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Abstract

Terrestrial laser scanning is an effective technology to capture high density and accurate point clouds about objects with complex
geometry. Ship industry requires 3D hull models for multiple reverse engineering purposes; renovation, as-built analysis, simulations
etc. The paper discusses how terrestrial laser scanning can be applied to capture ship hull geometry to support hydrodynamic
simulations. It presents recommendations of survey geometry and methods considering scanner locations, reflectivity issues.
Hydrodynamic simulations require specific types of surface models as inputs; data processing procedure is discussed how the

point clouds are effectively transformed to models to be applied. Resource analysis is also included, such as duration of survey and

processing, equipment to be used.
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1 Introduction
Surface-based surveying technologies are able to effec-
tively support reverse engineering processes. In such cases
there are no available models, drawings or plans about an
engineering product or object that would be needed during
reconstruction, reproduction or even for visualization,
i.e., the physical model is the source of information of the
end product [1, 2]. Except some cases when the object to be
modelled can be easily measured by some linear or simple
measurements (e.g., indoor spaces of a building), i.e., it has
regular shape and moderate size, the measurement is
complex, often the originally regular shape is deformed.
Therefore, in such cases surface-based measurements are
preferred, i.e. data from the entire relevant surfaces are to be
captured. Terrestrial laser scanning (TLS) and close range
photogrammetry are still rapidly developing data acquisi-
tion methods in the field of civil engineering [3—7] mechan-
ical engineering [8—11], and vehicle engineering [12, 13].
Ships are even more special from many aspects:
* The entire body of the vessel can be captured only
out of water, which is either suspended or placed on
structure that potentially cause occlusions and hence

require thorough planning of surveying locations.
In a shipyard (as in one of our cases) moving machines
and crew around and on the ship can also block the
line-of-sight between scanner and object or target.

» Ships are sizeable object, often hard to be moved
in ideal positions for surveying by an instrument,
nearby objects do not allow to locate instruments far
enough from the ship.

» Ship body surfaces are not regular, difficult to be
described by simple functions.

* Hydrodynamic simulation software packages in most
cases require smoothened, corrected surface models
as inputs.

Multiple related research works have been carried out in
that addressed ship hull as-built modelling. Koelman [14]
preferred to use photogrammetric methods to capture
the ship geometry taking the advantage of being able to
receive topological information due to human interpreta-
tion. The authors provide detailed, step-by-step informa-
tion on the hull shape measurement. Ackermann et al. [15]
measured not only the hull, but the propeller of the ship
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based on image sequences; photo-based or laser scanner
based propeller modelling was the topic of many other
researches, e.g., [16, 17]. Paoli and Razionale [18] applied
high accuracy optical scanner mounted on anthropomor-
phic arm with two linear guides and scanned a 59 m yacht.
Abbas et al. [19] applied photogrammetry for control point
measurements to identify, model and correct the sys-
tematic errors of the laser scanner that has been used to
capture the shape of the hull in laboratory environment.
Burdziakowski and Tysiac [20] used photogrammetric sur-
vey (by 159 DSLR images) and terrestrial laser scanning
(from 20 scan positions with Riegl VZ-400 scanner) to
model a 44 m submarine. The vessel is painted black (that
absorbs the laser beam), the team surveyed it in a rainy
day, and they didn’t use tie points (used ICP to register
the point clouds instead). Despite the challenging circum-
stances and object they produced a remarkable hull model,
merged the point clouds from different sources and ana-
lyzed the deviations. Roca-Pardinas et al. [21] applied TLS
for detecting asymmetries of boat hulls and used a 12 m
yacht as test object. Vorobyev et al. [22] used the same
type of scanner (Faro Focus 3D) as we did in some of our
ship measurements; they used the model in load test mea-
surements of a hull replica section. Bartos et al. [23] also
used both photogrammetric and TLS measurements for
surveying 7 m long boats and discussed several encoun-
tered issues to be solved during their project.

The current paper discusses only TLS based measure-
ments, involves ships with different sizes (from 7 m to
105 m) and considers hydrodynamic simulations as target
application.

2 Laser scanning of ships

2.1 Overall information

Surveying methods are presented in this paper through
three examples: a self-propelled inland vessel scanned in
Germany in 2019, and one sailing boat designed for sailing
races scanned in Budapest in 2020 (Fig. 1).

Previously ship geometry for hydrodynamic simulations
was defined by manual measurements using tapes and rod
frames to get the primary dimensions in dedicated sections
of the ship. In the discussed cases the simulations required
high density accurate surface models. Considering the geo-
metric requirements and the circumstances we decided to
capture the geometry by terrestrial laser scanning.

In order to get homogeneous point distribution within
the measurement range of the scanners, to avoid too small
reflection angles and to ensure optimal matching of the

point clouds, scanner locations has certain limitations.
However, in the discussed cases scan station positions
were limited by the ships' close environment, unavoidable
occlusions.

2.2 The inland vessel

The laser scanned vessel (name: MS ULM) is a 105 m ship
(Fig. 2) that have been removed from water in Erlenbach,
Germany in the fall of 2019 for renovation works.

There was a limited time window by the end of October
(when the weather can be rainy any day in this region
of Germany), the ship was at a shipyard and intensive
renovation works were in progress. As backup and for
research analysis purposes we prepared with two scan-
ners, a Surphaser 400 and a Faro Focus 3D 120S, Table 1
Contains the technical specifications.

Marker spheres (diameter: 139 and 145 mm) were used
for both scanners as targets that supports accurate match-
ing of point clouds, georeferencing was not needed. Both
scanners used the same set of spheres, therefore both scan-
ners worked in parallel (Fig. 3.). Ship workers and crew
was asked to avoid scanners' line-of-sight during measure-
ments. Scanning resolution (point spacing) for both instru-
ments was set to 6 mm at 10 m distance, while scanning
time was 3 min 30 sec for Faro and 3 min for Surphaser.

Fig. 1 Inland vessel (top), racing sailboat (bottom)

Fig. 2 The vessel and its environment



Table 1 Technical parameters of the applied scanners
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Table 2 Survey results

Surphaser 400 Faro Focus 3D 120S Surphaser 400 Faro Focus 3D 120S
Ranging accuracy 0.7 mm 2 mm No. of scan stations 36 33
0.07mm@ 90% refl. | 0.3mm @ 90% refl. | No. of points from barge 306.000.000 250.000.000
1 1 0, 0,
Ranging noise 0.15mm @ 10% refl.  0.6mm @ 10% refl. at Max. residual of
at Im-15m Im-10 m . 3 mm 4.9 mm
matching
Laser Wavelength 1550 nm 905 nm . .
Processing software Leica Cyclone 8 Faro Scene 2018
Max. point density 0.75 mm/10 m 1.5 mm/10 m
spacing
, Lo oo
Repetition rate 832.000 pts/sec 975.000 pts/sec The boat's surface was matte black; since it highly
Image capability Yes Yes absorbed the laser beams, it turned out that only points
price _EUR 150.000 _EUR 40.000 close to the scanner were captured (and with high noise

Table 2 shows the results of the survey.

Point clouds captured from different scan positions
have been registered (merged) by using the spheres to join
the datasets and cleaned by deleting the irrelevant point
that have not been reflected from the vessel. These opera-
tions have been executed for both the Faro and Surphaser
point clouds, independently. Then, a deviation map has
been derived by comparing the result datasets from the
two scanners, using the Surphaser point cloud as reference
(Fig. 4). As it can be seen on the figure most deviation val-
ues are smaller than 5 mm. The reason of the higher val-
ues is that the scanners were set on different scan stations,
therefore scanning geometry results higher noise in some
parts (e.g., at low incident angles).

2.3 The racing sailboat

Knowing the exact shape of a racing boat is required to
predict its racing potential. In this particular case there
were no blueprints available on the boat and the owner —
among other improvements — intended to extend the hull
in order to get better hydrodynamic performance.

—

Fig. 3 Scanners and targets at the back of barge

rate) (Fig. 5). It couldn't be scanned applying reasonable
number of scan stations, therefore we decided to paint
the ship's body, since it was planned to be furbished and
refined afterwards anyway.

The processed point cloud of the boat contains 7.5 mil-
lion points that is unnecessary for deriving the required
product. Moreover, the simulation software used by experts
prefer surface or solid models instead of point clouds.
Therefore, the TIN model of the boat has been created
that resulted 535.000 triangles after manual corrections
(Fig. 6(a)). This mesh model was the base for obtaining the
CAD surface model that contains 2.858 faces (Fig. 6(b)).

ref] Surphaser - [comp] Faro
100

Fig. 4 Deviation map of the two point clouds (Surphaser — reference and
Faro — compared)

Fig. 5 Scanning the matte black surface of the race boat
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Fig. 6 Boat surface models — TIN (top), CAD faces (bottom)

3 Modelling
The co-registered, cleaned, resampled point clouds were
meshed in Geomagic DesignX software environment. The
high geometric resolution of the mesh enables to detect
and measure deformations (Fig. 7).

The point cloud enables deriving cross sections of
the hull. These sections can be taken at any locations,
enabling investigations that need the original geometry

(@

(e.g., in case of damage analysis). The surface model
required by hydrodynamic simulations has been derived
using these 2D sections. The resolution (level of detail) of
the model can be improved by involving more 2D sections,
however, this modeling step require reasonable trade-off
between computing capacity and achievable simulation
accuracy (Fig. 8).

Hydrodynamics simulations required simplified mod-
els; by keeping the basic geometry of the hull, the surface
has been smoothened. The corrected model can be seen

on Fig. 9.

(®)

Fig. 7 a) The result mesh model of the vessel bow, b) The result mesh model of the vessel stern



Fig. 9 Corrected models for hydrodynamic simulations

4 Model-based calculations, simulations, measurements
The scan of the inland vessel was primarily necessary
for enabling hydrodynamic improvements on the vessel.
The owner and operator are involved in a project in which
"greening" of the inland vessels and finding solutions for
this was the main goal. Hence analysis was initiated for
particular vessels in the fleet of the shipping company.
The vessel has a relatively blunt bow and so has a poten-
tial for modification for reducing the resistance and hence
the fuel consumption of the ship. Unfortunately, the
owner does not have any drawing and plan about the ship,
so modification of the hull geometry was only possible
after its geometric survey enabling reverse engineering.

After TLS measurement was done, the resulting data-
base enabled first to create a smooth and geometrically
accurate surface model of the vessel and second to re-de-
sign the bow of the vessel. For hydrodynamic analysis 3
new bow forms of different sizes and cross-sections were
elaborated and analyzed by CFD simulations. Exaggerated
wave patterns along the 3 bow forms are shown on Fig. 10.
(Differences of models are only in horizontal and trans-
versal sections, hence not visible on the figure.)

Moreover, having the surface geometry, hydrostatic cal-
culations could also be done which were necessary to deter-
mine the change in cargo carrying capacity due to the new
bow form. (As a side product, with hydrostatic calculations
it was possible to provide the owner with a so-called capac-
ity plan of the vessel.)

In addition to the above, the very detailed point cloud
allowed the naval architects to check the current state of
the hull, from the geometrical point of view. Not only size
of local deformations (e.g., that of hull plates) could be
quantified, but the global distortion of the sections as well.

5 Future perspectives

This cooperation between surveying and naval experts
showed how the technical improvements and equipment at
one side can help other engineering fields. From the naval
architect's point of view, it is not unique that a usable tech-
nical documentation does not exist. The reverse engineering
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Fig. 10 CFD analysis of the 3 bow versions

could be very helpful in cases when propeller or rudder sec-
tions and performance data is not available, but for devel-
opment it would be required.

For reconstruction of existing hulls, TLS can provide
a very reliable basis. By using the surface generated on
the captured point clouds, it is even feasible to cut with
CNC new structural stiffeners that will perfectly fit to the
irregular shape of the hull. This could result in increased
accuracy and time savings during construction.

As shown on previous pictures, deformations, damages
can be detected and even quantified using such scanning
method. Therefore, TLS can serve comparison analysis
when as-is state should be measured to the optimal solu-
tion. By this, a probably expensive reconstruction and the
gain achieved as a result could be set side by side and eco-
nomic feasibility can be assessed.

6 Conclusions

The paper discusses both data acquisition and process-
ing (modeling) aspects regarding laser scanning of ship
hulls. The investigations proved that the geometry of the
hull can be captured even in non-ideal circumstances with
the required accuracy requirements (below 5 mm relative
accuracy); i.e., scan stations close to object, absorbing color,
occlusions. The resulted point cloud and the obtained mesh
models effectively support hydrodynamic simulations and
hence geometrical optimization of the ships.
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