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Abstract

Water waves are a ubiquitous and profoundly complex natural phenomenon, manifesting in

diverse forms across rivers, coastal regions, and the open ocean, as well as in engineered

environments such as wave flumes and offshore structures. Their pervasive presence underpins a

multitude of scientific, engineering, and everyday phenomena, making them a subject of enduring

fascination and practical importance. Even on a smaller scale, the gentle propagation of ripples

across a pond or the rhythmic oscillations within a home aquarium serve as reminders of the

intricate interplay between gravitational forces, fluid motion, and boundary interactions.

However, water waves do not exist in isolation. Their behaviour is profoundly influenced

by interactions with currents, wind fields, and submerged or floating structures, resulting in

a rich diversity of wave forms, frequencies, and amplitudes. This complexity necessitates a

nuanced understanding of fluid-structure interactions, which is critical for a wide range of

applications. In maritime operations, for example, the safety and performance of vessels depend

on accurate predictions of wave-induced loads and motions. Similarly, in coastal ecology, wave-

driven sediment transport and hydrodynamic exchange processes are fundamental to habitat

formation and ecosystem resilience. In the realm of offshore renewable energy, the coupling

between waves and energy-harvesting devices directly impacts power generation efficiency and

structural survivability. To address these challenges, researchers have developed a plethora of

wave measurement and monitoring techniques, spanning from laboratory-scale experiments to

open-ocean deployments. Yet, despite these advancements, many existing methods struggle to

capture fine-grained, multi-dimensional data—essential for contemporary engineering tasks such

as optimising wave energy converters, designing wave-manipulating metamaterials, or validating

numerical models.

It is within this context that this thesis presents the development, demonstration, and ap-

plication of a high-resolution stereo-vision system for measuring water waves and analysing

wave–structure interactions in controlled laboratory environments. A comprehensive litera-

ture review is first undertaken, examining both intrusive and non-intrusive wave measurement

techniques—-from conventional resistance probes and acoustic sensors to advanced optical

methods–while identifying persistent limitations in spatial resolution and the potential for disturb-

ing the wave field. To address these shortcomings, the research introduces a novel camera-based

ii



methodology that leverages triangulation and Direct Linear Transformation (DLT) to reconstruct

three-dimensional free-surface elevations with exceptional precision. Particular emphasis is

placed on mitigating reflective artefacts and ensuring rigorous optical calibration, thereby en-

hancing the reliability and accuracy of the measurements. Through this work, the thesis aims to

contribute a robust and versatile tool for advancing the study of water waves, with implications

for both fundamental research and applied ocean engineering.

Experimental investigations are conducted across desktop-scale and moderate-sized wave

flumes, demonstrating the system’s capability to capture intricate hydrodynamic phenomena

with high fidelity. Tests involving metamaterial structures reveal the system’s ability to detect

subtle distortions or enhancements in wave amplitude and phase, providing insights into wave

manipulation mechanisms. Observations of a wave energy converter’s motion further validate

the stereo-vision system’s reliability, with results corroborated by comparisons to standard

instrumentation, including commercial motion-tracking devices. Comparative analyses with

conventional tools, such as calibration targets, underscore the versatility, precision, and robustness

of the proposed methodology.

While these experiments are confined to laboratory settings, the findings suggest that further

advancements could enable the system’s deployment in more challenging environments, such

as offshore testing sites or real-time monitoring of vessel wakes. Additionally, integrating the

system with digital twins or numerical solvers could facilitate detailed comparisons between

measured wave fields and advanced simulation outputs, thereby refining both experimental

designs and theoretical models. Future work may focus on enhancing data handling capabilities,

particularly through real-time image processing using dedicated hardware, as well as refining

camera calibration techniques under variable lighting conditions. By providing a non-intrusive,

precise, and adaptable means of capturing water surface dynamics as well as tracking moving

objects, this thesis lays a robust foundation for more informed research and innovation across

coastal, marine, and offshore engineering disciplines.
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Chapter 1

Introduction

Water waves, from tranquil shores to turbulent seas, are central to coastal engineering, envi-

ronmental science, and maritime operations. Their dynamic behaviour and interactions with

structures, �oating or submerged pose signi�cant challenges, from predicting wave forces and

managing coastal erosion to designing �oating infrastructure and tracking marine debris. Despite

their ubiquity, the complexity and sensitivity of waves make them dif�cult to observe and analyse

with precision. Although diverse wave measurement techniques have been developed, persistent

limitations in spatial resolution, measurement coverage, and invasiveness signi�cantly restrict

their effectiveness in complex marine environments. This thesis addresses these challenges by

advancing the precision and scope of water wave measurement, as outlined in the following

sections.

1.1 Motivation and Challenge

Measuring water wave elevation with suf�cient resolution and accuracy is crucial in ocean

engineering research. It enables researchers to study water waves under various forms of external

effect, including, but not limited to, �oating structures, underwater structures, and self-propelled

vessels.

Despite the availability of various water surface measurement techniques—both intrusive

and non-intrusive—limitations persist when high spatial and temporal resolution are required.

Intrusive methods, such as resistance-type wave gauges, may disturb natural wave patterns

and potentially alter the phenomena being studied. Although these techniques typically yield

precise data, their impact on the wave environment may render them unsuitable for certain

research applications. In contrast, non-intrusive methods, including ultrasonic wave probes

and slope-measuring laser water wave gauges, can measure wave elevations without physical

contact. However, these methods may experience limitations in resolution and accuracy due to

environmental factors, such as water surface re�ections and blind zones, as well as equipment-

related issues, including calibration and maintenance challenges. Additionally, non-intrusive
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Chapter 1: Introduction

techniques often necessitate complex data processing to interpret measurements accurately,

introducing another potential source of error (Lange et al. (1982); Gomit et al. (2022)).

Detailed measurements of water wave with high accuracy and resolution allow for a deeper

understanding of wave dynamics and more crucially, it's interactions with structures in the

applications of wave energy convertors deployment, coastal erosion prevention, or marine

infrastructure monitoring and assessment. Such understanding could pave the way for further

optimization of wave energy or coastal protection systems, more quantitative prediction of

sediment transport and more robust validation of computational �uid dynamics models.

While the interest and application in measuring wave elevation with high resolution and

accuracy are great, several challenges persist in this �eld especially when it comes to recreate a

whole water surface instead of using point-based intrusive/non-intrusive equipment.

The challenges one faced when developing a comprehensive high accuracy stereo wave

measurement system could be summarized from a few perspectives.

On the technical front, developing systems that maintain precision in harsh marine envi-

ronments while also ensuring accurate camera positioning and calibration is dif�cult. Many

methods assume an ideal camera distance, but practical scenarios often lead to calibration errors,

particularly in large-scale applications (Jähne et al. (1994); Zhang and Cox (1994); Tropea et al.

(2007)).

When it comes to environmental factors, highly variables in wave dynamics due to other

environmental factors such as temperature and water depth can complicate data collection and

analysis. The exceptionally low re�ection rate for light of the water surface can make it dif�cult

to capture and then extract water wave features, especially when dealing with light attenuation

and re�ection issues(Cox (1958); Keller and Gotwols (1983); Moisy et al. (2009)).

Regarding instrumentation, designing and fabricating measurement instruments that are both

reliable and cost-effective, while ensuring that calibration processes are thorough and adaptable

to different measurement scenarios, including the use of stereo cameras. The calibration of stereo-

vision systems is complex, especially in large-scale or �eld measurements where traditional

calibration techniques are impractical(Chatellier et al. (2013); Cox (1958)).

For data analysis, processing large volumes of high-resolution data is computationally inten-

sive and requires advanced hardware and compatible software. Methods that estimate the surface

gradient and integrate it to obtain the elevation face challenges in accurately measuring changes

in mean elevation or waves with wavelengths larger than the �eld of view. The integration step

can lead to inaccuracies if the reference height is unknown or if the surface features change

dynamically (Moisy et al. (2009); Fouras et al. (2008)).
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Last but not least, it's of great signi�cant to ensure compatibility and integration with existing

measurement framework, especially while overcoming challenges related to data standardization

and interoperability between different systems and technologies. The spatial resolution of an

optical method is in�uenced by the camera resolution, �eld of view, and the speci�c measurement

technique used (Chatellier et al. (2013)).

Despite these challenges, advancements in measurement techniques continue to improve our

ability to capture accurate wave elevation data. The development of new methodologies that

combine the strengths of various existing methods while mitigating their weaknesses is crucial.

In summary, despite notable progress in the domain of water wave measurement, numerous

technical, environmental, instrumentation, analytical, and integration-related challenges persist,

particularly when aiming for comprehensive, high-resolution surface reconstruction using stereo

camera systems. The need for improved precision, adaptability, and reliability in wave elevation

measurement methodologies remains critical, particularly for accurately capturing complex

wave-structure interactions in diverse marine environments. Addressing these challenges requires

the development and re�nement of advanced measurement techniques that effectively integrate

state-of-the-art optical and computational technologies. The following chapters of this thesis

undertake a detailed exploration of these advancements, with the objective of overcoming current

limitations and signi�cantly enhancing our understanding and management of wave dynamics

and their impacts.

1.2 Literature Review

Within the following section, a deeper examination of the current state of the art in water wave

measurement techniques as well as a basic principles of shallow water theory is undertaken.

Established and emerging experimental methods for capturing free-surface dynamics are critically

assessed, alongside the theoretical foundation in the analysis of shallow water �ows. This

synthesis lays the groundwork for understanding the experimental and theoretical challenges that

underpin subsequent investigations into wave–structure interactions applications.

1.2.1 Freesurface Measurement

Within the scope of this thesis, the freesurface is de�ned as the interface between air and a liquid

(water) while freesurface measurement is described as the measurement of the shape, either

heights or slop of the water surface.

Measuring the free surface creates a time history of physical properties for a point or region

of investigation on the free surface. Since the main interest of this thesis is water wave-structure
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interaction on the free-surface formation, the main physical property measured would be the

wave heights/surface elevation.

a. Intrusive Methods for Freesurface Measurement

Intrusive techniques acquire free-surface elevations by inserting sensors directly into the �ow.

• Point-Gauge Probe: which visually measured the water surface height from the instrument

scale (shown in Fig. 1.1 (c)).

• Pressure-Based Manometer: A �ush -mounted or submerged pressure transducer records

hydrostatic and dynamic pressure, from which depth is inferred. Calibration must cor-

rect for velocity and turbulence effects, yet the sensor's compact form minimises �ow

obstruction (Fig. 1.1 (b)).

• Conductance (Resistance-Type) Wave Probe: which measures electrical output—resistance

for the former, capacitance for the latter—changes in response to the wetted portion of the

probe, enabling an estimate of wave height (shown in Fig. 1.1 (a));

Figure 1.1: Illustration of Measuring principle of the threeintrusive wave measuring methods
with (a) resistance type wave probe, (b)submerged pressure sensor and (c) point gauge Rak et al.
(2023)

A simpler but more manual option is thepoint gauge probe. This device lowers a needle or

pointer until it just touches the water surface, allowing a visual reading on a graduated scale.

Point gauges are commonly used in contexts such as measuring head losses in sewer junctions,

where �ows may be relatively slow or can be interrupted for measurement. Although inexpensive,

they lack temporal resolution and can still disrupt small-scale wave behaviour.
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Another intrusive approach usespressure-based manometers, where small sensors are in-

stalled (often �ush with the tank �oor) to measure local hydrostatic and dynamic pressure. By

linking water depth to changes in pressure, these devices estimate the free-surface pro�le without

requiring vertical rods or wires penetrating the �ow. Nonetheless, interpretation can be compli-

cated by local velocity effects, turbulence, or �uid density �uctuations, so careful calibration is

essential. In highly unsteady wave conditions, the pressure signal may only partially capture

short-lived free-surface phenomena.

Of the various intrusive techniques for measuring free-surface elevations,conductanceand

capacitance wave probesare especially common in engineering laboratories. Both rely on

submerged sensing elements to detect local changes in wave height. In a conductance (or

resistance-type) probe, a high-frequency square-wave voltage is passed between two stainless-

steel rods. The electrical current through the wetted region translates into a voltage reading

proportional to wave elevation, assuming the rods remain consistently within their intended

immersion depth. Although these probes are relatively simple to construct and calibrate, they can

disturb the local �ow when deployed in sensitive experiments, and multiple units may be needed

to obtain spatial coverage.

Capacitance probes infer free-surface height by tracking changes in the dielectric properties

of water: an insulated rod or wire acts as one plate of a capacitor, and variations in water

immersion alter the total capacitance. Despite some similarity to conductance devices (notably in

the single-point measurement principle), capacitance probes also share the drawback of intrusive

mounting and only limited multi-point data gathering.

Intrusive devices, such as conductance (or resistance) wave probes, capacitance wave probes,

pressure-based manometers, and point gauges, have featured prominently in laboratory free-

surface measurements for many years, owing to their straightforward design and ease of fabri-

cation. Conductance and capacitance probes both rely on a submerged sensing element—rods

for conductance, an insulated wire or rod for capacitance—to convert the wetted length into an

electrical signal representing wave height. Pressure-based manometers, in contrast, measure

local hydrostatic or dynamic pressure at a submerged location and infer the free-surface elevation

from that reading, though velocity effects and turbulence can complicate the relationship between

pressure and water level. Point gauges offer a simple, visually read instrument, often used in

slower-�ow situations such as determining head losses in sewer junctions, where the operator

lowers a pointer until it just contacts the surface.

All these methods reliably capture free-surface levels at speci�c points, yet they invariably

introduce physical components into the wave �eld, potentially altering delicate wave phenomena.
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Researchers must also position multiple sensors with care to prevent interference, an arrangement

that becomes cumbersome when attempting high-resolution or large-area mapping. Although

multi-point arrays are possible, the data density achieved still falls short of what modern non-

intrusive approaches, for example optical or acoustic systems, can provide. Mechanical contact

with the �uid in any of these intrusive methods risks distorting or damping local wave motion,

making them less suitable for sensitive studies such as �ne-scale wake �ows or rapidly evolving

wave �elds.

Limitations of this nature motivate the continuing development of more comprehensive, non-

intrusive wave measurement solutions. Approaches based on optical imaging or acoustic sensing

can often capture richer detail without disturbing the �uid domain, delivering better spatial

resolution and higher-frequency data at the cost of more advanced calibration requirements

and potentially higher initial costs. Nonetheless, intrusive techniques remain valuable for

many laboratory contexts where simple operation, robust calibration, and cost-effectiveness are

paramount, and where the wave phenomena of interest are not unduly affected by the presence of

small probes or pressure sensors.

b. Non-intrusive Methods for Freesurface Measurement

In addition to intrusive means of measuring water wave elevation, there are also numerous

non-intrusive means of either point or grid measurement.

• Ultrasonic Sensorswhich sends out acoustic pulses to measure surface elevation via

acoustic echo timing.

• Wave Slope Optical Wave Gauges (WSOPG)which determines wave slope using laser

refraction at the air-water interface.

• Wave Acquisition Stereo System (WASS)which reconstructs 3D wave �elds via synchro-

nized camera arrays for open water during �eld tests.

Ultrasonic sensors, also known as acoustic displacement meters, shown in Fig.1.2a), work

by detecting frequency changes in emitted sound waves as they move along a �ow path. Flow

velocity is calculated based on the speed of sound, which is approximately 1500 m/s in water.

Ultrasonic sensors offer a frequency response of up to a few hundred Hz, compatable with

even intrusive measurement device (Rodriguez et al. (1999)), but they are more susceptible

to contamination from air or particles, making them more suitable for controlled laboratory

conditions. However, their spatial resolution is limited due to their single-point measurement

method and the size of the signal spot (instead of measuring a single dot, it's ultrasonic beam
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(a) (b)

Figure 1.2: Illustration of Measuring principle of the two mainNon-intrusive wave measuring
method with (a) Ultrasonic wave prove and (b) Wave slope optical wave gauges system

hit a small area and re�ect the average distance to that small area), along with the presence of

a blind zone (usually 30 cm) where measurements near the sensor are not possible due to the

transducer's switching time between transmitting and receiving modes. Additionally, ultrasonic

distance meters are typically �xed, unlike laser-ranging devices, as the speed of sound is slower

than light, limiting their ability to perform high-frequency measurements of free water surfaces.

Ultrasonic sensors perform well in two-dimensional �ows with low-frequency oscillations

but struggle in highly turbulent, aerated three-dimensional �ows like spillways, where they

produce aliased signals and fail to capture detailed time scales. In complex �ows, they only

provide average characteristics, and higher sampling rate instruments are preferred. Apart from

application in ocean engineering, ultrasonic sensors have also been used to measure entrapped

air in high-velocity �ows, often in combination with high-speed imaging (Zhang et al. (2018)).

In addition to the well-established conventional means of non-intrusive water surface mea-

surement, there are a few newer optical based measurement systems worth mentioning here.

For instance, Wave Slope Optical Wave Gauges (WSOPG) method measures wave slope by

analysing laser beam de�ection at the air-water interface. A submerged vertical laser refracts at

the surface, with de�ection angles captured by an aspheric lens-photodetector array. This method

achieves sub-millimetre vertical resolution (0.1 mm) for capillary-gravity waves (Lawrence

(2012)) with sampling rates up to 1 kHz, making it ideal for laboratory studies for capillary

waves, especially in extrem short-wave study. Furthermore, since the absence of meniscus

effect that may lead to hysteresis in probe type devices, minimal distortion should be expected.
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However, WSOPG is inherently a single-point measurement tool, requiring multiple units for

spatial coverage, as seen in Fig.1.3 which its utilization in �uid-structure interaction relatively

less cost effective.

Figure 1.3: Optical Triangulation Wave Slope Gauge in use (Lawrence, 2012).

Calibration and maintenance further limit WSOPG's robustness. Variations in water prop-

erties (e.g., salinity, temperature) alter the refractive index, necessitating frequent recalibration

to preserve precision. Mechanical instability—such as vibrations in �oating platforms—can

misalign the laser and camera, demanding rigid mounting systems.
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Figure 1.4: 3D point cloud result of the stereo triangulation superimposed to the one of the
cameras' image of the stereo imaging system.(Bergamasco, 2017)

Similar to the WSOPG, the projection moiré method employs a single-camera system. How-

ever, it combined the single camera system with the projection of a structured, sinusoidal fringe

pattern onto the water surface. Two images are acquired—one of a reference plane and another of

the deformed interface—whose combination produces a moiré pattern. The phase shifts observed

in the moiré pattern are directly related to surface relief variations, allowing reconstruction of the

full-�eld topography with a phase resolution typically ranging from 1/100 to 1/20 of a fringe

(Lawrence, 2012). Although both techniques use a single camera, the projection moiré method

offers a means to obtain spatially continuous measurements over extended areas. However, as

with WSOG, careful calibration and control of environmental conditions are essential to maintain

accuracy.

Both WSOPG and the moiré pattern method are capable of delivering high-accuracy measure-

ments, point-based for WSOPG and surface-based for the moiré pattern method. However, an

inherent limitation of these methods is their inability to be applied effectively in �eld studies,

as both require tightly controlled laboratory environments. Due to this constraint, alternative

methods must be explored for measurements in less controlled or outdoor settings.

The Wave Acquisition Stereo System (WASS) employs synchronised camera pairs and

semi-global matching algorithms to generate three-dimensional wave reconstructions, shown

in Fig.1.4. Spatial resolution of approximately 0.2 m can be achieved across swaths of up to

70 m Bergamasco (2017), which captures directional spectra and extreme wave events in oceanic

settings. Advance version also includes automated motion compensation for ship-based data

9



Chapter 1: Introduction

collection Benetazzo et al. (2016) and open-source processing work�ows. Challenges when

deploying such measurement system include the requirement for large camera baselines (2 to

10 m), signi�cant hardware requirement and accuracy limits of around� 5 cm in storm conditions,

making this approach less suitable for small-scale laboratory experiments Benetazzo et al. (2016).

A detailed comparison of the resolution, accuracy and capturing rate of the discussed intrusive

and non-intrusive methods is provided in Table 1.1

Table 1.1: Comparison of Water Wave Measurement Methods(Masterton and Swan, 2008; P�ster
and Gisonni, 2014; Guimarães et al., 2020)

Method Typical Accuracy Resolution Sampling Rate

Resistance Wave
Probe

� 0:5–1mm � 0:1mm Up to 100Hz

Point Gauge � 1mm (static) and
0:1mm ideal

� 0:1mm Static readings only

Ultrasonic Wave
Probe

� 1–3mm � 0:2–1mm 10–50Hz

Optical Wave Slope
Gauge

� 3% slope error Very high > 100Hz

Stereo Imaging
(WASS)

� 10–50mm � 20mm (vertical) 10–30Hz

Intrusive devices (e.g., resistance wave probes) continue to offer simplicity and low cost,

remaining indispensable in many academic and industrial laboratories. However, their physical

presence may interfere with delicate wave �elds, limiting both measurement �delity and spatial

coverage. Non-intrusive methods (e.g., ultrasonic sensors) circumvent these drawbacks by

capturing signals from a distance. Yet each non-intrusive approach brings its own challenges,

including potential environmental interference and more sophisticated calibration demands.

The Wave Acquisition Stereo System (WASS) is optimised for open-sea deployments, because

its dense-matching algorithm relies on naturally occurring surface texture—white-caps, foam

patches and wind-ruf�ed capillary waves—to identify point correspondences between the two

cameras. In a laboratory �ume such texture is absent, undermining the method's “remote and

passive” appeal. In addition to its lighting requirement, WASS operates at only 10–20 Hz, while

vertical RMS errors remain centimetric. These limits, acceptable for metre-scale gravity waves,

are too coarse for the millimetre-level accuracy and multi-decahertz bandwidth required in the

present study.

The choice of a stereo vision-based system in this thesis re�ects a balance between versatility,

cost-effectiveness, and adaptability to indoor and outdoor conditions. While Laser-based methods

can deliver high-accuracy point based measurement, they often require re�ned optics, controlled
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Table 1.2: Key features of intrusive and non-intrusive wave measurement methods.

Category Strengths Limitations

Intrusive

• Straightforward and cost-effective

• Typically robust and simple to cali-
brate

• Well-established in lab contexts

• Risk of disturbing �ow

• Limited spatial coverage unless us-
ing multiple probes

• Physical mounts can complicate
sensitive experiments

• Reduced suitability for highly un-
steady or aerated �ows

Non-
Intrusive • Minimal disturbance to �ow �eld

• Potential for higher data density

• Suitable for sensitive or large-scale
tests

• Often more expensive in equipment
and setup

• Complex calibration and alignment

• Environmental factors (lighting, tur-
bidity, etc.) can degrade data

• Some methods limited by beam at-
tenuation or re�ection angles

lighting, or specialised hardware to deal with re�ections, attenuation, or complex ambient

environments. In contrast, stereo vision relies on relatively standard camera equipment and

image-processing algorithms, which can be con�gured for various scales and lighting conditions

without incurring prohibitive expenses. Moreover, the adaptability of stereoscopic imaging makes

it suitable not just for wave elevation measurements but also for other future endeavours, such as

object tracking or automated docking, that may arise in broader marine and coastal engineering

contexts.

In particular,optical-based systemsstand out for their capacity to deliver detailed, two- or

three-dimensional reconstructions of free-surface phenomena without contacting the �uid or

requiring multiple expensive sensors to be installed. They can achieve high temporal and spatial

resolution when properly illuminated and calibrated. While glare, specular re�ection, and ambient

lighting variations pose dif�culties, careful design and algorithmic re�nement can mitigate

many of these issues. Given the complexity of modern wave–structure interaction research—

where wave focusing, complex wakes, or short-lived transients are often of interest—such

comprehensive, minimally invasive measurements become especially valuable. Consequently,
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the following sections will focus on the state of the art inoptical measurementtechniques, with

particular emphasis on stereo vision, as a promising and increasingly accessible route for detailed

water wave analysis.

c. Stereo-Vision Based Water Surface Measurement

Stereo-vision methods involve capturing images from at least two perspectives to reconstruct the

surface topography of �uids like water. These methods have wide application in solid mechanics

for deformation measurements but face challenges when applied to �uid interfaces, particularly

due to specular re�ections from the water surface. To mitigate this, various light adaptations and

surface seeding techniques are used.

Free-surface topography is commonly reconstructed through (i) stereoscopic matching with

triangulation, based on precise camera calibration and epipolar constraints, and (ii) direct

image-correlation techniques. Both approaches function in laboratory and �eld environments,

provided re�ections and correlation ambiguities are carefully mitigated. Stereo-vision offers the

sub-millimetre accuracy of an optical wave-slope gauge while covering the broad spatial extent

characteristic of the Wave Acquisition Stereo System (WASS). This dual capability supports

highly resolved three-dimensional reconstructions in seeded, light-controlled laboratory exper-

iments and, in �eld campaigns, exploits natural surface patterns—without arti�cial tracers or

illumination—for wave and velocity measurements in natural or engineered water bodies.

In stereo-vision-based water surface measurement methods,triangulationis a fundamental

technique used to reconstruct three-dimensional (3D) coordinates of points on a �uid surface

from two-dimensional (2D) images captured by multiple cameras at different viewpoints. By

leveraging the geometry of the camera setup and correspondences between images, triangulation

allows for precise mapping of the �uid surface topology.

The core concept of triangulation involves identifying corresponding points in images taken

from at least two different cameras positioned at known locations. Once these correspondences

are established through image matching techniques, such as feature detection and correlation,

each camera provides a line of sight—or a projection ray—from its optical centre through the

image point into the 3D space. The intersection point of these rays represents the actual position

of the point in the physical scene.

Mathematically, triangulation relies on the intrinsic and extrinsic parameters of the cameras,

which are obtained through a rigorous calibration process. The intrinsic parameters include the

focal length, principal point, and lens distortion coef�cients, de�ning the internal characteristics

of the camera. The extrinsic parameters describe the camera's position and orientation in a

common coordinate system, effectively mapping the 2D image coordinates to 3D space (Soloff
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et al., 1997).

Apart from traditional triangulation methods, the Direct Linear Transformation (DLT) method,

developed by Abdel-Aziz et al. (2015), provides an innovative approach for photogrammetric

data reduction that eliminates the need for �ducial marks or initial approximations of camera

orientation parameters. This method is particularly bene�cial for non-metric photography,

though it is also applicable to metric photography. DLT simultaneously transforms comparator

coordinates directly into object space coordinates, simplifying the data reduction process and

making it more ef�cient.

Traditional methods typically involve a two-step process: transforming comparator coor-

dinates to image coordinates, and then to object space coordinates, requiring calibration and

iterative solutions. The DLT method bypasses this, offering a direct, linear solution that does

not require initial guesses for unknown parameters. This makes it suitable for scenarios where

camera orientation is not well-de�ned or �ducial marks are unavailable.

DLT solves the transformations using linear equations, thus eliminating the computational

errors common in iterative approaches. Testing with �ctitious data shows that DLT offers

accuracy comparable to conventional methods but with fewer computational requirements and

reduced execution time.

Both techniques aim to reconstruct accurate 3D representations of �uid surfaces but address

different challenges within the stereo-vision framework. Triangulation excels in environments

where precise calibration is possible, and camera parameters are well-de�ned. In contrast, DLT

offers �exibility and computational ef�ciency in scenarios with limited calibration information.

Beyond computational techniques like triangulation and DLT, practical considerations are

crucial for the successful implementation of stereo-vision methods in �uid surface measurements.

One signi�cant aspect is the selection of appropriate seeding particles for the �uid surface, which

is essential for accurate feature detection and matching in the images.

A number of studies estimating velocity on the free surface using SPIV or LSPIV (Large

Scale Particle Image Velocimetry) techniques provide examples of suitable particles for surface

seeding, as seen in works by Fujita et al. (1998) and Weitbrecht et al. (2002). In particular,

Weitbrecht et al. (2002) compare several particle types for LSPIV based on characteristics like

density and agglomeration rate. They recommend using polypropylene particles because they

have a slightly lower density than water and exhibit a lower tendency to agglomerate compared

to other particle types.

Another crucial criterion is the contrast the tracer provides against the water surface. In �eld

measurements—for instance, in rivers—the selection of tracers must also consider environmental
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impacts. In this context, Chandler et al. (2008) highlight that choosing appropriate tracers and

seeding methods is one of the key challenges. Their study tested the feasibility and accuracy of

a digital photogrammetry system for measuring water surface elevation in a river. They used

biodegradable packing chips made of starch that disintegrate within a few hours. Although they

also experimented with leaves, sawdust, and wood chips, these materials suffered from a lack of

contrast in the images.

Considering the methods discussed above, this thesis selects stereo-vision-based water wave

measurement as the foundational method to develop bespoke techniques for various applications,

which will be explored in the following chapters.

1.2.2 Principles of Shallow Water Theory

Different from that electromagnetic waves are transverse waves and acoustic waves are longitudi-

nal waves, water waves involve a combination of both longitudinal and transverse motions.

In analogy to the transformations of permittivity and permeability of electromagnetic meta-

materials, it requires the water depth and gravitational acceleration to be spatially varied along

the path the water waves travel.

The latter is simply not feasible.(Zareei and Alam, 2015) Thus, majority of the researchers in

this �eld design metamaterials that can manipulate water waves by focusing on the alternation of

water depth.

There are several approaches towards water wave manipulation, but before diving into

anything speci�c, a few background theories must be addressed �rst.

For incompressible and inviscid �ow, conservation law of a �uid dictates that,

O2f = 0; (1.1)

¶ f
¶t

� hg�
p
r

�
jOf j2

2
= 0; (1.2)

wherer is the water density,f is the velocity potential,p is the pressure, and the wave

elevation is represented ash .

For shallow water condition, with long wave approximation (where the wavelengthl is much

larger than any installed devices), the Navier-Stokes and continuity equation can be rewritten as

O� (hOh)+
w2

g
h = 0; (1.3)

wherew stands for the wave frequency andh is for water depth.
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The boundary condition at both the sea bed and the water surface can also be declared as,

¶ f
¶z

= 0 at z= � h; (1.4)

¶ f
¶z

=
w2

g
f or

¶2f
¶t2 + g

¶f
¶z

at z= 0; (1.5)

¶ f
¶y

= 0 at y= � b=2; (1.6)

whereb is the width of the water basin and h is the height of the channel.

In shallow water condition, water depth h is suf�ciently smaller than the wavelengthh=l 5

1=20, the phase velocity (or group velocity)c:

c =
p

gh (1.7)

Wave Numbers:

k =
w

p
gh

; (1.8)

kx =

s
w2

gh
� (

np
b

)2; (1.9)

ky =
np
b

; (1.10)

kz = k; (1.11)

wheren represents wave mode number.

Before adventuring into the speci�c of water wave reconstruction as well as the investable

discussion on the wave structure interactions in the following chapter, it is essential to accord

special consideration to the pioneering research conducted by Rosales and Papanicolaou (1983)

on linear waves in a rough-bottomed water channel. This study not only represented the initial

endeavor towards the homogenization of the three-dimensional water wave problem but also

established a foundational framework for subsequent investigations in the realm of metamaterials

within the context of shallow water waves.

Rosales and Papanicolaou (1983) posited a set of assumptions pertinent to both the water

channel and the waves, which remain applicable in the study of water wave metamaterials. These

assumptions are as follows:

One core premise is that the water density is uniform throughout the channel. In addition,

the �ow is considered irrotational and inviscid, and any effects of surface tension or variable air

pressure are disregarded. These choices ensure that the analysis remains focused on the essential
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hydrodynamic behavior without additional complications.

The framework further assumes solitary waves that satisfy the shallow water condition, mean-

ing that the wavelength is signi�cantly larger than the channel depth. Under these circumstances,

wave amplitudes remain much smaller than the depth, making it valid to treat the free surface as a

minor perturbation. Finally, the channel bottom is characterized by subwavelength features. For

instance, in a periodic bottom con�guration, the length of one period is considerably smaller than

the wavelength, which allows individual bottom cells to function effectively as subwavelength

structures in the context of metamaterial design.

In their seminal work, Rosales and Papanicolaou (1983) embarked on the intricate task of

nondimensionalizing all relevant quantities to analyse linear waves traversing rough-bottomed

channels. Employing a meticulous process of nondimensionalization coupled with the application

of a uni�ed scaling methodology, they successfully derived a modi�ed version of the Korteweg-

deVries (KdV) equation. This equation adeptly governs wave elevation and showcases the

mathematical �nesse of their scaling and expansion techniques. However, translating these

mathematical manipulations into physically intuitive interpretations presented considerable

challenges due to the complex handling of intermediate mathematical constructs.

Notwithstanding these complexities, the foundational assumptions and groundbreaking

methodologies adopted by Rosales and Papanicolaou (1983)—from ensuring the stability of

water density and the irrotational, inviscid nature of �ow, to omitting the effects of surface tension

and air pressure variability, and focusing on solitary waves under shallow water conditions with

minimal wave amplitudes relative to channel depth, as well as accounting for subwavelength-scale

features of the rough bottom—have left an indelible mark on the �eld. Their analytical rigour

has not only paved the way for the application of metamaterial principles in the manipulation of

shallow water waves but also spurred a plethora of research initiatives aimed at leveraging the

transformative capabilities of metamaterials across various wave domains. The enduring legacy

of their work underscores its crucial role in advancing our understanding and capabilities in water

wave manipulation with metamaterials, thereby marking a signi�cant milestone in the ongoing

exploration of wave dynamics.

1.3 Uniqueness of Water Surface Measurements and Challenges

1.3.1 Uniqueness of Water Surface Measurements

Measuring the water surface is a complex task due to the inherent characteristics and behaviors

of water bodies. Several factors contribute to the uniqueness and dif�culty of obtaining accurate

measurements, which are crucial for applications in ocean engineering.
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Firstly, the dynamic nature of water surfaces presents signi�cant challenges. The water surface

is exceptionally dynamic, constantly changing due to a multitude of environmental in�uences.

Wind is a primary factor, generating waves and ripples that vary in size and frequency. These

wind-induced waves can range from small capillary waves to large swells, each affecting the

surface differently. Tides introduce cyclical changes in water levels, particularly in coastal areas,

causing periodic rises and falls that can signi�cantly alter the surface pro�le over time. Currents,

both surface and subsurface, contribute to horizontal water movement, affecting the distribution

of wave energy and the formation of surface patterns. Capturing accurate measurements in such

a �uctuating environment requires instruments that are sensitive and responsive enough to detect

rapid changes while also being robust against noise and irrelevant �uctuations.

Secondly, the re�ective properties of water pose signi�cant challenges for measurement tech-

niques, especially those relying on optical methods. The water surface acts as a mirror, re�ecting

not only direct sunlight but also ambient light from the sky and surrounding environment. This

re�ectivity can lead to glare, reducing the contrast and visibility of surface features in optical

images. High-intensity re�ections can saturate camera sensors, resulting in loss of detail and

data inaccuracies. Additionally, the specular nature of water re�ections means that the angle

of observation signi�cantly affects the amount of re�ected light detected by a sensor. Small

changes in sensor orientation can lead to large variations in measured brightness, complicating

the calibration and interpretation of optical data.

Thirdly, surface tension and capillary waves further complicate measurements at smaller

scales. Surface tension causes the formation of capillary waves—small, short-wavelength ripples

that propagate across the water surface. These waves are highly sensitive to disturbances like wind

gusts or raindrops, leading to rapid and unpredictable changes in surface texture. Measuring these

�ne-scale features requires high-resolution instruments capable of capturing minute variations.

However, capillary waves can introduce noise into measurements, especially in techniques like

radar altimetry or optical imaging. For example, radar signals may scatter off capillary waves

unpredictably, leading to inaccuracies in surface elevation data. Optical methods might struggle

to resolve individual capillary waves due to their small size and rapid movement, necessitating

advanced imaging techniques and data processing algorithms.

Lastly, wave-structure interactions add complexity to surface measurements. The interaction

between water waves and structures, both natural and arti�cial, can disrupt wave patterns,

creating areas of turbulence, re�ection, or diffraction. Natural features like rocks, coral reefs, and

vegetation, as well as man-made structures such as piers, breakwaters, and offshore platforms,

alter local wave dynamics and introduce additional variables into the measurement environment.
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These interactions can produce phenomena like standing waves, wave breaking, or vortex

formation, which are challenging to measure accurately. Instruments must distinguish between

wave motions caused by external environmental factors and those resulting from interactions

with structures, requiring careful placement and calibration of sensors.

1.3.2 Illumination Challenges in Laboratory and Field Measurements

A fundamental distinction between laboratory and natural lighting conditions lies in the type of

illumination source. Laboratory experiments typically utilise point light sources, whereas natural

lighting predominantly originates from area light sources. This difference signi�cantly in�uences

illumination uniformity, re�ection characteristics, and consequently, measurement accuracy in

laboratory versus �eld environments.

In laboratory measurements, controlled illumination is an advantage, allowing manipulation

of lighting conditions to suit experimental needs. However, achieving uniform illumination

across the entire water surface remains challenging. Re�ections from tank walls, equipment,

and the water surface itself can create uneven lighting, leading to shadows and bright spots that

affect measurement accuracy. To mitigate these issues, researchers often use diffused lighting

systems or position light sources strategically to minimize re�ections and shadows. Arti�cial

lighting is commonly employed to maintain consistent illumination, but it can introduce problems

such as glare and hotspots. High-intensity lights may re�ect off the water surface at certain

angles, causing glare that interferes with imaging sensors. Hotspots—areas where light intensity

is signi�cantly higher than the surrounding regions—can result from improper positioning of

light sources or inadequate diffusion. Maintaining consistent lighting conditions throughout an

experiment is essential for obtaining reliable and repeatable results. Variations in illumination

can lead to discrepancies in measurements, particularly in time-series data where changes might

be misinterpreted as physical phenomena rather than artifacts of lighting.

In �eld measurements, challenges are even more pronounced due to natural lighting variability.

Field measurements are subject to the variability of natural lighting, which can change rapidly

due to weather conditions, time of day, and seasonal variations. Cloud cover can �uctuate,

altering light intensity and quality within minutes. The angle of the sun changes throughout

the day, affecting the direction and harshness of shadows. Seasonal shifts impact the length of

daylight hours and the sun's trajectory, introducing long-term variations in lighting conditions.

Direct sunlight can produce intense glare on the water surface, overwhelming optical sensors and

obscuring important features. Glare can cause saturation in images, where portions of the data

contain no usable information due to excessive brightness. Conversely, shadows from clouds,
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terrain, or nearby structures can create areas of low illumination, reducing contrast and making it

dif�cult to detect surface features. The dynamic environment of the �eld setting, with �uctuating

environmental conditions, makes standardizing and controlling illumination virtually impossible.

Adapting to variable �eld conditions requires a combination of hardware solutions and data

processing techniques. Polarizing �lters are a common tool for reducing glare by blocking certain

orientations of re�ected light. Neutral density �lters can help manage overall light intensity

without affecting the balance of colours or wavelengths. Additionally, selecting equipment with

high dynamic range capabilities allows sensors to capture details in both bright and dark areas

simultaneously. On the data processing side, algorithms can adjust for lighting variations by

normalizing brightness levels, enhancing contrast, or correcting colour balance. Techniques such

as high dynamic range (HDR) imaging combine multiple exposures to capture details across

a wider range of light intensities. Machine learning approaches are also being developed to

identify and correct for speci�c types of lighting artifacts. These adaptive strategies enhance the

quality and reliability of �eld measurements but also add complexity to the measurement process,

requiring careful calibration and validation to ensure that corrections do not introduce new errors

or biases into the data.

1.4 Research Aims and Objectives

In this thesis, an innovative high resolution water wave measurement systems would be introduced

in great detail with its performance benchmarked for different test scenario. Benchmarks would

validate the three axis accuracy and limitation of the proposed measurement system, and further

evaluate the measurement system's capability in various lab or real world application. One major

application of this measurement system would be to rapidly validate and evaluate the performance

of water wave metamaterial. For this ends, several basic underwater structure designs are tested

in different condition and further applications of the stereo camera measurement apparatus are

also presented and discussed. The applications included in this thesis apart from the water wave

metamateiral are movement tracking of innovative wave energy converter, motion caption of the

autonomous ship docking and ship wake measurement.

As we conclude Chapter 1 , it is important to outline the speci�c aims and objectives that will

guide this research. The overarching goal is to contribute to advancements in ocean engineering

through the development and application of high-resolution water wave measurement systems.

The following aims and objectives are established to ensure a thorough investigation into this

area.

Aim 1: Design and develop a high-resolution water wave measurement system utilizing ad-
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vanced technologies such as stereo cameras.

Aim 2: Evaluate the accuracy and reliability of the developed measurement system in both

laboratory and �eld settings.

Aim 3: Apply the developed measurement system to study wave interactions with various

structures, including �oating and underwater objects.

Aim 4: Explore the potential applications of the measurement system in monitoring the dynamics

of wave energy converters.

To achieve these aims, the following speci�c objectives have been identi�ed:

Objective 1: Conduct a comprehensive literature review on existing water wave measurement

techniques to identify their strengths, limitations, and gaps in capability. This foundational

analysis will contextualise the necessity of the proposed stereo camera system, particularly for

capturing non-linear wave phenomena and operating in challenging environments such as turbid

water, thereby justifying its novel contribution to the �eld.

Objective 2: Develop and calibrate a stereo camera-based measurement system to translate

stereo-photogrammetry principles into a functional prototype. The system will resolve sub-

centimetre wave features while addressing critical challenges such as light refraction and camera

synchronisation. Calibration against known wave parameters (e.g., amplitude, wavelength) will

ensure metric accuracy, laying the groundwork for reliable �eld deployment.

Objective 3: Perform laboratory experiments under controlled conditions to validate the

system's robustness, with a focus on illumination challenges and data accuracy. By isolating

variables such as lighting and wave frequency, these experiments will quantify operational limits

and re�ne hardware/software con�gurations, ensuring consistent performance in both laboratory

and real-world scenarios.

Objective 4: Analyse collected data to assess the system's capability in (i) capturing complex

wave interactions with underwater structures (e.g., wave scattering) and (ii)tracking the motion of

a prototype wave energy convertor model. This analysis will demonstrate the system's practical

value in marine engineering applications, bridging theoretical innovation with real-world utility.

Outcomes will inform safer infrastructure design and validate the system's superiority over

conventional measurement methods.

These aims and objectives provide a structured framework for the research, ensuring a

systematic exploration of high-resolution water wave measurement systems. By addressing both

the development of new technologies and their practical applications, this work aims to make
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signi�cant contributions to the �eld of ocean engineering.

1.5 Outline

The contents of these chapters are:

Chapter 1 laid the foundation and demonstrate the potential of stereo vision camera imple-

mentation in wave capture capabilities. Previous researches on the deigns and the effect of water

wave metamaterial as well as their inspiration are also discussed and reviewed in great length.

The research objects are also given in this chapter.

Chapter 2 described a novel experimental setup for accurate water wave measurement. It

includes a desktop wave �ume with a controlled wave maker and a stereo camera system using

the Direct Linear Transform method for precise 3D surface reconstruction. The validated system

enables advanced studies of wave interactions with structures, enhancing research in ocean

engineering. This Chapter addresses Objective 1 and 2 by presenting the detailed design process

and experiment procedures.

Chapter 3 examined the in�uence of wave frequency, amplitude, and water depth on the

effectiveness of different metamaterial designs in manipulating wave propagation. The experi-

mental system is employed to capture and analyse complex wave-structure interactions, providing

insights into the underlying hydrodynamic mechanisms. This Chapter builds on the foundation

laid in the previous chapters and further address the Objective 3 and Objective 4.

Chapter 4 assess the performance of a scaled model of the ZOEX WEC. The system accurately

captures the device's motion, enabling the estimation of power output and the analysis of its

response to different wave conditions. and compares the performance of the developed stereo

vision system against a well-established motion capture technology. The comparison highlights

the system's strengths and limitations, identifying areas for potential improvement and further

development. This Chapter addresses the Objective 4 by putting the proposed system against the

commercial system to further demonstrate the robustness and versatility of the proposed system.
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Experimental Apparatuses and Measure-

ments System

In the previous chapter, we established that stereo vision's potential in capturing high quality water

surface. The following chapter introduces an advanced system for high-precision measurement

of water waves, centred on a compact, desktop-scale wave �ume capable of generating only a

small number of wave crests per test. By aligning two industrial cameras equipped with tilt-shift

lenses, the apparatus achieves enhanced focus control and reduced distortion over the measured

region. A rigorous calibration regime, employing the Direct Linear Transformation (DLT),

quanti�es the system's performance and demonstrates an absolute measurement uncertainty

on the order of tenths of a millimetre. These improvements mitigate the practical constraints

imposed by the �ume's limited length, thereby enabling detailed investigations of wave behaviour

and interactions within a reduced physical domain.

2.1 Stereo Vision 3D Reconstruction Principles

2.1.1 Triangulation Principles

In conventional triangulation measurement methods,epipolar geometryis utilized to reconstruct

spatial points from two-dimensional images, as suggested by Hartley and Zisserman (2004).

Consider two cameras with principal points labelled asP1 andP2, respectively. A spatial pointX

is projected onto the image planes of the two cameras, resulting in image pointsx1 andx2. The

pointsC1, C2, P1, P2, andX lie on the same plane, forming theepipolar plane, as depicted in

Figure 2.1.
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(a) (b)

Figure 2.1: Illustration indicating the principle of triangulation (a) The pinhole model of a camera.
The global coordinate system is �xed at the pinhole. (b) The epipolar geometry of a two-view
stereo vision system. Zhao (2024)

The cameras are modelled using thepinhole camera model, which provides a reasonable

approximation for lens-based cameras with medium and long focal lengths. In this model, the

image is formed by projecting the spatial pointX onto the image plane through a ray passing

through the pinhole. An additional plane, symmetric to the pinhole image plane, is considered to

obtain an upright image, corresponding to the planesC1 andC2 in Figure 2.1 (b).

Figure 2.1 (a) illustrates the global coordinate system �xed at the pinhole of Camera 1. Using

homogeneous coordinates, the spatial pointX = ( X;Y;Z;1)> projects onto the two cameras

asx1 = ( x1;y1;1)> andx2 = ( x2;y2;1)> . Based on our camera model, the point projection

relationship can be expressed as:
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Here, f represents the focal length of the camera, de�ned as the distance between the image

plane and the pinhole. The relationship between the image coordinates(x;y) and the pixel

coordinates(u;v) is given by:
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In this equation:

• dx anddy are the pixel dimensions in theu andv directions, respectively.
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• q is the angle between the pixel axes.

• u0 andv0 are the coordinates of the principal point in pixel units.

Theintrinsic parameter matrix K for the pinhole model is de�ned as:

K =
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(2.3)

where:

• fx = f
dx

and fy = f
dy

represent the focal lengths in pixel units along the camera'sx andy

axes, accounting for the projection transformation.

• s= � f
dx tanq is the skew factor, accounting for any non-orthogonality between the pixel

axes.

• u0 andv0 are the principal point offsets in pixel units.

The intrinsic matrixK encapsulates the camera's internal properties, such as focal length,

principal point location, and pixel size.

To represent the cameras' positions and orientations in space, we introduce theextrinsic

parameters, consisting of a rotation matrixRand a translation vectorT. We �x the coordinate

system of Camera 1 as the global coordinate system. The transformation from the global

coordinate system to Camera 2's coordinate system is given by the extrinsic matrix:

E =

2

4
R T

0 1

3

5 (2.4)

For the camera serves as the reference point for the stereo camera systme, in this case,

Camera 1, since it is aligned with the global coordinate system, the extrinsic matrix is simply:

E1 =

2

4
I3� 3 0

0 1

3

5 (2.5)

The full projection equation that relates the spatial pointX to its image pointx in the camera

is then:

x = K � [Rj T] � X (2.6)
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or, speci�cally for each camera:

xi = Ki � [Ri j Ti ] � X (2.7)

wherei = 1;2 for the two cameras.

In light of the homogeneous coordinate system, each camera provides two independent

equations from the projection relation. With two cameras, we have a total of four independent

equations for the three unknown spatial coordinates ofX. If the epipolar constraint is strictly

satis�ed, these four equations can be reduced to three.

In practice, we employ theleast squares methodto estimate the spatial pointX by minimizing

the reprojection error between the observed image pointsx1 andx2 and the projected points from

the estimatedX. This method accounts for measurement noise and leads to a more accurate

reconstruction of the spatial point.

2.1.2 Direct Linear Transformation (DLT) Principles

Until this point, the calibration and reconstruction process relied on the Matlab stereo camera

add-on, where the relative spatial location of the stereo cameras was calculated by detecting

a check-board with known dimensions and using triangulation. This approach is conventional

for 3D reconstruction and it was proved to be adequate even for measuring minor disturbances

against a relatively large background.

The stereo camera calibration process, despite its widespread application, faces two signi�cant

challenges. First, its dependence on a third-party plug-in—the Matlab stereo camera add-

on—limits the scope for re�ning the process to address subtle yet critical issues.

Second, it yields limited depth (Z-axis) resolutions, a drawback that is particularly signi�cant

for precise 3D reconstruction and the analysis of water wave propagation. Within the framework

of the triangulation principle, standard calibration involves determining both intrinsic and extrin-

sic parameters by detecting a calibration board of known dimensions (typically a check-board),

thereby calculating the relative spatial positions of the stereo cameras as well as the internal

matrix of the camera characteristics such as focal length and lens distortion. Although this

conventional approach is robust and capable of capturing minor disturbances against a large

background, its depth resolution is approximately one or even two order of magnitude lower

than that of its horizontal resolutions and is highly sensitive to the precise placement of the

calibration board. To overcome these limitations, the Direct Linear Transformation (DLT) method

is introduced, incorporating depth explicitly as a reference quantity during calibration and thereby

enhancing the overall three-dimensional reconstruction capability.
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To address these limitations and enhance three-dimensional measurement capabilities, an

alternative calibration strategy, the Direct Linear Transformation (DLT) method, has been in-

troduced. Originally proposed by Y.I. Abdel-Aziz and H.M. Karara (Abdel-Aziz et al., 2015),

DLT methods offer a more robust and �exible solution, particularly regarding depth information.

Unlike traditional stereo-camera methods that inadequately represent depth, DLT methods ex-

plicitly incorporate depth directions into the calibration procedure, providing comprehensive and

balanced resolutions in all three spatial dimensions.

From the practical viewpoint, a key advantage of DLT calibration lies in its open, trans-

parent, and linear formulation. Unlike the proprietary, often opaque third-party methods, DLT

methods enable clear insight into the underlying mathematical algorithms. Researchers are thus

free to verify each computational step involved, facilitating direct customisation, re�nement,

and troubleshooting tailored speci�cally for unique observations or challenging experimental

environments.

Furthermore, the DLT method provides greater control over the calibration process. By

enabling direct input and manipulation of calibration points, the system can be �ne-tuned to

achieve higher accuracy, which is particularly bene�cial in irregular or complex environments

where standard stereo camera models may not be suf�cient.

In summary, the shift to the DLT method is motivated by the need for greater depth accuracy,

transparency, customizability, and control in calibration and reconstruction processes. This

approach aligns with the goals of the project, ensuring the system is both effective and adaptable

to a wide range of applications.

The Direct Linear Transformation (DLT) method is rooted in the principles of projective

geometry and linear algebra, and is a fundamental technique in �elds like photogrammetry and

computer vision for camera calibration and 3D reconstruction. It allows for the transformation of

2D image coordinates into 3D object space coordinates using a direct solution.

Mathematically, the relationship between image-plane coordinates(x;y) and object-space

coordinates(X;Y;Z) is expressed by
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whereP is the 3� 4 camera projection matrix andl is an arbitrary projective scale factor.

Every such matrixP obtained through Direct Linear Transformation (DLT) admits, up to
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scale, the canonical factorisation

P = K [R j T ]; (2.9)

in whichK is the intrinsic matrix of Eq. 2.3, andR;T are the rotation and translation de�ning the

camera pose of Eq. 2.4. Hence, DLT supplies, without further non-linear re�nement, the same

intrinsic and extrinsic parameters that iterative stereo-camera calibration yields.

The coef�cients ofP are found directly from a set of precisely surveyedcontrol points.

Solvability requires at least six non-coplanar control points whose object-space coordinates

(X;Y;Z) and corresponding image-space coordinates(x;y) are known. With more than six points,

an over-determined linear system results:

a1X + a2Y + a3Z+ a4 � x(a9X + a10Y + a11Z) = x; (2.10a)

a5X + a6Y + a7Z+ a8 � y(a9X + a10Y + a11Z) = y; (2.10b)

which can be written compactly as

AL = 0; (2.11)

whereA collects the object–image coordinate pairs andL contains the eleven unknown elements

of P. The least-squares solution is conventionally obtained via singular-value decomposition

(SVD), providing a numerically robust estimate ofL.

Consequently, DLT and classical stereo-camera calibration yield mathematically equivalent

camera models; their distinction lies solely in the procedure used to estimateP.

An important practical advantage of DLT calibration over conventional iterative stereo-

camera calibration approaches lies in its intrinsically linear and direct estimation formulation.

The absence of iterative nonlinear procedures simpli�es the computational routine and ensures

improved numerical stability. Additionally, it allows subsequent nonlinear re�nements—through

standard nonlinear least-squares methods such as the Levenberg–Marquardt (also known as

the damped least-squares, DLS) algorithm—to further optimise the accuracy by minimising

reprojection errors.

It is worth highlighting explicitly the direct connection and complementarity of DLT cal-

ibration with triangulation-based 3D reconstruction. The triangulation process, as discussed

previously, reconstructs unknown spatial points by intersecting corresponding optical rays that

originate from measured image points, utilising camera projection matrices. The DLT calibration

explicitly provides these projection matrices, thereby facilitating accurate triangulation.
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2.2 Stereo Camera Data Acquisition Set Up

2.2.1 The Cameras and Lens

Two monochrome industrial cameras (Daheng Image MER2-301-125U3M) are utilised to capture

the water's surface elevation. With a resolution of 2048(H) pixels× 1536(V) pixels and a peak

frame rate of 125 Frames Per Second (FPS) and within the scope of this project, the frame rate

remain constant at 100 FPS, they strike an optimal balance between the frame rate and pixel

density. The data would be transmitted directed to host computer's memory through high speed

USB 3.0 cable before being saved to solid state hard-rives for inspection and post-processing.

Both cameras are equipped with tilt-shift lenses (Nikon 24mm f3.5D ED PC-E) instead of

conventional wide-angle industrial lenses to ensure optimal control over focus and depth of �eld.

The selection of tilt-shift lenses was driven by several key factors that contribute to improving

the accuracy and precision of the captured data during the 3D wave reconstruction process.

Tilt-shift lenses offer the ability to manipulate the plane of focus independently of the camera's

sensor plane, which is particularly advantageous in setups where the camera and the subject plane

(in this case, the water surface) are not perfectly parallel to avoid the direct hit of the projector

light. By adjusting the tilt angle of the lens, the tilt-shift lens introduces a rotation (mathb f Rtilt )

about the camera's horizontal or vertical axis. Thus, we can ensure that the focus plane of both

cameras aligns precisely with the projected pattern on the water surface while no large light

spot is presented in the �eld of view to disturb both the contrast and focus of the images. This

ensures that the entire area of interest, from wave crests to troughs, remains in sharp focus. This

capability is essential when capturing dynamic surfaces such as waves, where small �uctuations

in wave height need to be accurately recorded across a large �eld as shown in Fig.2.2.
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Figure 2.2: Illustration of the tilted lens principle where the tilted forward lens changes the plane
of focus to forms a wedge shape, eliminating the requirement of the camera lens directly facing
the target plane. SNAPSHOT (2020)

Furthermore, the use of tilt-shift lenses allows for an increased depth of �eld without relying

solely on stopping down the aperture, which could lead to diffraction and a loss of image

sharpness. The extended depth of �eld is crucial in this application, as it ensures that a larger

portion of the wave surface remains in sharp focus, even when there are variations in wave height

across the scene. This control over the focus plane is particularly important when dealing with

dynamic, complex surfaces like water waves.

Another critical advantage of using tilt-shift lenses is their ability to minimize image distortion.

Wide-angle industrial lenses tend to introduce barrel or pincushion distortion, which can degrade

the accuracy of the 3D reconstruction process. Since accurate disparity mapping between the two

cameras is vital for 3D surface reconstruction, any distortion in the captured images can result in

errors in depth estimation. By using tilt-shift lenses, we minimize such distortions, ensuring that

the captured images maintain their geometric �delity and accurately represent the wave surface.

In addition to controlling distortion, the shift function of the lenses is used to avoid capturing

direct light from the projector in the �eld of view of the cameras. Since the cameras and the

projector are mounted on the same aluminum frame, re�ections or direct light from the projector

could cause glare or overexposure in the captured images. This could interfere with the 3D

reconstruction process. By adjusting the shift of the lenses, we can exclude the direct light from
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the projector, ensuring that the cameras only capture the re�ected patterns on the water surface,

resulting in clean, well-exposed images.

In addition to the two industrial cameras, we have also included two cinematic grade 4k

cameras ZCam E2 to capture a larger region of interest in the later stage of the project. With a

resolution of 3920(H) pixels x 2160(V) pixels (comparison shown in Fig.2.3) and a reliable frame

rate of 60 FPS which is acceptable for capturing wave frequency up to 6Hz. It's also important to

mention that we are able to retain the excellent tilt-shift lens using adapters. Given its use case in

�lm making where multiple cameras were used to shoot one scene, Zcam synchronization can

be handled internally on the camera body, without the need for external hardware or software

development. Furthermore, power supply and data storage can also be handled by the camera

body while external solutions are also available for speci�c use case.

Figure 2.3: A direct comparison of the cameras used for the measurement system where Left
Hand Side is the Zcam E2 with its larger sensor and on the Right is the industrial camera Daheng
Image MER2-301-125U3M

2.2.2 The Cameras Control Module

Prior to each test, the cameras' exposure time, frame rate, and digital gain are reset to session-

based values using theMATLAB GenICam Toolkit, ensuring consistency. The cameras begin

capturing images simultaneously the moment a signal is sent to the wave makers, ensuring that

the entire experimental process, including the still water surface prior to wave generation, is fully

captured for referencing and benchmarking.

Synchronization between the two cameras is essential for achieving high-quality reconstruc-

tion of the water surface. These cameras are triggered via hardware using their I/O cables

connected to an Arduino NANO, which emits pulses at the same frequency as the frame rate,

ensuring precise timing. Ensuring synchronization down to the millisecond level is critical
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because any delay between the two cameras can signi�cantly impact the accuracy of the disparity

map and depth estimation.

The process of synchronizing stereo cameras typically involves aligning the trigger signal

frequency with the frame rate. Images would only be captured once a pulse was sent from the

arduous microcontroller with pre-determined gap that's normal twice the length of the camera

exposure time to account for data transfer. This relationship ensures that the cameras remain

synchronized throughout the data collection period, minimizing errors in the captured image

sequences.

A key aspect of ensuring synchronization is minimizing the time difference between the

trigger pulses received by each camera. The external trigger signal can be described by:

ftrigger =
Tclk

(ARR+ 1)(PSC+ 1);
(2.12)

whereTclk is the clock frequency,ARRis the auto-reload register, andPSCis the prescaler. These

parameters are adjusted to achieve the desired trigger frequency, which directly in�uences the

synchronization accuracy. Properly con�guring the trigger frequency ensures that both cameras

capture images in sync, reducing potential errors in the reconstructed 3D surface.

Besides achieving synchronization through hardware and software con�gurations, external

measures are employed to verify synchronization accuracy. A time display system, using an

array of LEDs, is placed within the test zone to act as a visible 'timestamp' for each captured

frame. This LED array showcases a binary-coded representation of time, where seconds and

milliseconds are represented by distinct bits. The system provides a visual validation that the

cameras remain synchronized, with preliminary results indicating synchronization precision up

to the millisecond level.

Synchronization performance also depends on the baseline distance between the cameras,

which directly in�uences the accuracy of the 3D reconstruction. Properly calibrating the stereo

cameras, particularly with respect to intrinsic and extrinsic parameters, ensures that the system

captures accurate depth information. The combination of precise synchronization, baseline

distance, and camera calibration leads to high-quality reconstructions of the water surface, with

minimal errors in depth perception.

2.2.3 Camera Focus Module

An essential aspect of camera control in our imaging system is ensuring optimal focus on the target

plane. To achieve precise focusing, two cameras are set up to continuously capture images while

computing real-time focus metrics that quantify image sharpness. This methodology facilitates
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focus optimization by combining focus metric calculation and focus peaking visualization.

The two cameras, referred to as Camera 1 and Camera 2, are initialized with speci�c settings

to suit the imaging requirements. Both cameras are con�gured with an exposure time of 6000

microseconds to control the amount of light entering the sensor, a gain of 10 to amplify the sensor

signal without introducing excessive noise, and the trigger mode is disabled to allow continuous

image acquisition without external triggering.

To quantitatively assess the focus quality of the captured images, the variance of the Laplacian

method is employed. The Laplacian operator (Ñ2(�)) is a second-order derivative �lter that

highlights regions of rapid intensity change, effectively detecting edges within an image. The

variance of the Laplacian provides a scalar value representing the overall amount of edge

information, which correlates with image sharpness. Mathematically, the image sharpness metric

or in this application, focus metric (F) derived from an image (I) is de�ned as the variance of the

Laplacian-�ltered image intensities:

F = Var
�
Ñ2I

�
=

1
MN

M

å
i= 1

N

å
j= 1

�
Ñ2I (i; j) � mÑ2I

� 2
; (2.13)

whereÑ2I (i; j) is the Laplacian-�ltered intensity value at pixel location ((i; j)) of the greyscale

image (I),mÑ2I denotes the mean intensity of the Laplacian-�ltered image, andM andN are the

number of image rows and columns, respectively.

The computational steps involve capturing the greyscale image from the camera, applying

the Laplacian �lter to obtainÑ2I , and calculating the variance of the �ltered image. This focus

metric is computed for each frame in real time for both cameras, providing continuous feedback

on the focus quality.

To assist with manual focus adjustments, a visual aid known as focus peaking is implemented.

Focus peaking highlights areas of the image with high spatial frequency content—typically

edges—by overlaying them on the original image. This is achieved using edge detection algo-

rithms, speci�cally the Sobel operator. The process involves applying the Sobel �lter to the

image to detect edges, resulting in an edge mapE:

E =

s �
¶I
¶x

� 2

+
�

¶I
¶y

� 2

: (2.14)

The edge map is then superimposed onto the original image using a colored overlay (e.g., red)

to highlight the edges. The combined image allows the operator to visually identify which areas

are in sharp focus, aiding in manual adjustments.
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