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Abstract

The increasing shift towards unmanned maritime vessels necessitates advanced training
tools to prepare remote ship navigators for the complexities of operating cargo ships from
a distance. This thesis presents a Virtual Reality (VR) simulator designed to contribute to
the education and skill development of remote vessel controllers. The simulator provides
a realistic depiction of the control room environment that navigators encounter, complete
with various technologies and instruments they will use in real-world scenarios. The core
of the simulator is physics-based, accurately modeling the movement of the vessel by
simulating buoyancy, weight, drag forces, and propulsion. The system is equipped with a
comprehensive array of screens displaying sensor data and a variety of buttons, levers, and
electronic systems that simulate the operational environment of a remote control room.
The sensors provide critical measurements on various aspects of the ship’s status, ensur-
ing that users receive all the necessary information to navigate and operate the vessel
effectively. These features are designed to provide a realistic and immersive experience,
allowing users to interact with the virtual ship as they would in a real-world scenario.
The VR integration elevates the user experience, providing vivid and immersive inter-
actions that closely mimic real-world conditions. Technologies such as Unity, OpenXR,
and the Meta Quest Pro VR headset were utilized to achieve a high degree of realism.
The simulator was developed using C sharp scripting for precise control of interactions,
while the OpenXR framework enabled seamless integration of VR functionalities. Users
can choose between a free-roam mode and a scenario-based mode, where they must navi-
gate from one port to another within a specified time frame. The scenario mode includes
customizable environmental conditions, adding layers of complexity to the training expe-
rience. Evaluation of the system focused on user feedback regarding the VR interactions
and their effectiveness in providing a realistic and engaging training tool. The study also
assessed the users’ ability to complete the navigation scenarios without collisions, under
varying environmental conditions. The results suggest that the VR-based simulator is
a valuable tool for educating future remote ship navigators, offering an immersive and

practical learning environment that can be tailored to a wide range of training needs.



[epiindn

O otéyoc auThAg TNE BIMALUATIXAS EpYAciag HTAY 1) avATTUEN EVOS TPOCOoUOIKTY Euovinrg
HparypatixétnTog (VR) LVPNAAC TLOTOTNTOG YLl TNV EXTULOEUCT| ATOUOXPUOUEVGDY YELOLOTV
Tholwv 6TOV ENEYYO UN ETAVOPWUEVLY popTnywy TAolwy. To €pyo avramoxpiveton otnv
auEavoueVY avdyxr Yoo Teonyuéva epyalela exmaldeuong, xodme 1 vauTihox Propnyovia
oTeéPeTon TIEOG TNV auToUaToToiNoN. O TPOCOUOLKTAS YEPUEGVEL TO VewpnTixd LUTOBalpo ue
TNV TEOXTIXT| EQUPUOYT, TOREYOVTOS EVL PEAMO TG Xalk ACPUAES TERUSGAAOY eEXTaBEUOTC Yot
TohOThoxa cLoTHUNTA TAOwY. O TEOGOUOIWTAS AvamTOYUNXE YENOWOTOWVTAS TNV TAT-
@oppo Unity xou epyorela 6mog ta OpenXR, XR Origin xou XR Interaction Toolkit, eve
yenowonotel To VR headset Meta Quest Pro, npoc@épovtog e€onpetinr) ontixs ToldTnTa Xa
axpl37) mapaxorhovinon Twv xvioewy Twv Yepiwv. H egopuoyr mtpocououmvel To @opTryd
mholo Maersk Honam, arewoviovtog pe axp{Beta Tig Slao TdoeLs xan Tr) Suvoxr| Tou Thotou.
Auvauelc 6K 1) AveoT, 1) avTioTaoT X 1) TROWUNCT EVOWUATOUNXAY VLol VAL SLUGPAUAiGOUY
pealoTiXr) cupTEpLpopd Tou Thotou. Iapdho mou to Maersk Honam eivou cupfotind mhiolo,
YENOWEVEL (G EVOL LOYUPO HOVTEAO YIOL TNV XATUVONOY TOU EAEYYOU UEYSAWY (QORTNY®V
mholwv. O mpocoponThg Teoopépel V0 Aetoupyleg: Tn Aetoupyla eheliepng elepebvnong
YLOU TNV XOTAVONOT) TWV CUCTNUATKY Tou Tholou xar Tn Aettoupylo cevoplou yia TEOXAY-
OElg TAOYYNOTNG, OTOL Ol YPNOTEG TRENEL VA OLUYELRLG TOUY TEQUBUAAOVTIXES CUVITXES Xou VoL
amo@hyouy cuyxpoloels. Ilpocapudoipa oTotyeior xoupxwy cuvinxmy, oTwe 1 Beoyn ot To
©OPATO, EVIOYVOUY TEPAULTERW TOV PEAALOUS, PonidvTac TOUC EXTOUOEUOUEVOUS VoL OTOXTY-
COUV ULt OAOXANPOUEVT] XAUTAVONOT| TNG amopaxpeuouévne mhorynone. H xdpia cuvelsgopd
aUTAS TN OtmAWPTIXC von 1 ovdmTUEn EVOG OAOXANEWUEVOL TEOGOUOLKTY Bauclouévou
otnv Ewovuey Hpoypotixdtnra, mou Pudilel toug yperoteg oe éva peahloTind meplBdihov
YioL Aoty xou amoteheouatey exmaidcuon. H €peuva avadeinviel Tig duvatdtnteg g VR
oTNV exTaldELOT) OTN VAUTIALYL, TEOCPELOVTOG UL ACPUNECTERT EVAAAUXTIXY| GTA TUPADOO!-
oxd EXTOUOELTIXG Uéca xon GUUPBEANOVTAC ot BEATIOTN Blayelplon TV N ETUVOPWUEVLY

TAolwV.
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Chapter 1

Introduction

1.1 Brief Introduction

The integration of VR into the maritime sector offers unprecedented opportunities for
enhancing the training of remote vessel controllers. By simulating real-world conditions
within a virtual environment, VR allows trainees to experience and interact with the
complexities of navigating large vessels without the associated risks. This immersive
approach is particularly valuable for preparing navigators to manage unmanned cargo
ships, where the ability to monitor and control a vessel remotely is paramount [].

As the demand for unmanned vessels grows, so does the need for advanced train-
ing tools that can provide realistic and comprehensive simulations. VR offers a unique
platform that goes beyond traditional training methods, enabling users to engage with
virtual environments that closely replicate the challenges of remote navigation. Through
the use of physics-based simulations and a variety of virtual instruments, including sen-
sors, control systems, and interactive displays, VR facilitates a deeper understanding of
ship operations and enhances the skill set required for effective remote navigation.

This thesis focuses on the development of a VR-based simulator designed to train and
educate future remote ship navigators. By providing a realistic depiction of a remote
control room and simulating the physical forces acting on a vessel, the simulator aims to
bridge the gap between theoretical knowledge and practical application. The immersive
nature of VR, combined with the detailed modeling of ship dynamics, creates a powerful

tool for exploring the intricacies of unmanned cargo ship navigation.

1.2 Purpose of the Thesis

This thesis seeks to harness the transformative capabilities of Virtual Reality (VR) tech-
nology in the maritime industry, specifically in the training and education of remote vessel
navigators. The primary objective is to bridge the gap between the theoretical knowledge
of remote ship operation and the practical experience required to navigate unmanned
cargo ships safely and efficiently. VR technology, with its immersive and interactive en-
vironment, provides an unparalleled platform to simulate the complexities of maritime

navigation in ways that traditional training methods cannot.



1.3. BRIEF DESCRIPTION

The central purpose of this thesis is to explore the use of high-fidelity VR simulations
to create realistic and interactive training environments for remote ship controllers. By
leveraging advanced VR technologies, the thesis aims to equip future navigators with the
necessary skills and experience to operate unmanned vessels effectively. The simulation
incorporates detailed physics modeling and realistic control interfaces, allowing users to
interact with the virtual ship as they would in a real-world scenario.

Furthermore, this thesis provides a comprehensive overview of the research objectives
and methodology underlying the development of the VR-based simulator. It explores the
integration of key navigational tools and control systems into the virtual environment,
ensuring that the training experience is as close to reality as possible.

Moreover, this research aims to highlight the potential benefits of using VR in maritime
training. By allowing trainees to immerse themselves in a fully interactive simulation, it
holds the potential to significantly improve the quality of training, reduce the risk of
accidents, and prepare navigators for the challenges of remote ship operation. Through
the use of VR, this study this study seeks to explore novel avenues for enhanced preci-
sion, interactivity, and visualization, with the ultimate goal of contributing to a deeper
understanding of the challenges and intricacies involved in remote vessel navigation. By
integrating these elements into a VR-based simulator, this thesis aims to set a new stan-
dard for the training of remote ship navigators, ensuring they are well-prepared to manage

the complexities of unmanned cargo ship operations in a safe and controlled environment.

1.3 Brief Description

In this thesis, we developed a virtual reality simulator for the remote operation of an
unmanned cargo ship. The 3d model used is a simulation of the ship Maersk Honam al-
though this ship is not an unmanned. In reality it is a classic cargo ship. The application
simulates the control and navigation of the vessel within a virtual reality environment,
providing an immersive training experience for remote ship navigators. The Meta Quest
Pro VR headset was used to present the virtual environment, offering high-quality visuals
and intuitive hand-tracking features to enhance user interaction with the control systems.
The Meta Quest Pro, known for its exceptional visual fidelity and hand-tracking capabil-
ities, allowed for realistic and intuitive interactions in the control room simulation. This
setup provides users with a highly immersive experience, enabling them to manage the
ship’s systems and navigation seamlessly [3].

The application was developed using Unity and transitioned into a VR environment
utilizing Unity’s VR tools such as the OpenXR standard, XR Origin, and XR Interaction
Toolkit. These tools ensured the simulator could integrate smoothly with the chosen
VR hardware, maximizing immersion and interactivity. Within the simulation, users

interact with a fully modeled version of the Maersk Honam, complete with the ship’s real
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1.4. STRUCTURE OF THE THESIS

dimensions and accurate physics modeling. Forces such as buoyancy, resistance, weight,
and propulsion were integrated into the simulation to ensure realistic ship behavior. While
the ship’s propulsion force mirrors the real-world data, certain adjustments, like weight,
were made to optimize performance within the virtual environment.

The simulator offers two distinct modes: free roam mode, where users can explore
the ship’s systems and environment without specific objectives, and scenario mode, where
users must navigate the ship from one port to another while avoiding collisions, managing
time pressure, and accounting for environmental conditions. Users can customize the
weather conditions, such as rain, waves, and visibility, further enhancing the realism of
the experience.

The primary contribution of this thesis is the development of a comprehensive VR-
based training simulator for unmanned cargo ship navigation, allowing users to interact
with realistic ship systems and experience the complexities of maritime navigation in a

safe, virtual environment.

Figure 1.1: Operator’s view from the control room

1.4 Structure of the Thesis

In the following chapters as well as in this one, the whole thesis is presented in full detail.

e Chapter 1: Introduction

This chapter presents the development of a virtual reality simulator for the unmanned
cargo ship Maersk Honam, aimed at providing a realistic training environment for remote
ship navigation. The chapter discussed the hardware and software technologies used,
including the Meta Quest Pro VR headset and Unity game engine, along with the sim-
ulator’s key features such as free roam and scenario modes, which allow users to explore

and navigate the ship in varying conditions. The chapter also highlighted the overall
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1.4. STRUCTURE OF THE THESIS

contributions of the simulator in advancing maritime training by offering an immersive

and interactive virtual experience.

e Chapter 2: Research Overview

Chapter 2 describes the research conducted for the development of the VR-based un-
manned cargo ship simulator. This chapter begins with an overview of the history and
types of unmanned cargo ships, followed by a discussion on the information presented to
remote ship controllers and the forces acting on a ship, including how they influence the
vessel’s buoyancy and navigation. The chapter then examines the role of unmanned vessel
simulators in providing effective training for remote operators, emphasizing their impor-
tance in the maritime sector.The history and evolution of virtual reality (VR) technology
is explored, with a focus on its immersive and interactive capabilities. A comparison of
the three leading Head Mounted Displays (HMDs) is provided, leading to an explanation
of why the Meta Quest Pro was selected for this project. Lastly, an overview of existing
VR applications and simulators is conducted, with particular attention to those relevant
to the maritime sector, providing a foundation for understanding the simulator’s unique

contributions to the field.

e Chapter 3: Technological Background

Chapter 3 delves into the technological foundations employed in the thesis. It offers an
in-depth examination of the Unity game engine, highlighting its key features and capa-
bilities. Additionally, this chapter presents an overview of the physics and mathematical

equations applied throughout the development process.

e Chapter 4: Users View

Chapter 4 offers an in-depth exploration of the application and its functionalities. It out-
lines the various tasks users can perform within the 3D environment, including interacting
with menus, user interfaces, and 3D features such as buttons, levers, and wheels. Addi-

tionally, use case diagrams will be provided for each interface to illustrate their functions.

e Chapter 5: Implementation

Chapter 5 details the technical implementation of the project, building on the tools and
information introduced in earlier sections. It covers the integration with the Meta Quest
Pro, the ship’s movement, and the development of the physics system. Additionally, each
electronic system is explained in detail, along with how it was implemented. Furthermore

different parts are shown such as interactions and weather features.

e Chapter 6: Evaluation, Results, Future work

Chapter 6 presents the effectiveness of the VR in maritime sector, and especially of a

Epameinondas Chrysis 4 October 2024



1.4. STRUCTURE OF THE THESIS

USV simulator, and how well the user performed. Lastly the conclusions are shown up as

well as the suggestions for future work.
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Chapter 2

Research Overview

2.1 Introduction

The rapid advancements in maritime automation have brought significant attention to
unmanned cargo ships, particularly their potential to revolutionize the industry by re-
ducing labor costs and improving operational efficiency. This chapter delves into the
foundational research that informed the development of the virtual reality (VR) simula-
tor for the Maersk Honam. It begins with a historical overview of unmanned cargo ships,
exploring the evolution of this technology and its various types. The role of remote ship
controllers and the information they rely on for vessel navigation are discussed, with par-
ticular emphasis on the forces acting on a ship, such as buoyancy, drag, and propulsion.
These forces not only affect ship performance but are crucial for the training of remote
operators, highlighting the importance of accurate simulation in a training environment.
Further, the chapter provides a comprehensive review of unmanned vessel simulators and
their role in preparing remote ship operators for the complexities of modern maritime
navigation. In addition, the history and evolution of VR technology is examined, focus-
ing on its capabilities to offer immersive and interactive experiences. The Meta Quest
Pro, selected for its advanced features and superior visual fidelity, is compared to other
Head Mounted Displays (HMDs) in this context, highlighting the rationale behind its
integration into this project. Lastly, this chapter concludes with an overview of existing
VR applications and simulators, particularly those relevant to the maritime sector, setting
the foundation for understanding the unique contributions of our unmanned cargo vessel

VR simulator.

2.2 Backround on Unmanned Surface Vehicles

2.2.1 Definition

Unmanned Surface Vehicles (USVs) are autonomous or remotely operated watercraft that
navigate and perform tasks on the surface of the water without the need for onboard
human crew [4]. They are equipped with sensors, navigation systems, and communication

tools to carry out various missions, such as environmental monitoring, maritime security,



2.2. BACKROUND ON UNMANNED SURFACE VEHICLES

defense, and commercial operations like cargo transportation. USVs can be controlled
from a remote location or operate autonomously based on pre-programmed instructions

and onboard artificial intelligence (AI) systems.

2.2.2 History of USVs

The development of Unmanned Surface Vehicles (USVs) has its origins in the early 20th
century, primarily within military and defense sectors. Initial concepts for USVs were
linked to remote-controlled naval vessels used during World War II, where rudimentary
radio-controlled boats were developed for mine sweeping and target practice. However,
these early efforts were limited by the technology of the time and did not see widespread
use [5].

It was not until the late 20th century that advancements in computing, navigation
systems, and communication technologies began to significantly influence the development
of modern USVs. During the 1980s and 1990s [6], USVs began to evolve, particularly in
the context of naval research. These early USVs were primarily used for tasks such
as surveillance, environmental monitoring, and mine detection. They were still mostly
controlled by operators through radio signals, but they laid the foundation for more
advanced autonomous systems.

The early 21st century saw rapid advancements in automation, artificial intelligence
(AI), and sensor technology, which propelled the evolution of USVs. As autonomy lev-
els increased, USVs started to be equipped with sophisticated navigation systems and
Al-based decision-making capabilities, allowing them to perform more complex missions
without direct human intervention. This shift enabled the use of USVs in a broader range
of applications, including commercial shipping, environmental monitoring, and offshore
oil and gas exploration.

Today, USVs are at the forefront of maritime innovation, with cutting-edge systems
that incorporate advanced Al, LIDAR, radar, and sonar technologies [6]. They are capable
of operating autonomously for extended periods, conducting tasks such as data collection,
security patrols, and even cargo transportation. As industries continue to explore the
benefits of unmanned systems, USVs have become a key player in the ongoing shift toward

automation in the maritime sector.

2.2.3 Types of USVs and their uses

Unmanned Surface Vehicles (USVs) come in a variety of types, each designed for spe-
cific purposes based on their size, capabilities, and level of autonomy. These vehicles
are deployed in both military and civilian sectors, fulfilling tasks that range from naval
operations to environmental monitoring and scientific research. Below are the main types

of USVs and their typical uses:

Epameinondas Chrysis 7 October 2024



2.2. BACKROUND ON UNMANNED SURFACE VEHICLES

1. Military USVs are perhaps the most developed category, with applications in mine
detection, reconnaissance, and combat operations [7]. These USVs are often equipped with
advanced sensors, sonar, and weaponry systems. An example is the Seahawk USV used
by the U.S. Navy for surveillance and combat. These USVs can operate autonomously
or remotely, allowing naval forces to perform dangerous missions such as mine clearing
without risking human lives. They can also carry out patrolling and intelligence gathering

in contested waters.

Figure 2.1: Sea Hunter an USV of the U.S. Navy

2. Scientific and Environmental Monitoring USVs. Another important class of USVs
is those used for scientific research and environmental monitoring [4] [7]. These vessels
are usually designed to collect data over long periods and vast ocean areas. USVs like
the Saildrone and DriX are commonly employed for mapping the ocean floor, studying
marine ecosystems, and monitoring climate change. They can be equipped with sensors
to collect data on water quality, temperature, and salinity, and they often operate on

renewable energy sources like wind and solar power, allowing for extended missions.
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Figure 2.2: USV to research water pollution

3. Commercial USVs. In the commercial sector, USVs are increasingly being used
for logistical tasks such as cargo transport, particularly for short sea shipping or port
operations. These vessels, like the Maersk Honam, represent a new frontier in unmanned
logistics, reducing the need for human crew and enhancing the efficiency of shipping
operations [4]. USVs in this category are also employed for offshore oil and gas exploration,
providing an efficient and safer alternative to traditional manned vessels in potentially

hazardous environments.

Figure 2.3: Yara Birkeland cargo USV

4. Survey and Inspection USVs used for survey and inspection purposes are typically
equipped with high-resolution sonar and LIDAR systems to perform detailed surveys of
underwater structures, pipelines, or maritime infrastructure [4, 8]. They are crucial in
industries such as offshore wind farms, where underwater inspections are necessary for
maintenance and construction. These USVs can operate in shallow waters and perform

tasks with high precision, reducing the need for costly manned operations.
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Figure 2.4: USV for remote survey

5. Autonomous Security Patrol USVs. Security patrol USVs are used for monitoring
and protecting restricted or sensitive areas such as ports, harbors, and offshore installa-
tions [4, §]. Equipped with cameras, radar, and communication systems, these USVs can
autonomously patrol designated areas and alert authorities to any suspicious activities.
Some are also armed to respond to potential threats, providing a level of deterrence and

security.

Figure 2.5: Autonomous Guard USV

2.2.4 Information presented to remote operators

Operating a remotely controlled unmanned vessel requires the remote operator to have
access to a wide array of real-time data to ensure safe and efficient navigation. Since

there is no crew on board to monitor systems directly, all critical information must be
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communicated through a control interface that replicates the bridge environment of a
manned vessel. Below are the key types of data presented to remote operators and how

they are processed and displayed.

1. Navigation Data.
One of the most critical types of information provided to a remote operator is

navigation data. This includes:

o GPS (Global Positioning System): Real-time positioning data allows the op-
erator to track the vessel’s current location and plan routes. This data is
displayed on an electronic map, giving the operator a clear view of the ship’s

position relative to other vessels, obstacles, and landmasses [9].

o Radar: Radar provides information about nearby ships, land, and other obsta-
cles that may pose a risk to the vessel [I0]. The radar system detects objects
at various distances and displays them on a radar screen, alerting the operator

to potential hazards.

o LiDAR (Light Detection and Ranging): LiDAR is often used for more precise
detection of objects, particularly underwater obstacles or during docking ma-
neuvers [9]. The data from LiDAR is processed and displayed as a 3D map,

helping operators understand the vessel’s surroundings.

o AIS (Automatic Identification System): AIS data is used to track other ships
in the vicinity. This system provides information such as the ship’s name,
course, speed, and direction, allowing the remote operator to make informed

navigation decisions.

2. Vessel Health and Performance Data.
The remote operator is also responsible for monitoring the health and performance
of the vessel. This data is typically displayed on control panels in the form of gauges,

meters, or graphical displays:

« Engine Status and Propulsion Data: Real-time feedback on the engine’s RPM
(Revolutions Per Minute), fuel consumption, and propulsion power is essential
for ensuring the vessel operates efficiently [I1]. Operators are alerted to any

engine issues, and they can remotely adjust propulsion settings as necessary.

o Electrical and Power Systems: Data on the vessel’s power supply, battery levels
(if applicable), and energy usage is also critical. The operator can monitor
energy consumption and ensure that backup power systems are available if

needed.
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e Weather and Environmental Conditions: Information on wind speed, wave
height, and weather forecasts is provided to the operator to optimize navigation

routes and ensure safe operations in varying environmental conditions.

3. Control and Communication Systems.
The remote operator has access to various systems that allow them to control the

ship and communicate with external entities:

o Autopilot System: The autopilot system allows the operator to set a course for
the ship, which it can follow autonomously [I2]. The operator can monitor the

ship’s adherence to the set course and make adjustments as needed.

o Thrusters and Maneuvering Systems: Real-time control over the vessel’s thrusters
and other maneuvering systems is provided through the interface. This allows
the operator to make precise movements, especially during docking or when

navigating tight spaces.

o Communication Systems: Operators must maintain communication with mar-
itime authorities, port operators, and other vessels. Communication systems
provide voice and data transmission capabilities, ensuring that operators can
comply with maritime traffic control and receive instructions from external
entities [12].

4. Safety and Security Monitoring.

Remote operators are also responsible for the vessel’s security and safety:

o Camera Feeds: High-definition cameras placed around the ship provide the
operator with a visual feed of the ship’s surroundings. This helps in assessing
situations that may not be fully captured by radar or LiDAR, such as nearby

vessels, docking operations, or potential threats.

o Fire Detection and Alarm Systems: In the event of a fire or other onboard emer-
gency, the operator is immediately alerted [I3]. Systems such as fire alarms,
temperature sensors, and flood detectors are constantly monitored to ensure

quick responses to any onboard issues.

Data processing and display

All this data is collected from various sensors and systems onboard the vessel and trans-
mitted to the operator via secure communication channels [I0]. Data is processed in
real-time by the vessel’s onboard computers and control systems, which convert raw sen-
sor data into meaningful information, such as graphical maps, alerts, and system status

indicators.
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The data is then displayed on a control interface, which typically mimics the layout
of a traditional ship’s bridge. Operators interact with the system through user-friendly
graphical interfaces, where they can click on various icons, monitor dashboards, and
adjust settings. Alerts and critical warnings are usually highlighted to draw the operator’s

immediate attention, ensuring swift responses to any potential issues.

Figure 2.6: Inshore control room of an USV

In this thesis, the majority of the data presented are simulated with accuracy so as
a realistic control room is presented to the user. Each of the electronic systems will be

later presented with precision.

2.3 How ships float and move through the water

In this thesis, we focused on the physics of ships, and thus the physics of unmanned vessels.
Ships are massive structures, but they manage to stay afloat and navigate through the
water due to fundamental principles of physics and the interaction of forces. At the core
of this process are two primary concepts: buoyancy and propulsion. These forces ensure

that a ship can float, remain stable, and move through the water effectively.

Buoyancy: Why Ships Float

The principle of buoyancy is what allows ships to float, and it is based on Archimedes’
principle, which states that any object submerged in a fluid experiences an upward force
equal to the weight of the fluid it displaces. When a ship is placed in water, it pushes or
displaces a certain amount of water [I4]. If the weight of the displaced water is equal to

or greater than the weight of the ship, the vessel will float.
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Ships are designed with hulls that displace large volumes of water relative to their
weight. Even though ships are heavy, their size and shape ensure they displace enough
water to create a buoyant force that keeps them afloat. The hollow structure of a ship
also contributes to its ability to displace more water than its actual mass, which is why

even large, heavy ships like tankers or cargo vessels can float.

Upthrust|equal to
weight pof ship

Surface of water
N N N N N

~—
Displaced water ~———————

TS e W N

Weight|of ship

Figure 2.7: Vertical forces acting on a ship

Forces acting on a ship

o Buoyancy Force: This is the upward force exerted by the water on the ship, which
counteracts the force of gravity pulling the ship down [I4]. As long as the buoyant
force is equal to or greater than the ship’s weight, the vessel remains afloat. The
design of the hull plays a crucial role in optimizing buoyancy by maximizing the

volume of displaced water.

o Gravity: The weight of the ship (or the gravitational force acting on the ship) pulls
it down towards the center of the Earth. This force works against buoyancy, and
the balance between the ship’s weight and the buoyant force determines whether
the ship floats or sinks. For a ship to float stably, its center of gravity needs to be

balanced with the center of buoyancy.

» Resistance (Drag): Ships face different types of resistance as they move through
water. Resistance is the force that opposes a ship’s motion and consists of three

main types [15]:

— Frictional Resistance: This occurs due to the friction between the ship’s hull
and the water. As the hull moves through the water, it drags along a thin layer
of water molecules, creating resistance. The smoother and more streamlined

the hull, the less frictional resistance the ship will experience.
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— Wave-Making Resistance (Residual Resistance): As the ship moves through
water, it displaces it and generates waves. The energy required to create these
waves leads to resistance. The shape of the hull and the speed of the ship play

a significant role in determining the extent of this wave-making resistance.

— Air Resistance: Although smaller compared to water resistance, air resistance
is also a factor, particularly for ships with large structures above the waterline.
Air flowing against the ship’s superstructure creates drag, which can slightly

slow the ship, especially in high winds or at high speeds.

o Propulsion: Ships are equipped with propulsion systems that provide the forward
force needed to overcome drag and move through the water. Most modern ships use
engines that power propellers, which rotate and push water backward, propelling
the ship forward through Newton’s third law of motion (for every action, there is an
equal and opposite reaction) [16]. Other propulsion methods include jet propulsion
and sails in some cases. The efficiency of the propulsion system is key to a ship’s

speed and fuel consumption.

« Lift and Side Forces (for Stability and Turning): Ships often use side forces, gen-
erated by the shape of the hull and rudders, to maintain stability and steer [16].
When turning, a ship utilizes rudder deflection to change the direction of water
flow, creating a sideways force that turns the vessel. These forces work together

with propulsion to navigate through the water.

In this thesis, all those basic forces were simulated with aiming to create a product
application that has a physical essence. Some simplifications were made will be analyzed
later. The result of the movement of our ship, Maersk Honam is the result of those forces

and how much they impact the rotation, the speed and the orientation of our vessel.
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resistance /
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Figure 2.8: Forces acting on a ship
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2.4 Virtual Reality

2.4.1 History of VR

1960s — The Early Concepts

The concept of Virtual Reality (VR) began in the 1960s with devices like Morton Heilig’s
Sensorama (1962), which was one of the first to attempt an immersive sensory experience
[17]. Around the same time, Ivan Sutherland developed the Sword of Damocles (1968),
the first head-mounted display (HMD) offering basic 3D computer graphics. These early
systems laid the groundwork for VR, but their bulky designs and limited technology con-

strained their widespread use.

sensoralla
| -

-

Figure 2.9: Sensorama VR

1970s — Early Military and Medical Uses

In the 1970s, VR started to find its way into military and medical fields [I7]. The U.S.
military developed early VR flight simulators, enhancing pilot training. Around the same
period, medical professionals began to explore VR for training doctors in surgeries and
medical procedures. These applications showed the first signs of VR’s potential for train-
ing and education. The Aspen Movie Map at MIT in 1978 was one of the first interactive

virtual tours, which further demonstrated VR’s potential for immersive experiences.
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1980s — Birth of Modern VR

In the 1980s, the modern era of VR began when Jaron Lanier coined the term "virtual real-
ity" and founded VPL Research, which developed key technologies such as the DataGlove
and the EyePhone HMD [Ig]. These devices allowed users to interact more naturally
with virtual environments and were critical in advancing VR as a medium for research,
entertainment, and education. Around the same time, flight and combat simulators using

VR were being refined for military training.

1990s — Commercial Exploration and Challenges

The 1990s saw attempts to bring VR into the commercial market. Sega and Nintendo
developed VR systems like Sega VR and Nintendo’s Virtual Boy, although these devices
failed commercially due to technical limitations, such as low resolution and uncomfort-
able design [18]. Despite these setbacks, industries like automotive design and healthcare
continued to explore VR for specialized training and simulations, where precision and

immersive environments were critical.

Figure 2.10: Nintendo Vitrual Boy

2000s — Technological Refinement and Mobile VR

With the dawn of the 2000s, improvements in processing power and display technologies
led to significant advancements in VR. The rise of Oculus Rift in 2012, which was funded

through a Kickstarter campaign, marked a revival of VR in the public consciousness .
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The development of better screen resolution, more powerful computing, and the integra-
tion of motion tracking systems allowed VR to provide more immersive and interactive
experiences [I7]. Mobile VR, powered by smartphones, also became popular, making VR

more accessible to the public.

2010s — The VR Boom

The 2010s marked a turning point in the widespread use of VR across multiple industries.
With the release of consumer-grade VR systems like Oculus Rift, HT'C Vive, and PlaySta-
tion VR, VR gained traction not only in gaming but also in fields such as architecture,
healthcare, education, and industrial training. These systems provided high-resolution
displays, advanced tracking systems, and greater levels of immersion. As a result, VR
started being adopted in areas that required immersive, interactive environments for learn-

ing, design, and entertainment.

Present and Future

Today, VR is integral to sectors such as aerospace, maritime, education, and healthcare.
Technologies like haptic feedback, eye-tracking, and full-body motion capture are contin-
uously being integrated into VR systems, making the experiences even more immersive
and precise [I7]. As VR hardware and software continue to evolve, it is expected that
virtual environments will become more realistic, paving the way for broader adoption in
areas like remote work, social interaction, and scientific research. VR is increasingly seen

as a transformative technology with applications that extend far beyond entertainment.

2.4.2 Virtual Reality applications

Virtual Reality (VR) has grown from its early stages as a visualization tool into a versatile
medium that supports immersive and interactive experiences across a wide range of fields
[19]. Today, VR enables users to engage with virtual environments in real-time, offer-
ing a dynamic platform for interaction, learning, and simulation. Interactive VR allows
participants to directly influence their virtual surroundings, making them active creators
of their experiences. This engagement is powered by a variety of input technologies, in-
cluding hand controllers, motion sensors, and gesture recognition systems, which allow
users to manipulate objects, navigate environments, and interact with virtual elements
intuitively [20].

VR has found extensive applications in domains such as entertainment, education,
training, healthcare, and scientific research. In gaming, VR provides an unprecedented
level of immersion, enabling players to step into virtual worlds and interact in ways pre-

viously unimaginable [2I]. Beyond entertainment, educational institutions are leveraging
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VR to create immersive learning environments where students can explore complex sub-
jects such as history, science, and geography in a hands-on manner.

In training simulations, VR allows professionals to practice real-world tasks in a risk-
free virtual environment, which has proven invaluable for industries such as aviation, mil-
itary, and healthcare. These realistic simulations facilitate skill development and knowl-
edge transfer by replicating scenarios that would otherwise be costly or dangerous to
practice in real life [19].

VR is also showing great potential in therapeutic applications, particularly in the
treatment of psychological disorders such as phobias, PTSD, and anxiety. Using VR,
therapists can safely expose patients to controlled environments, helping them confront
fears and develop coping strategies [20]. In the medical field, VR is increasingly used in
surgical training, allowing surgeons to practice complex procedures in a simulated environ-
ment, and for patient education, where immersive tools help patients better understand
their medical conditions and treatments [21].

Moreover, VR is becoming an essential tool in scientific research and data visualization,
where researchers can explore and analyze complex phenomena within interactive virtual
environments. This immersive approach enables scientists to visualize intricate datasets
in ways that are often not possible using traditional methods.

In summary, Virtual Reality has become a transformative platform, empowering users
to actively participate in a wide array of fields. As VR technology advances and becomes
more accessible, the potential for innovation and impact continues to grow, promising
exciting future developments across entertainment, education, training, therapy, and sci-

entific research.

VR Application Industries

Gaming Healthcare Engineering Live Events Video

B =\ 4}
e

Real Estate Retail Military Education

Figure 2.11: VR Applications Sectors

2.4.3 Head Mounted Displays (HMDs)

Head-mounted displays (HMDs) are wearable devices that place users directly into vir-

tual environments by displaying stereoscopic images to each eye [22]. Typically, HMDs
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are comprised of display screens, lenses, and motion sensors embedded within a head-
worn unit, secured by straps or frames to ensure stability and comfort. The design of
HMDs ranges from lightweight models for casual users to advanced systems intended for
professional and industrial applications [23].

HMDs serve as the central interface between users and virtual reality (VR), creating
an immersive experience by delivering visual and auditory feedback that mimics real-
world sensations. This combination of visual, auditory, and motion tracking capabilities
enables users to feel fully immersed in the virtual environment [22, 23]. The quality of
these stimuli—particularly in terms of resolution, field of view, and sound—determines
how realistic and engaging the virtual experience is for the user.

Over the years, technological advancements have greatly improved HMDs, making
them more comfortable, lighter, and capable of rendering high-resolution images with
minimal latency [24]. Improved motion sensors and inertial measurement units (IMUs)
allow for more precise tracking of head movements, while advancements in optics and lens
design provide clearer visuals with a wider field of view [22, 24]. Modern HMDs also often
feature spatial audio technology, which delivers immersive 3D sound to complement the

visuals, enhancing the sense of presence in the virtual environment.

Figure 2.12: HTC Vive Pro

HMDs come equipped with various ergonomic features, such as adjustable straps and
padding, to maximize user comfort during extended VR sessions [23]. This design consid-
eration, along with high-fidelity visual displays and accurate motion tracking, contributes
to the overall immersive experience, making HMDs ideal for applications in entertainment,
education, training, and medical simulations.

For this thesis, a state-of-the-art HMD with ultra-high-resolution displays and a wide
field of view was utilized to provide an immersive experience for the unmanned vessel
simulator. This advanced hardware allowed for a more engaging and realistic interaction

within the virtual control environment.
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Figure 2.13: Meta Quest Pro

2.4.4 Position Tracking

Position tracking is a critical component of virtual reality (VR) technology, allowing
for the accurate detection of a user’s physical movements within a virtual space. By
tracking both position and orientation, VR systems enable users to interact with virtual
environments in a natural and intuitive way. Several techniques have been developed to
ensure precise tracking, each with its own advantages and limitations.

Inertial Measurement Units (IMUs): One common technique for position track-
ing is the use of IMUs, which incorporate sensors such as accelerometers and gyroscopes.
These sensors monitor changes in speed, acceleration, and rotational motion, enabling the
system to track the user’s head and body movements in real-time. IMUs provide low-
latency tracking, which is ideal for creating a smooth and responsive VR experience [25].
However, IMU-based tracking systems can experience drift, meaning small inaccuracies
accumulate over time, which may affect tracking precision during extended use or rapid
movements.

External Tracking Systems: Another approach involves the use of external sensors
or cameras placed around the user’s environment to track the position of VR devices like
headsets or controllers. These systems use visual markers or cues to accurately determine

the user’s position within a designated space. Popular examples of external tracking

Epameinondas Chrysis 21 October 2024



2.4. VIRTUAL REALITY

systems include the HTC Vive’s Lighthouse and Oculus Constellation, which use infrared
sensors and lasers to ensure precise tracking within a large play area.

Hybrid Tracking Solutions: To mitigate the limitations of individual tracking sys-
tems, many VR platforms now utilize hybrid tracking solutions. These systems combine
multiple tracking technologies, such as IMUs and external sensors, to enhance both pre-
cision and responsiveness. By integrating different tracking modalities, hybrid systems
balance the benefits of low-latency IMU tracking with the positional accuracy of external
sensors, resulting in a more immersive and reliable VR experience [26].

In this thesis, we utilized the Meta Quest Pro, a state-of-the-art VR headset equipped
with advanced position tracking capabilities. The Meta Quest Pro uses inside-out track-
ing, which leverages built-in cameras and sensors to track the user’s position and move-
ments without the need for external hardware. This allows for seamless interaction within
the virtual control environment, providing the precision required for accurate unmanned

vessel simulations.

2.4.5 Head Tracking

Head tracking is a vital feature in VR technology, enabling systems to track the user’s
head movements in real time. This allows the virtual environment to respond dynamically
to changes in the user’s head position and orientation, enhancing the feeling of immersion
and presence in the virtual world. The system continuously adjusts the user’s viewpoint,
ensuring the visual experience aligns with their movements.

Several technologies can be used for head tracking. Inertial Measurement Units
(IMUs), composed of accelerometers and gyroscopes, track head rotation with low la-
tency, making them effective for capturing real-time movement. However, IMUs may
suffer from accuracy issues like drift over time. More precise tracking can be achieved
using optical tracking systems, such as those in the Oculus Rift or HTC Vive, which
employ external cameras or sensors to monitor head position and orientation within a
defined space [27].

Head tracking systems typically offer either 3 degrees of freedom (3DoF), capturing
only rotational movements, or 6 degrees of freedom (6DoF), which also track the user’s
physical movements along the X, Y, and Z axes. This additional freedom enhances the
user experience by allowing physical movement within the virtual environment.

Challenges such as latency, jitter, and occlusion can affect the quality of head track-
ing. Hybrid systems that combine IMUs and external sensors help mitigate these issues,
providing smoother and more precise tracking [28].

In this thesis, the Meta Quest Pro was used, which features inside-out tracking. This
hybrid system integrates IMUs and onboard cameras to provide 6DoF, allowing for accu-

rate head tracking without external sensors, enhancing the immersive experience in the
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unmanned vessel simulator.

Figure 2.14: Degrees Of Freedom

2.4.6 Input Methods

Input methods are essential for enabling interaction within virtual reality (VR) envi-
ronments, allowing users to engage naturally and intuitively with virtual objects and
surroundings. These methods include hand tracking, controllers, and eye tracking, each
offering different levels of immersion and control in VR experiences.

Hand Tracking Technology: Hand tracking allows VR systems to detect and an-
alyze hand movements in real-time, enabling users to interact with virtual objects using
their hands. This technology often uses optical sensors and depth cameras to capture
hand and finger movements, while machine learning algorithms interpret these move-
ments to provide smooth and precise control. Advanced hand tracking systems recognize
intricate gestures, enabling users to perform complex interactions, such as grabbing or
manipulating virtual objects without the need for physical controllers [29].

Controller-Based Input: VR controllers, commonly equipped with buttons, trig-
gers, and joysticks, offer users tactile feedback, enhancing the interaction experience.
These controllers provide precise control over movements and actions in virtual environ-
ments. With ergonomic designs and haptic feedback, they allow users to grab objects,
navigate menus, and interact with interfaces in a way that feels natural and engaging. The
tactile feedback helps users feel more connected to the virtual world, enhancing immersion
[30].

Eye Tracking Integration: Eye tracking technology monitors the user’s gaze and
eye movements, allowing the VR system to respond dynamically based on where the user

is looking. By tracking the user’s visual focus, VR applications can adjust interactions
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Figure 2.15: Hand Tracking Visualisation

and provide more natural responses. KEye tracking also enables advanced features like
foveated rendering, where processing power is concentrated on areas the user is looking
at, optimizing system performance while maintaining high visual quality in focused areas.

Hybrid Input Solutions: Some VR systems combine hand tracking, controller in-
put, and eye tracking into hybrid input methods, offering flexibility based on the user’s
needs or the type of task. These hybrid systems allow users to seamlessly switch between
different input methods, enhancing versatility and user comfort in various VR applica-
tions. By combining the precision of controllers, the intuitiveness of hand gestures, and
the responsiveness of eye tracking, hybrid solutions provide a more immersive and dynamic
user experience [30].

In this thesis, the Meta Quest Pro was utilized, which integrates both hand tracking
and controller-based inputs. This hybrid input system allowed users to control the un-
manned vessel simulator intuitively, ensuring that interactions within the virtual control

room were both precise and immersive.

2.5 Virtual Reality Simulators

Over the years, virtual reality (VR) simulators have become widely used across industries,
offering immersive and interactive environments for training, education, and various pro-
fessional applications.

NASA’s Virtual Reality Lab (VRL) has been a pioneer in using VR for astronaut
training [31]. Their VR simulator replicates the International Space Station (ISS) envi-
ronment, allowing astronauts to practice spacewalks and repairs in a virtual setting that
mimics the challenges of space without the associated risks. This has been instrumental
in preparing astronauts for real missions.

Flight Simulators, employed by organizations such as Lockheed Martin and Boeing,
provide highly detailed virtual cockpits for both military and commercial pilot training.

These simulators recreate different flight scenarios, including emergencies and complex
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navigation, making pilot training more cost-effective and reducing the need for extensive
real-world flight time.

Surgical VR Simulators, such as Osso VR, allow medical professionals to practice
surgeries in a virtual environment [32]. These simulators are designed to replicate detailed
anatomy and surgical procedures, providing a safe, repeatable training ground for surgeons
to refine their skills without the risks of operating on live patients.

Military Training Simulators, such as the Dismounted Soldier Training System (DSTS),
offer soldiers the chance to practice battlefield scenarios in a fully immersive virtual envi-
ronment. These simulators allow soldiers to experience realistic combat settings, improv-
ing their decision-making and teamwork skills in life-like scenarios.

Driving and Racing Simulators, used by F1 racing teams and driver training programs,
allow participants to practice navigating race tracks and handling vehicles in a range
of conditions, from wet surfaces to high-speed corners. These simulators enhance both
performance and safety in racing and general driving.

Industrial Simulators, like those from Immersive Technologies, train workers to operate
heavy machinery, such as cranes and excavators. By simulating high-risk job scenarios,
these VR systems reduce the chance of accidents and allow operators to become familiar
with complex machinery in a controlled environment.

Firefighter Training Simulators, such as the FLAIM Trainer, use VR to simulate dan-
gerous fire scenarios, allowing trainees to practice firefighting techniques in a risk-free

environment. These simulations help prepare firefighters for high-stress situations with-

™

out the dangers of live fire training.

NI

Figure 2.16: Osso Surgical VR Simulator
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2.5.1 Virtual Reality Unmanned/Ship Simulators

Important Ship Simulators

o Transas Marine Simulators: Transas offers one of the most widely used maritime
training simulators. It provides virtual environments for crew to practice ship han-
dling, navigation, and emergency procedures. The simulator replicates real-world
conditions such as ocean currents, weather, and vessel traffic, ensuring operators

are well-prepared for diverse situations at sea.

Purpose: Training deck officers, engine room crews, and emergency responders.

« Kongsberg Maritime Simulators: Kongsberg is another industry leader, offering
advanced simulators that cover ship navigation, engine room training, and even
dynamic positioning operations. The high-fidelity visual systems and real-world

physics simulations offer users a near-realistic experience.

Purpose: Navigation, dynamic positioning, and crisis management.

o Panama Canal Authority’s Simulator: The Panama Canal Authority has developed
simulators for training personnel on the specific challenges of navigating the canal.
It enables users to practice operating different types of ships through the Panama

Canal’s unique lock system and busy maritime traffic.

Purpose: Training pilots and tugboat captains for navigating the Panama Canal.

Unmanned Vessel Simulators

o ST Engineering’s USV Simulator: This simulator is used for training operators of
Unmanned Surface Vessels (USVs). It offers detailed virtual environments and com-
plex mission scenarios, allowing trainees to control the vessel remotely. It simulates
conditions such as weather, tides, and onboard system malfunctions, improving re-

mote operational readiness.
Purpose: Training operators to control and navigate unmanned vessels remotely.
o Dynautics Autonomous Vessel Simulator: Dynautics offers a simulator designed

for autonomous and unmanned surface vessels. It provides hydrodynamic models,

environmental conditions, and control systems for testing vessel behavior under
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Figure 2.17: Kongsberg Maritime Simulator

various conditions. The simulator helps developers design and test autonomous

vessels, reducing real-world trial costs and improving safety.

Purpose: Design, testing, and training for autonomous vessels.

« Maritime Simulation Institute (MSI): The MSI offers high-level simulations for both
manned and unmanned vessels. Their simulators are used for NOAA officer train-
ing, integrating control systems for autonomous platforms like unmanned research

vessels, which have grown in use for oceanographic surveys and naval applications.

Purpose: Manned and unmanned vessel training with specific use cases in maritime

research and navigation.
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Figure 2.18: A simulator for testing and assessing human supervised autonomous ship
navigation

2.5.2 VR-Based Training and Its Impact on Maritime Safety
and Efficiency

The adoption of VR-based ship simulators has reshaped how maritime operators are
trained by offering a controlled, immersive, and risk-free environment. Safety training
through VR has become a key factor in preventing real-world accidents by simulating
complex, high-risk scenarios such as fires, engine failures, or harsh weather conditions,
which would be unsafe to replicate physically. In these virtual simulations, operators can
make mistakes and learn from them without the consequences of real-world incidents.
By providing this "fail-safe" environment, VR equips operators with vital experience in
navigating emergencies, ultimately reducing the risk of human error and ensuring quicker,
more confident responses during actual crises.

Another significant benefit of VR-based training is its contribution to environmental
sustainability. Traditional training often involves physical ship trials, which consume large
amounts of fuel, produce emissions, and cause environmental wear and tear on equipment.
In contrast, virtual simulations eliminate the need for such trials, drastically reducing
the environmental footprint of training programs. Trainees can practice ship handling,
maneuvering, and crisis management in detailed, lifelike environments without the carbon
emissions or fuel costs associated with operating actual vessels. This transition to digital
training not only conserves resources but aligns with the global maritime industry’s goal
to reduce its environmental impact.

One of the most crucial aspects of VR-based training is its ability to prepare operators
for crisis management. Emergencies such as engine failure, navigation errors, or extreme

weather are simulated to allow operators to practice responses under stressful conditions.
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In these scenarios, users must think quickly and apply correct procedures, giving them
the practical experience they might not gain through standard training methods. The VR
simulator can present a range of realistic challenges, such as steering the ship through a
storm, responding to mechanical malfunctions, or avoiding collisions. These high-pressure
situations are difficult to replicate in physical settings, but VR offers a safe space for
operators to practice them repeatedly, honing their ability to react swiftly and correctly
during actual maritime crises.

Moreover, VR simulations can adapt dynamically to user performance, offering real-
time feedback. If an operator fails to respond adequately to a simulated crisis, the system
can guide them through corrective steps, reinforcing their learning and building their
problem-solving capabilities. This type of real-time evaluation is crucial for ensuring that
trainees not only understand the theoretical aspects of ship operations but also have
practical, hands-on experience managing difficult situations.

In the long run, the advantages of VR-based training extend beyond immediate opera-
tional readiness. It contributes to the long-term safety culture within maritime companies
by providing continuous learning opportunities. Operators can engage in regular refresher
training without the logistical challenges of arranging physical ship trials or risking safety
in a live environment. In turn, this fosters a higher level of preparedness and reduces the
likelihood of accidents due to outdated knowledge or procedural lapses.

Overall, VR-based ship simulators represent a significant advancement in the maritime
training landscape. By offering safe, environmentally friendly, and crisis-oriented training,
these simulators prepare operators not just to perform everyday tasks but to respond
effectively in the most challenging situations. As VR technology continues to evolve,
its role in shaping competent, well-prepared maritime professionals is expected to grow,

setting new standards for both safety and efficiency in the industry.

2.6 Game Engines

Game engines are specialized software frameworks designed to streamline the development
process by offering developers a set of tools, libraries, and features for building interactive
digital experiences. These engines simplify tasks such as rendering graphics, simulating
physics, processing inputs, and more, enabling developers to focus on creating engaging
and immersive content without needing to build these functionalities from scratch.

The concept of game engines originated in the early days of video game development
in the 1970s and 1980s. During this time, game developers wrote all the code manually,
including graphics, physics, and input processing. As games grew in complexity, devel-
opers realized the need for more efficient tools to handle these increasingly demanding
tasks. This shift laid the foundation for what would become modern game engines.

In the 1990s, the rise of 3D graphics and the growing popularity of personal computers
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and gaming consoles gave momentum to the evolution of game engines. Major gaming
companies like id Software, Epic Games, and Valve Corporation developed proprietary
engines for groundbreaking games such as Doom, Quake, and Half-Life [33]. These engines
allowed developers to reuse game code, shortening development time while still producing
high-quality, immersive games.

By the late 1990s and early 2000s, game engines became more widely available to third-
party developers through licensed platforms such as Unreal Engine and CryEngine [34].
These engines provided comprehensive toolsets, robust graphics rendering, and advanced
scripting capabilities, making it easier for developers to create high-quality games without
starting from scratch.

Today, game engines have expanded far beyond traditional video games. They are
now used in various industries, including virtual reality (VR), augmented reality (AR),
simulations, and multimedia applications [35]. Modern engines feature real-time render-
ing, physics simulation, artificial intelligence, networking, and cross-platform support,
making them indispensable tools for creating interactive content in industries like film,
architecture, education, and healthcare.

In summary, game engines have evolved into powerful and versatile platforms that
fuel a wide range of digital experiences. Their history reflects the rapid advancements
in technology and the growing demand for immersive, interactive content across multiple

platforms and industries.

2.6.1 Unity

Unity is recognized for its exceptional versatility, offering developers the capability to
create applications that seamlessly transition across 2D, 3D, and virtual reality (VR)
platforms [36]. This adaptability allows projects to evolve from simple 2D apps to more
complex 3D environments or immersive VR experiences without requiring significant re-
development. Such flexibility is crucial, enabling developers to experiment with different
interaction paradigms while maintaining consistency within the same development envi-
ronment [37]. Unity’s powerful tools enable developers to use a unified codebase and asset
pipeline, ensuring smooth transitions and cohesive app development for various platforms.

One of Unity’s standout qualities is its user-friendly design, making it accessible to
developers of all skill levels. With an intuitive interface and visual editor, Unity allows
creators to quickly prototype and develop their ideas without needing extensive coding
knowledge [36]. Its drag-and-drop functionality and robust scripting capabilities stream-
line the development process, allowing developers to focus on crafting engaging user ex-
periences. Unity’s large community and comprehensive documentation further support
developers in overcoming challenges and optimizing workflows, making it a favorite among

both beginners and experts.
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In addition to its ease of use, Unity boasts a wide range of advanced features and
customization options. These include high-quality graphics and rendering capabilities,
realistic physics simulations, sophisticated audio effects, and robust animation tools [37].
Unity’s extensible architecture also supports third-party plugins and assets, providing
developers the flexibility to expand their projects and integrate additional functionality
as needed. This combination of versatility, power, and ease of use has made Unity a go-to
platform for developing everything from mobile apps to complex VR simulations [3§].

In this thesis, Unity was chosen as the development platform for its robust capabilities,
particularly in handling the physics and simulation aspects of the unmanned cargo ship

simulator, ensuring an immersive and realistic experience for users.
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Chapter 3

Technological Backround and Defini-

tions

3.1 Introduction

In this chapter, the technological framework supporting the thesis will be thoroughly
examined. A detailed exploration of the Unity game engine will be presented, highlighting
its key features, including those used for VR integration in this project. Additionally,
the chapter will delve into the physics principles applied, with a focus on the buoyancy

equation and the interaction of resistances and propulsion.

3.2 Unity Structure and Architecture

Unity, as a game engine and development platform, provides a comprehensive toolkit for
creating interactive 3D environments, including virtual reality (VR) applications. Under-
standing Unity’s fundamental structure is essential for effectively navigating its develop-
ment environment and building robust projects. In Unity, every creation starts with a
"Project," which serves as the container for all the necessary elements used in development
[39].

A Project is composed of various Assets, such as 3D models, textures, sounds, and
scripts. Within a Project, there are one or more Scenes, which act as the individual stages
or environments where the interaction takes place. Each Scene consists of GameObjects,
which represent all the objects in the scene—whether they are characters, cameras, or
environmental elements. Prefabs, a critical aspect of Unity’s structure, are reusable tem-
plates that allow developers to replicate objects with consistent properties across different
scenes.

Both GameObjects and Prefabs are extended with Components, which are the building
blocks that define their behavior, such as physics properties, audio, and rendering. Custom
Scripts can also be attached to these objects, providing control over their interactions and
behavior within the scene.

By understanding this foundational structure—Projects, Assets, Scenes, GameOb-

jects, Prefabs, Components, and Scripts—developers can efficiently manage complex
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projects and create immersive VR applications with ease. The majority of the follow-

ing subsections are based on the official unity documentation [40)].

3.2.1 Unity Supported Pipelines

Unity offers a variety of rendering pipelines, each designed to suit different performance,
quality, and platform requirements. The main pipelines include the Built-In Render
Pipeline, the Universal Render Pipeline (URP), and the High Definition Render Pipeline
(HDRP).

The Built-In Render Pipeline (also known as the Legacy Pipeline) is widely compatible
across platforms and supports essential features such as dynamic lighting, shadows, and
post-processing effects. It has been the default choice in Unity for years and is suitable
for projects requiring general-purpose rendering. It’s a robust and adaptable solution but
lacks some of the advanced optimization and modern features available in other pipelines.

The Universal Render Pipeline (URP) is a more modern, lightweight option designed
to offer better performance, particularly for mobile platforms, VR, and low-end hardware.
While it supports many contemporary features like Shader Graph and forward or deferred
rendering, it balances quality and performance for a wide range of devices. URP is highly
customizable and offers improved rendering quality over the Built-In Pipeline, making it
ideal for projects targeting multiple devices with resource constraints.

On the other end of the spectrum, the High Definition Render Pipeline (HDRP) is
built for high-end platforms and applications that demand realistic, cutting-edge visu-
als. It includes advanced features such as physically based rendering (PBR), high-quality
lighting, shadows, volumetric effects, and advanced post-processing options. HDRP is
tailored for projects requiring high-fidelity visuals, such as AAA games or simulations,
where realism and graphical detail are critical. However, its high demands on comput-
ing resources often make it unsuitable for lower-end devices or real-time applications on
mobile.

In this thesis, the Built-In Render Pipeline was utilized to maintain compatibility
across platforms while ensuring manageable performance. Although the Universal Render
Pipeline was considered for its efficiency and versatility, it was ultimately dismissed due to
the project’s focus on higher-quality visuals, which URP could not provide at the desired
level. Furthermore, while the High Definition Render Pipeline was initially appealing
for its advanced graphical capabilities and visual fidelity, its significant computational
demands and potential performance drawbacks led to it being deemed impractical for this
particular project. The Built-In Render Pipeline provided the optimal balance between
visual quality and performance, ensuring that the project remained stable across various

platforms without sacrificing too much graphical detail or system efficiency.
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3.2.2 Assets

Assets in Unity encompass all the files and resources used to build a project, such as 3D
models, textures, audio clips, animations, scripts, and more. They act as the foundational
elements of the virtual environment, shaping the visual, auditory, and interactive aspects
of the project. By combining these resources, developers create the immersive experiences
that define Unity projects. Assets are managed within the Unity editor and can be
easily imported or created directly within the platform, ensuring seamless integration and

customization for specific project needs.

3.2.3 Scenes

Scenes in Unity serve as distinct levels or environments within a project. Each scene
is an organized collection of objects, characters, and interactive elements that define a
specific part of the virtual world. By structuring a project into multiple scenes, developers
can focus on designing and developing individual sections or stages independently. This
organization also helps in managing complex projects by allowing for a modular approach,
where different scenes can be loaded or transitioned between during gameplay. Whether
it’s a main menu, gameplay level, or cinematic cutscene, each scene in Unity contributes
to the overall project by housing the assets and GameObjects that bring the virtual

environment to life.

3.2.4 GameObjects

GameObjects form the foundation of Unity’s scene hierarchy, serving as the containers
for all elements within a virtual environment. They can represent a wide range of objects,
including characters, props, lights, cameras, and more. While GameObjects themselves
are blank entities, they gain functionality through the attachment of Components. These
Components define the object’s visual appearance, behavior, physics, and interactions
within the scene. By customizing and manipulating these Components, developers can

tailor GameObjects to fulfill specific roles in a game or application.

3.2.5 Components

Components in Unity are reusable pieces of functionality that can be attached to GameOb-
jects to define their behavior and properties. They are the building blocks that give
GameObjects their functionality, ranging from physics interactions to sound playback.
Examples include Colliders, which detect collisions, Rigidbodies for simulating physical
interactions, custom Scripts that define specific behaviors, and Audio Sources to man-

age sound within the scene. Components allow developers to extend the capabilities of
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GameObjects without needing to write all behavior from scratch, making development

more efficient and modular.

3.2.6 Scripts

Scripts in Unity are written primarily in C sharp and are used to define custom behaviors
and logic for GameObjects and other elements within a project. By attaching scripts to
GameObjects, developers can access and modify object properties, respond to user input,
and interact with other components and systems within Unity’s environment. These
scripts enable the implementation of complex game mechanics, application logic, and
interactive elements. They provide flexibility and power in creating dynamic, responsive,

and interactive experiences in Unity projects, making them a crucial tool for development.

3.2.7 Coordinates- Transform

In Unity, the coordinate system forms the foundation for positioning, rotating, and scal-
ing objects in a 3D space. It operates on a Cartesian coordinate grid with three axes:
X, Y, and Z. The X-axis typically represents horizontal movement, with positive values
extending to the right and negative values to the left. The Y-axis indicates vertical move-
ment, where positive values go upward and negative values downward. The Z-axis controls
depth, with positive values extending forward and negative values extending backward.
Together, these axes create a right-handed coordinate system, adhering to the right-hand
rule for consistent rotation and orientation within the scene.

The Transform component is attached to every object in a Unity scene and governs
its spatial properties, including position, rotation, and scale. Through this component,
developers can precisely control an object’s placement in the 3D environment. The Posi-
tion values define an object’s location relative to the scene’s origin (0, 0, 0). The Rotation
values specify the object’s orientation along the X, Y, and Z axes, determining its angular
position. The Scale values adjust the object’s size along each axis, either uniformly or
non-uniformly, allowing objects to be resized while retaining their proportions or altered

for specific effects.

3.2.8 DMaterials, Textures, Shaders, Lighting

Materials Materials in Unity define the surface properties of objects, such as color,
reflectivity, transparency, and glossiness. They determine how light interacts with the
surface and are key to giving objects their visual appearance. By using different material
properties like metallic or specular maps, developers can simulate effects like roughness
or shininess. Unity provides several built-in materials, but custom materials can also be

created to meet the specific visual needs of a project.
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Textures Textures are 2D images applied to the surfaces of 3D objects to add detailed
visual features such as patterns, colors, or depth. They enhance realism by simulating
surface characteristics like wood grain, metal rust, or fabric patterns. In Unity, textures
are typically combined with materials, providing an extra layer of detail to the object.
Textures can also be used for normal mapping, bump mapping, or height maps to create
the illusion of depth on flat surfaces.

Shaders Shaders are small programs that define how materials interact with light
to create various visual effects. In Unity, shaders are written in shading languages like
Cg/HLSL, and they control the rendering behavior of materials, including lighting, shad-
ows, and reflections. Unity supports different shader types, including surface shaders for
high-level material effects and vertex/fragment shaders for more complex custom visuals.
This allows developers to create advanced graphical effects, such as dynamic lighting or
water simulations.

Lighting Lighting in Unity is controlled through various systems and components,
such as:

Light Sources: Unity offers several types of light sources, including directional, point,
and spotlights, each affecting the scene differently. These lights control how objects are
illuminated and cast shadows. Light Probes: These capture environmental lighting and
apply it to dynamic objects, ensuring consistency in how light interacts with moving ele-
ments. Global Illumination (GI): GI simulates indirect lighting caused by light bouncing
off surfaces, adding realism to scenes by replicating natural light behavior. Lightmaps:
Precomputed textures that store the lighting information for static objects, helping im-
prove rendering performance while maintaining realistic lighting. Light Cookies: Textures
applied to light sources to create customized light patterns, such as simulating shadows

from tree leaves or window panes.

3.2.9 User Interface (UI)

In Unity, the User Interface (UI) system provides a comprehensive set of components for
creating interactive elements like buttons, sliders, text fields, images, and panels. These
components can be arranged and styled to design custom interfaces tailored to the needs
of the application.

Unity’s built-in Ul editor allows developers to create, configure, and position Ul el-
ements directly within the Unity Editor, enabling rapid prototyping and iteration. The
UI system is highly flexible, supporting interaction through various input methods such
as mouse, keyboard, touch, and VR controllers. This makes it adaptable for a wide range
of platforms and devices, from traditional PC applications to mobile and virtual reality

environments.
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Figure 3.1: Unity Editor

3.2.10 AI and Navigation

Unity provides robust tools for implementing artificial intelligence (AI) and navigation
systems within games and simulations. One of the core components for navigation is the
NavMesh, a navigational mesh that allows Al agents to move intelligently through a scene
by calculating paths around obstacles. Unity’s NavMesh system can dynamically adjust
for changes in the environment, ensuring that Al can react to real-time events or obstacles
in a scene.

Al behaviors in Unity can be customized through NavMesh Agents, which are attached
to GameObjects. These agents control the movement and pathfinding of characters or
vehicles, helping them navigate complex environments. In addition to basic pathfinding,
developers can implement features like dynamic obstacle avoidance, off-mesh links for
traversing difficult terrain, and agent coordination for group movement.

By using Unity’s Al and Navigation tools, developers can create responsive and adap-
tive environments where characters or objects can interact realistically with their sur-
roundings, improving the immersion and complexity of gameplay or simulations. This
system is highly scalable, making it suitable for various applications, from simple Al

movement to complex, multi-agent interactions in real-time environments.

3.2.11 VFX Graph in Unity

Unity’s Visual Effect Graph (VFX Graph) is a powerful tool designed for creating high-
performance, visually complex effects such as explosions, smoke, fire, and other particle-
based simulations. Using a node-based interface, VFX Graph allows developers to design
intricate visual effects in real-time without needing to write complex code, offering flexi-
bility and scalability for effects in both 2D and 3D environments.

The VFX Graph is GPU-based, which allows for the processing of millions of particles

simultaneously, making it ideal for large-scale simulations or effects that require significant
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performance, especially in VR or AR applications. Effects are generated procedurally and
can be fully customized with a wide range of parameters, allowing developers to control
the appearance, movement, and interaction of particles with the environment.

With its integration into Unity’s rendering pipeline, VEX Graph also supports features
such as lighting, shadows, and depth interactions, allowing effects to blend seamlessly
into the scene for increased realism. This makes it a crucial tool for creating immersive
environments, particularly in projects like virtual reality, where dynamic and responsive

visual effects are key to enhancing user experience.

3.2.12 Animation System

Unity’s Animation System provides a versatile framework for animating objects, charac-
ters, and environments. At its core is the Animator Controller, which allows developers
to create and manage complex animation states and transitions for characters and ob-
jects. The system supports both skeletal animation, commonly used for character rigs,
and keyframe animation, which can be applied to any object within the scene.

Unity also features Blend Trees, enabling smooth transitions between animations based
on parameters such as speed or direction. This is particularly useful for character move-
ment, where actions like walking, running, or jumping can be blended seamlessly depend-
ing on the player’s input. For more dynamic control, Unity’s animation system supports
Inverse Kinematics (IK), which helps characters interact naturally with the environment,
such as placing hands on objects or feet on uneven terrain.

In combination with timeline-based tools like Unity’s Timeline, the animation system
allows for easy sequencing of complex animation events, making it ideal for creating
cutscenes, choreographed actions, or complex behavior-driven animations in both games

and simulations.

3.3 Unity VR Structure

In Unity, transitioning from a desktop project to a virtual reality (VR) experience requires
integrating specialized libraries, tools, and components designed for immersive interac-
tions. Unlike traditional applications, VR projects demand additional elements to handle
input from VR devices, manage rendering, and ensure smooth, real-time performance in
3D space. Unity provides a range of VR-specific libraries and plugins, such as the XR
Interaction Toolkit, which enables developers to integrate VR headsets, controllers, and
spatial interactions seamlessly.

To convert a desktop project into VR, developers must incorporate components tai-
lored to VR environments, including headset tracking, hand controllers, and UI systems

optimized for stereoscopic displays. These components manage crucial VR functionalities

Epameinondas Chrysis 38 October 2024



3.3. UNITY VR STRUCTURE

such as head and hand movement tracking, physics interactions in virtual environments,
and rendering optimizations for high-performance output. Special attention must also
be given to maintaining frame rates and avoiding motion sickness, which is critical for a
smooth and comfortable VR experience.

In this project, the virtual environment was developed using a combination of VR
frameworks, plugins, and rendering techniques to ensure optimal performance and fidelity

in the immersive simulation of the Maersk Honam unmanned ship.

3.3.1 XR System

Unity’s XR (Cross-Reality) System is a comprehensive framework that supports the de-
velopment of immersive experiences across a variety of reality platforms, including virtual
reality (VR), augmented reality (AR), and mixed reality (MR). This system provides
developers with a unified interface for building applications that can easily transition
between different reality modes, allowing for seamless adaptability across devices and
platforms.

One of the key benefits of Unity’s XR System is its ability to abstract hardware com-
plexities, enabling developers to focus on creating engaging content without needing to
address the intricacies of platform-specific optimizations. This makes cross-reality devel-
opment more accessible, streamlining the process of building experiences that can function
across multiple devices. However, this convenience can also come with challenges, such
as performance overhead and compatibility issues when targeting multiple platforms with
varying capabilities and requirements. Despite this, the XR System remains a valuable

tool for creating versatile, immersive applications.

3.3.2 XR Origin

The XR Origin is a crucial element in transitioning from desktop to VR environments
within Unity. It acts as the anchor or reference frame for all XR interactions, determining
the position and orientation of the virtual camera relative to the physical world or play
space. In VR, the XR Origin ensures that a user’s real-world movements, such as walk-
ing, turning, or crouching, are accurately mapped to the virtual environment, creating a
seamless and immersive experience.

By aligning the XR Origin with the user’s physical location and orientation, developers
can minimize motion sickness and enhance the naturalness of movement in VR. This
transformation enables more responsive and intuitive interactions, allowing users to feel
more connected to the virtual world. The accurate mapping of physical movements to
the virtual space is essential for creating a fluid and immersive VR experience, making

the XR Origin a key component in any XR project.

Epameinondas Chrysis 39 October 2024



3.3. UNITY VR STRUCTURE

3.3.3 XR Interaction ToolKit

Unity’s XR Interaction Toolkit is a framework designed to simplify the development of
interactive VR experiences. It provides developers with a broad set of tools and compo-
nents that are essential for implementing a wide range of VR interactions. From basic
object manipulation and teleportation to more complex tasks such as menu navigation
and initiating animations, the toolkit offers a versatile and user-friendly system.
Developers can integrate features like object interaction, hand gesture recognition,
locomotion, and user interface navigation into their VR projects using the prefabs, scripts,
and resources provided by the toolkit. This streamlined approach allows for the quick
implementation of interactive elements without the need for extensive custom coding,
making the XR Interaction Toolkit an invaluable resource for creating immersive and

responsive VR environments.

3.3.4 XR Plug-in Management

Unity’s XR Plug-in Management system allows developers to efficiently manage and inte-
grate external XR (Extended Reality) plug-ins into their projects. These plug-ins enable
Unity applications to support a variety of VR, AR, and MR devices and platforms be-
yond Unity’s default XR framework. The system provides a unified interface for managing
plug-ins, simplifying the process of adding support for multiple XR ecosystems.

One of the key advantages of XR Plug-in Management is its flexibility, allowing de-
velopers to easily switch between different XR plug-ins depending on the target device or
platform. This ensures broader compatibility across a wide range of hardware and soft-
ware, offering support for platforms like Oculus, SteamVR, or HoloLens. Additionally,
the system includes tools for configuring input mappings, optimizing rendering settings,
and adjusting performance parameters, enabling developers to deliver an optimal XR

experience tailored to the specific needs of various devices.

3.3.5 Open XR

OpenXR, developed by the Khronos Group, is an open standard designed to unify the
development of virtual reality (VR) and augmented reality (AR) applications across multi-
ple hardware platforms and software ecosystems. It provides a common API (Application
Programming Interface) that allows developers to write XR applications once and deploy
them seamlessly on a wide variety of XR devices, including VR headsets, AR glasses, and
other immersive technologies.

By adopting OpenXR, developers can avoid the complexities of platform-specific code
modifications, enabling broader compatibility across different XR hardware. OpenXR

standardizes the handling of key XR features such as tracking, input management, render-
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ing, and device interactions, abstracting the differences between devices. This promotes
interoperability, making it easier for device manufacturers, platform developers, and con-
tent creators to collaborate within the XR ecosystem. The unified framework provided
by OpenXR ensures consistent user experiences across diverse devices and platforms,

facilitating the growth of a more cohesive and diverse XR environment.

3.4 Unity Physics

Unity’s physics system offers a robust suite of tools for simulating realistic physical in-
teractions in 2D and 3D environments, making it essential for game development and
simulations. Unity provides both 2D Physics and 3D Physics engines, powered by Box2D
for 2D physics and NVIDIA’s PhysX engine for 3D physics, which handle collisions, forces,
and rigidbody dynamics.

Rigidbodies: Rigidbodies are the core objects that allow physics-based movement.
By adding a Rigidbody component to a GameObject, it can respond to gravity, forces,
and collisions. Rigidbodies can be either dynamic, static, or kinematic, each affecting
how they interact with forces and other objects in the environment.

Colliders: Colliders define the physical boundaries of an object. Unity supports
different types of colliders such as Box, Sphere, Capsule, and Mesh Colliders (for complex
shapes). These colliders allow objects to interact with each other by detecting collisions
and triggering events.

Joints: Unity supports various joint types like Fixed, Hinge, Spring, and Configurable
Joints, which help connect objects together and simulate physical constraints such as
swinging doors, springs, or connected bodies.

Raycasting: Raycasting is used to detect objects along a specified direction, often
used for line-of-sight checks, shooting mechanics, or surface detection. Raycasting can be
done in both 2D and 3D, making it a versatile tool for various gameplay mechanics.

Gravity and Forces: Unity provides control over gravity and allows the application
of forces like Impulse, Velocity, and Acceleration to simulate real-world physics behavior.
This is particularly useful for scenarios such as launching objects, simulating wind, or
adding friction and drag.

Collision Detection: Unity supports different types of collision detection, such as
discrete and continuous collision detection. This is critical for handling fast-moving ob-
jects and ensuring that collisions are accurately detected, which is particularly important
in VR or high-speed environments.

Character Controllers: For player movement, Unity provides a Character Con-
troller component that offers built-in collision and movement handling. This is useful for
games where the physics system needs to handle player movement in complex environ-

ments.
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Cloth Physics and Soft Bodies: Unity includes a cloth physics system, allowing
the simulation of realistic fabrics or soft bodies. This is often used for character clothing,
flags, or other dynamic elements that react naturally to movement and environmental
forces.

Ragdoll Physics: Ragdoll physics can be applied to characters for realistic, physics-
based movement after a character loses control or during death animations. Ragdolls
consist of multiple colliders connected by joints that move naturally when influenced by
external forces.

Trigger Events: Unity offers the ability to create trigger zones, which can detect
when objects enter or exit a specific area. This feature is useful for interactions, such as
picking up items, triggering animations, or initiating gameplay mechanics when an object

enters a defined space.

3.5 Buoyancy

As mentioned in the previous chapter, buoyancy is the upward force exerted by a fluid that
opposes the weight of an object immersed in it. This principle is governed by Archimedes’

Principle, which states:

"An object submerged in a fluid experiences an upward buoyant force equal
to the weight of the fluid displaced by the object."

This force determines whether an object floats, sinks, or remains neutrally buoyant.

The buoyant force Fj, can be expressed mathematically as we see in [41] as:

Buoyant Force Formula

B =pfVg
B — buoyant forcein N
pr — fluid density in kg/m?

V — displaced body volume of liquid
inkg/m?
g = 9.806 m/s? (standard gravity)

Figure 3.2: Buoyancy Force

For an object floating or submerged in water, the relationship between buoyancy and

the object’s weight determines its equilibrium state:
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e Object floats when the buoyant force equals the object’s weight:

Fp=W

e Object sinks if the weight exceeds the buoyant force:

W > F

e Object remains neutrally buoyant when the buoyant force and weight are equal,

and the object is fully submerged without sinking or rising.

3.6 Resistances

In ship propulsion, resistance refers to the forces working against the forward motion of
a vessel. The total resistance (Ry) is the sum of three primary components: frictional

resistance, residual resistance, and air resistance as we see in [42].

Frictional Resistance (Rp) Frictional resistance is caused by the friction between
the ship’s hull and water. It is proportional to the wetted surface area of the hull and

increases with the ship’s speed. The frictional resistance can be calculated as:
RF = CF - K

where CF is the frictional resistance coefficient, and K is the reference force calculated
as:

1
Kzi.p.‘/?.AS

Here, p is the density of water, V' is the ship’s velocity, and Ag is the wetted surface area
of the hull.

To determine the frictional resistance coefficient C'r, the Reynolds number R,, must
first be calculated:

where: - V is the speed of the ship, - L is the length of the submerged part of the
ship, - v is the kinematic viscosity of the fluid.

Once R, is known, CF can be calculated using the I'TTC 1957 friction line formula:

0.075
(logo(£) — 2)?

Cp =

Residual Resistance (Rp) Residual resistance is a combination of wave-making
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resistance and eddy resistance. Wave-making resistance arises from the energy lost to
the waves generated by the ship, while eddy resistance is caused by turbulence and flow
separation around the hull.

Calculation of the Residual Resistance Coefficient (Cg): To calculate the residual
resistance coefficient, the following steps are applied:

Froude Number (F,,) The first step is to calculate the Froude number F),, a dimen-
sionless parameter that relates the ship’s speed to the gravitational force acting on it. It

is calculated as:

where:

« V is the speed of the ship (m/s),
« g is the gravitational acceleration (9.81m/s”),

o L is the length of the submerged part of the ship (m).

Prismatic Coefficient (Cp) and Block Coefficient (Cp)
The prismatic coefficient C'p and the block coefficient C'z describe the hull geometry.
These coefficients are important in determining the hull’s shape and its contribution to

wave-making resistance.
o ('p: Measures the concentration of the ship’s volume around its center.

o ('p: Describes the fullness of the hull shape and is the ratio of the submerged volume
to the product of the ship’s length, breadth, and draft.

Derived Constants (FE, G, H, and K)

Using the Froude number and the geometric coefficients C'p and Cp, the constants
E, G, H, and K can be determined. These constants adjust for the effects of the hull’s
shape on the residual resistance and are derived either from empirical formulas or through
model testing.

Residual Resistance Coefficient: The Residual Resistance Coefficient Cp is then de-
termined through empirical formulas based on the Froude number and the geometric

coefficients. Once C'y is known, the residual resistance is calculated as:

RR:CR-K

where K is the reference force, calculated as:

1
K:ipVZAS

where:
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« p is the density of water (kg/m?),
« V is the speed of the ship (m/s),
o Ag is the wetted surface area of the hull (m?).

Air Resistance (R,4) Air resistance refers to the resistance caused by air flowing
over the part of the ship above the waterline. It is typically smaller than the other two
resistances and is calculated as:

Ry=Cy K

where Cy is the air resistance coeflicient.
Total Resistance The total resistance acting on the ship is the sum of all three
components:

Ry =Rp+ Rr+ Ra

The power required to overcome the resistance at a specific speed V', known as the

effective towing power (Pg), is given by:

Ps=Rp-V
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Chapter 4

Users View

4.1 Introduction

In this chapter, we will explore the user’s experience while interacting with the application,
focusing on the various controls and functionalities provided through its user interfaces
(Uls). The chapter will detail how users navigate through the Main Menu and interact
with key canvases such as the Choose Mode Canvas and the Choose Conditions Canvas.
Each UI component will be accompanied by use case diagrams to illustrate the possible
actions and user interactions.

We will also examine the Flow of the Application, highlighting the sequence of events
from the user’s perspective, from setting parameters to completing a session. Finally,
we will present the Users Point of View, providing insight into how the application is
designed to enhance user engagement and interaction. The functionalities and the use
case diagramms will also be covered to ensure a comprehensive overview of the user

journey.

4.2 Controls

The application leverages the capabilities of the Meta Quest Pro, offering an immersive
and intuitive user experience. Instead of relying on traditional controllers, all interactions
are conducted using the user’s hands. This approach was chosen to enhance realism and
create a more natural, seamless interface. By incorporating hand-tracking technology,
users can perform actions such as selecting options, manipulating objects, and navigating
menus directly through hand gestures. This design not only adds a layer of immersion
but also simulates real-world interactions, making the experience more engaging.

The hand-tracking system detects various gestures, allowing users to grab, point,
swipe, pinch and press with precision. The absence of physical controllers eliminates
the need for additional equipment, enabling users to focus entirely on the virtual envi-
ronment. This contributes to a more immersive and accessible experience, as users can
interact with the system naturally without learning complex controller mechanics.

The decision to use hand-tracking was made to replicate real-world ship control tasks,

aligning with the goal of providing a realistic training simulation for maritime operations.
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4.3 Main Menu

The Main Menu canvas is the first canvas the user sees in the application. It contains a
scenery with the ocean and 4 buttons the player can select, the start, credits, settings and
exit buttons. When the player clicks the start button, the function canvas switch is called
and the canvas changes to Choose Mode Canvas. If it clicks the credits button, then the

credits panel opens. If it clicks the settings button then the canvas switch activates the

settings canvas and if the exit button is pressed the application closes.

- START
SETTINGS
.

Figure 4.1: Canvas Main Menu
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Figure 4.2: Canvas Main Menu Use Case

4.3.1 Choose Mode Canvas

In this panel, the user is presented with two distinct modes to choose from, each designed
to offer a different experience within the application.

The first option is Exploration Mode, which allows the user to freely navigate through
the virtual environment without any specific objectives. This mode is intended for users
to familiarize themselves with the system and the maritime environment, offering a re-
laxed experience where they can explore the ocean, observe the ship’s movement, and get
accustomed to the controls and settings.

The second option is Scenario Mode, where the user is tasked with transporting con-
tainers from one port to another within a set time limit. In this mode, the user must
navigate efficiently and manage the ship’s operations under time pressure, simulating
a real-world cargo transport scenario. This mode introduces an element of challenge,
requiring users to apply their skills and knowledge to complete the mission successfully.

By offering these two modes, the application provides both a learning environment
for newcomers and a more structured, goal-oriented experience for those ready to tackle
specific tasks. This flexibility enhances user engagement, catering to different learning

curves and preferences.
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Figure 4.3: Choose Mode Canvas
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Back Button ! Main Menu Pane]
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Figure 4.4: Canvas Choose Mode Use Case

4.3.2 Choose Conditions Canvas

The Choose Conditions Canvas allows the user to set various environmental and time-
based parameters before starting the simulation. This interface offers a range of adjustable
conditions to create a customized experience based on real-world factors. The user can
select:

Date and Time: Users can choose the exact date and time of their simulation, with a

convenient date picker and a slider for setting the time in UTC format.
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Wind Direction: A slider is available to adjust the wind direction in degrees, offering
precise control over this environmental variable.

Sea Waves: Users can adjust the intensity of the sea waves with a simple slider,
simulating calm or rough sea conditions as per their preference.

Sky Conditions: Three options are provided for the sky: Clear, Cloudy, or Rainy,
allowing the user to define the weather setting for their simulation.

Rain: A slider enables the user to adjust the level of rainfall, from light drizzle to
heavy rain, further enhancing the realism of the weather conditions.

Visibility: Visibility can also be adjusted with a slider, allowing the user to simulate
clear or foggy conditions that may affect navigation.

With these options, the user has full control over the environmental conditions, making

each simulation unique and tailored to different training or exploration scenarios.

Date 1 - damay - 2m -
Time e * UTC 00:00
WwWind Direction @ C0°

Figure 4.5: Choose Conditions Canvas

4.3.3 Flow of the Application

The flow varies slightly depending on whether the user selects Free Roam Mode or Scenario
Mode, with different panels and events shaping the user’s experience.

Free Roam Mode When the user selects Free Roam Mode, they are free to explore
the environment without any specific objectives. The user can navigate the ocean and
interact with the environment at their leisure. However, if the user collides with land
masses or other ships, the application halts and restarts. Upon collision, a Crash Panel

will appear, informing the user about the nature of the collision and notifying them that
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the game will restart. This panel helps users understand what went wrong and prepares

them for a fresh start.

Figure 4.6: Crash Panel

Scenario Mode In Scenario Mode, the user is tasked with completing a specific objec-
tive—transporting containers from one port to another within a given time frame. The
flow in this mode is more structured and goal-oriented.

At the beginning of the scenario, a Mission Panel is presented to the user, outlining the
objectives they need to achieve to successfully complete the scenario. This panel clearly
states the task of loading the cargo and safely transporting it to the destination. After the
cargo is loaded onto the ship, another Cargo Loaded Panel appears, providing instructions
for the next step in the scenario, such as setting the correct course and navigating toward
the destination.

As the user progresses, they must carefully navigate the ocean and manage the ship’s
operations. Similar to Free Roam Mode, if the user collides with land or another ship, the
same Crash Panels will appear, informing the user of the type of collision and restarting
the game.

If the user fails to complete the task within the given time, a Time Elapsed Panel will
be displayed, notifying them that the time has run out and the scenario is incomplete.
This panel provides feedback and encourages the user to retry the scenario.

On successful completion of the scenario—if the user manages to transport the contain-
ers within the designated time without any crashes—a final Completion Panel appears.
This panel congratulates the user for finishing the scenario successfully and informs them

that they completed the task on time.
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Figure 4.7: Mission Panel Canvas

Figure 4.8: Choose Conditions Canvas
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Figure 4.9: Time Elapsed Panel

Figure 4.10: Completion Panel
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4.4 Users Point Of View

The virtual control room, as shown in the image below, serves as the central hub for
user interactions with the unmanned cargo ship system. This immersive environment
replicates the layout of a real-world maritime control room, providing users with a variety
of technologies and displays to manage and monitor the ship’s operations. Through hand

gestures and natural interactions, the user can control each element of the room, enhancing

both realism and immersion.

Figure 4.11: The Virtual Control Room

1. Radar Display The Radar Display is located on the left side of the room and
provides real-time tracking of nearby ships obstacles. The radar sweeps continuously,
offering updates on the vessel’s surroundings. Users can interact with the radar using
hand gestures, increasing the range it covers and the speed of the sweep so how fast it is
scanning. This interaction is essential for maintaining situational awareness, especially in

challenging environments like ours in which ships are moving through the ocean.
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Figure 4.12: Radar

2. Inertial Measurement Unit (IMU) and Sonar System Adjacent to the radar is the In-
ertial Measurement Unit (IMU) and Sonar System, which tracks the ship’s movement and
provides data on its orientation. The IMU displays critical information about the ship’s
pitch, surge and the depth of the sea below the ship giving in this way vital information

that the remote operator should have in mind while controlling the ship.

INERTIAL MEASUREMENT UNIT AHD
SOMAR SYSTEM

ECHO SOUNDER

Figure 4.13: IMU and Sonar System

3. Main View Monitors The three Main View Monitors provide a first-person perspec-
tive from different angles around the ship. Users can switch between these views, enabling
them to observe the surroundings from multiple perspectives. These monitors also feature
a Night Vision option, which can be toggled on when operating in low-visibility condi-
tions. Hand interactions allow users to switch views seamlessly, enhancing their control

over the ship’s external environment.
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x L

Figure 4.14: Main View Monitors

4. The Bathymetric LIDAR Display, located to the left of the minimap, provides a
visual representation of the underwater terrain. The system simulates the real-world
functionality of LIDAR technology by emitting pulses that detect underwater landmasses.
When these landmasses are detected, the screen displays small blue circles, as shown in
the image, indicating the presence of submerged obstacles or terrain features.

This information is critical for avoiding potential hazards below the surface and ensur-
ing safe navigation in shallow or unknown waters. The user can monitor this display to
make necessary adjustments to the ship’s course, further enhancing situational awareness

and preventing collisions with underwater obstacles.

BATHYMETRIC LIDAR

Figure 4.15: Bathymetric LIDAR

5. Navigation Map - GPS System On the right side, the Navigation Map provides a
top-down view of the ship’s current location, surrounding terrain, and destinations. This
map is essential for planning routes and monitoring the ship’s progress. Users can interact
with the map by zooming in and out, setting way points and tracking their journey across
the ocean. In addition this screen has an autopilot mode with which the user by setting
a waypoint on the minimap, the ship will find the shortest and safest route to reach it.
The user can also interact and change the focus of the gps either on the ship or free to be

moved.
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Figure 4.16: GPS System
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Figure 4.17: Autopilot Mode Use Case
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Figure 4.18: Autopilot Panel

Figure 4.19: Warning Panel

6.The Gyroscope Display, located on the rightmost screen, informs the operator of
the ship’s current heading in degrees. This real-time data is essential when steering,
allowing the user to make precise adjustments to the ship’s course. As the ship turns,
the display updates the heading, ensuring the operator maintains full control over the
vessel’s direction. Below of the gyroscope is the Wave Direction Panel, which provides

the operator with information on the degrees of the incoming wave direction. This data
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helps the operator understand how the waves are impacting the ship, enabling them to

adjust the course or speed accordingly.
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Figure 4.20: Gyroscope and Windmeter

7. At the center of the control room is the Steering Wheel and Engine Control System.
These serve as the primary interaction points for navigating the ship. The user can steer
the virtual steering wheel using hand gestures, simulating real-life ship steering, and adjust
the engine speed through intuitive throttle controls. These manual controls are vital in
both Free Roam and Scenario modes, allowing users to perform precision maneuvers and
respond quickly to changes in the environment. Around the thrust lever there are buttons
for controlling the anchor, the engine power, the astern mode, the lights of the ship and
its intensity and lastly the horn with a guide indicating some of the most important horn
signals the user should learn.

The virtual control room integrates all these technologies into a cohesive system that
mirrors the complexity of a real-world maritime control center. By using their hands to
interact with each system, users are offered an unparalleled level of control and immersion,
making this an effective training tool for real-world ship navigation and unmanned vessel

management.
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Chapter 5

Implementation

5.1 Introduction

This chapter outlines the technical implementation of the project, detailing how various
components were developed and integrated to create the final application. The focus is
on constructing an immersive maritime training simulation using the Meta Quest Pro,
leveraging advanced features such as hand tracking, realistic control environments, and
the interaction of various ship systems.

The development process was divided into key areas: User Interface Integration, Vir-
tual Control Room Design, Hand-Tracking Interaction, and Simulation Logic. Each area
plays a critical role in creating a seamless, hands-on experience for users as they navigate
through free roam and scenario modes.

All elements of the project were implemented using the Unity game engine, with C
sharp scripts controlling the behavior, physics, and interactions within the application.
From the integration of various control panels (e.g., radar, sonar, LIDAR, gyroscope) to
managing real-time environmental effects such as weather conditions and collisions, the
implementation relied heavily on precise scripting to ensure both realism and functionality.
Furthermore, specialized scripts were written to manage the physics and mathematical
models needed for accurate ship behavior simulation.

By breaking down the implementation into these core areas, this chapter provides a
comprehensive overview of the technical efforts that brought the virtual maritime envi-
ronment to life. Each section will explore the methods, tools, and approaches used to

create an immersive and educational experience for users.

5.2 Ship Movement

The movement of the ship within the simulation was carefully modeled to reflect the
complex physics that govern real-world maritime navigation. A core aspect of this system
is the implementation of a buoyancy simulation, which mimics the forces that allow the
ship to float and remain stable in water. This was crucial in creating a realistic experience,
as buoyancy plays a significant role in the behavior of any vessel, especially an unmanned

cargo ship.
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In addition to buoyancy, resistance forces were incorporated to simulate the various
challenges the ship encounters as it moves through the water. These resistances, which
include drag from the water, wave resistance, and friction, all contribute to making the
movement more realistic and responsive to environmental conditions. This means that
the ship will not move effortlessly; rather, its speed and maneuverability are influenced
by these opposing forces, requiring careful navigation from the user.

Lastly, a propulsion force was added to simulate the engine’s output, allowing the ship
to move forward. This force interacts dynamically with the resistance forces, meaning
that as the ship increases speed, it experiences greater resistance from the water, which
in turn affects how much power is required to maintain or adjust course.

The combined effect of these forces—buoyancy, resistance, and propulsion—impacts
not only the ship’s speed and movement but also its orientation. The ship’s roll, pitch, and
yaw are influenced by the forces acting on it, making steering more complex in turbulent
conditions. For example, as waves apply resistance from varying directions, the ship’s
roll (side-to-side tilt) and pitch (up-and-down tilt) will be affected, requiring constant
adjustments by the user to maintain stability and course.

This realistic simulation of forces makes navigating the ship in the simulation a chal-
lenging task, especially in the face of natural resistances and environmental conditions.
By incorporating these forces, the movement of the ship mirrors real-world scenarios,

adding depth and complexity to the training experience.

5.2.1 Ship Dimensions and Values - Physics Simplifications

In order to simulate a ship as accurately as possible, I chose to base my model on the
Maersk Honam, a large container vessel. Realistic dimensions are critical for simulating
not only how the ship moves through water but also how external forces like resistance,
buoyancy, and propulsion affect its performance.

Dimensions of Maersk Honam : The actual dimensions of the Maersk Honam,

which are reflected in the simulation, are as follows:

Length: 353 meters

Beam (Width): 53.5 meters

Draft: 15 meters

Depth: 29.9 meters [43].

These parameters are crucial in determining how the ship interacts with water (e.g., how
deep it sits and how much drag it experiences), directly influencing how buoyancy and
resistance forces are calculated.

Simplification of Ship Weight :
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One of the key simplifications made in the simulation was regarding the ship’s weight.
The real deadweight tonnage (DWT) of the Maersk Honam is approximately 162,051 tons
[43]. However, I set the weight in the simulation to 550,000 kg (or 550 tons). This is far
from the actual weight, and the reasoning for this adjustment is tied to the collider used
in the simulation.

In Unity, I employed a box collider for the ship to simplify collision detection and
movement. However, since the box collider doesn’t perfectly match the ship’s hull shape,
it effectively increases the surface area of the ship, leading to exaggerated resistance forces.
This increased resistance results in the ship encountering more drag than it would with a
more accurate collider.

Balancing the Forces with Weight Adjustment

To balance out the increased resistance caused by the box collider, I reduced the ship’s
weight in the simulation. According to Newton’s Second Law F = m X a, reducing the
mass allows the ship to move more freely, despite the extra resistance. This ensures the
ship can still achieve its intended speed of 24 knots, corresponding to the real Maersk
Honam'’s service speed [43], without increasing the propulsion force.

If the actual weight of the ship had been used, the propulsion force would have been
insufficient due to the excessive drag caused by the simplified collider. By reducing the
weight, the balance is maintained without exceeding the calculated propulsion force of
4468432 Newtons, derived from the equation T' = %.

Propulsion and Engine Power

The Maersk Honam is powered by a 54,940 kW engine [43]. This engine power was
the basis for calculating the propulsion force in the simulation. The ship uses a single-
shaft, fixed-pitch propeller system, ensuring steady propulsion through the water. In
the simulation, the propulsion force was set to 4468432 Newtons, ensuring that the ship
reaches its maximum speed of 24 knots without overwhelming the system with excessive
force.

Collider Simplification

Using a box collider was another necessary simplification for performance reasons.
While more complex colliders could have matched the exact contours of the ship, this
would have significantly increased computational demands. The box collider simplifies
the process of collision detection and movement, ensuring efficient performance. However,
it does contribute to the increased resistance forces during the ship’s movement, which is
why the weight adjustment was necessary to maintain a balanced and realistic simulation.

In summary, through these simplifications and adjustments, I was able to maintain a
balance between realism and computational efficiency, ensuring that the Maersk Honam
behaves realistically in the simulation environment while keeping the system performance

optimal.
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5.2.2 Buoyancy

To accurately simulate the buoyancy of the ship, I used the Physical Voxel method from
buoyancy script. This method calculates buoyancy by dividing the ship into small voxel
units, each of which interacts with the water individually, allowing for a detailed and
physically accurate buoyancy calculation. Below, I will explain how each relevant function
works, particularly focusing on how buoyancy is calculated and applied to the ship. The
mathematical equations were presented in Chapter3.

Init() The initialization function Init() sets up the necessary components for calcu-
lating buoyancy based on the selected type (PhysicalVoxel in this case). In particular, it

calls four key methods:

Figure 5.1: Init()

SetupColliders() Ensures that the ship has colliders (physical boundaries) that can
be used to divide the ship into voxels. If no colliders are found, a basic BoxCollider is
added as a fallback.

SetupVoxels() The most important method for voxelization, this divides the ship’s
body into smaller cubic sections (voxels) using the SliceIntoVoxels() method. These voxels
represent individual units of the ship’s volume, and the number of voxels depends on the
voxelResolution (in my case, set to 10). Each voxel can independently interact with water,

allowing for a more granular buoyancy calculation.
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Figure 5.2: SlicelntoVoxels()

SetupData() Initializes the arrays that store information about each voxel’s posi-
tion, water height, and forces acting on them. These arrays are used later to track how
submerged each voxel is and how it affects the ship’s overall buoyancy.

SetupPhysical() Sets up the ship’s physics by ensuring it has a Rigidbody compo-
nent, which allows the ship to interact with the Unity physics engine. It also pre-calculates
the Archimedes Force for each voxel based on water density and voxel size. This is the

force responsible for making the ship float.
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var archimedesForceMagnitude = WaterDensity * Mathf. (Physics.gravity.y) * volume;
_localArchimedesForce = new (8, archimedesForceMagnitude, ©) _voxels.Length;
LocalToWorldlob. (_guid, wvoxels, _samplePoints);

Figure 5.3: SetupPhysical()

FixedUpdate() method, the script tracks each voxel’s movement and calculates its

buoyant force at every physics step.

submergedAmount, _debugInfo[i]);

volumeSubmerged = submergedAmount * volume; / ount how much of the ship i

br

Figure 5.4: FixedUpdate()

BuoyancyForce()The Physical Voxelization method applies Archimedes’ Principle
to each voxel. Archimedes’ Principle states that the buoyant force acting on an object
is equal to the weight of the water displaced by that object. In this case, each voxel is
considered a small part of the ship, and its buoyancy is calculated based on how submerged
it is in water.

k: Represents how much of the voxel is submerged, ranging from 0 (not submerged)

to 1 (fully submerged).
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orce( position, ve t waterHeight,

debug.Position = position;
debug .WaterHeight = waterHeight;
debug.Force = Vector3.zero;

if (!(position.y - voxelResolution < waterHeight)) return;

k = math. (waterHeight - (position.y - voxelResolution},
submergedAmount += k / _voxels.length;
var force = math. (k) * _localArchimedesForce;
_rb. (force, position);

debug.Force = force; // For drawing forc

Figure 5.5: BuoyancyForce()

5.2.3 Resistances

Residual Resistance Residual resistance as we mentioned earlier, is the force acting
against the ship due to wave-making and the shape of the hull. This force primarily
increases as the ship gains speed and begins to create larger waves in the water. The
ResidualResistanceCoefficient method calculates the coefficient Cr, which is then used to

determine the magnitude of the residual resistance.

(rigidbody.velocity.magnitude, loa); /

* waterDensity * wvelocity.magnitude * velocity.magnitude * hullWetterArea;
stanceMagn * (-rigidbody.velocity.normalized);

dualResistance
1

3
rigidbody. (residualResistance);

Figure 5.6: CalculateResidualResistance()
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p
froudeNumb

froudeNu (g * length, 1.8/2);

* Math. (froudeNumber, 1.8f) + Al * Math. (froudeNumber, N1) 5f (M - 2) + Math. (M - 5, 4) * Math (froudeNumber - 8.1, 4)));

* (froudeNumber -

(froudeNumber, 3.7f) *

Figure 5.7: ResidualResistanceCoefficient()

The residual resistance coefficient Cr is calculated using empirical formulas based on
Froude numbers and hull characteristics: The Froude number compares the ship’s speed to
the wave propagation speed, which gives an indication of the ship’s efficiency in creating
waves. The coefficients E,G,H,K are empirically derived and depend on the shape of
the ship (through prismatic and block coefficients) and the ship’s speed. This method
simulates how real ships generate waves, with residual resistance increasing significantly
as the ship moves faster.

Frictional Resistance Frictional resistance arises from the interaction between the
hull and the water, often caused by the water’s viscosity. This resistance depends on the

wetted area of the hull and is proportional to the square of the ship’s velocity.
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arDensity)

>();

(buObj.density,rigidbody.velocity.magnitude,loa); //

locity rigidbody.velocity;

t frictional stanceMagn = Cf = 1 /f 2 = s * velocity.magnitude * velocity.magnitude * hullWetterArea;
frictionalResistance = frictionalR ceMagn * (-rigidbody.velocity.normalized);

if (velocity.magnitude < 1.5 ) //i

1
frictionalResistance

rigidbody. (frictionalResistance);

nu;

en

Mathf. ((Mathf. {Rn) -

Figure 5.9: FrictionalResistanceCoefficient()

Here, frictional resistance is calculated similarly to residual resistance but uses a differ-
ent coefficient, Cf, the frictional resistance coefficient. The frictional resistance coefficient
Cf is calculated using the Reynolds number (Rn).The Reynolds number describes the
ratio of inertial forces to viscous forces and helps in calculating the drag based on flow
characteristics. The frictional resistance coefficient Cf is an empirical formula based on
Rn. It decreases as Rn increases, meaning that as the ship moves faster, the frictional
resistance grows.

Air Resistance Air resistance is calculated but not applied because the contribution
of air resistance is small for large cargo ships like the Maersk Honam. In reality, air
resistance contributes only a minor percentage to the total drag on a ship because most of

the ship’s resistance comes from the interaction between the hull and the water. For ships
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like the Maersk Honam, air resistance accounts for only about 2-3% of the total resistance,
making it negligible compared to water resistance. Thus, omitting air resistance is a
reasonable simplification in this context, as the ship’s mass and hydrodynamic resistance
are far more influential than air drag.

Calculation of the wetted area

The wetted area, which represents the portion of the ship’s hull submerged in water,
changes continuously due to wave motion and ship movements. Therefore, it was essential
to create an approach that would dynamically adjust the wetted area frame by frame.

To achieve this, I used the voxel-based approach. The ship’s collider as we said was
divided into voxels, that represent discrete sections of the hull. In every frame, 1 deter-
mined which of these voxels are below the waterline (i.e., submerged). By isolating the
submerged voxels, I could then calculate the wetted area.

The process for calculating the wetted area for each frame involved the following steps:

o Voxels Submerged Under the Waterline: First, I identified which voxels of the ship
were submerged by comparing their positions to the water surface. These submerged
voxels are critical for calculating the wetted area, as they represent the portions of

the hull in contact with the water.

e Boundary Voxels: Once the submerged voxels were identified, I further filtered the
voxels to obtain those that represent the boundaries of the submerged portion of
the hull. Specifically, I identified the lowest submerged voxels (bottom boundary),
the leftmost, rightmost, frontmost, and backmost voxels. These boundary voxels

were used to calculate the projected surface areas.

o Projection and Area Calculation: For each set of boundary voxels (bottom, left,
right, front, back), I projected them onto a plane perpendicular to the direction in
question (e.g., projecting the frontmost voxels onto a plane to calculate the front
wetted area). I calculated the dimensions of each projection by finding the minimum
and maximum bounds of the voxels in the respective direction. By multiplying the
projection dimensions (e.g., width and height), I estimated the surface area for each
side of the ship.

o Summing the Areas: After estimating the areas for each side (bottom, front, back,
left, right), I summed them together to get the total wetted area for the current
frame. Since the ship’s motion changes dynamically, this calculation was performed
for each frame, ensuring that the wetted area was updated continuously as the ship

interacted with waves.
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po veln 3
maxBounds = Vector3.negativeInfinity;

ch ( voxel in layerVoxels)

minBounds Vector3. (minBounds, voxel);
maxBounds Vector3. (maxBounds, voxel);

nDimensionl
ionDimension2

if (direction == Vector3.forward direction == Vector3.back)
I
L

projectionDimensionl
projectionDimension2

maxBounds .y -
maxBounds.z -

else if (direction == Vector3.left direction == Vector3.right) ;

projectionDimensionl = maxBounds.y - minBound
projectionDimension2 = maxBounds.x - minBou

projectionDimensionl = maxBounds.x - minBound
projectionDimension2 = maxBounds.z - minBound

tionDimension2;

Figure 5.10: EstimateWettedArea()

5.2.4 Propulsion - Steering

In this section, I describe the propulsion and turning system used for controlling the
vessel’s movement. This system, uses physics-based interactions to allow the ship to
accelerate and steer dynamically in response to the environment. The PropulsionSystem
script is responsible for the movement and turning of the vessel. It works with the vessel’s
Rigidbody component, which handles all physical interactions like acceleration, torque,
and forces exerted on the ship. The system ensures that the vessel moves forward or
backward, depending on the power applied, and can also steer left or right using torque.

Acceleration: The system calculates the ship’s speed and applies forces to propel it
forward. The propulsion force is applied based on engine power and other variables such
as the ship’s speed and direction.

Turning: Steering is managed by applying torque to the ship’s rigidbody. The turning
force is calculated based on input or automated commands, allowing the vessel to change
direction smoothly.

Both the propulsion and steering mechanisms are tied to the ship’s interaction with

water dynamics, allowing the vessel to react realistically to environmental changes like
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waves. The system also checks whether the engine is submerged and active before applying
any forces, ensuring the ship behaves naturally in all conditions.
This dynamic and physics-based approach enables smooth and realistic movement and

turning for the vessel, creating an immersive simulation of real-world maritime operations.

5.3 Electronic Systems

We now proceed to the implementation of the electronic systems within the application,
which represents the second major objective of this thesis. A significant focus was placed
on developing and simulating real-world technologies that a remote operator would typi-

cally interact with.

5.3.1 Radar

The radar system in this project was implemented to provide real-time detection of objects
around the vessel, simulating how actual radar systems work. The radar continuously
scans the environment, detects nearby objects, mainly ships, and updates the user with
relevant information. More specifically it generates pings on a Ul indicating the position
of the obstacle it detected. The script manages the radar’s rotation, range, and object
detection, while also providing visual feedback through a radar interface.

Radar Sweep and Rotation: The radar system rotates at a defined speed, simulating
the sweep motion of a real radar. The angle of rotation is calculated based on time and
a specified rotationSpeed, allowing the radar to continuously scan the environment. The
rotation is visualized using a sweep graphic, which updates every frame to reflect the
radar’s current orientation.

Object Detection: Using Unity’s RaycastAll function, the radar system sends out
raycasts in the direction of the radar sweep. If the raycast hits an object within the
radar’s defined range, the system registers the object’s position and adds it to a list of
detected colliders. This list is reset after each half-sweep to ensure that only current
objects are detected.

Visual Feedback: For each detected object, a radar ping is generated on the radar’s
UL The position of each object relative to the ship is calculated and transformed from
3D space into 2D coordinates for display on the radar interface. Objects are represented
as icons (pings) on the radar screen, with the color and size of the pings adjusted based
on proximity to the vessel.

User Control: The radar’s range and rotation speed can be adjusted dynamically by
the user. Increasing or decreasing the radar’s range allows the operator to scan a wider or
narrower area, while adjusting the rotation speed controls how quickly the radar completes

a full sweep.
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Audio Cues: Audio feedback is provided to signal the detection of objects, with dif-
ferent sounds triggered depending on how close an object is to the vessel. This adds an

immersive layer to the radar system, alerting the user when an object is detected nearby.

[1 hit = (ship.transform.position, finalRotation, radarRange, radarLayerMask)

if (hits.Length
(
if (hit.collider

if (!colliders.

ansform.position);

ping
ping.transform. (ic tail . . ¥;
ping. .anchore ion = distance;

if(distance.magnitude < 5@)

Figure 5.11: DetectObjects()

5.3.2 Gyroscope

The gyroscope system in this project was implemented to provide real-time orientation
feedback to the operator, simulating the functionality of a physical compass combined
with a gyroscope. This system calculates the vessel’s heading and displays the direction,
along with the current angle, to help with navigation

Compass Image Rotation: The compass image is updated continuously to reflect the
vessel’s heading in real-time. As the ship rotates, the system calculates the ship’s local
y angle and adjusts the compass image’s UV coordinates to simulate the rotation of the

compass. This provides a visual representation of the ship’s orientation relative to the
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cardinal directions (North, East, South, and West).

Heading Calculation: The forward vector of the vessel is used to calculate its heading
direction. By zeroing out the y component, the system ensures that only the X and Z
plane is considered when determining the compass direction. The resulting angle is then
clamped to 5-degree increments, ensuring smoother transitions between displayed angles.

Display of Compass Degrees: The calculated heading angle is rounded to the nearest
5 degrees and displayed to the user. Depending on the value of the heading angle, the
system determines whether to display a specific direction (e.g., N for North, E for East,
etc.) or the precise degree value. A switch statement handles this, converting specific
angles into cardinal directions (N, NE, E, etc.) while displaying numerical degrees for all
other angles.

Real-Time Updates: The compass-gyroscope system runs continuously, updating both
the compass image and the degree text in real-time as the ship moves. This ensures that
the user always has an accurate sense of the ship’s current heading, allowing for precise

navigation.
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Figure 5.12: Compass Script
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5.3.3 Bathymetric Lidar

The LiDAR simulation system in this project replicates the functionality of a real-world
LiDAR sensor, which is used to scan the environment and gather spatial data. More
specifically ours is detecting underwater obstacles. This system emits rays in a spherical
pattern to detect objects within a given range, generating a detailed 3D map of the
surroundings. The following explains how the LiDAR simulation was implemented.

Raycasting for Environmental Scanning: The system performs multiple raycasts from
the vessel’s position in random directions within a defined spherical area. For each raycast,
if an object is detected within the LIDAR’s range, the hit point is recorded and added to
a list of detected positions. These positions represent the 3D coordinates of objects in the
environment, simulating how real LiDAR captures the shape and distance of surrounding
objects.

Visualization of Detected Points: Each detected point is visualized using a LineRen-
derer, which displays the ray from the LiDAR’s origin to the detected object. This
provides real-time visual feedback to the user, showing the direction and distance of each
detected object in the environment. The line color varies based on whether the ray hits an
object (green) or misses (red), helping to distinguish between successful and unsuccessful
scans.

Handling of Particle Data: The detected points are stored in a Texture2D object,
which acts as a data map for the positions of objects in the environment. The texture
is then passed to a Visual Effect (VFX) system, which is responsible for displaying the
LiDAR particles in a visual simulation. Each detected point is translated into a particle
in the VFX system, forming a dynamic representation of the environment as the LiDAR
scans.

Dynamic VFX Creation: To ensure smooth operation and avoid overloading the sys-
tem, the LiDAR simulation creates new VFX objects only when necessary. The system
has a built-in limit on the number of VFX objects that can be active at once. If the limit
is reached, the oldest VFX is destroyed and replaced by a new one. This ensures that the
simulation can continue without performance issues.

Adjustable Parameters: The simulation allows for several adjustable parameters, such
as the radius of the scan, the number of points per scan, and the range of the LiDAR.
This flexibility makes the system adaptable to different scanning scenarios, providing a
balance between performance and accuracy.

Application of Results: After each scan, the detected points are applied to the VFX
system, updating the visual simulation of the environment. The LiDAR continues scan-
ning and updating in real-time, providing a continuous stream of data that reflects the

changing environment as the vessel moves.
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randomPoint += castPoint.position;
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- transform.position).normalized;

dir, hit, _range, _layerMask))

ce, Color.green);

_lineRenderer.enabled =

_lineRenderer.

{ )
transform.position,
hit.point
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(transform.position, dir * _range, Color.red);

Figure 5.13: Scan()

5.3.4 Rendering Cameras

In the control room of the vessel, the screens displaying security feeds and GPS data are
rendered using a dynamic texture system. This system ensures that the visual data from
various cameras, including the security cameras and GPS, are properly displayed on their
respective screens without unnecessary performance overhead.

Rendering to a Texture: The visual data from the security cameras and GPS systems

are first rendered onto a Render Texture. This texture acts as a live feed of the camera’s
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view, capturing what the camera sees in real-time. Instead of rendering the camera’s view
directly to the screen, it is first captured in this texture.

Applying the Texture to a Material: The Render Texture is then applied to a material
that is mapped to the corresponding screens in the control room. This ensures that the
camera’s output is displayed on the correct screen, whether it’s a security feed or the GPS
interface.

Displaying the Material on the Screen: Once the material is created with the updated
texture, it is applied to the in-game screen objects in the control room. This allows the
camera’s perspective to be projected onto the control screens, giving the user a real-time
view of what the cameras or GPS systems are capturing.

Optimizing Frame Rendering: To enhance performance and avoid rendering unneces-
sary frames, I implemented a script that controls the frequency of the camera rendering.
The RenderTextureUpdater script ensures that the camera only renders every few frames
(based on a configurable interval). This approach helps save valuable frames per sec-
ond (FPS) while maintaining a smooth user experience, as the slower update rate is not
noticeable to the user in practice.

The script works by enabling the camera only every few frames, controlled by the
framelnterval variable. By skipping the rendering of unnecessary frames, it prevents

excessive strain on the system’s resources, allowing the game to run more efficiently.

5.3.5 Autopilot

The autopilot system implemented in this project is designed to guide the vessel au-
tonomously using Unity’s NavMesh package. This system calculates a path for the ship
and moves it through various waypoints by controlling its steering and acceleration based
on the calculated path. The key difference from typical NavMesh implementations is that
instead of using NavMeshAgent.SetDestination, the script manually follows the calculated
path and controls the ship’s movement through custom steering and propulsion functions.

NavMesh Agent and Surface: The NavMeshAgent represents the ship in the autopilot
system, and it moves along a path defined by the NavMesh Surface, which is essentially a
map of the navigable water surface for the agent. The bake procedure is used to generate
this surface, allowing the ship to determine valid paths across the environment.

Path Calculation: The script calculates a path from the ship’s current position to a
destination using the NavMeshAgent.CalculatePath() function. This path is represented
as a series of waypoints (called corners) that guide the ship from its current location to
the target. If the destination or path is invalid, an event is triggered to handle the error,
ensuring the system doesn’t fail unexpectedly.

Custom Movement: Instead of allowing the NavMeshAgent to move the ship directly,

the system retrieves the path and processes it manually. The ship’s steering and accelera-
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tion are controlled through custom functions (Turn and Accelerate) based on the direction

and distance to the next waypoint in the path.

o Steering: The ship calculates the angle between its current direction and the next
waypoint, then adjusts its direction by turning either left or right using the Turn()
function from the PropulsionSystem script. This function determines the amount

of steering needed and applies it dynamically until the ship faces the waypoint.

o Acceleration: Once the ship is aligned with the next waypoint, it accelerates toward
it using the Accelerate() function, propelling itself along the calculated path. This

process is repeated for each waypoint until the ship reaches its destination.

Waypoint Handling: The ship navigates from waypoint to waypoint by checking the
distance to each corner of the path. When it gets close to a waypoint (within a certain
threshold), the script moves on to the next waypoint, adjusting the steering and acceler-
ation accordingly. This ensures a smooth transition from one point to another along the
path.

Optimized Performance: The system enables and disables the NavMeshAgent ap-
propriately, ensuring it is only active when necessary. Additionally, visual debugging is
available through the DrawPath() function, which renders the calculated path in the scene

view to help visualize the ship’s route.

if (waypoint != )}
I

L
destination = waypoint.transform;

I ate the path to the destination
if (destination != )
I
L
bool pathFound = navAgent. (destination.position, path);

("Destination is null!™};

Figure 5.14: CalculatePathToDestination()
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Figure 5.15: MoveAlongPath()

5.4 Vr Integration in Unity

In this project, the integration of Virtual Reality (VR) plays a crucial role in creating an
immersive and interactive experience. The process involved setting up the VR environ-
ment within Unity by installing and configuring several key packages. The first step was
installing Unity’s XR Interaction Toolkit and OpenXR Plugin, which provide the foun-
dational tools for VR functionality, such as head tracking, input controls, and rendering.
Additionally, the Meta Quest SDK was integrated to ensure compatibility with the Meta
Quest Pro headset, which was used for this project.

With these packages installed, the next step was configuring the XR Rig, which serves
as the user’s presence in the virtual environment. The rig includes a camera that tracks
the user’s head movements, ensuring that their view adjusts according to their real-world
motions. The rig was further customized to incorporate hand-tracking controls instead of
traditional VR controllers, allowing for a more natural and intuitive interaction with the

virtual space.
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The VR camera was then carefully configured to provide the correct field of view
and smooth head tracking, ensuring that the user experiences an immersive perspective
when navigating through the virtual environment. This setup allows the user to look
around freely and interact with objects using hand gestures, enhancing the realism and
engagement of the simulation.

By following these steps, the VR integration in Unity was successfully established,
creating a seamless bridge between the user’s physical movements and their virtual in-
teractions. In the subsequent sections, we will explore in detail the camera setup and

hand-based controls that make this experience possible.

5.4.1 Camera

The first step in creating the virtual environment was to configure the rendering camera
for VR. With the XR Interaction Toolkit installed, Unity provides the option to create
an object called XR Origin, which represents the player within the virtual world when
the application is running.

Within the XR Origin, there is a camera that is specifically set up for stereoscopic ren-
dering, allowing the VR experience to be immersive and realistic. This camera is essential
for achieving the depth perception that makes VR environments feel three-dimensional.
Additionally, the XR Origin includes objects for the controllers, or in this case, hand
tracking, to allow natural interaction with the environment.

The XR Origin’s camera is closely integrated with the headset (HMD) tracking sys-
tem. This setup ensures that the camera mirrors the user’s head movements in real-time,
allowing the virtual environment to move fluidly in sync with the user. As the user nav-
igates through the virtual space, the camera updates instantly, creating a seamless and
immersive experience that responds accurately to the user’s physical movements. This
real-time tracking enhances the sense of presence within the virtual environment, making

the VR simulation more engaging and realistic.

5.4.2 Controls

The interaction system in the VR environment was implemented using XR Hands, en-
abling natural and intuitive hand-based controls. By integrating the XR Hands package,
we replaced traditional controllers with virtual hands, allowing users to interact directly
with the virtual world through their hand movements.

With XR Hands, we captured the precise position and orientation of the user’s hands,
which are rendered in real-time within the VR environment. These hands are used to
perform actions such as grabbing, pushing, or manipulating objects. The hand tracking
is mapped to various gestures, like pinching or pointing, which correspond to specific

interactions within the virtual space.
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The XR Hands system detects these movements through the headset’s sensors and
translates them into real-time inputs. For instance, users can reach out and "grab" virtual
objects by bringing their fingers together, simulating the gesture of holding something.
This provides a highly immersive experience by eliminating the need for external con-
trollers, allowing users to interact with the environment as they would in real life.

The integration of XR Hands created a fluid and natural user experience, enabling
direct, gesture-based interaction with objects and interfaces, enhancing the realism and

engagement of the virtual environment.

5.4.3 Interactions

5.4.4 UI Interaction

In the VR environment, interacting with the User Interface (UI) was a crucial aspect of
creating an absorbing and functional experience. With the integration of XR Hands, the
traditional method of using controllers for UI interaction was replaced by hand gestures,
allowing users to naturally engage with the interface.

To enable VR interactions with the UI, the XR Interaction Toolkit was configured to
recognize hand gestures and map them to actions within the UI elements. For example,
pointing at a button or icon with a finger allows users to highlight the Ul component,
while a pinching gesture or hand tap can be used to select or activate that element. The
Ul system is designed to detect proximity between the virtual hands and the UI elements,
making it responsive to natural hand movements.

The UI elements themselves were modified to be VR-compatible, ensuring that but-
tons, sliders, and other interactive components are placed in 3D space and can be inter-
acted with from different angles. This setup allows the user to reach out and interact
with menus, controls, and settings as if they were physically present in the virtual world.
The Tracked Device Graphic Raycaster script from the XR interaction toolkit is applied.

Additionally, hover effects, visual feedback, and sounds were added to the Ul to provide
clear interaction cues. These features enhance the user experience by providing real-time
feedback when an item is being selected or manipulated, ensuring that interactions feel
responsive and intuitive in the VR setting.

By leveraging XR Hands for hand-based interactions, the Ul in the VR environment
became a seamless extension of the user’s natural motions, making navigation and control

feel fluid and captivating.

5.4.5 3D Interaction

To facilitate natural and immersive 3D interactions within the VR environment, I utilized

several pre-built scripts from the XR Interaction Toolkit, which greatly simplified the
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process of integrating hand-based controls. These scripts provided out-of-the-box func-
tionality for common interactive elements such as buttons, sliders, and levers, all of which
were operated using XR Hands.

For instance, the XR Grip Button was used for buttons that required gripping motions,
while the XR Knob was implemented for turning controls like dials and the steering
wheel. The XR Slider allowed for sliding interactions, enabling smooth movement across
a range. Additionally, the XR Poke Filter and XR Simple Interactable were employed for
buttons that required poking or tapping gestures, making those interactions intuitive and
responsive. The XR Lever was specifically used for the thrust lever, simulating real-world
throttle controls by allowing users to move the lever up or down with a hand gesture.

These scripts provided a high level of flexibility and responsiveness, allowing the hand-
tracking system to accurately detect and respond to user inputs. This significantly stream-
lined the development of hand-based interactions, enabling precise and realistic manipu-
lation of objects and controls within the virtual environment. By leveraging these tools,
I was able to create a fluid and absorbing interaction system that made use of natural

hand movements, enhancing the overall user experience in VR.

5.4.6 Buttons - Lever - Wheel

In this section, I created three custom scripts—WheelRotator, ThrustLever, and But-
ton3D—to integrate 3D models with the XR interaction system for realistic and intuitive
user interactions within the VR environment. These scripts work in conjunction with XR
Knob, XR Lever, and XRSimplelnteractable components, allowing the virtual hands to
manipulate the ship’s controls accurately. Each script processes inputs from the corre-
sponding XR component and translates them into real-time control actions for the ship’s
propulsion, steering, and systems.

WheelRotator Script The WheelRotator script manages the functionality of the
ship’s steering wheel using the XR Knob to detect the current wheel rotation. The script
continuously reads the XR Knob’s value—a normalized value from 0 to 1—and maps it
to a specific range of wheel rotations between -145° and 145°. This mapped value is then
used to calculate the desired heading for the ship, ranging from 135° to 225°.

The script also calculates the amount of torque required to steer the ship based on
how far the wheel is turned from its neutral position (180°). If the wheel is turned
significantly, the PropulsionSystem’s Turn() function is triggered, adjusting the ship’s
direction accordingly. The rotation speed is determined by how far the wheel is turned,
with the turning force gradually increasing as the wheel moves closer to its maximum
values. This allows for smooth and precise control over the ship’s steering, simulating a

realistic navigation experience.
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tion to the
(currentRota

propulsionSystem. (modifier, shipSteeringTorque);

t middlePoint = (shipMinRotation + shipMaxRotation) e

if (shipWantedDeg < middlePoint)
{

thrustLever.modifier == -1 2 1 : -1 urn left
ngTorque = (shipWantedDeg, i

if (shipWantedDeg > middlePoint)

1; // turn

thrustLever.modifier == -1 ? -1 : 1; //
r middlePoint

gTorque = (shipWantedDeg,

oldMin, j; o newMin

- 0ldMin) (oldMax - oldMin)) * (newMax - newMin) + newMin;

Figure 5.16: WheelRotator script

ThrustLever Script

The ThrustLever script controls the ship’s thrust level by using the XR Lever to
detect the lever’s current position. The lever’s rotation angle is mapped to a range of
engine thrust values, from 0 to 4,468,432 Newtons, representing the real force exerted our
, Maersk Honam, vessel’s engine. As the lever moves, the script continuously updates
the target thrust and smoothly adjusts the engine’s power output to match, simulating
gradual acceleration or deceleration.

To provide additional realism, the script also handles audio feedback by adjusting
engine sounds depending on the thrust level. Low engine power triggers a quiet hum, while
high thrust levels increase the volume and intensity of the sound. The ThrustLever script
also updates the control panel with real-time data, displaying the ship’s speed in knots,
RPMs, and the engine’s status. This script integrates closely with the PropulsionSystem

to ensure smooth acceleration and deceleration while maintaining realistic feedback for
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the user.

urrentLe ngle

if (currentLeverangle < & currentLeverangle
currentLeverAngle = tick.localEulerAngles

ap the lever = to the target ne value
etNewtons (-currentlLeverAngle, minRotation, maxRotation, minEngineMewtons, maxEngineMewtons);

te the curren s
celerationRate * Time.deltaTime);

if (currentNewtons > @)
I
L

propulsionsystem. (currentNewtons, modifier);

1
x

Figure 5.17: Update() of Thruster script

Button3D Script The Button3D script is used for managing the various 3D buttons
found on the ship’s control panel. It utilizes the XRSimplelnteractable component to
detect hand-based interactions when a button is pressed. Each button is assigned a
specific function, such as toggling the engine, controlling the anchor, or managing the
ship’s lights. When the user presses a button, the script checks the button’s tag to
determine the associated action.

The Button3D script also includes sound effects for button presses and releases, as well
as other ship systems like the horn or engine. It handles button state changes and ensures
that each press corresponds to a specific ship function, allowing the user to interact with

the ship’s systems in a realistic and tactile way.
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Figure 5.18: OnButtonPressed|()

5.4.7 Vr Hand Gestures

To implement teleportation in the control room using hand gestures, we leveraged Unity’s
XR Interaction Toolkit and XR Hands. We began by enabling hand tracking, ensuring
that both the XR Interaction Rig and the necessary packages for gesture detection were
correctly set up. This rig supports both controllers and hand gestures, but for our purpose,
we focused on hand-based teleportation.

We first ensured the basic functionality of teleportation using a ray-based interaction

method. The teleportation system initially worked with controllers, where pressing the
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touchpad would activate the teleportation ray, allowing the user to move to the designated
area. However, we wanted to extend this functionality to hand gestures, making the
interaction more immersive. This was achieved by defining a custom hand pose using the
gesture detection features provided by the XR Hands package.

The custom hand gesture for teleportation involved pointing with the palm facing
upward. This was achieved by creating a specific hand pose that recognized the correct
curl of the little and middle fingers while ensuring the palm faced upward. Once this
gesture was detected, the teleportation ray was activated, allowing the user to aim and
teleport to the designated location. When the user performed the teleportation gesture,
the system would enable the teleport interactor, allowing movement around the control
room.

Additionally, we customized the visual feedback of the teleportation ray. The ray only
appeared when the hand gesture was active, preventing unwanted visual clutter during
regular interactions. The color of the ray was adjusted to provide clear feedback, turning
blue when it was ready to interact with a teleportable surface and becoming invisible
when no valid surface was detected.

To ensure that only one interaction (either the teleportation ray or the regular ray used
for object interaction) was active at a time, we utilized the XR Interaction Group. This
prevented the teleportation system from conflicting with other hand-based interactions,
ensuring a seamless experience. The interaction group prioritized the teleportation ray
over other rays, ensuring that when the teleport gesture was detected, the user could
focus purely on movement.

Overall, this implementation allows the user to teleport within the control room using
natural hand gestures, without needing controllers, enhancing both immersion and ease
of use in the VR environment. By combining gesture recognition, visual feedback cus-
tomization, and interaction prioritization, the user can navigate the space fluidly, making

the VR experience both intuitive and immersive.

Epameinondas Chrysis 86 October 2024



5.5. MANAGER SCRIPTS

Figure 5.19: Teleportation Hand Gesture

5.5 Manager Scripts

In the application, several manager scripts were implemented using the singleton design
pattern. The singleton class ensures that only one instance of the manager exists and
provides a global access point for other scripts to retrieve that instance. This allows for
centralized control and coordination of various systems within the application, ensuring

consistency and ease of access across different components.

5.5.1 Game Manager

The GameManager script is a central component that handles the overall flow of the game
and connects user preferences from the main menu to the main scene. Using the singleton
pattern, it ensures there is only one instance of the GameManager, allowing other scripts
to easily access and modify game states globally.

One of its primary functions is to apply the player’s preferences, which were set in the
main menu, to the main scene. These preferences include rain intensity, fog density, time
of day, and skybox selection. Upon starting the game, the script reads these values from
PlayerPrefs and adjusts the environment accordingly. For instance, it modifies the rain
intensity across multiple rain systems, adjusts the fog density by setting the appropriate
material properties, rotates the sun to simulate the selected time of day, and applies the
selected skybox to change the atmosphere. Additionally, the game mode, such as Freeroam

or Inform, is set based on the player’s choice, dictating how the gameplay unfolds.
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The GameManager is also responsible for managing the various game states, such as
Freeroam, Inform, Load, Success, Crash, and Time Elapsed. Each state triggers specific
actions or displays the appropriate Ul panels to the user. For example, in the Freeroam
state, the player can explore the scene freely, while in Inform, an informational panel is
shown. The Load state presents a loading screen, and the Success state displays a panel
with the timer once the player successfully completes an objective. In cases of failure,
such as when the player crashes the ship or runs out of time, the game enters the Crash or
Time Elapsed state, displaying the relevant UI panel and then restarting the scene after
a short delay.

The script also listens for user actions, such as button presses or interactions, and
updates the game state accordingly. For example, when the player finishes a task or
crashes, the game state changes, and the appropriate Ul panel is displayed. Depending
on the situation, the game either restarts or progresses to the next state, ensuring a

smooth transition through the game’s phases.

void Awake()

) Playerﬁr
PlayerPrefs.
ach (var rain in rains)

rain.RainIntensity = rainIntensity;

("FogDensity”, fogDensity);

t the time
.transform.rotation = Quaternion. (sunRot, &f, &f);

gameMode = PlayerPrefs.

activateOnStart.

if (gameMode

(GameState.Freercam);
if (gameMode == 1)
(GameState.Inform);

Figure 5.20: Awake()
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newState)

State = newState;

switch (newState)

timerTextNeeded.text = timer.timerText.

(nameof (newState) ,newState ,

(newstate);

Figure 5.21: UpdateGameState()

5.5.2 Sound Manager

The AudioManager script is responsible for managing the audio in the application, using
the singleton pattern to ensure there is only one instance of the AudioManager throughout
the game. In the Awake() method, the script checks if an instance of the AudioManager
already exists. If none exists, the current instance (this) is assigned as the main instance.
If an instance already exists, the new one is destroyed to avoid having multiple audio man-
agers. This ensures that the AudioManager is globally accessible and prevents conflicts
from multiple instances.

Additionally, the DontDestroyOnLoad(gameObject) function is used to ensure that the
AudioManager persists across scene changes, meaning that sounds and music continue to
play even when switching between different scenes in the game. This is particularly useful
for maintaining continuity in background music or persistent sound effects.

In the initialization process, the foreach loop iterates over an array of Sound objects,
each representing a specific audio clip. For each sound, an AudioSource component is
dynamically added to the AudioManager’s gameObject, and properties such as volume,
pitch, spatial blend, and looping behavior are set according to the parameters defined in

each Sound object.
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The script also includes Play() and Stop() methods for controlling audio. The Play(string
name) method finds the desired sound by name in the sounds[] array and plays the asso-
ciated audio clip by calling the Play() method of the sound’s AudioSource. Similarly, the
Stop(string name) method finds the sound by name and stops the audio by calling the
Stop() method of the corresponding AudioSource.
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; AudioManager :
[] sounds;
instance;
void Awake()
if (instance ==
instance =

(gameObject);

(gameObject);

foreach ( 5 in sounds)

1

s.source = gameDbject.
s.source.clip = s.clip;

.source.volume = s.volume;
.source.pitch = s.pitch;
.source.spatialBlend = s.spatialBlend;
.source.loop = s.loop;

string name)

= = Array. (sounds, sound => sound.name == name);
5 .S0OUrce. ()

¥
void Stop{string name)

s = Array. {sounds, sound => sound.name == name);
s.s0urce. {});

Figure 5.22: Audio Manager Script
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5.5.3 Menu Manager

The Menu Manager script is responsible for handling all the functionalities related to
the in-game menus. It contains functions for every interactive element, such as buttons,
sliders, toggles, or checkboxes, allowing the user to modify settings and preferences during
gameplay. This script manages a wide range of interactions, from simple toggles to more
complex sliders that alter the environment and gameplay experience.

For instance, the day-night slider adjusts the time of day in the game. By moving the
slider, the user can change the scenery from a bright day to a dark night, directly affecting
the lighting and atmosphere. Similarly, the rain slider enables the user to modify the
intensity of the rain, ranging from light drizzle to heavy downpour, dynamically adjusting
the environmental conditions based on the player’s preference. Other examples include
toggling environmental effects like fog density or switching between different skyboxes.

In addition to controlling these settings, the Menu Manager also ensures that the
user’s preferences are saved. Fach time the player interacts with a menu element, the
script stores the corresponding value using PlayerPrefs, so that these preferences are
remembered when the game is restarted. For example, if the user sets the rain intensity
to a specific level or chooses a particular skybox, these settings will persist across sessions,
ensuring the player’s customized experience is retained.

Overall, the Menu Manager script streamlines all user interactions with the game’s
menus, providing intuitive control over environmental settings and other gameplay pa-

rameters while ensuring that preferences are saved for future playthroughs.

for sunR ion ingame

PlayerPrefs. i » sunRotation);

/{ Update the rotatic
sun.transform i ernion. (sunRotation, &f, @f);

r - currentHour) *
C", currentHour, cur

Figure 5.23: A function in Menu Manager Script
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5.6 Sounds

The Sounds segment in the application was implemented with a focus on both simple and
complex audio management to enhance the immersive experience. Simple sounds, such
as button clicks or engine start/stop effects, are handled using the AudioManager script.
This script allows for centralized control of playing and stopping various sound effects
triggered by user interactions or in-game events. The AudioManager uses the singleton
pattern, ensuring that sound effects are managed consistently throughout the application.

For more complex sounds, such as the sound of waves and the sounds of the ship’s
engine, additional techniques were used to ensure smooth and realistic transitions. Instead
of abruptly stopping and starting sounds when the intensity of the waves changes (e.g.,
from small ripples to large waves), the Mathf.Lerp function was employed. This function
interpolates between two sound levels, allowing for gradual and natural mixing of audio
clips. For instance, if the player moves the slider in the menu, from a calm sea to a stormy
waves ocean, the Mathf.Lerp function smoothly transitions the sound from gentle waves
to crashing waves, without any abrupt interruptions. This ensures that the wave sounds
feel continuous and dynamic, adjusting seamlessly to changes in the environment.

The engine sounds were implemented with a focus on creating smooth and realistic
audio transitions, ensuring that the sound of the engine accurately reflects the changes
in power and speed during gameplay. For basic engine-related sounds, such as the engine
starting or stopping, the AudioManager script was used to play and stop these sound
effects as needed.

However, for more complex scenarios, such as changes in the engine’s power output
(e.g., from low RPMs to high RPMs), the Mathf.Lerp function was employed to smoothly
transition between different engine sound intensities. Instead of abruptly stopping one
sound and starting another, Mathf.Lerp allows the sound to gradually shift between levels,
ensuring a continuous and realistic representation of engine power. As the player acceler-
ates or decelerates, the sound smoothly transitions between low, medium, and high engine

volumes and pitches, giving the impression of a dynamic, responsive engine.
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Figure 5.24: UpdateEngineSounds()

5.7 Thirt Party Assets

In this thesis, no 3D modeling software was used for creating original assets. Instead,
all 3D models, skyboxes, and environmental elements were sourced from various online
platforms, such as the Unity Asset Store and other free 3D model websites. For example,
the control room, props, and objects used within the scene were downloaded and adapted
from pre-made assets available online. The water system used was provided by Unity’s
built-in water system, and the rain effects were also sourced from an external creator.
This approach allowed for the efficient creation of a detailed and functional environment

without the need for custom modeling.
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Evaluation and Results

6.1 Evaluation - Results Analysis

Throughout the development process, the application was continuously tested by users,
allowing for iterative improvements and refinements. The people participated in testing
the simulator, which were around 15, provided valuable feedback that guided changes to
enhance the user experience. The general response from testers was positive, particularly
regarding the realism of the environment, which created a highly immersive experience.
Users commented that the ship’s controls and movement felt authentic, and the interaction
system with hand gestures was intuitive after a brief learning period.

However, some negative feedback came from individuals who were unfamiliar with VR
environments. These users reported a lack of clear instructions and faced challenges in
controlling the ship initially. In response, adjustments were made, including fine-tuning
the interaction sensitivity and improving the user interface to provide more guidance.
Despite these early challenges, users quickly adapted to the controls and appreciated the
accuracy and realism of the simulation.

As a result of user feedback, several tweaks were made to improve the overall expe-
rience. This included resizing certain elements for easier interaction and adjusting the
responsiveness of the hand gestures. With these changes implemented, subsequent eval-
uations showed a marked improvement in usability, with fewer complaints and a more
seamless navigation experience. The process of continuous testing and refinement en-
sured that the final application offered a polished and immersive training environment

with only minimal defects.

6.2 Think Aloud Methodology

The Think Aloud Methodology is a user-centered testing approach where participants
are encouraged to verbalize their thoughts, feelings, and decision-making processes while
interacting with an application. This allows developers to gain insight into how users
perceive the functionality and user interface, helping identify pain points and areas for
improvement.

During the evaluation phase of our VR ship simulator, participants tested the appli-
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cation using this methodology, providing real-time feedback on their experiences. Several
negative points were noted. First, users highlighted imprecise interactions—they found it
challenging to interact with certain UI’s, UI buttons, particularly small elements, which
made navigating some controls frustrating. Also some of the 3d levers and sliders was
slightly diffuclt to interact with. This led to moments of confusion as users struggled
to accurately select options. Additionally, those unfamiliar with virtual reality reported
feeling motion sickness or nausea after extended use, a common issue for VR newcomers.
The lack of clear instructions was also a recurring concern, with many first-time users
expressing that they were unsure how to navigate or fully utilize the simulator’s features,
leading to initial frustration and a steeper learning curve.

On the positive side, users overwhelmingly praised the simulator for creating a realistic
and immersive experience. The feeling of being aboard a control room of an uncrewed
ship was convincing, with many commenting on how they felt completely submerged in
the environment. The ship’s handling and the detailed environment contributed to the
authenticity, leading users to express excitement and a sense of accomplishment when
completing tasks. They also found the application to be amusing and engaging, with
several participants enjoying the unique concept of controlling a ship in a VR setting. The
simulation sparked curiosity and interest, making users feel invested in the experience,
even those who had no prior VR experience. The tactile interaction with the ship controls
and the ability to explore the environment made the application feel like a unique and
innovative approach to maritime training.

This feedback was invaluable in identifying areas where improvements were needed
while also affirming the strengths of the application, particularly in its ability to immerse

users in a realistic and engaging environment.

6.3 Number Of Restarts - Scenario Completion

The Number of Restarts - Scenario Completion is an evaluation approach that was used
in my thesis measuring how often the application restarted and if the users did complete
specific tasks or stages. In this method, users are observed during multiple sessions to
track the number of restarts required when they encounter difficulties, as well as the total
time taken to complete each task or goal.

In the context of the VR ship simulator, this method helped assess how well users
adapted to the controls and gameplay mechanics over time. A higher number of restarts
could indicate issues with clarity or difficulty in avoiding the obstacles while a shorter time
to completion might suggest that users are becoming more comfortable with the controls
and features as they progress. This evaluation method provided valuable insight into the
learning curve of the application and allowed us to refine certain aspects to reduce user

frustration and enhance the overall flow of the simulation.
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By tracking both the restarts and completion features, the goal was to ensure that users
could smoothly interact with the simulation and gradually improve their performance with

each attempt, thereby demonstrating the simulator’s effectiveness as a training tool.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

In this thesis, we developed a physics-based virtual reality ship simulator designed to assist
individuals in training for ship navigation and operations. The simulator includes realistic
physics for ship movement, water dynamics, and environmental factors such as rain and
fog, providing an immersive and safe environment for users to practice their maritime
skills. Through the use of VR technology, this simulator offers a highly engaging and
realistic training experience, allowing users to improve their ability to maneuver ships in
a variety of challenging conditions without the risk of real-world consequences.

The simulator trains users to perform essential ship-handling tasks, such as navigating
through rough waters, controlling speed and thrust, and adjusting to changing weather
conditions. Evaluation and feedback from users showed that participants consistently
improved their handling and performance over time. With repeated use, users were able to
navigate more efficiently, improving their speed and accuracy in completing tasks such as
docking or avoiding obstacles. This feedback highlights the effectiveness of the simulator
in improving ship navigation skills.

While the simulator proved to be a success in helping users improve their performance,
some participants, particularly those new to VR, experienced slight motion sickness. This
is an area that requires further research to identify optimal settings or techniques that
can reduce motion sickness and enhance comfort during extended use of the simulator.

In addition to the training experience, this thesis also explored how real-time en-
vironmental interactions, such as dynamic weather changes, influence the training and
performance of ship operators. The results suggest that exposing users to these envi-
ronmental conditions, such as heavy rain or strong winds, adds a layer of challenge that
enhances their ability to adapt to real-world scenarios. This reinforces the value of the
simulator as a comprehensive training tool that prepares users for a variety of real-world
maritime challenges.

Overall, the physics-based VR ship simulator represents a significant advancement
in the field of maritime training. It offers a versatile, safe, and immersive platform for
improving human performance in ship navigation and operations. As VR technology

continues to evolve, there is great potential for further enhancing this simulator to meet
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the needs of both individual users and companies seeking to train ship operators in an
increasingly complex maritime environment. This tool offers a promising solution for
improving the effectiveness of maritime training programs, though further research is
necessary to refine certain aspects, such as motion sickness reduction and the expansion

of training features.

7.2 Future Work

While the VR ship simulator developed in this thesis provides a solid and immersive
training platform, there are several areas where further research and development could
significantly enhance its capabilities and expand its use cases. This application serves
as a robust foundation that can be scaled and improved to offer even more advanced
simulation experiences, particularly for maritime training. In the future, this simulator
has the potential to become an indispensable tool for companies aiming to train ship
operators in a variety of scenarios, providing a cost-effective and flexible alternative to
traditional simulators. By building on the core functionality established here, it is possible
to develop a far more sophisticated system that could serve both educational institutions
and maritime corporations.

One key area for future development is the expansion of the simulator’s functionalities
to accommodate a wider variety of vessel types. Currently, the simulator is tailored to a
specific type of ship, but by incorporating different classes of vessels, such as cargo ships,
oil tankers, ferries, and military vessels, the simulator could become a versatile platform
for training various professionals in the maritime industry. This would make the simulator
more attractive to shipping companies, maritime schools, and military institutions that
require specialized training for different types of vessels. Each vessel type has unique han-
dling characteristics, propulsion systems, and navigation challenges, and simulating these
would allow users to experience a broader range of maritime operations. For instance,
future versions could simulate the complex handling of large container ships in narrow
canals or oil tankers navigating hazardous waters, providing more diverse and challenging
training scenarios.

Another significant area for improvement is the integration of real-time dynamic
weather systems, which would significantly enhance the realism and variability of the
training experience. Currently, the simulator offers basic environmental effects like rain
and fog, but expanding this to include advanced weather systems would allow users to
train under different and more complex maritime conditions. For instance, simulating
real-time wind, storms, ocean currents, and wave heights could create high-stakes sce-
narios that better replicate the unpredictable conditions encountered at sea. For a more
immersive experience, the simulator could integrate weather data from real-world sources,

allowing users to train in environments that mirror actual maritime weather conditions.
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Additionally, future iterations could model the effects of these environmental conditions
on the vessel’s stability, handling, and propulsion, making the training far more realistic.
Accurate simulation of rough seas, crosswinds, and tidal effects would be particularly
valuable for maritime pilots and captains who regularly deal with challenging weather
conditions.

A particularly exciting future enhancement would be the development of a multiplayer
mode that allows multiple users to interact in the same virtual environment. In a multi-
player setting, users could simulate complex maritime operations such as fleet movements,
convoy navigation, search and rescue operations, or even competitive races between ships.
This mode would foster teamwork and collaboration, which are essential skills in real-world
maritime operations. Users could practice working together to solve problems in high-
pressure situations, such as coordinating a rescue mission during a storm or managing the
simultaneous navigation of several vessels in a busy port. Moreover, multiplayer interac-
tions would introduce the element of unpredictability that comes from human opponents
or teammates, providing an added layer of realism and training value. Companies could
use this feature to train entire crews, preparing them for real-world maritime scenarios
where communication and coordination are critical.

The inclusion of autonomous vessel operations could reflect the growing trend toward
automation in the maritime industry. Future versions of the simulator could allow users to
simulate autonomous vessels, equipping them with advanced AI systems that respond to
environmental conditions and obstacles. This would not only prepare trainees for future
autonomous ship operations but also make the simulator highly relevant to companies
developing or operating such vessels. For example, users could practice monitoring au-
tonomous ships, taking control in emergency situations, or operating in environments
with mixed autonomous and human-piloted vessels. Furthermore, advanced Al could
be integrated into the simulator to replicate real-world traffic, with Al-controlled ships
responding dynamically to the player’s actions. This could be particularly useful for sim-
ulating congested waterways or busy ports where human operators need to adapt quickly
to the behavior of autonomous vessels.

There is also potential for further refinement of the simulator’s physics model. While
the current model simulates realistic ship handling, there is room for improvement in
accurately representing forces such as drag, wind resistance, and wave interaction. Future
work could involve a more granular approach to simulating how these forces act on the
ship. For example, simulating the individual thrusts from each propeller or thruster,
rather than relying on aggregate forces, would provide a higher degree of control and
precision in ship handling. Moreover, future iterations could introduce failure scenarios,
such as engine malfunctions or power loss, giving trainees the opportunity to practice
emergency protocols. By offering deeper physics simulations, the simulator would provide

a more comprehensive tool for training in advanced ship maneuvering and emergency
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response scenarios.

To enhance the usability and accessibility of the simulator, future work could focus on
optimizing the performance for standalone VR devices, such as the Meta Quest. While
the current simulator is designed for high-performance PC-based VR systems, adapting it
for standalone devices would make it more accessible to a wider audience, particularly for
remote training programs or companies that want portable training solutions. Optimiza-
tion techniques could focus on reducing motion sickness through smoother frame rates,
adjusting the field of view, and refining user interface elements for standalone platforms.
A study could also be conducted to determine the best settings for minimizing motion
sickness, such as adjusting the frame rate, field of view, and latency on standalone VR
headsets. Optimizing the simulator for these devices would make it more flexible and
cost-effective, especially for training centers that may not have access to high-end VR
equipment.

Finally, validation of the simulator’s effectiveness as a training tool is a key area for
future work. Conducting real-world studies that compare the performance of trainees
who have used the VR simulator with those who have trained on actual ships would pro-
vide valuable insights into the effectiveness of the platform. This could involve tracking
key performance metrics, such as navigation accuracy, handling efficiency, and response
times, and analyzing how well VR-trained individuals perform under real-world condi-
tions. Feedback from these studies could be used to further improve the realism and
educational value of the simulator. Such validation would also help position the simula-
tor as a trusted tool for certification programs and official maritime training curricula,
boosting its credibility in the industry.

Overall, while the current VR ship simulator represents a significant step forward in
maritime training, there is vast potential for future enhancements. By expanding the
range of vessel types, integrating dynamic weather systems, introducing multiplayer and
autonomous vessel operations, refining the physics model, optimizing for standalone VR,
and validating its effectiveness, the simulator could become an even more powerful tool
for training ship operators and preparing them for the challenges of real-world maritime

environments.
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