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Abstract

The free surface of water serves as a reservoir of vital information for understand-
ing the dynamics of oceans, making accurate measurement imperative. Various
wave probes have been developed to fulfil this purpose, each employing distinct
principles to capture the nuances of the free water surface. From resistance and
capacitance wave probes to ultrasonic wave probes and pressure transducers,
these devices provide precise measurements but are not without limitations.

In response to these challenges, researchers have sought alternative approaches,
and this thesis delves into the integration of the Stereo vision principle as a
contactless method for ocean wave measurement. Beyond traditional marine re-
search, the foray of the Department of Computer Science into computer vision,
emulating the human visual system, presents a unique opportunity. This in-
terdisciplinary synergy harnesses mathematical algorithms and image processing
techniques to detect objects and characters within images and videos, with ap-
plications extending to ocean and marine engineering.

The thesis unfolds with a background exploration of wave measurement tech-
niques, comparing traditional methods with emerging optical technologies. The
cross-disciplinary potential of computer vision and marine science is highlighted
as a promising avenue for non-contact wave measurement, offering advancements
in accuracy and efficiency. The subsequent sections detail a novel approach util-

ising stereo vision and structured light for contactless full-field measurement of
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Abstract

water waves. This method proves adaptable, allowing customisation of measure-
ment speed and data points, with confirmed sub-millimetre accuracy through
validation tests.

A comparative analysis is provided, evaluating resistance wave probes, ultra-
sonic wave probes, and optical technology, offering valuable insights into wave
measurement techniques. The study addresses limitations in understanding spa-
tial distribution within an Oscillating Water Column (OWC) device, showcasing
the effectiveness of optical wave measurement in exploring complex dynamics
within the OWC device. Further investigations include the study of a small un-
derwater ellipsoid in motion, providing detailed wave field results. The research
chapter concludes by employing the optical measurement technique to investigate
water surface height information during the entry of an underwater ellipsoid and a
floating box into a lock. These findings contribute to an enhanced understanding
of lock entry hydrodynamics, providing a foundation for numerical simulations
and advancing knowledge in maritime engineering.

In summary, the integration of optical techniques and computer vision emerges
as a transformative approach, revolutionising the study and comprehension of

dynamic water surfaces in marine research.
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Chapter 1

Introduction

1.1 Background

The free surface of water holds a wealth of valuable information crucial for marine
research. Accurate measurement of water surface information is an essential com-
ponent of this endeavour, and various types of wave probes have been developed
to fulfil this purpose(Lange et al., 1982). These probes employ distinct principles
to capture the dynamics of the free water surface. One such device is the resis-
tance wave probe, which relies on changes in resistance of the device at different
water surface heights to glean information about the water level. Capacitance
wave probes operate on a similar principle but measure capacitance instead of
resistance. In contrast, the ultrasonic wave probe harnesses the time-of-flight
principle, leveraging the speed of ultrasonic waves to calculate the distance be-
tween the probe and the water surface, ultimately providing data on water surface
motion. In coastal engineering, pressure transducers placed at the water bottom
are used to measure wave height. While these wave probes offer precise and
stable measurements, they are not without limitations, including the inability

to determine wave direction, limited measurement points, and specific hardware
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requirements. In response to these challenges, some researchers opt to deploy
multiple wave probes at distinct locations within a wave field to gather compre-
hensive data. Recent technological advancements have kindled the exploration
of more efficient methods to obtain these critical measurements. One such alter-
native approach, proposed in the last century, involves Doppler sonar technology
for contactless ocean wave measurement (Pinkel and Smith, 1987).

The Department of Computer Science has ventured into the field of com-
puter vision, which aims to emulate the human visual system. This interdisci-
plinary field leverages mathematical algorithms and image processing techniques
to detect objects and characters within images and videos while also offering the
capability to reconstruct three-dimensional information about objects (Szeliski,
2022). Although computer vision primarily originated for solid object detec-
tion, its potential applications extend to the Department of Ocean and Marine
Engineering. Here, the integration of computer vision techniques presents an in-
novative approach to wave surface measurements. By harnessing the power of
computer vision, researchers can explore non-contact methods of capturing wave
motion data, opening up new avenues for enhancing the accuracy and efficiency of
oceanographic research. This cross-disciplinary synergy between computer vision
and marine science has the potential to revolutionise the way of studying and

understanding the dynamic behaviour of water surfaces.

1.2 Computer vision

Computer vision in the context of 3D reconstruction encompasses a diverse array
of algorithms, each grounded in distinct principles and methodologies. This field
is paramount in computer science and engineering due to its ability to transform
2D images into comprehensive 3D models. The algorithms employed for this

purpose can be broadly categorised into two primary classes: active and passive
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(Zhang, 2018), each with its unique attributes and applications. The distinc-
tion between active and passive 3D reconstruction methods forms the bedrock
of this research domain, allowing us to explore their respective advantages and

limitations.

1.2.1 Passive method

Passive methods predominantly employ the stereo vision principle in stereopsis.
The critical phases of the stereopsis process, as outlined by Dhond and Aggar-
wal (1989), encompass preprocessing, establishing correspondence, and recovering
depth information. Within this framework, image preprocessing assumes a cen-
tral role, involving the identification of image locations meeting specific feature
characteristics.

In the earlier iterations of stereo algorithms, there was a reliance on area-
based matching schemes, aligning area patches from two images (Gennery, 1979).
However, in contemporary stereo algorithms, there is a prevailing preference for
direct feature matching, highlighting the increased significance of robust feature
detectors. Recognition of physical discontinuities in a scene, typically manifesting
as local changes in grey-level intensity in an image, has resulted in a heightened
dependence on edges as matching primitives (Marr and Hildreth, 1980; Canny,
1986).

Emphasising the pivotal nature of the matching stage in stereo computation,
when confronted with two or more views of a scene, the establishment of cor-
respondence among homologous features becomes imperative. These features
signify the representation of the same physical entity in each view. The realisa-
tion of depth information recovery will be expounded upon in subsequent sections

of this thesis.
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1.2.2 Active method

Active methods for 3D measurement primarily rely on Time-of-Flight (TOF) tech-
nology or structured light technology. In TOF-based systems, cameras equipped
with either infrared (IR) or laser light sources emit light pulses, which are subse-
quently reflected back from the surface of the object to the camera. Measuring
the time it takes for the light to return to the camera enables the calculation of the
distance to the measurement point. Notably, certain TOF cameras are equipped
with a built-in function that can transmit infrared (IR) light and measure the
phase delay of the reflected infrared light emitted by the cameras themselves
(Hansard et al., 2012). With knowledge of the phase delay, the time of reflec-
tion can be accurately determined, allowing the camera to generate results that
incorporate the distance to the measurement surface. Utilising this distance in-
formation, the three-dimensional shape of the object can be reconstructed, with
the camera serving as the coordinate origin for extracting the necessary data. Li-
DAR technology is a prominent application of this TOF-based approach (Awange
and Kiema, 2019).

~ i — e~

—~ <| —,—
Figure 1.1: Working principle of LIDAR. Figure is taken from Awange and Kiema
(2019).

Structured light technology, on the other hand, involves the active projection

4
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of structured patterns onto the surface of the object using a specialised projection
device (Zhang, 2018). These projected patterns carry encoded information, which
in turn enhances the accuracy of matching results. As the projected pattern con-
forms to the shape of the object, capturing the area covered by the pattern with
a camera and analysing the distortion of the pattern, along with the known en-
coding information, allows for the computation of three-dimensional information
pertaining to the measurement object.

Presently, structured light pattern encoding strategies can be primarily clas-
sified into three categories: time-multiplexing, direct codification, and spatial
neighbourhood methods (Pages et al., 2003). The time-multiplexing strategy en-
codes information based on time, involving the projection of a series of patterns
onto the object and the subsequent analysis of the temporal encoding informa-
tion of each pixel (Posdamer and Altschuler, 1982; Valkenburg and Mclvor, 1998;
Mimou et al., 1981; Caspi et al., 1998; Horn and Kiryati, 1999; Giihring, 2000;
Bergmann, 1995; Hall-Holt and Rusinkiewicz, 2001). This approach is known for
its ease of implementation and its ability to achieve high accuracy and resolution
performance. However, it may not be suitable for measuring water surfaces due

to its inability to respond to rapid changes.

Figure 1.2: Time-multiplexing encode pattern. Figure is taken from Hall-Holt
and Rusinkiewicz (2001).

In contrast, the direct encoding strategy assigns a specific feature, such as
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colour or grayscale, to each pixel of the projected pattern (Carrihill and Hum-
mel, 1985; Hung, 1993; Tajima and Iwakawa, 1990; Sato, 1999; Salvi et al., 2010).
The information is then analysed to achieve matching without the need for tem-
poral changes. Nevertheless, this strategy requires that the feature points remain
nearly constant throughout the entire process, limiting its applicability in wave

measurement scenarios.

Figure 1.3: Direct encode pattern. Figure is taken from Salvi et al. (2010).

The spatial neighbourhood strategy combines the information from surround-
ing pixels to identify matching points (Boyer and Kak, 1987; Ito and Ishii, 1995;
Maruyama and Abe, 1993; Zhang et al., 2002; Salvi et al., 1998; Vuylsteke and
Oosterlinck, 1990; Morano et al., 1998; Elahi et al., 2020). It does not impose
strict requirements on feature points over time, making it suitable for dynamic
measurements. However, it necessitates the completeness of the pattern, demand-

ing additional attention during wave measurement procedures.

1.3 Literature review

In the field of optical techniques for measuring water surfaces, several innovative
techniques have emerged, each offering unique advantages and challenges. These
methods are employed to ascertain various aspects of water surface characteristics,
providing valuable insights for research and practical applications. This section
will delve into these optical methodologies, elucidating their principles, related

studies, and limitations.
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Figure 1.4: Spatial neighbourhood encode pattern. Figure is taken from Elahi
et al. (2020).

One prominent optical approach is predicated upon the phenomenon of light
refraction through the air-water interface. A seminal study by Zhang and Cox
(Zhang and Cox, 1994) exemplifies this technique. They positioned a camera
above the water surface and a coloured source screen beneath a large horizontal
underwater lens. The gradient of the wave elevation was quantified by observing
the camera image of the coloured source screen in detail. Moisy et al. (Moisy
et al., 2009) developed a method known as free-surface synthetic Schlieren (FS-
SS). It relied on digital image correlation (DIC) algorithms to reconstruct wave
height. By analysing the displacement between a reference image and the re-
fracted image of a random point pattern through the interface, this approach
facilitated the water surface measurements. Gomit et al. (Gomit et al., 2013)
also adopted a similar principle, projecting a laser sheet below the free surface
and employing three cameras for data capture. Two cameras were used to capture
the refraction image from different viewpoints above the water surface. Another
camera was placed under the transparent test chamber to record the reference

image. However, it is imperative to acknowledge the limitations of this method.
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The position of refraction points may not match the reference points because of
the strong curvature of the interface. There is also a limitation associated with
the angle of the incident light and the orientation of the surface, which may cause

measurement problems.

Welocity Morm (mmig): 10 30 50 TO 80 110

Figure 1.5: Results from light refraction method. Figure is taken from Gomit
et al. (2013).

The other optical technique for the measurement of water surfaces revolves
around the time-of-flight (TOF) principle, with LiDAR technology serving as a
prime illustration of this approach, as elucidated by Awange and Kiema (2019)
in their study. LiDAR systems emit specific light sources towards the surface of
objects and subsequently gauge range information by evaluating the duration it
takes for the light to return after interacting with the target. Recent advance-
ments in this field, as demonstrated by Zhang et al. (2021), have introduced a
technique that integrates a Single Photon Avalanche Diode (SPAD) detector ar-
ray in the laboratory. In this technology, an independent light source (solid-state

laser) is used to illuminate the water surface. The emitted laser pulses interact

8
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with the water surface and are subsequently reflected back towards the SPAD
detector array, which is capable of capturing and registering individual photons
of the reflected light. By analysing the time interval between the emission of the
laser pulse and the detection of the reflected photon by the SPAD array, precise
information regarding the elevation of the water surface can be derived. Although
this method is widely used at present, one notable limitation is the dependency
on the availability of sufficient reflected light for accurate measurement. In sce-
narios where the sensor cannot receive an adequate quantity of reflected photons,
such as when measuring extremely turbid or optically challenging water bodies,

the accuracy of the water surface information may be compromised.
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Figure 1.6: Results from TOF method. Figure is taken from Zhang et al. (2021).

Another method measures the water surface by analysing the location of the
floating particles. Douxchamps et al. (Douxchamps et al., 2005) used 9mm
diameter white wooden beads as tracer particles. Employing stereo measure-
ments, an antidune flow pattern was reconstructed. This technique provided

insights into the dynamic behaviour of water surfaces by tracking the movement
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of these particles. Building upon this foundation, Fleming et al. (Fleming et al.,
2018) advanced this particle-based approach through the utilisation of proprietary
videogrammetry software, DaVis. They conducted post-processing of stereoscopic
images obtained from multiple synchronised machine vision cameras. To enhance
the visibility and trackability of particles, ultraviolet light served as the primary
source of illumination, exciting fluorescent flakes dispersed within the fluid. A
high-pass filter was employed to selectively capture the fluorescence, resulting
in improved data quality and accuracy. So far, the floating particles technology
can give a decent result but it is constrained to scenarios where floating particles
are naturally present or can be introduced. Moreover, the use of tracer particles
introduces considerations related to particle size, which may necessitate care-
ful calibration and correction to account for systematic errors in measurements.
Additionally, practical concerns such as safety protocols for the handling and dis-
persion of tracer particles, as well as the need for subsequent cleanup, should be
taken into account when employing this method.

In addition to the previously mentioned methodologies for water surface mea-
surement, several alternative technologies have been devised by researchers, each
offering unique capabilities and insights into the complex dynamics of water sur-
faces. One such innovative contribution to the field is the work of Bergamasco et
al. Bergamasco et al. (2017), who have developed a powerful open-source software
known as WASS, an acronym for Wave Acquisition Stereo System. This software
represents a significant advancement in water surface analysis, as it autonomously
generates stereo image estimations and dense point clouds. It achieves this by
leveraging a fast 3D dense stereo reconstruction process, drawing upon the ro-
bust capabilities of the OpenCV library. Tsubaki and Fujita Tsubaki and Fujita
(2005) proposed a method which involves the introduction of an opaque-white dye

into the water, coupled with the projection of a random pattern onto the surface.

10



Chapter 1. Introduction

20 0 20 0
E E
£ o -100 £ 0 k/ -100
N N
a =2 730 =20
500
250
E
E 0
>
=250
=500
T =750
=500 0 500 -20 0 20 =500 0 50 -20 0 20 =500 0 500 -20 0 20
t=0.36 X (mm) Z (mm) t=0.72 X (mm) Z (mm) t=1.08 X (mm) Z (mm)

20 0

B
E 0L N~ 100
N

20 0 0
E
£ -100 -100
N
.jo zﬁo
-250
=500

T T T 50 y T T
=500 0 500 -20 0 20 =500 0 500 -20 0 20 =500 0 500 -20 0 20
t=1.44 X (mm) Z (mm) t=1.80 X (mm) Z (mm) t=2.16 X (mm) Z (mm)

PERE .
i i
; |

=500 0 500 -20 0 20 B =500 0 50 -20 0 20 - =500 0 500 -20 0 20
t=2.52 X (mm) Z (mm) t=2.88 X (mm) Z (mm) t=3.24 X (mm) Z (mm)

0
=100
=2

=750

Figure 1.7: Results from particle motion method. Figure is taken from Fleming
et al. (2018).

The wavy surface was then reconstructed by a technology based on stereo vision.
Cochard and Ancey Cochard and Ancey (2008) have contributed to the field
through the development of technologies rooted in fringe projection profilometry.
This method relies on the projection of fringe patterns onto the water surface,
which are subsequently analysed to derive information about surface profiles and
deformations. Aureli et al. (Aureli et al., 2011) implemented a light absorption

based method for measuring the water surface in rapidly changing flows. The core
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principle of this method lies in estimating the height of the free surface through
the analysis of grey levels within images captured by a digital camera positioned

downstream of a back-lighting device.

Figure 1.8: Results from WASS. Figure is taken from Bergamasco et al. (2017).

In conclusion, despite the advancements in optical techniques for water sur-
face measurement, inherent challenges persist. Factors such as the curvature of
the water-air interface, sensitivity to incident light angles, and surface orienta-
tions pose significant hurdles. Moreover, methods relying on time-of-flight (TOF)
LiDAR technology may face accuracy issues in scenarios with limited reflected
photons. Particle-based methods, irrespective of specific techniques, encounter
constraints related to the presence and characteristics of floating particles, neces-
sitating careful calibration and introducing practical concerns, including safety
protocols and cleanup. This overarching limitation emphasises the need for a new

optical technique that can be easily applied and have good accuracy.
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1.4 Aims & Objectives

This PhD project proposed a method capable of measuring deformations in the
water surface by image processing. The final aim is to apply this method to
some practically relevant problems. So far, this research includes the following

objectives:

e To validate the accuracy of the proposed method both on the solid wavy

surface and the free water surface.
e To find out the sensitivity and limitations of the method.

e Extend the capability of the method to a variety of practical problems and

demonstrate its use.

1.5 Novelty and contribution to the knowledge

Novelty of the research

e This thesis introduces a novel optical wave measurement method that in-
tegrates stereo vision and structured light techniques. Successfully imple-
mented at the Kelvin Hydrodynamics Laboratory, this method has been

utilised across various scenarios.

e The proposed optical method offers adjustable spatial density wave field
measurements. In comparison to conventional wave measurement tech-

niques, it is cost-effective and non-disruptive to the water surface.

e With no requirement for high-power light sources, this method poses no
safety hazards to experiment operators. The light source employed in this

technique is harmless.

13
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e Notably, this is the first work within the laboratory that eliminates the
need for water treatment. It relies solely on ambient dust, rendering it an

environmentally friendly approach.

e Within this thesis, diverse scenarios have been investigated using the optical
technique, providing detailed spatial wave field results to enhance under-

standing of hydrodynamic phenomena.
Contribution to the knowledge

e The thesis conducts a comparative analysis of the proposed optical tech-
nique against traditional wave measurement methods. The advantages and
disadvantages of each technique are discussed, aiding researchers in select-

ing the most suitable approach for their experimental requirements.

e Complete measurement of the water surface within an Oscillating Water
Column has been achieved, offering insights into the behaviour of water
columns within such devices. This contributes to the advancement of future

Wave Energy Converter development.

e Measurement of Kelvin wake and Bernoulli hump generated by a moving
ellipsoid is presented, with detailed wave field results provided. In contrast
to KCS ship wave field measurements, this optical technique reduces the

huge amount of effort and yields superior results.

e The thesis captures the piston phenomenon of fluid inside a lock during the
entry processes of an ellipsoid and a box. This phenomenon, characterised
by the simultaneous rising and falling motion of the free surface, aids in un-
derstanding the unsteady effects of free surfaces and the impacts of sudden

waterway constriction and lock gate closure.
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1.6 Thesis outline

This thesis introduces a novel wave measurement method and presents case stud-
ies demonstrating its efficacy in collecting experimental data. The cases encom-
pass both wave measurements conducted in open water areas and those within
specific structures, providing a comprehensive assessment of the capabilities of

the method. The thesis is organised into several sections, as outlined in Figure

1.9:

Chapter 1
Introduction

Chapter 2
Methodology

Chapter 3-6 Chapter 7

Conclusion

Capability

‘ Principles ] ‘ Experiment ’ ‘ Validation ’
setup
Chapter 3 Chapter 4 Chapter 5 Chapter 6
Accuracy Confined space Open area Shallow water

Figure 1.9: Thesis outline.

In this research, the proposed wave measurement method is detailed, along
with the experiments conducted to validate its effectiveness. Comparative anal-
yses are performed between traditional wave measurement methods and the pro-
posed approach to highlight its advantages.

Furthermore, the application of the method within Oscillating Water Col-
umn (OWC) systems is explored, demonstrating its utility in confined water sur-
face conditions. Additionally, the method is extended to measure steady waves
generated by moving underwater objects, showcasing its adaptability to vary-

ing hydrodynamic scenarios, including the free surface behaviour observed when
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underwater objects and floating boxes enter locks. The thesis concludes with a

summary of the findings and outlines avenues for future research.
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Methodology

2.1 Introduction

The proposed optical technique combines active and passive 3D reconstruction
methodologies to effectuate non-intrusive, comprehensive measurements of wa-
ter wave phenomena. To facilitate this, structured spatial patterns are projected
onto the water surface through the application of the spatial neighbourhood tech-
nique, thereby furnishing a reliable and controllable grid of measurement points.
This intricate pattern adheres to the contours of the water surface, permitting
variable point densities to be captured by stereo cameras across the entire ex-
panse of the observed field. This fusion of active and passive scanning techniques
serves to surmount the challenges associated with point detection and matching
encountered in stereo vision applications. The integration of stereo vision ensures
homogeneity and stability to the measurement process across the entire field of

view.
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2.2 Principles

2.2.1 Stereo vision

For the passive method-stereo vision technology, the epipolar geometry is used
(Hartley and Zisserman, 2003), and the principal points are P, and P,, respec-
tively. A point in space X is projected on image planes C; and Cy marked with z;
and xo, respectively. C, Cs, P, P, and X are coplanar, called the epipolar plane.
Cameras are modelled with a pinhole model, which is a good approximation for
a lens-based camera in mid and long focal lengths, as shown in Figure 2.1 (b). In
this model, the image is projected on the image plane through a ray across the
pinhole. Another plane is considered symmetrical with the pinhole image plane
2. On this plane, the projection relationship is similar to the image plane, but

the image is erect, and this plane is exactly the C7 and C5 planes in Figure 2.1

(a).

Epipolar Plane

Camera Planel ‘ ’ Camera Plane2
Py

P

(a)

Figure 2.1: (a) The epipolar geometry of two-view stereo vision system.(b) Pin-
hole model of a camera. The global coordinate is fixed on the pinhole.

Figure 2.1 (b) shows the global coordinate. Using homogeneous coordinates,

spatial point X(X,Y,Z,1) project on two cameras x1(z1,y1, 1) and z5(22, y2, 1).From
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our camera model, the point projection relation can be written as:

X

x goooy
y|=10 £ 0 0 (2.1)

) Z

1 00 70|,

where f is the focal length of the camera model, defined as the distance between
the image plane and pinhole. The relation between image coordinates x,y and

pixel coordinates u, v can be written as:

u é T dx t1an9 Uo x
vl — 0 m Vo Yy (22)
1 0 0 1 1

where du and dv are pixel widths in the u and v directions. The intrinsic param-

eter matrix for the pinhole model can be defined as:

f:v S U
K=10 fy Vg (23)
0 0 1

In this matrix, f, and f, represent the pixel focal length on the camera’s axis
direction and a projection transform. wuy and vy are principal points under the
pixel coordinate and represent a transition transform from the camera coordinate
to the pixel coordinate. s is the skewness factor, which represents the skew of the
camera. The intrinsic matrix is described by camera properties like focal length,
principal point position, and pixel size describe the intrinsic matrix.

To represent the camera location, another matrix called the extrinsic matrix

is needed. The coordinate of camera one is fixed as a global coordinate if the
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coordinate of camera two can transform to the global coordinate through 3x1
transition vector T" and a 3x3 rotation matrix R, the extrinsic matrix for both

two cameras can be written as:

1

o = o o

_ o o o
oy
~

o o O
o o = O

At this stage, the relationship between spatial point X and image point x can be
written as:

v=K-[RIR-T] X (2.5)

Because of the homogeneous coordinate, each matrix function can give two in-
dependent functions. With two cameras, four independent functions can be ac-
quired for three variables. If the epipolar relation can be satisfied strictly, these
four functions can be reduced into three. In practice, the least square solution is

used to estimate the spatial point of X.

2.2.2 Structured light

The checkerboard pattern was used as the structured light pattern; one sample
pattern is shown in Figure 2.2. This pattern comprises alternating black and
white blocks, having a strong contrast between adjacent segments. The intersec-
tion points, or cross-points, of the checkerboard exhibit a remarkable capacity
for subpixel-accurate localisation. Moreover, the versatility of the checkerboard
extends to its ability to correctly identify distorted variations (Rufli et al., 2008;
Ha, 2009). This distinctive attribute allows for the projection of the checker-

board pattern onto non-uniform, deformed surfaces while reliably detecting the
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reference points of the checkerboard.

Figure 2.2: Checkerbpard pattern projected on the wavy surface.

The adaptability of the checkerboard pattern is further evident in its variable
density, a feature that affords control over the distribution of reference points.
By adjusting the density of the checkerboard, users can tailor their approach to
achieve differing point densities as required by the specific application.

An essential consideration in employing the checkerboard pattern is the con-
figuration of its rows and columns. To prevent erroneous matching, it is advis-
able to maintain an arrangement in which one of the dimensions (either rows
or columns) is odd while the other is even. This strategic choice mitigates the
likelihood of spurious associations, contributing to the robustness and reliability

of the structured light imaging process.

2.3 Experiment

2.3.1 Test facility

The Kelvin Hydrodynamics Tank (see Figure 2.3) serves as the primary towing
test facility within the Kelvin Hydrodynamics Laboratory at the University of
Strathclyde. It boasts dimensions of 76m x 4.6m x 2.5m and features a highly
reliable four-flap type absorbing wave maker. This wave maker plays an important
role in absorbing the reflected and radiated waves from the device, ensuring the

consistency of the generated wave during a single test.
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Figure 2.3: Kelvin Hydrodynamics Tank. (a) Tank; (b) Wave maker; (c) Beach.

To further enhance testing conditions, a high-quality variable slope beach has
been installed at the end of the tank to absorb the waves and prevent reflection
onto the testing objects, with a reflection coefficient typically below 5%. Addition-
ally, the tank is equipped with a wall-mounted heater to minimise temperature
variations.

A 3D compact wave tank housed on the ground floor of the Kelvin Hydrody-
namics Laboratory at the University of Strathclyde (see Figure 2.4) was also used
for the tests. This wave tank, boasting a total length of 9.267m and a width of
3.150m, maintained a fixed water depth of 1.0m. A portion of the tank, measuring
2.945m in length, was occupied by the wave maker and a wave-absorbing beach,
leaving the test section of 6.322m in length. A highly reliable eight-flap type
absorbing wave maker was deployed. This wave maker can absorb the reflected
and radiated waves from the device, ensuring the consistency of the generated

wave during a single test.
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Figure 2.4: 3D Compact Wave Tank in Kelvin Hydrodynamics Laboratory

2.3.2 Experiment set up

The experimental setup, shown in Figure 2.5, comprises a designed measuring
system. This system incorporates a pair of cameras equipped with global shut-
ters, serving the role of stereo cameras, and a high-quality projector, which is
instrumental in projecting image patterns with known encoding information onto
the water surface. A crucial aspect in optimising the imaging process involves
consideration of both the incident angle and the reflection angle of the light
emitted from the projector. During the experimental phase, the cameras were
configured to operate at their maximum capability, recording images at the rate
of 60 frames per second (fps). Furthermore, the camera settings were finely tuned
to capture images at a resolution of 4k, thereby facilitating the detailed scrutiny
of the reflected patterns. Notably, the projector emerged as the exclusive source
of illumination within the controlled experimental environment, a strategic choice

aimed at enhancing the quality and accuracy of the imaging results from cameras.
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Figure 2.5: Experimental setup for wave measurement.

2.3.3 Calibration and synchronisation

The precise calibration of cameras is of paramount importance to ensure the at-
tainment of accurate and dependable outcomes within the context of stereo-vision
systems. This process necessitates the access of various parameters for each cam-
era, including lens distortion, intrinsic parameters, and extrinsic parameters. The
ultimate objective is to enable the cameras to capture three-dimensional spatial
information accurately. In this study, the calibration method originally proposed
by Zhang et al. (Zhang, 2000) was adopted. To facilitate this calibration, a stan-
dard checkerboard grid characterised by a 10mm grid size was employed. Fifteen
distinct photographs of the checkerboard grid, captured from diverse positions
and orientations, were utilised to calibrate each camera. It is important to un-
derscore that one of the cameras served as a reference point, and its coordinates
were defined as the primary coordinate for the stereo-vision system, as previously
elucidated. This particular coordinate system could subsequently be transformed

into the global coordinate system during subsequent data processing stages. The
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calibration results will be discussed in detail within the context of each individual
experiment, offering insight into the precision and accuracy achieved.

The synchronisation of cameras, within the context of this experimental setup,
constitutes a critical procedural aspect. This synchronisation ensures that all
cameras capture images at the same time. The significance of this synchronisation
is particularly pronounced in applications wherein the cameras are deployed to
record dynamic or moving subjects. In such scenarios, any temporal discrepancies
between the captured images can introduce substantial inaccuracies in the final
output.

In the proposed experimental framework, a master-slave configuration was
adopted to accomplish this synchronisation. One camera was designated as the
master camera, responsible for emitting a precise timing signal that governed the
temporal coordination of other slave cameras. This coordination was imperative
to measure alterations in the water surface. To evaluate the efficacy of this
synchronisation procedure, a cluster of eight light-emitting diode (LED) lights,

depicted in Figure 2.6, was employed as a pivotal component of this setup. These

Figure 2.6: Binary clock. When the LED is on, it is 1, and when it is off, it is 0.

LED lights were lit via control signals transmitted from an Arduino Nano (a
microcontroller). This arrangement facilitated the generation of binary signals

accurate to within 1 millisecond. Each camera, in turn, captured video footage of
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the LED array, and subsequently, the synchronisation accuracy was assessed by
comparing the on/off states of the LED array across the individual video frames of
each camera. Upon examination, it was ascertained that the maximum temporal
deviation between the two cameras was a mere 2 milliseconds. Such a minimal
discrepancy is unlikely to engender appreciable inaccuracies within the context

of the stereo-vision system.

2.4 Validation experiment

2.4.1 Static validation experiment

The initial phase of validation for the proposed method involved a static exper-
imental setup, intended to assess the performance of the system. This prelimi-
nary experiment employed a small PVC disc with a 50mm diameter upon which a
checkerboard pattern was affixed, as shown in Figure 2.7. The disc was positioned
at a fixed distance of 10cm from the cameras. The checkerboard itself was created
in AutoCAD, with each checkerboard point maintaining a consistent separation
of 4.00mm. A series of images were captured with the checkerboard pattern in
its original position, and then the disc was rotated to vary the orientation of the
pattern in relation to the cameras. This sequence of actions was repeated three
times, resulting in different positional configurations of the checkerboard relative
to the camera planes.

Subsequent to the acquisition of these image sets, the algorithm reconstructed
the checkerboard points in the global coordinate system. Table 2.1 displays the
average results of the computed distances between these points. The numerical
labels 1~12 correspond to the serial identification of the individual checkerboard
points. The row and column headings within the table indicate the pair of points

utilised for distance calculations. The maximum measurement discrepancy ob-
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Figure 2.7: PVC disc with checkerboard

served during this validation experiment was a mere 0.06mm, and the maximum
standard error estimate stood at 0.07mm. Based on the I'TTC guideline, The
95% coverage was 0.21mm.

In a subsequent phase of static validation, the performance of the method was
gauged concerning the camera-to-object distance. For this purpose, the small
PVC disc was substituted with a larger standard cylinder, boasting a 100mm
diameter and a height of 200mm. The camera was positioned 1m away from
the central axis of the cylinder, as shown in Figure 2.8 (a). To facilitate the
process, a checkerboard stripe was projected onto the surface of the cylinder. To
ensure accurate measurements, a mask was generated by the program based on
the prescribed mask width and the placement of two reference dots along the
cylinder’s central line. Prior to the corner detection of the checkerboard, the
masked area was filled with black colour, while the checkerboard region within
the test area was clearly defined and detected.

In this test scenario, obtaining the global coordinate information of each point
on the cylinder presented a formidable challenge. Therefore, the diameter of the
cylinder was employed as a proxy for error estimation. In an effort to validate

the accuracy of the method, the diameter was measured using a calliper, yielding
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Table 2.1: Average of distances between points

(mm)| 1 2 3 4 5 6 7 8 9 10 11 12
1 3.99 8.02 4.03 5.72 899 8.01 899 11.35 11.99 12.67 14.44
2 3.99 3.99 5.69 4.03 568 895 802 895 12.63 11.99 12.64
3 8.02 3.99 8.96 5.66 4.04 11.31 894 8.01 14.39 12.63 11.99
4 4.03 5.69 8.96 4.03 8.01 398 568 896 7.96 894 11.31
) 5.72 4.03 5.66 4.03 3.99 5.65 399 564 890 7.96 8091
6 8.99 5.68 4.04 801 3.99 8.93 5.63 3.97 11.26 8.89 7.96
7 8.01 895 11.31 3.98 5.65 8.93 4.02 8.01 398 5.68 895
8 8.99 802 894 5.68 399 5.63 4.02 3.99 5.63 3.98 5.63
9 11.35 8.95 8.01 896 5.64 3.97 801 3.99 8.92 5.63 3.99
10 ] 11.99 12.63 14.39 7.96 8.90 11.26 3.98 5.63 8.92 4.02 7.99
11 ] 12.67 11.99 12.63 894 7.96 8.89 5.68 3.98 5.63 4.02 3.97
12 | 1444 12.64 11.99 11.31 891 7.96 895 5.63 3.99 7.99 3.97

150

100

50

1500

Figure 2.8: (a) Experimental setup of cylinder measurement. (b) The measured
points (red dots) and the standard cylinder (blue cylinder).

a reading of 99.8mm.
The results of the measurements performed on the static cylinder are presented

in Figure 2.8 (b), which indicates an estimated cylinder diameter of 99.6mm.
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This measurement deviated by a marginal 0.2mm from the caliper-derived value,
with a corresponding 95% coverage of 0.54mm. The comparative analysis of
measurements conducted at various distances revealed a consistent trend: as the
distance between the cameras and the object increased, the measurement error
also exhibited a corresponding increase. Nevertheless, it is noteworthy that the
proposed method consistently delivered impressive results in the context of static

surface measurements.

2.4.2 Dynamic validation experiment

While the static result of the presented measurement method yields good out-
comes, it is essential to acknowledge that the movement of objects can introduce
certain challenges in this method. Therefore, the incorporation of a dynamic val-
idation test becomes imperative. In the context of the experimental procedure
described herein, the configuration remained consistent with the static cylinder
test, with the only exception of imparting linear motion to the cylinder, thus
endowing it with a sinusoidal velocity profile.

The outcomes of the measurement on the moving surface are visually repre-
sented in Figure 2.9. Evidently, the points acquired from the measurement con-
form well to the cylinder, as demonstrated in the projection plot. The average
radius measures approximately 99.8mm, which aligns perfectly with the calliper-
based measurement. It is noteworthy to emphasise that the variance between the
measured points and the reference standard cylinder, as shown in Figure 2.9 (a),
remains remarkably low, with the most substantial deviation within 500 frames
being a mere 0.4mm. Furthermore, it is noteworthy that over 90% of the data
points achieved an accuracy level of 0.2mm, underscoring the precision of this
dynamic measurement approach.

The comprehensive assessment of dynamic performance within this measure-
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Figure 2.9: (a) The detected points projected on a horizontal plane. (b) Com-
parison of measurement and theoretical motion at a fixed point in xy plane.

ment method has yielded commendable results. Given that the motion of the
cylinder adhered to a mathematical model represented as Xy = Asin(wt + ),

it is feasible to express the Z-coordinate of the surface of the cylinder as Z =

VR? — (X — Xy) + Z utilising fundamental geometry relationships. The wave
frequency, denoted as w, and the radius of the cylinder, represented as R, could
be readily confirmed through the experimental setup. Additionally, the distance
from the centerline, denoted as Zj, could be derived from the centerline distance
of the cylinder within the measured data. However, certain parameters proved
hard to determine directly, necessitating a fitting procedure based on the motion
data acquired from a specific point. Figure 2.9 (b) illuminates the measurement
results pertaining to the dynamic motion at a specific location. The outcomes of
this experiment corroborate the theoretical predictions with exceptional fidelity,
validating the reliability and precision of the dynamic measurement approach
presented.

In the comparative context, the static result exhibits a higher degree of sta-
bility when compared with the outcomes of the dynamic cylinder measurement.
This divergence in the dynamic measurements can be attributed to slight tem-

poral disparities between the individual frames. Nevertheless, it is important
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to note that, on the whole, the results pertaining to the cylinder shape exhibit
remarkable similarity between the static and dynamic tests. Furthermore, the
precision achieved in both scenarios consistently reaches the sub-millimetre level,

further attesting to the efficacy of the measurement method under examination.

2.4.3 Sensitivity test

The sensitivity of the proposed method, when employed to measure water surface
conditions, serves as an essential part of assessing its overall performance. In this
evaluative study, the method was utilised to gauge the radiated waves generated
by small spheres of varying sizes and masses. These spheres were released from a
height of 150mm above a small water tank, with the camera situated at a distance

of Im from the water surface.
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Figure 2.10: Radiated waves on the free surface.

Throughout the course of the experiment, the radiated waves exhibited min-

imal visibility to the human eye. Nevertheless, their presence and behaviour be-
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came distinctly apparent when analysing the results as depicted in Figure 2.10 (a)
to (f). A close examination revealed that the wave gradually propagates outward
and continues to decay. Notably, the minimum wave amplitude recorded during
this dynamic process was a mere 0.02 millimetres, originating from a sphere with
a diameter of 4.10mm and a mass of 0.1 grams. This test unequivocally demon-
strated the remarkable sensitivity of the method, which measured at a remarkable
0.0016%. This exceptional sensitivity endows the optical technique with multiple

applications across various scenarios.

2.5 Measurement results

2.5.1 Regular wave

Following a series of validation and sensitivity tests, regular wave experiments
were undertaken to assess the viability of the proposed method. The experimen-
tal setup was comprehensively detailed in Section 2.3.2. Positioned beneath the
projector, a compact tank, boasting a length of 600mm and a width of 120mm,
served as the test facility. The projector projected intricate image patterns di-
rectly onto the water surface, which was deliberately dyed with glass bubbles (3M
K1, density: 0.125g/cm?). In this case, most light was diffused by the glass bubble
instead of reflected by the water surface. The generation of waves was achieved
by a screw equipped with a step motor, meticulously programmed to execute a
sinusoidal motion. During the experimental phase, two distinct frequencies were
deployed: 1Hz and 3Hz. The outcome of these wave tests was depicted in Figure
2.11 (a) and (b), illustrating the projected pattern and the captured frames on the
water surface. The precision of grid detection was paramount; therefore, sub-pixel
methods were employed to pinpoint the cross points of the checkerboard. This

approach ensured accuracy, even without the need for high-resolution cameras or
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projectors.

Figure 2.11: Regular wave measurement result. (a)Filmed image and recognised
points in camera 1. (b)Filmed image and recognised points in camera 2. (c)
Reconstructed wavy surface with low-density checkerboard. (d) Reconstructed
wavy surface with high-density checkerboard.

To evaluate the reliability of the grid detection program at varying resolutions,
the regular wave tests utilised checkerboard patterns of both low and high den-
sities. For the low-density test, the mesh length between points approximated
20mm. In contrast, the high-density test featured a much finer mesh, with a
mesh size of approximately 2.5mm-—ideal for high-resolution wave reconstruc-
tion. Notably, each block on the high-density checkerboard consisted of a mere
16 pixels (4x4), and the captured pixel length for each block was a mere 10 pixels,
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highlighting the contrast with the low-density scenario.

Figure 2.11 (c) and (d) illustrate the water wave reconstruction, with the frame
exhibiting the highest wave height being the focal point. The height variance in
these two results remained within the minuscule margin of Imm. In practical
terms, the low-density patterns offered the potential for real-time wave measure-
ments, boasting a detection rate of twenty frames per second—provided sufficient
computing power was available. However, it should be noted that high-density
measurements, while invaluable for achieving high-resolution results, presented a
trade-off in terms of computational demands. The detection rate for high-density
measurements extended to a few minutes per frame, rendering it impractical for
real-time monitoring with existing hardware capabilities. The significance of high-
density measurements became evident when considering experiments where high-
resolution outcomes took precedence over real-time monitoring, such as studies
related to ship waves. This innovative method distinguished itself from conven-
tional wave probes, which could only capture information at a single point. The
results obtained from these measurements, as visually represented in Figure 2.11,
elucidate that this approach not only permits the direct extraction of wave height
and frequency but also facilitates the determination of other crucial parameters

like wavelength, wave speed, and wave direction.

2.5.2 Irregular wave

The preceding section of this study demonstrated the prospective utility of the
proposed method in the context of regular wave experiments. In this subsequent
section, the study undertook a broader exploration, focusing on the evaluation
of the viability and dependability of the method in the presence of irregular
wave conditions. The experiment was conducted within a 500x500x400 mm wave

tank without any wave-damping countermeasures. In this experimental setting,
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a cylindrical body, subjected to heave motion, was strategically positioned at
the corners of the tank to instigate wave generation. In order to ascertain the
precision of the water surface measurements derived from the proposed method,
an ultrasonic wave probe operating at a frequency of 100Hz was incorporated as a
reference component within the experimental setup, which was visually depicted
in Figure 2.12. Two cameras were placed approximately 1m away from the water

surface, and a glass bubble layer was added to enhance reflectivity.

Projector Wave probe Water surface

Cameras

Figure 2.12: Irregular wave measurement result.

The result obtained from this experiment shows the progression of wave char-
acteristics. Initially, upon the entry of the cylindrical body into the water, the
waves appear in a radial pattern, as shown in Figure 2.13 (a). However, as time
advanced, a complex interplay of multiple wave components originating from di-
verse sources commenced, leading to the emergence of an irregular wave pattern,
as illustrated in Figure 2.13 (b)~(f).

A comparative analysis of the outcome achieved via the proposed method and
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Figure 2.13: Irregular wave measurement result.

the one obtained through the ultrasonic wave probe was shown in Figure 2.14.
The findings of this comparative analysis attest to a high level of overall concor-
dance between the two measurement techniques. Nevertheless, it is important
to acknowledge that the proposed method exhibits a relatively coarser temporal
resolution in comparison to the ultrasonic wave probe. Consequently, it is worth
noting that certain rapid changes occurring within the time frame of 8-10 seconds
are not fully captured by the proposed method. It is pertinent to underscore that
this limitation is not of paramount concern, as the temporal resolution constraints

can be effectively mitigated by employing higher-grade cameras.
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Figure 2.14: Comparison with ultrasonic wave probe.

2.6 Summary

This research study introduces a novel approach for contactless full-field mea-
surement of water waves by implementing a stereo vision system in conjunction
with structured light. The utilisation of a checkerboard box pattern facilitates
sub-pixel point detection, enabling multiple point measurements by adjusting the
checkerboard density. This adaptability allows for customisation of measurement
speed or the number of data points, thereby tailoring the system to specific ap-
plications. Meanwhile, this method demonstrated sub-millimetre accuracy. The
validation tests confirm the capability of the system to reconstruct dynamic water
surfaces, exemplifying its effectiveness and accuracy.

Traditionally, researchers seeking to explore the intricate details of water sur-
faces often resort to wave probe arrays, which pose challenges, including potential
interference between the probes. The approach presented here offers an innovative
solution to these issues. By adopting this method, researchers can transcend the
limitations of conventional wave probes and enhance the quality and reliability
of their experiment results.

The ongoing efforts involve the application of this method to the wave tank at
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the Kelvin Hydrodynamics Laboratory, where the aim is to eliminate the presence
of floating particles. However, during these experiments, certain limitations were
found. For example, the low reflectivity of the water surface hinders the visibility
of the texture projected onto the water by the projector when observed by the
cameras. These challenges were addressed to complete the wave behaviour recon-
struction within the tank. Once resolved, this method promises to significantly
enrich wave tank experiments, offering more detailed and dependable results, and

thereby advancing the understanding of water wave dynamics.
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Comparative analysis of optical
and traditional wave

measurement techniques

3.1 Introduction

In hydrodynamics laboratories, the acquisition of wave data stands as an indis-
pensable facet of research, influencing studies in ocean wave mechanics, naval
architecture, and marine engineering. Currently, wave measurement techniques
employed within hydrodynamics laboratories can be categorised into two distinct
classes: surface-piercing and non-contact types.

The surface-piercing wave probes have a resistance type and a capacitance
type. The resistance wave probe consists of two parallel rods. One end of it is
connected to the data acquisition system (power supply and data acquisition are
carried out at the same time). It is an open circuit situation when there is no
contact with water because the two rods are not in contact with each other. When

it is fixed vertically across the water surface, the circuit between the two rods
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becomes a path due to the conductivity of the tank water. When the height of the
water between the two rods changes, it causes a change in resistance. After the
voltage change caused by the resistance change is read, it can be converted into the
real-time height of the water surface through the corresponding relationship. The
capacitance wave probe is similar to the resistance wave probe in that they both
need to be fixed vertically through the water surface, and one end is connected
to the data acquisition system. Finally, the corresponding relationship between
voltage and water surface height is used to measure the data. However, it has only
one taut insulated wire. The wire core has high conductivity, and the insulating
layer is a dielectric material (Lawrence et al., 2012). The change in the height
of the water around it will cause a change in its capacitance, which will cause a
change in voltage. In addition to these two common surface-piercing wave probes,
as technology advances, there is also a wave probe that utilises a motion capture
system called Qualisys. The Qualisys system uses at least two cameras that
simultaneously record the movement of specific markers to obtain coordinates in
3D space (Maly and Lopot, 2014). Therefore, placing these specific markers on
a buoy that can only move vertically provides information on the water level at
that position.

The non-contact measurements include the ultrasonic wave probe, pressure
transducers and optical techniques. Ultrasonic wave probe is composed of a trans-
mitter and a receiver or a transceiver that combines these two functions (Kelemen
et al., 2015). Emitting ultrasonic waves that rebound from the water surface, the
sensor computes water levels using the time-of-flight principle. Pressure trans-
ducers, instruments used to measure pressure, are deployed by researchers at the
bottom of the water to pick up pressure changes due to changes in water sur-
face height. The Transfer Function Method is generally used in the information

conversion process. This method is based on the linear wave theory, and the pres-
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sure information in a period of time is used to obtain the water surface height
information by spectral analysis (Bishop and Donelan, 1987). Initially, it was un-
suitable for shallow water due to the high nonlinearity in that condition. As more
people study this, many improvements have been proposed for nonlinear compo-
nent (Marino et al., 2022; Bonneton et al., 2018; Oliveras et al., 2012; Neumeier
and Amos, 2006). Optical techniques encompass various approaches, such as
particle-based techniques, water surface refraction methods, and image projec-
tion methodologies. These methodologies employ cameras to capture water sur-
face motion under specific light sources, subsequently converting two-dimensional
camera plane data into three-dimensional information within the world coordi-
nate system using algorithmic processes. The particle-based method entails the
dispersion of specialised particles on the water surface, stimulated by specific light
sources, such as ultraviolet light (Fleming et al., 2018). These particles are then
identified in camera images, with their movement in the world coordinate sys-
tem utilised to deduce water surface height. In contrast, wave refraction methods
generate underwater image patterns at predefined depths, employing two or more
cameras to capture patterns refracted by the water surface. By analysing pattern
displacements due to the deformation of the water surface (Moisy et al., 2009), the
algorithm reconstructs the water surface to facilitate measurement. Lastly, the
image projection method projects patterns onto the water surface, with changes
in pattern shape corresponding to water surface movements. The shape of the
water surface can be obtained by restoring the three-dimensional result of the
pattern, thereby obtaining the required data. The three-dimensional represen-
tation of the pattern allows the acquisition of the requisite data. However, this
technique relies on the reflectivity of the water surface, which is typically low,
requiring the addition of dyes to enhance its reflectivity in the past (Tsubaki and
Fujita, 2005; Cochard and Ancey, 2008).
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An experiment was carried out in Kelvin Hydrodynamics Laboratory (KHL)
with the proposed image projection method without any re-processing of wa-
ter, a resistance wave probe (see Figure 3.1 (a)), and an ultrasonic wave probe
(see Figure 3.1 (b)). This chapter addressed the merits and demerits of these

methodologies, drawing upon the author’s expertise and insights.

(b)

Figure 3.1: Left: The resistance wave probe. Right: The ultrasonic wave probe.

3.2 Experiment setup

The experiment was performed in the 3D compact wave tank mentioned in Section
2.3.1.

During the experiment, two Z CAM E2 film cameras were deployed, boast-
ing a resolution of 3840 pixels in the horizontal (H) dimension by 2160 pixels in
the vertical (V) dimension, to record the dynamic behaviour of the free surface.
These high-quality cameras were equipped with a maximum shooting frequency
of 60 frames per second and were configured to capture imagery in 4k resolu-
tion. To project structured patterns onto the free surface, the capabilities of a
DLP (Digital Light Processing) projector from Optoma were harnessed. It is

important to note that, due to the presence of other equipment within the ex-
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perimental setup, the image pattern was constrained to comprising a relatively
modest 300 measurement points onto an area measuring 0.4m in length and 0.2m
in width. To enhance the reflection of the image pattern from the water surface,
the projector acts as the sole light source in response to the cleanliness of the tap
water. Furthermore, the incident angle and reflection angle of the light in the

experimental setup were considered, with the aim of optimising the visualisation

of the reflected patterns on the water surface.

Figure 3.2: Experiment setup. Left: General setup. Right: wave probes.

In addition to the optical technique, a resistance wave probe and an ultrasonic
wave probe were used (see Figure 3.2), both of which were connected to their re-
spective amplifiers. The signal from the amplifiers was subsequently transmitted
to the analogue-to-digital converter, where it was digitised and logged by a com-
puter for further analysis. It is essential to underscore that the error associated
with the wave profile in the direction perpendicular to the wave propagation was
assumed to be negligible. All measurement devices were ensured to align in a

co-linear fashion in this specific direction, as shown in Figure 3.3.
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Figure 3.3: Measuring position.

3.2.1 Calibration

Before commencing the experiment, it is necessary to ensure the precise calibra-
tion of the instruments. In pursuit of this objective, a dedicated calibration plate
was crafted within the laboratory setting. This plate, which serves a pivotal role
in the calibration process, features two distinct rows of minuscule apertures, as
shown in Figure 3.4. These rows of apertures are uniformly spaced at intervals
of 2mm in the vertical dimension, and the separation between apertures in the
same row is consistently 4mm.

To facilitate the calibration of the resistance wave probe, which involves the
determination of voltage values in the absence of a pre-established calibration
factor, a well-defined process was employed. Specifically, the probe was system-
atically moved downwards in eight discrete increments of 4mm, and subsequently,
it was returned to its initial position in a comparable manner. This calibration
process estimated the calibration factor for the relationship between water height
and voltage, based on the measurements obtained. A 95% coverage was ascer-
tained following the guidelines from ITTC, yielding a value of 0.302mm.

The time-of-flight principle, utilised in ultrasonic wave probes, necessitates
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Figure 3.4: Calibration plate and set up.

solely the knowledge of the speed of ultrasonic waves for calibration. In this
context, the calibration setup, as shown in Figure 3.5, was uncomplicated. It
entailed the fix of the distance separating the transceiver from the object, thereby
affording the calibration factor, which is the speed of ultrasonic waves. During
the experimental phase, this calibration setup was interfaced with the Ref port

of the ultrasonic wave probe controller.

Figure 3.5: Ultrasonic wave probe calibration

As delineated in Section 2.3.3, the calibration of the cameras was executed
utilising Zhang’s method (Zhang, 2000). Each of the two cameras was tasked

with capturing a series of 10-20 photographs of a checkerboard pattern, charac-
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terised by dimensions measuring 30x30mm, positioned at varying locations and
orientations. Subsequent to the analysis of the image data, the camera param-
eters were deduced, enabling the computation of the spatial coordinates of the
real-world points. Notably, a discrepancy of 0.15 pixels was observed following

the calibration process.

3.2.2 Validation

Following the calibration procedures, to gauge the precision and reliability of these
methods, a validation experiment was executed. In this experiment, a checker-
board plate was securely affixed to the resistant wave probe and ultrasonic wave
probe system, which was then systematically displaced in a controlled manner by
moving vertically eight times, each increment spaced 4mm apart.

The outcome of this validation exercise is presented in Table 3.1. Notably, a
negative sign characterises the results obtained from the ultrasonic wave probe
calibration. This is a consequence of the inherent ability of the method to mea-
sure the diminishing distance between the object and the receiver as the system
descends vertically. A similar characteristic was observed in the results from the
optical technique. However, in contrast, the optical technique, during the valida-
tion experiment, does not exhibit a negative sign in its outcomes. This divergence
arises from the fact that, during the post-processing of the image, the negative
sign has already been applied.

Upon close scrutiny, it becomes evident that the maximum error recorded in
the validation experiment was 0.419mm for the ultrasonic wave probe, 0.185mm
for the resistance wave probe, and 0.322mm for the optical technique. Addition-
ally, in compliance with ITTC regulations, a 95% uncertainty band was estab-
lished for these three calibration methods. The uncertainty band for the ultra-

sonic wave probe was £ 0.571mm, while the resistance wave probe exhibited an
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Table 3.1: Different wave measurement techniques Validation

Real distance Ultrasonic Resistance Optical
(mm) wave probe wave probe technique
() (mm) ()
4.000 -4.419 4.048 4.236
8.000 -7.651 8.100 8.100
12.000 -11.822 11.889 11.843
16.000 -16.206 16.182 16.144
20.000 -19.922 20.030 20.096
24.000 -23.809 23.978 24.031
28.000 -28.331 28.185 28.322

uncertainty band of + 0.205mm, and the optical technique was + 0.490mm. It is
noteworthy that all measurement residuals fell within these specified uncertainty
bounds, underscoring the reliability of the calibration results and thus affirming

their suitability for employment in subsequent experimental endeavours.

3.2.3 Test plan

During the experimental phase, an analysis was conducted to study the influence
of both wave frequency and wave height on the obtained measurement outcomes.
For a comprehensive overview of the experimental design, the specifics are out-
lined in Table 3.2. Initially, the wave amplitude remained constant while the
wave frequency was systematically varied from 0.4Hz to 1.0Hz, with incremental
intervals of 0.1Hz. This particular phase of the experiment was primarily focused
on investigating the impact of wave frequency. Concurrently, the investigation
into the implications of wave height entailed the utilisation of three pre-set fre-
quencies: a low frequency of 0.4Hz, a medium frequency of 0.7Hz, and a high
frequency of 1.0Hz.

This test plan enabled an evaluation of the interplay between wave height

and the chosen frequencies. These devised experimental sets were structured to
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Table 3.2: Test matrix.

Test 1D Wave frequency Wave amplitude
(Hz) (mm)
01 0.4 5
02 0.5 5
03 0.6 5
04 0.7 5
05 0.8 5
06 0.9 5
07 1.0 5
08 0.4 10
09 0.4 15
10 0.4 20
11 0.7 10
12 0.7 15
13 0.7 20
14 1.0 10
15 1.0 15
16 1.0 20

facilitate a comprehensive analysis of the performance of all three measurement

methods in relation to amplitude, frequency, and wave steepness (Zhang et al.,

2021).

3.3 Results

3.3.1 Spatial information

Due to inherent constraints in the available equipment, it was impractical to es-
tablish a direct connection between the Z CAM and the data acquisition systems
responsible for monitoring the resistance wave probe and the ultrasonic wave
probe. Consequently, the cameras lacked the capability to directly receive the
commencement signal emitted by the wave maker. This technical limitation pre-

cluded the synchronisation of data acquisition between the optical technology
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and the wave probes during the experimental phase. Moreover, an evident phase
disparity was noted in the results of the ultrasonic wave probe in comparison to
those derived from the resistance wave probe. The ultrasonic wave probe exhib-
ited a discernible lag, which stemmed from the necessity to await the return of
the emitted ultrasonic wave to the receiver. To overcome this issue and facilitate
a more cohesive comparison of results, manual adjustments were carefully exe-
cuted to ensure the synchronisation of outcomes between the optical technology
and the resistance wave probe. This strategic intervention was deemed necessary,
particularly in light of the accurate time information of the resistance wave probe.

Subsequently, a comparison of results obtained through these distinct mea-
surement techniques revealed a remarkable degree of concordance, as shown in
Figure 3.6. Under conditions characterised by low wave amplitudes, the maximum
observed error was a mere 0.384mm. This margin of error, falling well within the
ambit of the 95% confidence intervals for those methods, which were established
at £0.571mm, +0.205mm, and +0.490mm, respectively, was deemed to be within
the range of reasonable tolerance. Conversely, in scenarios involving high wave
amplitudes, the maximum error becomes more pronounced, particularly in the
comparison between the ultrasonic wave probe and the optical technique, where
it reaches 0.91mm. Nevertheless, this error remains lower than the cumulative
upper limit of the two 95% confidence intervals, which amounted to 1.061mm.
It is noteworthy that this system-induced error, as influenced by the quality of
calibration and inherent camera characteristics, exhibited consistency within a
defined range. Importantly, this system error did not exhibit an upward trend in

response to the increased wave height.
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Figure 3.6: (a) Test 01; (b) Test 07; (c) Test 16.

Furthermore, while the outcomes yielded by the resistance wave probe are
slightly lower, attributed to the meniscus-shaped interface formed by surface ten-
sion between the two rods constituting the probe, these variances were adjudged
to be non-significant in the context of the presented experimental conditions.
Meanwhile, the optical technique also possesses the capacity to furnish spatial
information, as shown in Figure 3.7. This spatial information constitutes an ad-
ditional dimension that a single wave probe is incapable of delivering, including
details about wave direction. By modulating the resolution and size of the pro-
jection image pattern, one can easily tailor the quantity and spatial coverage of

data points acquired in the physical domain.
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Figure 3.7: Wavefield measurement results of the optical technique. Left: crest;
Right: trough.

3.3.2 Time information

The resistance wave probe was endowed with the flexibility to modulate its sam-
pling frequency, allowing for adjustments of up to 20MHz within the acquisition
software. This feature empowers the instrument to capture intricate wave infor-
mation across the entire spectrum of wave frequencies. In stark contrast, the
sampling speed of the ultrasonic wave probe was constrained by the time it takes
for the ultrasonic wave to travel, consequently establishing an upper boundary
of 100Hz for this specific experimental setup. Meanwhile, the sampling speed of
the optical technique was contingent upon the capabilities of the cameras and
the transmission of data. Notably, in the course of this experiment, the Z CAM
camera was utilised, delivering a video frame rate of 60 frames per second (fps),
thereby dictating the sampling frequency of the optical technique. It is note-
worthy that the attainment of higher sampling frequencies is feasible with the
utilisation of more advanced equipment, such as high-speed cameras capable of
frame rates reaching into the thousands or even tens of thousands.

Furthermore, it is imperative to underscore the impact of sampling frequency
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on the results, as shown in Figure 3.6. The data collected during Test 07, con-
ducted at a higher frequency, exhibits a sparser distribution of data points, even
though the amplitude recorded in Test 01 surpasses that of Test 07 by nearly
2mm. This observation was similarly replicated in Test 16 and Test 07, both
executed at identical frequencies, where increased amplitudes lead to a reduced
data point density. It is noteworthy that the point density at the wave crest and
trough exhibits no significant disparity, a phenomenon that can be ascribed to the
rate of change in the wave. The derivative of the wave height near the crest and
trough has smaller values, signifying a slower rate of change, while the derivative
between the crest and trough has larger values, indicating a more rapid rate of
change, which, in turn, results in the sparsity of data.

Although the 60Hz sampling frequency might initially give the impression of
discontinuity in the results, it is able to effectively capture critical wave peaks and
troughs with a high level of detail at the wave amplitude of 15mm and wave fre-
quency of 1Hz (refer to Figure 3.8). Consequently, it is reasonable to infer that a
sampling frequency of 60Hz was adequate for the analysis of regular waves. How-
ever, it is necessary to consider the adoption of higher sampling frequencies in
forthcoming experiments, especially when analysing irregular waves. This mea-
sure would ensure the capture of finer details and a more seamless continuity of

data.

3.4 Discussions

Based on the experiments conducted in this study, as well as insights gleaned
from the literature, this section will provide a comparative analysis of these wave
measurement methods: the resistance wave probe, the ultrasonic wave probe, and
optical technology. This discussion aims to present a thorough evaluation of the

advantages and disadvantages associated with each method, thereby serving as
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Figure 3.8: Close-up examination of one peak in the measurement results of Test
16.

a valuable point of reference for future experimental designs when selecting an

appropriate wave measurement technique.

3.4.1 Resistance wave probe

Nowadays, the resistance wave probe stands as the most prevalent and widely
utilised technique in hydrodynamic laboratories. Comprising two parallel metal-
lic conductors, these can take the form of rods or metal wires, with the sole
prerequisite being the stable maintenance of their structural integrity through-
out the experiment. The necessity for this stability stems from the susceptibility
of even minor alterations to affect the precision of experimental results. How-
ever, this requirement is readily achievable, minimising concerns in this respect.
The resistance wave probe is characterised by its cost-effectiveness, straightfor-
ward assembly, and a notable lack of constraints, rendering it compatible with a
wide array of signal acquisition systems. Furthermore, it offers a high degree of

accuracy and flexibility in adjusting the sampling frequency.
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Nonetheless, it is essential to highlight certain shortcomings associated with
the resistance wave probe. Primarily, this method relies on the linear relation-
ship between voltage and the length of the metallic conductor for data acquisition.
However, this linearity is compromised within the 15% range at both ends of the
conductor, limiting the effective data collection to the central 70% of the con-
ductor. Additionally, the penetration of the metal conductor through the water
surface generates radiation and diffraction wave fields, introducing systematic
errors in the data. As mentioned earlier, the meniscus-shaped water surface cre-
ated by surface tension similarly exhibits a marginal influence. Lastly, spatial
requirements pertaining to the length and stiffness of the metallic conductor pose

installation challenges, restricting its application in compact spaces.

3.4.2 Ultrasonic wave probe

In comparison to the resistance wave probe, the ultrasonic wave probe is less com-
monly employed. Notably, it boasts a compact form factor and does not come
into direct contact with the water surface, alleviating concerns related to water
surface distribution and spatial constraints. Calculating the distance from the
water surface based on the time-of-flight principle, this method obviates the need
for time-consuming calibration processes. Instead, a reference device for comput-
ing the flight speed of ultrasonic waves must be integrated into the acquisition
system. Nevertheless, inherent limitations accompany the use of ultrasonic wave
probes. Firstly, this method introduces a phase difference between the collected
data and actual wave information due to its reliance on flight time. Additionally,
it imposes a maximum limit on the achievable sampling frequency. Furthermore,
maintaining a suitable distance from the water surface is imperative to facilitate
effective ultrasonic wave reflection. Due to the limitation of flight time, the ul-

trasonic wave probe cannot be too close to the water surface. As emission in a
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diffused manner results in average measurements across a small area, excessive
distance may impede the reception of reflected waves, rendering data acquisition
unfeasible. Finally, the stability of this method may be compromised on rare
occasions, as environmental factors can cause fluctuations in the flight speed of

ultrasonic waves, resulting in anomalous experimental data.

3.4.3 Optical technology

In recent years, optical technology has gained significant attention as an emerging
wave measurement methodology. The rapid advancement of technology, marked
by the proliferation of high-performance computers and cameras, has rendered op-
tical technology promising. Presently, several principles underlie this technology,
with our focus herein centring on the specific optical technology employed in this
study. This method relies on camera-captured projections of pattern deforma-
tions on the water surface, necessitating relatively modest spatial requirements
compared to ultrasound wave probes. Furthermore, optical technology offers
adaptability to various measurement requirements through adjustments in image
pattern size, position, and characteristic point density, obviating the need for ad-
ditional calibration processes or equipment. This not only saves preparation time
but also enhances the acquisition of valuable data within the same experimental
time frame.

However, the advantages of optical technology are balanced by a set of con-
cerns. Foremost, it may impose a significant financial burden on experiments,
as the deployment of two or more high-pixel and high-frame-rate cameras, along
with potentially costly camera lenses, incurs substantial costs. For instance, the
7 CAM cameras and lens combination utilised in this study amounted to ap-
proximately £5,000, while high-speed cameras capable of achieving even higher

frame rates demanded expenditures exceeding £10,000. Reflectivity issues asso-
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ciated with the water surface present inevitable uncertainties, as relying solely on
naturally occurring dust may result in incomplete coverage. To circumvent this
problem, some methodologies introduce particles into the water, thereby raising
safety and cleanliness issues. In instances characterised by steep waves, optical
technology may encounter limitations, as reflected light may not be captured
by cameras, leading to incomplete wave information. Finally, achieving high-
frequency real-time measurements with increasingly higher spatial resolutions

presents a formidable challenge, with no effective solutions currently available.

3.5 Summary

Section 3.4 provides an in-depth examination of the merits and demerits asso-
ciated with various techniques employed in the measurement of waves. This
analysis facilitates an exploration into the applicability of each category of wave
measurement probe in distinct scenarios.

In the temporal dimension, resistance wave probes exhibit superior resolution
characteristics. Notably, their influence on the water surface can be disregarded
beyond a certain threshold of wave height, rendering them well-suited for a wide
range of situations. They are particularly suitable for scenarios providing ref-
erence values of waves at a certain distance in front of the device or providing
wave data for regions that are not in close proximity to the device. In contrast,
ultrasonic probes, with their distinctive capability to measure the value over a
confined spatial area, find their niche in applications characterised by expansive
experimental dimensions and gradual spatial changes in the water surface. Fur-
thermore, their compatibility with small waves is advantageous, as they exert no
impact on the water surface. A notable application of ultrasonic probes is to mea-
sure the height of the water column within an oscillating water column (OWC)

device. This is primarily due to the generally presumed flat and relatively stable
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nature of the water column within an OWC, affording an ultrasound wave probe
the capacity to furnish high-precision water surface height information.

Optical techniques, conversely, offer high spatial resolution, and their tem-
poral resolution can be enhanced through the utilisation of advanced camera
systems. However, their practicality hinges on a high degree of camera capture,
thus rendering them particularly well-suited for the measurement of fine wave
fields that neither compromise the integrity of the captured feature points by the
camera nor induce issues related to wave steepness. Indeed, optical techniques
excel in the examination of wave fields generated by the uniform motion of small
underwater models, representing a niche of application where their capabilities

truly shine.
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Water surface inside Oscillating

Water Column

4.1 Introduction

In recent years, the increasingly severe problem of environmental pollution has
prompted significant research efforts worldwide to address environmental manage-
ment issues. Traditional energy sources such as coal and oil have met the energy
demands of daily life, but the greenhouse gases generated during combustion are
a significant obstacle to environmental management. As a result, environmentally
sustainable new energy sources have gradually entered the vision of the public,
such as wind and solar energy, which are now relatively common. In the field of
ocean engineering, new energy sources such as wave energy and tidal energy have
also been proposed.

The Oscillating Water Column (OWC) is a distinct Wave Energy Converter
(WEC) device that harnesses the natural blow holes found in limestone cliffs
(Heath, 2012). It consists of two primary components: an air chamber and a

power take-off (PTO) system. When waves interact with the OWC device, the air
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inside the chamber undergoes compression and is subsequently directed through
the PTO system, leading to the generation of power. One notable characteristic
of OWC devices is their ability to maintain a high level of energy conversion
efficiency even when the main structure is stationary. This feature makes them
well-suited for integration with other renewable energy technologies like wind
turbines (Bayoumi, 2013), as the relative motion between the devices reduces
the risk of collisions during severe weather conditions. Furthermore, OWC de-
vices can share infrastructure components such as electrical cables, power transfer
equipment, and mooring systems, offering potential cost reductions. Due to their
robustness, OWC devices have been widely recognised and favoured as a promi-
nent choice among WECs since the early stages of wave energy technology.

The experimental design of OWC devices can be categorised into 2D and 3D
approaches. In 2D experiments, the OWC device is represented by two adjacent
vertical parallel plates, which serve as a simplified representation of the actual
device (Sarmento, 1992). On the other hand, in 3D experiments, the dimensions
of the real-world OWC device are scaled down to model dimensions based on a
certain scale factor (Gouaud et al., 2010). Historically, early research on OWC
devices was primarily based on linear surface-wave theory. This approach aimed
to calculate the energy conversion efficiency of OWC devices by considering the
motion of the water column as analogous to a rigid piston (EVANS, 1978). How-
ever, this simplistic model failed to accurately capture the spatial variations in
the internal water level of the OWC. As a result, an alternative method was
developed. The pressure inside the OWC device was measured to describe the
energy conversion process more accurately (Evans, 1982). Comparative studies
have shown that both the rigid piston model and pressure-based methods yield
similar results in terms of the maximum energy extraction efficiency (Sarmento

and Falcao, 1985). Consequently, in most experimental designs conducted thus
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far, a single wave probe is typically positioned at the central location within the
OWC device to measure the liquid level of the internal water column. In a few ex-
periments, three wave probes were deployed inside the OWC (Ning et al., 2016).
Apart from the centrally positioned probe, the other two probes were placed near
the walls, one in the front and one in the rear. This arrangement ensured that the
liquid surface of the water column moved like a rigid piston. However, due to the
limited data points provided by this measurement method, its persuasiveness is
compromised. Such limitations highlight the current constraints of measurement
techniques in accurately assessing the dynamic behaviour of OWC devices.

In order to overcome these limitations and gain a more comprehensive under-
standing of the spatial distribution of the surface of the internal water column,
this study employs the innovative optical wave measurement method mentioned
in Chapter 2. This emerging technique offers improved capabilities for tracking
and analysing the complex behaviour of the internal water column within the
OWC device.

A Fixed Symmetry Cylindrical OWC (FSCOWC) device was selected as the
test setup to conduct the experimental investigation. The experiments were per-
formed in the large towing tank at the Kelvin Laboratory, providing a controlled
and realistic environment for studying the performance and characteristics of the
OWC device. By employing advanced measurement techniques and conducting
comprehensive experiments on the device, this study aims to contribute valuable
insights into the spatial dynamics and energy conversion efficiency of OWC de-
vices. The findings obtained from this research endeavour will not only enhance
our fundamental understanding of OWC technology but also inform the design

and optimisation of future OWC devices for wave energy conversion.
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4.2 Experiment

4.2.1 Test facility

The experiment was performed in the Kelvin Hydrodynamics Tank mentioned in

Section 2.3.1.

4.2.2 Model

For this experiment, the OWC chamber utilised in the experiment was con-
structed from acrylic material. To ensure a smooth entrance and prevent vortexes
that could result in energy loss, a filleted plastic ring was installed at the end
of the chamber (Zhang et al., 2012). The model was positioned at the centre of
the tank using a wooden frame, situated 34m away from the wave maker. The
geometric details of the design and the corresponding measurements can be found

in Figure 4.1 and Table 4.1, respectively. These dimensions also dictated that

Figure 4.1: OWC model used in the test.
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Table 4.1: Geometry details of the OWC

Component Parameters Value (mm)
Total length 1045.0 £ 0.5

Draft 350.0 £+ 5.0

OWC model Outer Diameter 299.0 £ 0.5
Inner Diameter 287.0 £ 0.5

Thickness 45.3 £ 0.2

. Fillet radius 22.0 £ 0.2

Ring .

Outer Diameter 390.0 £ 0.5

Inner Diameter 299.3 £ 0.5

the experiment must be conducted in the large towing tank of the Kelvin Hydro-
dynamics Laboratory, which is 74m long and 4.15m wide. The water depth can
be varied, and it was precisely set at 2.10 4+ 0.01m in this test.

It is important to note that the draft measurements exhibit a relatively large
relative uncertainty of 2.86%. This uncertainty arises due to challenges in align-
ing the OWC with the intended water line inside the chamber, primarily caused
by the thickness of the draft line (2.0 & 0.1mm) and the meniscus effect. Ad-
ditionally, alignment was conducted at the same level as the top of the device,
introducing visual effects such as the refraction effect of the transparent acrylic
tube. The impact of the draft uncertainty on the results will be further discussed

in subsequent sections.

4.2.3 Set up

The experimental configuration, as depicted in Figure 4.2, involved the utilisation
of two small global shutter industrial cameras positioned on an extrusion located
above the OWC. These cameras were strategically placed on the same side of the
device to capture optimal reflected light. Conversely, the projector was mounted
on the same extrusion but positioned on the opposite side of the device relative

to the cameras. This arrangement ensured that the image planes of cameras
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received the maximum amount of reflected light, leading to more reliable and
precise results. Given the limited space within the OWC and the controllable up
and down movement of the water column inside it, glass bubbles were dispersed on
the surface of the water column. This was done to enhance reflection and mitigate
the influence of reflected light originating from the bottom of the tank. Following
the experiment, only a small area inside the OWC required cleaning to remove
the glass bubbles without causing any contamination concerns. An ultrasonic
wave probe was deployed at the centre of the OWC to obtain the reference height
value of the water column. This probe provided essential data for the validation
of the optical measurement results. Additionally, a resistance wave probe was
positioned a few meters in front of the OWC to acquire information regarding

the incoming wave characteristics.

Projector
Cameras 4 lv(

Wave probe

Beach Wave maker

Figure 4.2: Experiment setup of the OWC.

In order to measure the water surface inside the OWC using the optical tech-
nique, the model dimensions must meet certain requirements. Due to relying on
the camera capturing the projection on the water surface, the model diameter
must be large enough to allow the cameras to capture the variation in the internal
water surface from the top. There must be sufficient space for the projection area

to remain unaffected by the cameras, meanwhile enabling it to cover the surface
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of the water column as much as possible.

4.2.4 Test plan

Ocean structures often utilise a crucial parameter called the Response Amplitude
Operator (RAO) to assess their dynamic response to waves. This parameter
is determined by dividing the amplitude of the dynamic response by the wave
height and effectively represents the magnitude of the dynamic response of the
structures in waves. It is desirable to minimise RAO values for most marine
structures within the frequency range of waves present in their working area to
enhance the operational capabilities in the ocean. However, wave energy devices
aim to maximise their RAO values within the frequency domain of waves to
optimise their energy capture potential.

In the assessment of OWC devices, the determination of the RAO value
was predicated upon the division of water column height by wave data acquired
through the utilisation of a resistance wave probe. The formulation of this ex-
perimental approach was guided by the dynamic responsiveness exhibited by the
OWC, with consideration given to the selection of incoming wave frequencies.
The RAO exhibits a tendency towards one at the low-frequency end, while it ap-
proaches zero at the high-frequency end. To enhance the clarity in illustrating the
response of the device, one low-frequency (0.4Hz) wave and one high-frequency
(1.15Hz) wave were chosen. Simultaneously, the natural frequency of the device
and its proximal frequencies were chosen for comprehensive analysis. Previous
tests conducted at the Kelvin Hydrodynamics Laboratory have identified the peak
RAO value of the OWC device at the frequency of 0.779Hz. Consequently, in this
experiment, five data points were selected in the vicinity of the peak frequency
(0.779Hz) to illustrate the variation trend near the peak. A detailed test matrix

outlining the specific points selection was provided in Table 4.2.
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Table 4.2: Test matrix for OWC

Test 1D Wave frequency Wave amplitude
(Hz) (mm)
01 0.400 10
02 0.693 10
03 0.750 10
04 0.779 10
05 0.795 10
06 0.866 10
07 1.150 10

4.3 Results

4.3.1 Calibration uncertainty

In this section, the calibration results of ultrasonic wave probes and the optical
method used in the experiment are presented in Table 4.3 to estimate uncertain-
ties, following the guidelines from ITTC. The standard estimated error (SEE)
obtained from the study was 0.231mm, slightly exceeding the specified technical
resolution from the manufacturer. This deviation was likely due to the environ-
mental factors impacting sound propagation velocity during calibration. It also
introduces supplementary sources of uncertainty, such as A /D conversion uncer-
tainty. All these disparities yield an unequal calibration factor and result in a final
wave probe measurement uncertainty of + 0.693mm at a 95% confidence level in
this test. Furthermore, the calibration error of the optical technique was esti-
mated by the same method mentioned in Section 3.2.2, yielding a measurement

uncertainty of £ 0.602mm at a 95% confidence level.

4.3.2 Measured results

In this experiment, the measurement results from the optical technique were com-

pared with those from the ultrasonic wave probe. Notably, the ultrasonic wave
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Table 4.3: Calibration of the Ultrasonic wave probe and optical method

Real distance  Ultrasonic wave probe  Optical technique

0.000 -0.000 0.000
4.000 -4.269 4.299
8.000 -7.781 8.322
12.000 -12.367 11.975
16.000 -15.872 15.972
20.000 -19.740 19.879
24.000 -23.787 24.289
28.000 -28.099 27.802
32.000 -31.977 31.717

probe inherently computes the average value across a confined region during the
data processing phase. To facilitate a more robust comparison, two distinct out-
comes generated by the optical technique were employed. The first result involved
the utilisation of data extracted from the central point within the measurement
area, while the second result utilised the average value derived from the central
region of a circular area with a diameter measuring 28mm.

As shown in Figure 4.3, during the measurement of the inner water column
within an Oscillating Water Column (OWC) device, the disparity between the av-
erage value within the central region and the value at the central point is notably
minimal. This observation implies that, despite the ultrasonic probe measuring
the average value of an area, its influence on the outcomes within this experi-
ment remains marginal. Furthermore, this observation establishes a foundational
element for asserting the dependability of subsequent result comparisons.

Figure 4.3 reveals a notable observation: the measured results obtained through
both methodologies exhibit a high degree of temporal alignment, thus suggesting
a congruence between the two approaches. In order to better verify the accuracy
of the optical technique, a sine fitting was subsequently applied to all measure-

ment outcomes. A time period after the wave stabilised was used for fitting. A
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Figure 4.3: Comparison of measurement results.

comparative analysis of the amplitudes within the fitting results, as presented in
Table 4.4, yielded a maximum deviation of 0.892mm, which is included in the

combination of the uncertainty from these two measurements.

Table 4.4: The water column motion amplitude obtained after sine fitting of the
measurement results

Wave frequency Ultrasonic wave Optical technique

(Hz) probe (mm) (mm)

0.400 17.921 18.789
0.693 43.177 43.238
0.750 49.251 49.190
0.779 105.732 104.840
0.795 49.251 49.190
0.866 13.079 13.637
1.150 0.671 0.983

Based on the second-order linear ordinary differential equation (ODE) for a
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damped harmonic oscillator, at low frequencies, the marine structures exhibit
a tendency to move in synchrony with the incident waves. Conversely, at high
frequencies, the devices display a greater degree of stability in their response
to the wave action. This behaviour is also observed in the movement of the
water column within the OWC. The key process is determining the RAO of the
OWC in this experiment, which involved the division of the water column heights
acquired through the ultrasonic wave probe and the optical technique by the wave
heights measured using the resistance wave probe. The results of this analysis
were visually represented in Figure 4.4, where the RAO data was graphically
depicted. One of the key observations from the RAO data was the manifestation
of dynamic response characteristics of the OWC device. Specifically, by examining
the RAO data depicted in Figure 4.4, several critical frequency points stood out.
At the frequency of 0.400Hz, the RAO of the water column is approximately 1,
indicating a strong correlation between the wave motion and the movement of
the water column. Conversely, at the frequency of 1.150Hz, the RAO approached
0, suggesting a minimal response of the OWC device to waves at this frequency.
Notably, at the frequency of 0.779Hz, the RAO reached its peak value, signifying
an optimal response regime for the device. The identification of this peak becomes
pivotal in establishing operational parameters that optimise energy conversion
within the OWC system.

Upon tests beyond the natural frequency, a precipitous decline in the RAO
value is discerned at higher frequencies. This precipitous descent signals a swift
diminution in the efficiency of the OWC device within environments characterised
by higher frequencies. Conversely, on the lower-frequency side, the gradient of the
RAO curve exhibits a comparatively subdued descent. This observation suggests
that lower frequencies possess the potential to yield more sustained energy output,

particularly when subjected to appropriate control methodologies. The contrast
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Figure 4.4: Response Amplitude Operator (RAO) of these two wave measurement
techniques.

in the gradient on either side of the natural frequency imparts valuable insights
into the differential energy extraction potential based on the frequency profile,
informing strategic considerations in the design and optimisation of OWC devices.

The influence of uncertainty in the draft, particularly with regard to the esti-
mation of the natural frequency of the OWC, constitutes a critical aspect of the
analysis. To assess this influence, a fundamental assumption was made, positing
the OWC as a rigid body. This assumption is paramount as it allows for the es-
timation of the natural frequency w, using Equation4.1. p represents the density
of water, while ¢ signifies the gravitational acceleration. A, denotes the water
plane area of the tube, with d representing the draft of the device and D denoting
the diameter of the tube.

wn:\/ P9 Au - (4.1)

prd-Avtigop(3)

In this equation, the second term within the denominator corresponds to an em-
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pirical equation designed for the estimation of the frequency-independent vertical
added mass for a disk. A comprehensive discussion of this empirical equation can
be found in the work of Bayoumi (2013), in which the authors delve into the
intricate details of estimating the natural frequency of the OWC. Upon employ-
ing Equation 4.1 and incorporating the specific parameters pertaining to the
OWC under investigation, the calculated natural frequency of the device was
determined to be 0.777Hz. It is noteworthy that this calculated value closely ap-
proximated the experimental results. However, the presence of viscosity within
the fluid medium introduces a notable caveat, necessitating consideration. Ac-
cording to fluid dynamics principles, the presence of viscosity tends to reduce the
oscillation frequency, making it smaller than the theoretically estimated value.
Thus, in this context, the presence of uncertainty in the draft arises from the
need to account for this discrepancy, elucidating the rationale behind the higher
natural frequency observed. When the error associated with the draft estimation
is duly incorporated, the natural frequency is observed to fall within a specific
range, spanning from 0.773 ~ 0.782Hz. Notably, the higher natural frequency
obtained through this analysis suggests that the actual draft line of the OWC is
situated lower than the initially designed draft. This observation underscores the
significance of considering uncertainties and the impact they may exert on the
estimation of critical parameters, such as the natural frequency in the context
of OWC systems. Consequently, these findings shed light on the importance of
accounting for factors like viscosity and draft estimation accuracy in the pursuit
of accurate OWC system modelling and design.

Currently, the investigation into the aforementioned assumption about the wa-
ter surface inside the OWC is incomplete, mainly due to limitations imposed by
available equipment. In a previous study (Celik and Altunkaynak, 2018, 2021), a

restricted deployment of three wave probes was utilised within the device to mea-
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sure surface height along the wave propagation axis. These probes were strate-
gically positioned near the front, middle, and rear walls of the device. However,
the data from these probes introduced uncertainties that varied in their respec-
tive measurements. Consequently, drawing definitive conclusions about the water
surface configuration within the device based solely on these measurements lacks
robust confidence.

The utilisation of the optical technique in these tests revealed phenomena
aligning with the initially assumed flat nature of the water column surface. As
shown in Figure 4.5, despite some disturbance at the peak condition, the water
column surface displays a planar shape in a full wave period (7},). When the water
column was subjected to the ascent induced by incident waves, the measured
water surface area became narrower due to the projector projection method.
Conversely, during the descent phase of the water column, a larger area was
captured. Following the discussion in Section 2.4, an increase in measurement

error was accompanied at this stage.
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Figure 4.5: Water surface inside the OWC in one wave period (7},).

Although the overall configuration appears uniform and can be approximated
by its midpoint, there is a slight angle between the wave surface and the zy plane.
This deviation is attributed to the application of a rotation matrix in the test,
which contains some errors. However, these errors do not significantly impact the
results, as the angle between the water surface and the xy plane is approximately
0.75°. The resulting difference is around 0.01%, which is considered negligible.

Unfortunately, the existing experimental setup imposes limitations, prevent-
ing the concurrent measurement of the water surface with the Power Take-off
(PTO) system attached. Overcoming this limitation requires further modifica-

tions to make the system able to record the water surface under operational
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conditions. It is worth noting that these adjustments are part of the ongoing
efforts to enhance the experimental setup. By implementing these refinements, a
more comprehensive understanding of the OWC device efficiency is aimed to be
established, thereby contributing to a more informed assessment of their overall

performance.

4.4 Summary

In conclusion, this study sought to address the existing limitations in understand-
ing the spatial distribution of the water column surface inside an Oscillating Wa-
ter Column (OWC) device by employing the optical wave measurement technique
detailed in Chapter 2. The application of this emerging technique allowed for a
more nuanced exploration of the complex dynamics within the OWC device.

The experimental investigation, conducted using a Fixed Symmetry Cylindri-
cal OWC (FSCOWC) device in the controlled environment of the large towing
tank at Kelvin Hydrodynamics Laboratory, utilised advanced measurement tech-
niques. The results delved into the calibration uncertainties associated with the
ultrasonic wave probes and the optical technique. The calibration error analy-
sis revealed an estimated uncertainty in wave probe measurements and optical
technique measurements of + 0.693mm and + 0.602mm, respectively, at a 95%
confidence level. Subsequent comparisons of measurement results between the
optical technique and ultrasonic wave probe highlighted minimal disparities, af-
firming the reliability of the optical method.

Furthermore, the study explored the dynamic response characteristics of the
OWC device by analysing the Response Amplitude Operator (RAO) curve. The
findings showcased critical frequency points, providing insights into the optimal
response regime and efficiency of the device. Notably, the analysis beyond the

natural frequency underscored the potential for sustained energy output at lower
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frequencies, guiding considerations for OWC device design and optimisation.

The influence of uncertainties in the draft estimation, particularly in the con-
text of the natural frequency, was addressed. This emphasised the significance of
acknowledging uncertainties for accurate OWC system modelling.

While the investigation into the water surface configuration within the OWC
remained incomplete due to equipment limitations, the utilisation of the optical
technique revealed phenomena aligning with the initially assumed flat nature of
the water column surface. Despite some distortion near the edge of the filming
area, the overall configuration appeared uniform, with negligible deviations.

In conclusion, the findings of this study contribute to the evolving field of
OWC technology, offering valuable insights into the spatial dynamics and op-
erational considerations of these devices. The analysis presented in this chap-
ter underscores the importance of addressing uncertainties, refining experimen-
tal setups, and embracing innovative measurement techniques for advancing the
understanding and optimisation of OWC systems for sustainable wave energy

conversion.
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Underwater ellipsoid

5.1 Introduction

Vehicles navigating in water generate waves, resulting in the generation of corre-
sponding wave resistance. As one of the components of hydrodynamic resistance,
wave resistance plays an important role in hull design, operation, and perfor-
mance. Understanding the wave field is of paramount importance for predicting
the behaviour of these vehicles, optimising their missions, and ensuring their
safety. Recent advancements in underwater technology, such as the development
of underwater Remotely Operated Vehicles (ROV) and Autonomous Underwater
Vehicles (AUV), have expanded research focus beyond wave fields solely generated
by surface-piercing vehicles.

The early research proposed an analytical equation to quantify the wave re-
sistance encountered by underwater ellipsoids (Havelock, 1931). It also examines
the effect of different aspect ratios (representing the proportions of length, width,
and height) on the relationship between wave resistance and velocity and found
that different aspect ratios had little effect on the results. Subsequently, with

the advancement of technology, different numerical methods were proposed to
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study the wave patterns and other related content created by the movement of
the underwater model (Amiri et al., 2019; Wilson-Haffenden et al., 2009; Wu
et al., 2019; Xue et al., 2020). Even though these numerical studies proposed
some rigorous theoretical foundations, the experimental data are still needed to
support their findings.

An experiment on the resistance components of an underwater ellipsoid was
first tested in the towing tank of the Towa Institute of Hydraulic Research (Farell
and Giiven, 1973). However, due to technical limitations, wave information was
not collected at that time. In the subsequent phases of the research, the com-
plexity of obtaining a comprehensive wave field requires a specific measurement
process, as elucidated in Kim’s study (Kim et al., 2001). The experimental pro-
cess is complex and time-consuming, and the results rely on certain assumptions.
Therefore, there is not much complete wave surface information currently mea-
sured using this method. Later, the large number of airborne images monitoring
sea surface conditions was used as a valuable resource for in-depth analysis, es-
pecially in studying the characteristics of the Kelvin wave system caused by the
movement of surface or underwater vehicles (Rabaud and Moisy, 2013; Xue et al.,
2021). At the same time, with the rapid development of computer vision, the use
of this technology to measure wave fields and water surfaces has attracted more
and more attention. Whether it is the movement of objects on the water surface
or underwater, the wave field information generated has been measured (Gomit
et al., 2013; Wang et al., 2020). However, current computer vision methods re-
quire special treatment of the water, such as particle addition or dye infusion.

With the proposed optical technique in this thesis for measuring the wave/water
surface, The wave field generated by the uniform motion of an underwater ellip-
soid is studied. The wave elevations in both temporal and spatial aspects were

obtained to provide more detailed wave information.
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5.2 Experiment

The experiment was performed in the 3D Compact Wave Tank mentioned in

Section 2.3.1.

5.2.1 Model

The ellipsoid model utilised in this experiment was crafted from Divinycell foam, a
material with good robustness and capable of withstanding compressive strength
of up to 1 MPa. Consequently, throughout the experimental procedure, it could
be ensured that the shape of the model remained unchanged. Due to the signif-
icantly lower density of foam compared to that of water, it became necessary to
introduce additional mass blocks within the foam structure to maintain a neutral
buoyant condition for the ellipsoid when submerged (see Figure 5.1). The selec-
tion of the size of the model was based on prior research (Havelock, 1931) and
the dimensions of the water tank. The final dimensions were determined to be a
length of 500mm, with both width and height measuring 100mm. In an effort to
mitigate the effects of viscosity within the small-scale model, the entire surface
of the model was coated with paint and subsequently subjected to a smoothing

treatment.

Figure 5.1: The ellipsoidal model maintains neutral buoyancy in water.
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5.2.2 Setup

gh The experimental setup was based on the underwater model towing exper-
iments performed before (Kozin and Zemlyak, 2012). In order to build such a
towing system, two 90x90mm extrusions were utilised above the water surface in
the 3D compact wave tank, to which two 45x45mm extrusions are respectively
fixed perpendicular to the water surface. Each end of the 45x45mm extrusions
was equipped with a pulley (see Figure 5.2), one submerged underwater and the
other positioned above the water surface. A stepper motor was fixed on one
of the extrusions, approximately 300mm from the top. Attached to the motor
shaft was a 10.00mm diameter collar. A thin fishing line (0.40mm in diameter)
was wound around this collar and passed through four pulleys, connecting two
ends of the model to form a closed loop. The fishing line was pre-tensioned to
ensure it remained taut, limiting the motion of the model as much as possible.
Additionally, the tension ensured that the friction between the line and the collar
could drive the model at the set velocity. A stainless steel wire was secured to
the two 45x45mm extrusions and penetrated the centerline of the model (Figure
5.2), also tensioned to maintain a taut state using the turnbuckle. This further
minimised motion in directions other than the travel direction. Consequently,
the difference between the submerged depths of the model at the two ends of the

stainless wire is only 1.00mm.

Q
Pulley- | _'\
U ‘ :

Stepper
Motor

Model

Figure 5.2: Details of the experimental setup, the red line indicates the projection
area on the water surface.
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For the projection light source in the experiment, an Optoma projector was
selected. It provided a luminous intensity of approximately 4000 lumens and
achieved a projection quality of 1080p. The projector was fixed on one side of
the water tank, elevated 1m above the water surface. The projection area was
located on the opposite side of the model towing path to avoid the reflection of
the underwater ellipsoid on the projected pattern, which could affect subsequent
processing. Two Z Cam E2 movie cameras (Figure 5.3) were employed to capture
the results at 4k resolution and 60Hz frame rate. The distance between the camera
centres and the centre of the projection area was also approximately 1m to ensure

minimal errors in restoring the water surface wave information.

Figure 5.3: Projector (left) and cameras (right) used for the stereo vision system.

The control of the stepper motor was accomplished using the MyRIO de-
vice manufactured by National Instruments, along with its accompanying Lab-
VIEW software. The overall process involved the design of a program within
the LabVIEW software to define the desired motion parameters for the model.
Subsequently, these parameters were transmitted to the MyRIO device, which
generated the necessary control signals for the stepper motor. These control sig-
nals were subsequently read and implemented by the stepper motor drive. The
Geckodrive G203V model was employed as the driver in this experiment to ensure
precise control over the stepper motor. This driver can ensure precise control over
the stepper motor by offering the capability to subdivide each stepper motor step
into ten micro steps. Additionally, this feature had the advantage of providing
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greater control over the position of the model, enhancing the overall accuracy and
reliability of the experimental setup. Overall, the combination of the MyRIO de-
vice, LabVIEW software, and the Geakodrive G203V driver facilitated a robust

and precise control system for the stepper motor in the experiment.

5.3 Results

In this section, the accuracy of the proposed optical technique was initially as-
sessed through validation tests. With this information, this technique was then
utilised to measure the wave field created by the underwater ellipsoid. Mean-
while, the velocity measurement was also performed by using a computer vision

method with one camera, which will be discussed in the following subsection.

5.3.1 Validation of the optical technique

The detailed information for the calibration process is mentioned in Section 2.3.3.
As a result, the error in this experiment was approximately 0.41 pixels. To esti-
mate the effect of the calibration error on the wave/water surface measurement,
the validation procedure was executed in accordance with the methodology out-
lined in Section 3.2.2. A flat plate featuring a distinct image pattern was driven
by a linear actuator with a fixed displacement step of 4mm, continuously moving
in the negative direction of the z-coordinate axis within the global coordinate sys-
tem. This process was recorded using the calibrated cameras, and subsequently,
the entire movement sequence of the plate was reconstructed to measure the dis-
placement for each step. A comparison between the measured displacement and
the preset displacement was conducted. The maximum difference between each
step was found to be only 0.32mm. According to the guidelines established by

ITTC regulation, the calculated estimated error is 0.164mm. Consequently, it
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can be inferred that with a 95% confidence level, the true value falls within a

range of + 0.492mm from the measured value.

5.3.2 Velocity measurement and results

In the experiment, although the stepper motor exhibits high precision, ensuring
the accuracy of results requires measuring the velocity of the ellipsoid. Given
that the entire experimental setup was unprecedented within the Kelvin Hydro-
dynamics Laboratory, existing techniques for velocity measurement within the
laboratory were found to be inadequate. To address this issue, computer vi-
sion techniques were employed. As shown in Figure 2.4, the sidewalls of the 3D
compact wave tank are constructed from glass, facilitating observations of phe-
nomena occurring within the water tank. This provides a convenient condition
for measuring the velocity of the ellipsoid. A third camera (a smartphone) was
positioned alongside the water tank to document the movement of the underwater
ellipsoid. To establish precise length measurements in the real world, a rule was
introduced along the stainless wire within the image plane of the camera. The
video footage was captured at a frame rate of 30 fps. To measure the velocity
of the model, two video frames with a temporal separation of six frames were
randomly selected and compared the deviation in pixel positions between them.
This analysis allowed us to calculate the displacement, which, in turn, unveiled
the velocity. This procedure was performed three times, and the average results
were chosen as the final motion velocity of the ellipsoid.

From the results in Table 5.1, it can be seen that the maximum deviation
from the predetermined movement velocity is 5.65%. Although there is a certain
deviation, the control signal was not modified here because the velocities were
measured. With the known velocities, the wave field measurement experiments

can proceed.
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Table 5.1: Velocity measurement

Designed velocity  Measured velocity

(15 (15 S
0.177 0.187 5.65
0.301 0.305 1.33
0.554 0.572 3.41

5.3.3 Wave information measurement

Due to time constraints, measurements of the ellipsoid wavefield were limited to
two different velocities at a specific submersion depth. The final testing conditions
involved a distance of 25mm from the upper surface of the ellipsoid to the water
surface, with velocities denoted as 0.187 m/s and 0.305 m/s, respectively.

The measurement result at a velocity of 0.187 m/s is presented in Figure
5.4. Tt can be seen from the time history data of the entire motion process that
when the ellipsoid moves at this velocity, the waves generated are minimal. The
original measurement results are seriously affected by measurement noise, making
it difficult to obtain valuable data. In this case, a low-pass filter was applied to
the original data, leading to a substantial reduction in measurement noise. As
a result, the Bernoulli hump caused by the motion of the ellipsoid can be easily
distinguished. Subsequently, data on the transverse waves were also relatively
well obtained. The time difference between the two peaks of the Bernoulli hump
is measured to be 3.73 s.

In Figure 5.5, spatial information is depicted, synthesising data derived from
multiple frames. This wave field is a product of the uniform motion of an un-
derwater ellipsoid, resulting in a correlation between the spatial location of the
Bernoulli hump and the position of the ellipsoid. The employed optical mea-
surement technique facilitates the synchronous collection of both temporal and
spatial information. Consequently, it becomes feasible to estimate the velocity

of the ellipsoid from the acquired measurements. In this particular instance, the
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Figure 5.4: When the speed is 0.187m/s, the measured time history data of

a specific point on the centre line.

(a) Data for the entire movement.

The

vertical cursors indicate the period during which the ellipsoid passes through the
measurement area. (b) Zoom in to the range within the cursors.
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measured distance between the two peaks is 0.694m. With this measured distance
and the corresponding time data, the velocity of the ellipsoid can be calculated

as 0.186m/s, a value close to the experimental settings.
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Figure 5.5: When the speed is 0.187m/s, the measured spatial data. The number
only represents the order of each frame and does not refer to the frame number
in the video.

However, in surface measurements (shown in Figure 5.6), due to the presence
of noise at all measurement points on the surface, only the Bernoulli hump was
observable under this velocity condition. The Transverse wave, being minimal,
cannot be discerned from the surface measurement results.

Conversely, when the velocity matches 0.305 m/s, the entire wave group
formed by the uniform motion of the ellipsoid was distinctly visible. Figure 5.7
provides a visual representation of the time history data along the centre axis of
the ellipsoid, acquired using the same methodology as in the prior scenario. In
this case, the time difference between the two peaks of the Bernoulli hump was
measured to be 1.77 seconds.

Meanwhile, the spatial information was shown in Figure 5.8, comprising re-

sults synthesised from multiple frames. Building upon the approach applied in
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the low-velocity case, the measured distance between the two peaks in this in-
stance was 0.54m. Employing this distance and the corresponding time data, the

velocity of the ellipsoid was calculated as 0.305 m/s, a value consistent with the

experimental settings.
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Figure 5.8: When the velocity was 0.305 m/s, the measured spatial data. The

number only represents the order of each frame and does not refer to the frame
number in the video.

Furthermore, a comparison between the results obtained from wave field mea-
surements (Figure 5.9 and the previous low-speed case reveals that, as the gen-
erated wave elevation increases, the influence of noise gradually diminishes. The
appearance of the entire wave field becomes distinctly visible, including previously
imperceptible Transverse waves behind the ellipsoid, which are now observable.
It is important to note that while the complete reconstruction of the entire ellip-
soidal motion remains pending due to time constraints, this task remains feasible

and can be accomplished through subsequent adjustments.
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Figure 5.9: Wave field measurement at the velocity equal to 0.305 m/s.
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5.4 Summary

In conclusion, this chapter focused on the implementation of the proposed op-
tical technique for measuring the wave/water surface generated by the uniform
motion of an underwater ellipsoid. The accuracy of the optical technique was rig-
orously assessed through calibration, revealing a minimal error of approximately
0.41 pixels. The validation procedure, adhering to established methodologies,
demonstrated that the calibrated cameras provided precise measurements, with
a calculated estimated error well within acceptable limits.

To address the challenge of measuring the velocity of the underwater ellip-
soid in an unprecedented experimental setup, computer vision techniques were
employed. The use of a smartphone camera alongside the 3D compact wave tank
allowed for precise velocity measurements, ensuring the accuracy of the exper-
imental results. The calculated velocity deviations were within 5 %, affirming
the reliability of the employed towing method. The subsequent section delved
into the measurement of the wave field generated by the underwater ellipsoid
at different velocities and submersion depths. Despite time constraints limiting
measurements to two specific velocities, the optical technique facilitated the syn-
chronous collection of both temporal and spatial information. Low-pass filtering
was applied to reduce measurement noise, enabling the identification of key wave
features, such as the Bernoulli hump.

The presented results showcased the effectiveness of the optical technique
in capturing wave information, with distinct visualisations of wave patterns at
different velocities. The correlation between spatial location and the motion of
the ellipsoid was evident, allowing for the estimation of ellipsoid velocity from the
acquired measurements. While challenges such as noise in surface measurements
were acknowledged, the overall success of the optical technique in revealing wave

field details highlighted its potential for comprehensive wave surface analysis.
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Lock entry problem

6.1 Introduction

The issue of vessel entry into locks has always been a hot topic, particularly due
to the existence of inland waterway transportation, which requires continuous
improvements to the efficiency of canal navigation through ongoing lock modifi-
cations. From the perspective of ship fluid dynamics, the manoeuvrability of a
vessel in a lock is affected by many factors, and our understanding of these factors
is not yet complete.

In the experiment section, the entire development process gradually increased
restrictions from pure shallow water conditions to the lock entry, and most of the
experiments focused on measuring information about the ships themselves. In
earlier experiments, the motion of ships in shallow water conditions was mainly
measured (Fujino, 1968; Kazerooni and Seif, 2014). After that, a side wall that
narrowed the channel was added to the shallow water, and the forces and yaw
moment acting on the ship were measured (Vantorre et al., 2003). In a recent
open model test conducted jointly by Flanders Hydraulics Research and Ghent
University (Vantorre and Delefortrie, 2013; Vergote et al., 2013), in addition to
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the propulsive force, position, and speed of the self-propelled ship model, the
waves at the bow of the ship and the end of the lock were also measured.

Several different methods have been developed in the simulation section (Du
et al., 2017; Helsloot, 2016; Yuan, 2019; Tezdogan et al., 2016), but ultimately,
the accuracy of these methods has been validated mainly using information from
the vessel itself. Although the water surface height information at the bow of
the ship and the end of the lock has been measured in experiments, this is not
sufficient to verify the water surface information during the simulated process of
entering a lock. The currently available wave measurement methods have been
described in detail in Chapter 3 and will not be repeated here. In the low-speed
lock entry problem, the amplitude change of the water surface is limited and the
space is compact, so wave penetration probes are unsuitable. Ultrasonic wave
probes measure the average value of a small area due to the limitation of their
size and require sufficient sound wave reflection, so they are also not suitable for
this type of problem. optical techniques have a much smaller space requirement
than other methods. Only a pattern needs to be projected onto the water surface
from a distance. Even after the ship enters the lock and gradually destroys
the projected pattern, the remaining part of the pattern can still provide wave
information during this process. This makes optical techniques more suitable
than other wave measurement technologies for lock entry problems.

This chapter employs the optical measurement technique currently in devel-
opment to investigate water surface height information when a small underwater
ellipsoid (length: 0.5m) enters a rectangular lock. Subsequently, the study ex-
tends to the water surface height information when a large floating box (length:
2.4m) enters the lock. The objective is to gain a deeper understanding of the lock
entry problem through the analysis of wave field information. Furthermore, this

experimental data can provide a more detailed and compelling validation basis
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for future numerical simulation methods.

6.2 Experiment set up

6.2.1 Underwater ellipsoid

In this experimental phase, a ship lock model was incorporated based on the
underwater ellipsoid towing experiment outlined in Chapter 5. The distance
from the highest point on the upper surface of the ellipsoid to the water surface
remained at 25mm. The ellipsoid continued to be drawn by a stepper motor
along a taut stainless steel cable at a consistent speed. Recognising that the
entry into the lock chamber generally occurs at low velocities, three distinct low-
speed conditions with F, values of 0.025, 0.050, and 0.135 were implemented
for this experiment. The actual motion speeds were measured to be F} values of
0.022, 0.051, and 0.136 using the video recording method outlined in the preceding
chapter.

The lock model was constructed using Marine Plywood. 45*45mm extrusions
were affixed to maintain the lock model in the correct position, as shown in
Figure 6.1. The width of the lock area was 1.5 times the width of the ellipsoid,
measuring 150mm, while the length was 1000mm, twice the length of the ellipsoid.
Two different water depths within the dock area were employed. The first water
depth is the depth of the 3D compact wave tank itself, amounting to 1000mm.
The second water depth was set at 175mm, achieved by inserting a plate parallel
to the still water surface in the lock area. Simultaneously, the space beneath
this plate was sealed at the lock entrance. In this configuration, the entry of the
ellipsoid into the lock equated to an instantaneous transition from deep water to
shallow water conditions.

Due to the restricted lock area and shallow water conditions, the large image
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Figure 6.1: Ellipsoid inside the lock area.

pattern reflected from both the side walls and the bottom will destroy the feature
points on the water surface. To address this, a laser pointer, specifically a Class
1M with a green light, was employed to establish a stable feature point on the
water surface. Importantly, this choice ensured the absence of safety concerns
throughout the experiment process. Four measurement points were chosen in
this setup. As shown in Figure 6.2, these points include Wpl at the centre of the
lock gate, Wp2 at the midpoint of the lock, Wp3 halfway along the length of the

lock near the side wall, and Wp4 positioned 50mm from the end of the lock.

Wpl Wp2 Wp4
U -
Wp3

Figure 6.2: Measurement points inside the lock area.

6.2.2 Floating box

After the underwater ellipsoid experiment, a large floating object entering the
lock experiment was performed to address a more realistic problem. Following

the research done by Delefortrie et al. (2008), the Third Set of lock chambers of
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the Panama Canal was chosen as the lock model. To simplify filming and ensure
distinct visual clarity, a box model was chosen due to its straightforward structure.
The dimensions of the ship hull from the Bulk carrier, closely aligning with a
block coefficient (CB) closest to 1, were utilised in designing the experimental
box model. The experiment was conducted at a scale factor of 1/115, and the

geometric details are outlined in Table 6.1.

Table 6.1: Geometry details of the box and lock

Component Parameters Value (mm)
Length 3500.0 £ 1.0
Lock Breadth 50.0 = 1.0
Height 30.0 £ 1.0
Draft 225 £ 1.0
Length 2400.0 £ 1.0
Box Breadth 40.0 £ 1.0
Height 20.0 £ 1.0
Draft 15.0 £ 1.0

This experiment took place within the large towing tank at the Kelvin Hy-
drodynamics Laboratory (refer to Section 2.3.1). To secure the lock model in
place, L-shaped wooden frames were affixed to its sidewalls, allowing weights to
be positioned for stability (refer to Figure 6.3). Four resistance wave probes were
attached to these side walls, positioned at distances of 0.30 £ 0.01m (Wpl), 2.40
+ 0.0lm (Wp2), 2.80 £ 0.01m (Wp3), and 3.20 + 0.02m (Wp4) from the gate of
the lock. The box was towed by the carriage equipped with a computer-controlled
digital drive, capable of achieving speeds of up to 5m/s. It is worth noting that
the box was rigidly fixed to the carriage, ensuring that apart from the motion
provided by the carriage, no additional movement was allowed for the box itself.
At the connection point of the carriage and the box, a 6-DOF load cell provided
by a company called Kistler was set to capture the resistance of the box during

the lock entry process.
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Figure 6.3: Floating box entering the lock.

As shown in Figure 6.4, the optical technique under development was em-
ployed to measure the water surface within the lock area. The Optoma projec-
tor, previously discussed in Chapter 5, served as the projection light source for
this experiment as well. Positioned at the end of the lock and elevated 3m from
the middle, the projector covered 90% of the lock area. Given the shallow water
conditions, the particle described in Chapter 2 was utilised to mitigate the im-
pact of light reflection from the side walls and bottom. Two Z Cam E2 movie
cameras, capturing results at 4k resolution and 60Hz frame rate, were positioned

on a sub-carriage above the towing tank, situated more than b5m away from the

middle of the lock.

6.3 Results

The hydrodynamics of ships navigating through a lock are inevitably influenced
by shallow water and bank effects. As a ship enters or leaves a lock with a sealed
end, it triggers a piston phenomenon caused by trapped waves between the ship
and the lock end.

As the ship enters the lock at a constant speed U, the volume of water confined
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Figure 6.4: Experiment setup for measuring the water surface inside the lock area

between the ship and the closed end increases, calculated as

AV = UA(t) - At (6.1)

where A, denotes the cross-sectional area of the ship at time ¢. This causes a rise
in the free surface within the lock. Simultaneously, this increased water volume
prompts a return flow, equal to the water leaking through the narrow gap between
the ship and the lock (Yuan, 2019). As the distance between the bow of the ship
and the lock end diminishes, the velocity of this return flow increases. Meanwhile,
the free surface drops.

In this section, both results from the underwater ellipsoid and floating box

will be presented and analysed.

6.3.1 Ellipsoid

As shown in Figure 6.5, the comparison between the measured results from both
Wp2 (middle of the lock) and Wp3 (near the middle of the side wall) was con-
ducted at first. t; denoted the moment the ellipsoid reached the lock gate, and

ty indicated the instant the model was entirely inside the lock. Despite some
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data noise, a remarkable alignment in the overall trends of data curves was ob-
served. This suggests a consistent behaviour of the water surface at the plane
perpendicular to the model propagation direction. Thus, the data points along

the centreline can be sufficiently representative.

Wave elevation (mm)

4 6 8 10 12
Time (s)

Figure 6.5: Time history results of Wp2 and Wp3.

Measurements of the free surface elevation were captured at Wpl (centre
point at the gate), Wp2 and Wp3 when the ellipsoid entered the lock at different
speeds under 1m water depth. The recorded free surface elevation is visually
presented in Figure 6.6. As shown in Figure 6.6 (a), the variance in the free
surface was insignificantly small when F, equated to 0.051, yielding a limited
informative value. However, at F, equal to 0.136 (see Figure 6.6 (b)), the free
surface behaviour exhibited greater variance. At the onset of the entry of the lock,
the water heights at Wpl and Wp2 displayed differing trends. Analysis from the
wavefield results in Chapter 5 provides some insight into the wave information at
Wpl. The underwater ellipsoid generated a Bernoulli hump to move along with
the model, observable in the results at W pl. Concurrently, the piston phenomena
at this stage caused a rise in the free surface between the model and the lock end.

Post the complete entry of the lock, a noticeable drop in water height at Wp2
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occurred. Because it was determined by the pressure field around the ellipsoid.
Even though it was not very clear, the lower speed case showed the same trend.
Unfortunately, owing to operational errors, the laser pointer at Wp4 failed to
function in these cases. Consequently, the piston phenomena inside the lock area

could not be fully studied.
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Figure 6.6: Measured result of the ellipsoid entering the lock under 1m water
depth condition. (a) F,. = 0.051; (b) F,. = 0.136.

With the inclusion of the step bottom, a more intricate hydrodynamics prob-
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lem was investigated. As shown in Figure 6.7, the recorded data at Wpl does
not exhibit any discernible differences under varying water depth conditions. This
suggests that the wave elevation at the lock gate remains unaffected by alterations
in the lock depth, primarily relying on the velocity of the model. Meanwhile, the
wave elevation within the lock experiences substantial influence from the water
depth. Under the stepped bottom condition, the water height at F,. = 0.051 as-

cends to the same level as that observed under the 1m condition at F, = 0.136.
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Figure 6.7: Measured result of the ellipsoid entering the lock with the step bottom
under different speeds.

The piston phenomena become evidently apparent in Figure 6.7 (a) and (b),
as the wave elevation at Wp4 (near the end of the lock) was also gauged in these

experiments. During the entry phase of the model, the measurement results for
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Wp2 and Wp4 closely coincide. Approaching full entry, the water height at both
Wp2 and Wp4 experiences a simultaneous decline. This suggests that at this

specific juncture, the return flow attains its maximum velocity.

6.3.2 Box

Examining the ship lock problem, the investigation extended to the hydrodynamic
phenomena encountered during the entry of a box into a lock.

Owing to the introduction of seeding, it is imperative to investigate the impact
of the particle on the water surface from the very outset. Within this experiment,
the wave probes positioned in the lock recorded water height data, facilitating an
investigation into the aforementioned effect. The visual representation of results
from the lowest and highest speeds in the experiment is shown in Figure 6.8. In
the examination conducted at the slowest speed, there is an observable discrep-
ancy of approximately 5mm in the water height information at Wp2 (situated
2.4m away from the lock gate). A similar occurrence is noted in the test with the
highest speed at Wp4 (located 3.2m away from the gate). Even when accounting
for uncertainties in the equipment, this variance suggests that the particle ex-
erts an influence on the behaviour of the water surface. However, other outcomes
demonstrate a high degree of concurrence. In essence, the results, whether with or
without seeding, exhibit consistency at some level. This deduction prompts fur-
ther analysis utilising the outcomes derived from the optical technique currently
in development.

The wave elevation of box entry at different speeds is shown in Figure 6.9.
The X axis denotes the distance from the bow of the box to the gate of the
lock. Initially, upon entering the lock, a slight alteration in fluid volume resulted
in a negligible change in the free surface. Subsequent entry caused the conver-

sion of kinetic energy into gravitational potential energy, leading to a rapid rise
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Figure 6.8: Wave probe result of the box entering the lock with and without
seeding. (a) F,. = 0.021; (b) F,. = 0.062.
104



Chapter 6. Lock entry problem

in the free surface. It is worth noting that, except for F, = 0.021, the water
level increases in order according to the distance from the gate. The free surface
achieved an initial equilibrium at a position corresponding to 0.9m at speeds of F,,.
= 0.021 and F, = 0.041. However, at F,. = 0.062, equilibrium was not attained
until the position reached 1.35m. This indicated a balance in the exchange of
kinetic energy and gravitational potential energy. Then the gravitational poten-
tial energy was converted back into kinetic energy, resulting in fluid outflow and
an overall reduction in the free surface. This phenomenon was only observed in
the results of Wp2 and Wp3 at F,. = 0.021. At F, = 0.041, the water height
exhibited sustained oscillations around the equilibrium value. At F,. = 0.062, a
step increase ensued. This is attributed to the limited distance between the lock
side walls and the box in this experiment, constraining the flow of fluid from both
sides of the box to the outside. In this setup, with increasing speed, the water
level will rise even higher. There is a noticeable decline in the latter segment of
the measurement results for Wp2 at various speeds. This decline coincided with
the moment the bow of the box passed Wp2. The occurrence was attributed to
the pressure field generated around the box due to its continuous motion.

The wave filed measurement results were given in Figure 6.10. When entering
the lock, the water level initially rises from the gate to the end. Subsequently,
the phenomenon of piston action occurs.

The total resistance of the box is shown in Figure 6.11. To effectively depict
the variations within the lock at different speeds, the resistance and moment
were treated as 0 before the box commenced its entry into the lock. In order
to enhance the alignment of the force outcomes, the distance from the bow of
the box to the gate of the lock was utilised as the X axis as well. During the
trial at the lowest speed, the resistance and moment of the box proved to be

inconsequentially small, rendering them of limited informational value. However,
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Figure 6.9: Wave probe result of the box entering the lock at different speeds.

at the other two speeds, the resistance exhibits a discernible two-step increment.
The initial rise transpires as the box initiates entry into the lock, while the second
rise occurs when the free surface within the lock attains its initial equilibrium.
Concurrently, in the measurement of moment, the results portray a one-step
increment. The initial rise manifests at the entry position, and a peak value
is discernible simultaneously with the second rise of the force, even in the test
conducted at the lowest speed. Subsequently, the moment fluctuates around the
value of the initial rise.

The water level at the front of the box and resistance exhibit a similar step-
like rise (refer to Figure 6.12). The fluid in close proximity to the bow of the
box is consistently subjected to more pronounced effects of return flow compared
to positions nearer to the banks. This disparity can be attributed to the entry

of the box, which acts as the primary initiator of the return flow phenomenon.
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Figure 6.11: Resistance and moment of the box entering the lock at different
speeds

As a result, the flow field around the bow, moving in tandem with the box,
naturally displays a more pronounced correlation with the return flow in contrast
to the free surface at fixed positions situated at a distance from the box. It is
noteworthy that the step phenomena observed in the experimental results are
closely associated with unsteady effects as well. This elucidates why the step
phenomena become more conspicuous as the velocity of the box increases. A
heightened entry velocity induces more significant unsteady effects on the free
surface within the lock. Furthermore, the unsteady effects of the free surface

contribute to the piston phenomenon inside the lock.

6.4 Summary

This research chapter utilised an optical measurement technique under develop-
ment to explore water surface height information during the entry of a small
underwater ellipsoid (length: 0.5m) and a large floating box (length: 2.4m) into
a rectangular lock. The primary aim was to comprehensively understand the lock

entry problem through the analysis of wave field information, providing a detailed
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and compelling validation basis for future numerical simulation methods.

The hydrodynamics of ships navigating through a lock are intricately influ-
enced by shallow water and bank effects, manifesting as the Piston phenomenon
during entry or exit. As a ship enters at a constant speed, a confined water vol-
ume increase leads to a rise in the free surface, accompanied by induced return
flow and subsequent free surface drop.

The experimental focus in this chapter includes the entry of an underwater el-
lipsoid and a floating box into the lock. Examination of the entry of the ellipsoid
under different conditions revealed consistent water surface behaviour perpen-
dicular to the model propagation. A Bernoulli hump generated by the ellipsoid
and the evident Piston phenomenon during entry, related to return flow veloc-
ity, were observed. The introduction of a step bottom added complexity to the
hydrodynamics problem.

The investigation extended to the entry of a large floating box. The impact of
seeding for the optical technique on the water surface was studied, revealing some
influence on the behaviour of the water surface. The wave elevation during box
entry at different speeds showed complex hydrodynamics phenomena of return
flow and unsteady effect, resulting in fluctuations and step-like increases in the
free surface. The resistance and moment of the box exhibited step-like increments,
providing insights into the dynamics of box entry.

In summary, the research presented in this chapter contributes valuable in-
sights into the hydrodynamics of lock entry. The optical measurement technique
proves effective in capturing detailed wave field information, enhancing the un-
derstanding of the complex phenomena associated with ship navigation within a
lock. These findings provide a robust foundation for further numerical simula-
tions and contribute to the broader understanding of lock entry dynamics in the

field of maritime engineering.
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Conclusions & Future work

7.1 Conclusions

Embarking on an exploration of water wave dynamics and wave-structure in-
teractions, this doctoral thesis constitutes a contribution to the field. The core
innovation lies in the introduction and development of a pioneering approach for
contactless full-field measurement of water waves, harnessing a combination of
stereo vision and structured light with a specific image pattern. The key strength
of this methodology lies in its unmatched adaptability in data point spatial den-
sity, facilitated by the ease with which the image pattern can be modified. Lever-
aging sub-pixel point detection, validation tests substantiate its sub-millimetre
accuracy, firmly establishing it as a potent tool for reconstructing dynamic water

surfaces with precision.

Wave measurement techniques

The various wave measurement techniques were dissected, providing a compre-
hensive analysis of resistance wave probes, ultrasonic probes, and the proposed

optical technique. Through a set of wave tests, their strengths and weaknesses
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were explored. In the temporal dimension, resistance wave probes display supe-
rior resolution, proving effective up to a specific wave height threshold and ideal
for scenarios requiring reference values or data from distant regions. Ultrasonic
probes, on the other hand, excel in applications with expansive dimensions and
gradual spatial changes. Optical techniques, boasting high spatial resolution,
become practical with advanced camera systems, excelling in fine wave field mea-
surements without compromising integrity. The insights gained not only inform
the selection of appropriate techniques for distinct experimental scenarios but also

lay the groundwork for future advancements in wave measurement technology.

Oscillating Water Column

The proposed optical technique was deployed to overcome limitations in compre-
hending the spatial distribution of the water column surface within an Oscillat-
ing Water Column (OWC) device, a crucial step in understanding and optimis-
ing wave energy conversion. Conducted in the controlled environment of Kelvin
Hydrodynamics Laboratory’s large towing tank, the experimental investigation
focused on a Fixed Symmetry Cylindrical OWC (FSCOWC) device, employing
advanced measurement techniques. The study delved into the dynamic response
characteristics of the OWC device through the analysis of the Response Am-
plitude Operator (RAO) curve, identifying critical frequency points that offer
insights into optimal response regimes and device efficiency. Beyond the natu-
ral frequency, the analysis indicated the potential for sustained energy output at
lower frequencies, guiding considerations for OWC device design and optimisa-
tion.

Addressing uncertainties in draft estimation, especially concerning natural
frequency, emphasised the importance of acknowledging uncertainties for accu-

rate OWC system modelling. Despite the incomplete investigation into the water
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surface configuration due to equipment limitations, the use of the optical tech-
nique revealed a predominantly uniform configuration aligning with the initially
assumed flat nature of the water column surface. In conclusion, this study con-
tributes valuable insights into OWC technology, emphasising the need to embrace
innovative measurement techniques for advancing sustainable wave energy con-

version.

Underwater ellipsoid

The wave/water surface generated by the uniform motion of an underwater ellip-
soid was measured by implementing the proposed optical technique. The calibra-
tion demonstrated minimal optical technique error of approximately 0.41 pixels,
ensuring precision. Computer vision techniques, including a smartphone camera
in the 3D compact wave tank setup, accurately measured the velocity of the un-
derwater ellipsoid. The deviations were within 5 %, confirming the reliability of
the self-made towing system.

Exploring the wave field at different velocities and depths, the optical tech-
nique synchronously collected temporal and spatial data, unveiling key wave fea-
tures like the Bernoulli hump. Through the application of low-pass filtering, the
measurement noise was reduced and able to reveal distinct visualisations of wave
patterns at varying velocities. Acknowledging challenges like surface measure-
ment noise, the overall success of the optical technique showcased its potential
for comprehensive wave surface analysis, emphasising its effectiveness in captur-

ing intricate wave details.

Lock entry

Extending the optical measurement technique to investigate water surface height

during the entry of a small underwater ellipsoid (length: 0.5m) and a large floating
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box (length: 2.4m) into a rectangular lock, it delves into the complex hydrody-
namics of ship navigation. The primary objective was to grasp the lock entry
problem by analysing wave field data and establishing a solid validation basis for
future numerical simulations in marine engineering.

The hydrodynamics of ship entry into a lock, influenced by shallow water
and bank effects, were explored, revealing a Piston phenomenon during entry.
The entry of the underwater ellipsoid demonstrated consistent water surface be-
haviour perpendicular to the propagation direction of the model, with observable
Piston phenomenon and return flow. The introduction of a step bottom added
complexity to the hydrodynamics. During the entry of a large floating box, the
influence of seeding for the optical technique on the water surface was exam-
ined. The wave elevation during box entry at different speeds unveiled complex
hydrodynamic phenomena, contributing insights into the dynamics of box entry.

The effectiveness of the optical measurement technique in capturing detailed
wave field information was shown. These findings serve as a robust foundation
for numerical simulations and enhance the broader understanding of lock entry
dynamics in maritime engineering.

In conclusion, this PhD thesis represents a stride forward in the understand-
ing of water wave dynamics and measurement techniques. The novel optical
measurement approach, characterised by its adaptability, precision, and reliabil-
ity, opens new frontiers for research in fluid dynamics and maritime engineering.
The analysis of existing wave measurement techniques, combined with experi-
mental applications in diverse scenarios, not only demonstrates the versatility
and potential impact of the proposed methodology but also positions it at the
forefront of advancements in the field. As the scientific community navigates
the analysis of water waves in various contexts, this research provides not only a

toolkit for exploration but also a contribution to advancing their understanding of
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fluid dynamics in complex environments. The journey outlined in this thesis not
only enriches the current state of knowledge but also lays the foundation for con-
tinued exploration, innovation, and transformative insights into the fascinating

world of water wave dynamics.

7.2 Future improvement

Although the optical technique showcased remarkable performance across vari-
ous scenarios in this thesis, it is essential to acknowledge certain limitations that
were not explored. The utilisation of structured light technology to project dis-
cernible patterns onto the water surface necessitates adherence to specific clarity
standards for these patterns. This adherence ensures the optimal functionality
of stereo vision technology in capturing and aligning feature points. At present,
the reflectivity of the water surface relies solely on the presence of dust. In the
absence of structures, dust can blanket the entire water surface without affecting
pattern clarity. However, upon introducing structures, the radiation and diffrac-
tion waves generated alter the distribution of dust, potentially obscuring feature
points and rendering the optical technique impractical. However, this constraint
can potentially be mitigated by employing a more potent light source. This mod-
ification would reduce the requisite dust coverage on the water surface, thereby
expanding the applicability of the technique.

Another significant consideration is the limitation imposed by wave steep-
ness. Beyond a certain threshold, cameras may fail to capture reflected light
effectively. One potential solution involves deploying additional cameras to en-
compass a broader range of light reflection directions. Figure 7.1 illustrates a
tentative camera installation scheme. Within this camera array, any pair can
function as stereo vision cameras. Following calibration, the capture of an object

with distinct features in all directions facilitates the integration of reconstruction
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results. Feature extraction and pairing from various 3D outcomes enable the
alignment of different camera coordinate systems (refer to Section 2.2.1) into a

unified global coordinate system.

Figure 7.1: New cameras set up in the future.

Additionally, this technique holds promise for achieving real-time measure-
ments. With a higher-performance computer, matrix operations can be executed
more rapidly. Furthermore, a lower spatial density image pattern is required.
However, the limitation of spatial density for real-time measurement warrants

further investigation in future studies.
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