scan of the empty water lock with a 3D 
point accuracy of approximately 2.8 mm at 20 m 
and a Leica TS60 total station was used to deter-
mine control points for referencing in a local coor-
dinate system with a 3D point accuracy of approxi-
mately 2.25 mm at 20 m.

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

The parameters focal length (f), principal point 
o"set (x0 and y0), the radial distortion coe&cients 
(K1 to K4), the tangential distortion coe&cients (P1 
and P2) and the a&nity and non-orthogonality 
coe&cients (B1 and B2) were determined. Di"erent 
parameter sets were examined by three methods 
(Table 2) with original or pre-processed white bal-
anced images. The values are statistically tested 
using the Student T distribution as in Harvey and 
Shortis (1998).

3.5 3D reconstruction
For 3D reconstruction, a dense point cloud was 
computed in Metashape with the self-calibrated 
cameras. The resulting point cloud of the water 
lock was compared to the reference scan using 
the plugin M3C2 in CloudCompare (2023). Further-
more, the scale was controlled by three reference 
lines (Fig. 4) in the water lock.

For the point cloud of the water !lter no refer-
ence data was available. To assess the quality of 
this mission, a cylinder is !tted into the data using 
the tool Best Cylinder in Cyclone 3DR (Leica Geosys-
tems 2023) from Leica and the diameter is com-
pared with the nominal value of the manufacturer 
(32.39 cm).

4 Results

4.1 Camera calibration
All missions and methods varied signi!cantly, 
hence, a mission with calibration method 1 was di-
vided 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 sig-
ni!cantly di"erent parameters.

4.2 3D reconstruction
The processed point clouds of the water lock were 
compared to the reference scan for each calibra-
tion method. Fig.  6 shows a close-up of the his-
tograms of the deviation between 3D reconstruc-
tion and reference scan. 80 % of the points in the 
point cloud of method 1, 78 % of method 2 and 
80 % of method 3 di"er less than 1 cm.

used for the capturing with a reference measure-
ment, which were performed with the laser scan-
ner. By !lling the lock, di"erent water levels can 
be set, simulating di"erent depths (1 to 10 m) of 
acquisition. And !nally, a water !lter in the water 
(Fig. 3) was used to have a real object.

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

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)

Date Environment Places Images Distance Depth

19.12.2022 In air Indoor swimming pool 57 1.5 to 2 m –

19.12.2022 In pool Indoor swimming pool 202 2 m 2 m

30.11.2022 In river Water lock 271 0.1 to 2 m 1, 3, 5, 7 and 10 m

20.01.2023 In river Water lock 1594 0.1 to 2 m 0.5 to 10 m

20.01.2023 In river Water lock 359 0.1 to 2 m 0.5 to 5 m

Table 1: Summary of the image based acquisition

Method White balanced images f x0 y0 K1 K2 K3 K4 P1 P2 B1 B2

1 – × × × × × × – × × – –

2 × × × × × × × – × × – –

3 – × × × × × × × × × × ×

Table 2: Overview calibration methods

Fig. 5: Signi!cant change of the !rst, middle & last part with method 1
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The reference lines show similar results (Table 3). 
The largest di"erences occur at the shortest refer-
ence distance, which is slightly extrapolating and 
has less image overlap. One mission (based frame 
at last column) shows greater di"erences 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 !lter (Fig. 7) is 
referenced based on the calibration frame and re-
sults in a 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 the pipe and results in a cylinder with a diam-
eter of 33.12 cm (Fig. 8). Therefore, a di"erence of 
0.73 cm to the nominal diameter resulted.

5 Discussion
The camera calibrations of the di"erent missions, 
as well as the di"erent calibration methods, show 
a signi!cant variability (Fig.  5). Possible explana-
tions are the instable mounting in the water hous-
ing and the autofocus.

However, as discussed by Luhmann (2018), if the 
3D measurements in object space later turns out 
su&ciently accurate, the corresponding camera 
calibration is also su&cient. Hence, the processing 
of the 3D reconstruction can successfully be car-
ried out and investigated.

For each method, a point cloud was recon-
structed. There are no major di"erences between 
the calibration methods (Fig.  6). Only the point 
clouds from method 2 are slightly more widely 
distributed than those from the other methods. 
The white balanced images do not improve the re-
sults of these missions. Since method 3 uses more 
parameters, there are more uncertainties possible. 
Therefore, it is recommended 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 deviation of 1 cm. The results from the mission, 
which orientation is based on the calibration 
frame, revealed even larger deviations.

The water !lter could be reconstructed as a 
3D point cloud (Fig. 7). There are certain holes in 
the point cloud which are probably from a small 
image overlap, the !xed acquisition angle of the 

Fig. 6: Deviation per calibration method of the point cloud to the reference scan (close up)

Date Reference
scan

TS60
points

Photogrammetric reconstruction Reconstruction –
based frame

Method 1 Method 2 Method 3 ∆ method 1 ∆ method 2 ∆ method 3 Method 1 ∆ method 1

Line 1 3.722 3.725 3.709 m 3.713 m 3.708 m 1.6 cm 1.2 cm 1.7 cm 3.684 m 4.1 cm

Line 2 5.835 – 5.838 m 5.835 m 5.836 m 0.3 cm 0.0 cm 0.1 cm 5.825 m 1.0 cm

Line 3 12.764 12.764 12.766 m 12.768 m 12.766 m 0.2 cm 0.4 cm 0.2 cm 12.706 m 5.8 cm

0   0.7 cm 0   0.6 cm 0   0.7 cm 0   3.6 cm

Table 3: Comparison of line measurements in the point cloud and the reference scan

Fig. 7: Point cloud of the water !lter (left) and a close up (right)

Fig. 8: Calculated cylinder for the pipe in the point cloud 
of the water !lter (!gure rotated by 90°)



10 Hydrographische Nachrichten

DHyG Student Excellence Award I

ed areas of the water lock. More calibration frames 
or scale positioning in the area could potentially 
reduce the distortion over larger distances. Future 
research should be in this !eld.

The calibration results of the di"erent missions 
and methods show a signi!cant variability. Further 
investigations with improved camera mounting 
and better camera control are needed to deter-
mine the cause of these variations. A good camera 
calibration could improve the accuracy of extrapo-
lation.

The water !lter was successfully reconstructed 
as a 3D point cloud, however, there are some 
limitations with this set-up as the point cloud has 
holes. This can be attributed to low image overlap, 
the !xed acquisition angle of the camera or the 
lack of access. The tool Best Cylinder could success-
fully !t a cylinder into the point cloud, despite the 
large extrapolation. //

camera or the di&culties with the access of the 
object. The tool Best Cylinder !ts a cylinder in the 
point cloud. Despite the large extrapolation, as is 
referenced based on the calibration frame, the dif-
ference is 0.73 cm to the nominal diameter (Fig. 8).

6 Conclusion and outlook
The photogrammetric reconstruction of underwa-
ter objects was successfully implemented with the 
current set-up. Thanks to the calibration frame and 
additional control points, true-to-scale and very 
dense point clouds can be reconstructed, which 
can be used for further purposes. With well distrib-
uted 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 be achieved.

While survey areas framed by control points 
showed less deviation than 1 cm, the largest devia-
tions of the distances were found in the extrapolat-
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