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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 ful | 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 di erent
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- ight
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 o er precise and
stable measurements, they are not without limitations, including the inability

to determine wave direction, limited measurement points, and speci ¢ 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 eld to gather compre-
hensive data. Recent technological advancements have kindled the exploration
of more e cient 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 eld of com-
puter vision, which aims to emulate the human visual system. This interdisci-
plinary eld leverages mathematical algorithms and image processing techniques
to detect objects and characters within images and videos while also o ering 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 e ciency 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 eld
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 identi cation of image locations meeting speci c 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 signi cance 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-
guently re ected 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 re ected infrared light emitted by the cameras themselves
(Hansard et al., 2012). With knowledge of the phase delay, the time of re ec-
tion can be accurately determined, allowing the camera to generate results that
incorporate the distance to the measurement surface. Ultilising 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).

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-
sied into three categories: time-multiplexing, direct codi cation, 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; Guhring, 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 speci c 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 lwakawa, 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 eld of optical techniques for measuring water surfaces, several innovative
techniques have emerged, each o ering 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) exempli es 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 quanti ed 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 di erent 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.

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- ight (TOF) principle, with LiDAR technology serving as a
prime illustration of this approach, as elucidated by Awange and Kiema (2019)
in their study. LIiDAR systems emit speci c 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 eld, 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
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with the water surface and are subsequently re ected back towards the SPAD
detector array, which is capable of capturing and registering individual photons
of the re ected light. By analysing the time interval between the emission of the
laser pulse and the detection of the re ected 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 su cient re ected light for accurate measurement. In sce-
narios where the sensor cannot receive an adequate quantity of re ected photons,
such as when measuring extremely turbid or optically challenging water bodies,

the accuracy of the water surface information may be compromised.

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
oating particles. Douxchamps et al. (Douxchamps et al., 2005) used 9mm
diameter white wooden beads as tracer particles. Employing stereo measure-
ments, an antidune ow pattern was reconstructed. This technique provided

insights into the dynamic behaviour of water surfaces by tracking the movement

9
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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 uorescent akes dispersed within the uid. A
high-pass lter was employed to selectively capture the uorescence, resulting
in improved data quality and accuracy. So far, the oating particles technology
can give a decent result but it is constrained to scenarios where oating 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
0 ering unique capabilities and insights into the complex dynamics of water sur-
faces. One such innovative contribution to the eld 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 signi cant 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.
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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 eld
through the development of technologies rooted in fringe projection pro lometry.
This method relies on the projection of fringe patterns onto the water surface,
which are subsequently analysed to derive information about surface pro les and
deformations. Aureli et al. (Aureli et al., 2011) implemented a light absorption

based method for measuring the water surface in rapidly changing ows. The core

11
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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 signi cant hurdles. Moreover, methods relying on time-of- ight (TOF)
LiDAR technology may face accuracy issues in scenarios with limited re ected
photons. Particle-based methods, irrespective of specic techniques, encounter
constraints related to the presence and characteristics of oating 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 nal aim is to apply this method to
some practically relevant problems. So far, this research includes the following

objectives:

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

surface and the free water surface.
" To nd out the sensitivity and limitations of the method.

" 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

" 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.

The proposed optical method o ers adjustable spatial density wave eld
measurements. In comparison to conventional wave measurement tech-

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

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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A

N

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

environmentally friendly approach.

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

standing of hydrodynamic phenomena.

Contribution to the knowledge

The thesis conducts a comparative analysis of the proposed optical tech-
nigue 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.

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

Wave Energy Converter development.

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

huge amount of e ort and yields superior results.

The thesis captures the piston phenomenon of uid 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 e ects 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-
iles demonstrating its e cacy in collecting experimental data. The cases encom-
pass both wave measurements conducted in open water areas and those within
speci ¢ structures, providing a comprehensive assessment of the capabilities of
the method. The thesis is organised into several sections, as outlined in Figure
1.9:

Figure 1.9: Thesis outline.

In this research, the proposed wave measurement method is detailed, along
with the experiments conducted to validate its e ectiveness. 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 con ned 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 oating boxes enter locks. The thesis concludes with a

summary of the ndings 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 e ectuate 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 eld. 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 eld 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 ar®, and P, respec-
tively. A pointin space X is projected on image plane€; and C, marked with x
and X, respectively. Cy, C,, P1, 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 th€; and C, planes in Figure 2.1

(a).

X
Epipolar Plane
z
Camera Planel Camera Plane2
P: P>

(@) (b)

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

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

spatial point X(X,Y,Z,1) project on two camerasx;(x1;y1; 1) andx,(x2; y2; 1).From
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our camera model, the point projection relation can be written as:

2 3
23 2 3 x
X T 00
f Y
YE=§0 z 0 OF (2.1)
1 oozlo1

wheref is the focal length of the camera model, de ned as the distance between
the image plane and pinhole. The relation between image coordinates/ and

pixel coordinatesu; v can be written as:

23 2 32 3
u dlx dxt]e-ln Uo7 X
I8 LR ¥ e
1 0 0 1 1

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

eter matrix for the pinhole model can be de ned as:

2 3
fx S U
K = EO fy Voz (23)
0O 0 1

In this matrix, f, and f, represent the pixel focal length on the camera's axis
direction and a projection transform. up and vp 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 xed 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

3
2 3
% |v|2:4R s (2.4)
0 1
1

At this stage, the relationship between spatial poiniX and image pointx can be

two cameras can be written as:
2

o O O
o O +» O
o —» O O

written as:

x= K [RjR 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 satis ed strictly, these

four functions can be reduced into three. In practice, the least square solution is

used to estimate the spatial point ofX .

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 (Ru i 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 a ords control over the distribution of reference points.
By adjusting the density of the checkerboard, users can tailor their approach to
achieve di ering point densities as required by the speci c application.

An essential consideration in employing the checkerboard pattern is the con-
guration 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 76n®© 4.6m O 2.5m and features a highly
reliable four- ap type absorbing wave maker. This wave maker plays an important
role in absorbing the re ected and radiated waves from the device, ensuring the

consistency of the generated wave during a single test.
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(a) (b) (©)
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 re ection
onto the testing objects, with a re ection coe cient 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 oor 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 xed 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- ap type
absorbing wave maker was deployed. This wave maker can absorb the re ected
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 re ection angle of the light
emitted from the projector. During the experimental phase, the cameras were
con gured to operate at their maximum capability, recording images at the rate
of 60 frames per second (fps). Furthermore, the camera settings were nely tuned
to capture images at a resolution of 4k, thereby facilitating the detailed scrutiny
of the re ected 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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Projector
Camera 1 Camera 1

S o

X]= sin(!t )

R

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 de ned 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, o ering 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 signi cance 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 nal
output.

In the proposed experimental framework, a master-slave con guration 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 e cacy 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, itis 1, and when itis o, it is O.

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/o 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 a xed, as shown in Figure 2.7. The disc was positioned
at a xed 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 di erent positional con gurations 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 identi cation 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 ITTC 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 lled with black colour, while the checkerboard region within
the test area was clearly de ned 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 e ort to validate

the accuracy of the method, the diameter was measured using a calliper, yielding
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