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Abstract

Visual computing has become an indispensable tool in the field of biology, revolu-

tionizing the way researchers and practitioners understand and interact with complex

biological data. The integration of high-resolution Virtual Reality offers an immersive

and detailed visualization experience, crucial for advancing our knowledge in areas such as

genomics, proteomics, and cellular biology. Recent advancements in VR-based biological

visualization often deploy lower-resolution Head Mounted Displays (HMDs), limiting the

ability to observe fine structural detail. This work presents an interactive 3D visualiza-

tion system for biological data in ultra-high-definition VR. The system supports volume

rendering techniques, flexible rendering options, and the simultaneous visualization of

multiple datasets, all within an 8K VR environment. In this work we collaborated with

the Developmental Morphogenesis Lab, part of the Institute of Molecular Biology and

Biotechnology of the Foundation for Research and Technology Hellas (IMBB-FORTH).

They provided a dataset containing time-lapse microscopy recordings of live developing

embryos from the crustacean model organism Parhyale hawaiensis, which was used in

order to test and develop our application. Our system’s performance is evaluated across

varied metrics, including loading time, frames per second, and device latency, showcasing

its capabilities in handling large biological datasets. A think aloud study provided expert

feedback.
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Chapter 1

Introduction

1.1 Brief Introduction

In recent years, Virtual Reality (VR) technology has undergone a significant transforma-

tion, making it more accessible and user-friendly. The evolution of VR devices, from cum-

bersome and costly equipment to streamlined and affordable headsets, has expanded its

accessibility, providing immersive and interactive experiences for a broader audience [1, 2].

The proliferation of VR technology goes beyond entertainment and gaming; it has

begun to permeate various domains of our world. From education to healthcare, from

architecture to art, VR presents limitless opportunities for innovation and exploration

[3, 4]. With the increasing prevalence of VR devices, new horizons open up for investment

in the sector, leading to the development of more advanced tools and technologies that

can be harnessed by scientists and researchers [5].

With technology rapidly advancing, VR has the potential to impact every sector of

our world. It transcends traditional two-dimensional screens, ushering us into three-

dimensional, interactive worlds that transform how we perceive, interact with, and com-

prehend our surroundings [6].

In the research domain, VR offers unparalleled opportunities. It facilitates interactiv-

ity, enabling researchers to explore and manipulate data in novel ways. The immersive

nature of VR enhances data analysis and visualization, enabling comprehensive exami-

nation of complex datasets. Researchers can leverage VR to break new ground, make

significant contributions in their respective fields, and advance problem-solving and data

exploration [7, 8].
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1. INTRODUCTION

In the field of biology, VR opens exciting avenues for exploration. By visualizing

biological data in ultra-high definition within a VR environment, researchers gain in-

valuable tools for studying intricate biological structures [9, 10]. Through advanced

volume rendering techniques and interactive experiences, biologists can delve into micro-

scopic worlds, gaining insights that were once challenging to obtain [11]. This thesis

explores the integration of 3D visualization techniques for biological data within ultra-

high-definition virtual reality, offering new opportunities for exploration and discovery in

biology.

1.2 Purpose of the Thesis

This thesis embarks on a journey to harness the transformative potential of Virtual

Reality (VR) technology in the realm of biology. The primary goal is to bridge the gap

between the intricate biological data generated in the field and the understanding of these

datasets by researchers and scientists. VR technology, with its enhanced accessibility and

immersive capabilities, offers a unique platform to visualize and analyze biological data

in ways previously unattainable.

The central purpose of this thesis is to explore the use of ultra-high-definition virtual

reality HMDs for 3D visualization techniques applied to biological data. By leveraging

high fidelity VR technologies, the thesis aims to offer biology researchers a new dimension

in data analysis and exploration. Through volume rendering techniques, it seeks to create

interactive, three-dimensional representations of biological specimens, thus enhancing the

ability to study intricate structures in high detail.

Furthermore, this thesis aims to provide a comprehensive overview of the research

objectives and methodology underlying the utilization of VR technology in biology. It

explores the development of user-friendly interfaces and interaction methods, ensuring

that researchers can navigate the VR environment seamlessly and with precision.

Moreover, this research strives to uncover the potential benefits of integrating VR into

the field of biology. By allowing biologists to immerse themselves in biological data and

interact with it in a 3D virtual space, it holds the potential to advance research in this

domain. Through the use of VR, this study seeks to explore novel avenues for enhanced

precision, interactivity, and visualization, with the ultimate goal of contributing to a

deeper understanding of complex biological structures.
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1.3 Brief Description

1.3 Brief Description

In this thesis, we developed an application for the 3D visualization of biological data

in ultra-high definition virtual reality. The application takes Nearly Raw Raster Data

(NRRD format) as input and generates a 3D visualization of this data within a virtual

reality environment using Volume Rendering techniques. Additionally, the application

provides tools for users to configure the visual representation of the data, enabling more

accurate and detailed observations.

Figure 1.1: Use of PiMax and Valve

index controllers

The hardware used for this project includes the

Pimax 8KX, an ultra-high fidelity Head Mounted

Display (HMD), to present the virtual environment

to users. The Pimax 8KX, known for its exceptional

resolution and wide field of view, ensures a highly

immersive and detailed visualization experience. In

combination with the Valve Index controllers, users

can interact with the virtual environment in an in-

tuitive and interactive manner. This setup allows

for a seamless and engaging experience when ob-

serving and analyzing the 3D biological data, en-

hancing the overall effectiveness of the application.

The datasets used for the development of this

work were provided by the Developmental Morpho-

genesis Lab of the Institute of Molecular Biology

and Biotechnology and were originally in Hierarchical Data Format (HDF). To facili-

tate their use in our application, these datasets were converted into Nearly Raw Raster

Data (NRRD) format through a Python script. This pre-processing step was essential

to standardize the data format, ensuring compatibility with the visualization tools and

enabling efficient handling and rendering of the biological data within the virtual reality

environment.

The Unity game engine was then used to visualize the data. The visualization tech-

niques employed include volume rendering algorithms such as direct volume rendering

and maximum intensity projection. These techniques were implemented through custom
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shaders in Unity, resulting in a 3D reconstructed object with various visual configura-

tion options. Users can configure the transforms functions of the 3D model and adjust

visibility density windows, allowing for a customizable and detailed exploration of the

biological data.

Figure 1.2: 3D Visualized Data results

After completing the visualization step in the desktop environment, Unity’s array

of virtual reality tools were employed to transition to a virtual reality (VR) setting.

Specifically, the OpenXR standard was implemented using the XR plug-in, and tools

such as XR Origin and XR Interaction Toolkit were utilized to shape the VR experience.

This transition enabled the application to seamlessly integrate with various VR hardware

setups, enhancing immersion and interaction capabilities for users. By leveraging Unity’s

robust VR development ecosystem, we ensured that the 3D biological data could be

explored and analyzed within a fully immersive virtual environment.

To enhance the application experience, several tools and functionalities were inte-

grated. A graphical editor for transfer functions was added to facilitate easier config-

uration, enabling real-time adjustments and fine-tuning of the visual representation of

objects. Additionally, the ability to add a cross-section plane was implemented, facili-

tating the study of internal structures within the objects. Furthermore, additons were

made to the opening modes, allowing users to open multiple objects simultaneously for

comparative analysis.

After completing the implementation, we employed performance metrics to evaluate

our application. These metrics included the loading times of datasets, the frames per

second at which the application ran, and the latency of the Head Mounted Display (HMD)

during use. Additionally, a think-aloud methodology was conducted with expert Virtual

Reality developers, where their feedback and thoughts were gathered during their use
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of the application. This qualitative evaluation provided valuable insights into usability

issues, interface clarity, and overall user experiencel.

The primary contribution of this thesis is the development of a system for 3D biological

visualization in ultra-high-definition virtual reality, offering significantly higher fidelity

visualizations compared to existing similar works. Additionally, another significant con-

tribution is the implementation of the ability to open multiple datasets simultaneously,

facilitating comparative analysis within the virtual reality environment.

1.4 Structure of the Thesis

� Chapter 1: Introduction

This chapter sets the stage for the research by discussing the current state of VR

devices, their accessibility and potential benefits. It introduces the wide applica-

bility of VR in various domains and highlights the opportunities it offers in the

research domain, particularly in biology.

� Chapter 2: Research Overview

In this chapter, we provide an overview of the research objectives and goals. We

outline the scope of the study and present a comprehensive overview of the research.

This chapter serves as a roadmap for the entire thesis.

� Chapter 3: Technological Background and Definitions

This chapter delves into the essential technological concepts and definitions related

to the thesis. It provides the necessary context for readers to understand VR

technology, volume rendering, and key terms used throughout the study.

� Chapter 4: Users View

This chapter provides a comprehensive insight into the application and its capabil-

ities. It highlights what users can accomplish within the 3D environment, offering

detailed explanations and images of the application’s functionalities. The chapter

covers essential controls, explains how to manipulate and observe data and de-

tails the procedures adjusting transfer functions, providing users with a thorough

understanding of the application’s tools and features.
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� Chapter 5: Implementation

This chapter focuses on the practical implementation of the VR application. It

covers the step-by-step process of integrating volume rendering techniques, data

preparation, and user interaction elements. We discuss the technical aspects of the

application’s development.

� Chapter 6: Evaluation,Results and Future Work

In this final chapter, we present the results and findings of the research. We evaluate

the effectiveness of the VR application in visualizing biological data and discuss any

limitations encountered. Additionally, we explore potential areas for future research

and development in the field of VR and biology.
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Chapter 2

Research Overview

2.1 Introduction

Chapter 2 of this thesis embarks on a comprehensive exploration of the historical evolu-

tion and contemporary state of virtual reality (VR) technology and head-mounted dis-

plays (HMDs), with a particular emphasis on their interactive aspects. VR technology,

along with its interactive capabilities, has undergone significant transformations, shap-

ing immersive experiences and redefining human-computer interactions [2]. This chapter

aims to provide insights into the development trajectories and current landscape of VR

and HMDs, acknowledging their pivotal roles in facilitating immersive and interactive

environments. By exploring the nuances of VR and HMDs, Chapter 2 establishes a foun-

dational understanding of the technological context that surrounded the development of

the VR application within the research framework.

Furthermore, the exploration extends to encompass the intricate realm of data vi-

sualization, particularly focusing on its applications within biology. Building upon the

interactive capabilities inherent in VR environments, Chapter 2 delves into various visual-

ization techniques, including an in-depth exploration of volume rendering methodologies.

The chapter discusses the decision to leverage Unity as the game engine for the devel-

opment of the VR application, considering its versatility and accessibility in creating

interactive experiences. Moreover, Chapter 2 elucidates the nature and significance of

the biological datasets utilized, aiming to contextualize their role within the research

framework. Through this exploration, Chapter 2 seeks to shed light on the technological

context during the developmental period of the VR application, bridging the interactivity

Michail Nikiforakis 7 July 2024



2. RESEARCH OVERVIEW

of VR environments with the intricate visualization techniques that can be used in the

field of biology.

2.2 Virtual Reality

2.2.1 History of VR

2.2.1.1 Introduction to VR

Virtual reality (VR) traces its roots back to the mid-20th century when pioneering efforts

in the field of computer graphics laid the groundwork for immersive digital experiences

(Brooks, 1999). These early endeavors set the stage for the development of VR tech-

nology, envisioning computer-generated environments that users could interact with in

real-time. The conceptualization of VR represented a paradigm shift in human-computer

interaction, opening up new possibilities for creating simulated worlds and immersive

experiences. As technology advanced, VR evolved from theoretical concepts to tangible

applications, reshaping how we perceive and interact with digital content. The historical

origins of VR underscore its enduring significance as a transformative technology with

diverse applications across various domains.

2.2.1.2 Early Concepts and Theoretical Foundations

The concept of virtual reality (VR) was first articulated by Ivan Sutherland in his sem-

inal paper ”The Ultimate Display” in 1965, marking a significant milestone in the his-

tory of computer science and human-computer interaction [12]. In this visionary work,

Sutherland proposed the idea of a computer-generated environment that users could in-

teract with in real-time, thereby laying the theoretical foundations for VR technology.

The notion of the ”Ultimate Display” captured the imagination of researchers and en-

gineers, sparking interest in creating immersive digital experiences that transcended the

constraints of traditional media. Sutherland’s pioneering vision paved the way for sub-

sequent developments in VR research and innovation, inspiring generations of scientists,

engineers, and artists to explore the possibilities of simulated environments and interac-

tive storytelling.
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2.2.1.3 Sensorama and Early Prototypes

Source: https://www.historyofinformation.

com/image.php?id=2078

Figure 2.1: Sensorama

Prototype

In the 1960s, Morton Heilig pioneered the development of

immersive multimedia experiences with the creation of the

Sensorama [13]. This groundbreaking device represented an

early prototype of virtual reality technology, offering users

a multisensory journey through stereoscopic 3D visuals, sur-

round sound, and motion effects as shown in Figure 2.1. The

Sensorama aimed to provide an immersive and engaging ex-

perience that transcended traditional forms of entertainment

and storytelling. Through its innovative design and integra-

tion of various sensory stimuli, the Sensorama foreshadowed

the potential of VR to transport users to simulated worlds

and evoke visceral experiences. Heilig’s visionary contribu-

tions laid the groundwork for subsequent advancements in

VR technology, inspiring future generations of researchers

and engineers to explore new frontiers in immersive story-

telling and digital interaction. The Sensorama stands as a

testament to the ingenuity and creativity of early pioneers in the field of virtual reality,

heralding a new era of sensory-rich experiences and interactive entertainment.

2.2.1.4 The Birth of Head-Mounted Displays

Source: https://www.researchgate.net/

figure/The-first-head-mounted-display-

designed-by-Dr-I-E-Sutherland-Reproduced-

with_fig2_341058477

Figure 2.2: Head Mounted Display

Prototype

The emergence of head-mounted displays (HMDs)

in the 1960s and 1970s marked a significant mile-

stone in the development of virtual reality (VR)

technology, ushering in a new era of immersive

digital experiences [14]. These early prototypes

of HMDs (Figure 2.2) represented a breakthrough

in human-computer interaction, enabling users to

engage with virtual environments in a more intu-

itive and immersive manner. By mounting display

screens directly onto the user’s head, HMDs pro-

vided a seamless interface for exploring simulated
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worlds and interacting with digital content. This novel form of display technology laid

the foundation for future innovations in VR hardware, paving the way for more sophisti-

cated and immersive VR experiences. The advent of HMDs democratized access to VR

technology, making it more accessible to researchers, developers, and enthusiasts alike.

As HMD technology continued to evolve, it would go on to revolutionize industries rang-

ing from gaming and entertainment to healthcare and education, catalyzing a paradigm

shift in how we perceive and interact with digital information.

2.2.1.5 Military Applications and Flight Simulation

In the 1980s, virtual reality (VR) technology gained substantial traction through the

development of flight simulators tailored for military training purposes, exemplifying the

practical applications of immersive environments in real-world scenarios [15]. These

pioneering flight simulators served as invaluable tools for training military personnel in

complex and high-stakes situations, providing a safe and controlled environment for pilots

to hone their skills and simulate challenging flight conditions. By leveraging VR technol-

ogy, military organizations could offer trainees realistic and dynamic training experiences

that closely mirrored actual flight operations, thereby enhancing readiness and proficiency

levels. The adoption of VR-based flight simulators underscored the transformative poten-

tial of immersive technologies in revolutionizing traditional training methodologies and

preparing military personnel for the rigors of combat and operational missions. More-

over, the success of VR-based flight simulation systems laid the groundwork for broader

applications of VR technology across diverse industries, setting the stage for continued

innovation and exploration in the field of immersive digital experiences.

2.2.1.6 Winter and Rebirth

Despite the initial enthusiasm surrounding virtual reality (VR), the industry encountered

a significant downturn in the early 2000s, referred to as the ”VR winter” [16]. This

period was characterized by a dearth of viable applications and technological limitations

that hindered the widespread adoption and commercialization of VR technology. The

VR winter prompted a reevaluation of the potential of VR and underscored the need

for significant advancements in hardware, software, and content development to reignite

interest in the technology.
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The 2010s witnessed a remarkable resurgence of interest in VR technology, driven by

notable advancements across various fronts, including hardware, software, and content

development [17] . This revitalization of the VR industry heralded a new era of inno-

vation and investment, as developers and enthusiasts explored the untapped potential of

immersive digital experiences. The renewed interest in VR technology paved the way for

the development of cutting-edge VR hardware, sophisticated software applications, and

compelling content, positioning VR as a transformative force in entertainment, education,

healthcare, and beyond.

Source: https://www.ncfacanada.org/

kickstarter-backers-of-oculus-rift-

angrily-reject-facebook-takeover/

Figure 2.3: Oculus Rift campaign

The launch of the Oculus Rift Kickstarter cam-

paign in 2012 by Palmer Luckey marked a pivotal

moment in the history of VR. The overwhelming

success of the campaign, coupled with the subse-

quent acquisition of Oculus by Facebook in 2014,

signaled the dawn of modern VR and catalyzed a

wave of excitement and investment in the industry.

The Oculus Rift emerged as a trailblazer in the VR

landscape, showcasing the potential of high-quality,

immersive VR experiences and inspiring a new gen-

eration of developers and enthusiasts to explore the

possibilities of the medium. The Oculus Rift’s suc-

cess served as a catalyst for the broader adoption and commercialization of VR tech-

nology, ushering in an era of unprecedented innovation and creativity in the realm of

immersive digital experiences.

2.2.1.7 New Era

Today, virtual reality (VR) technology is experiencing widespread adoption across a spec-

trum of industries, underscoring its versatility and transformative potential [18]. In the

realm of gaming and entertainment, VR offers immersive experiences that transport users

to fantastical worlds and redefine interactive storytelling. The healthcare sector leverages

VR for medical training, surgical simulations, pain management, and therapy, revolution-

izing patient care and medical education [19]. In education, VR serves as a powerful

tool for experiential learning, enabling students to explore historical sites, engage with
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complex concepts, and interact with immersive educational content [16]. Additionally,

architects and designers utilize VR for visualizing architectural plans, conducting virtual

walkthroughs, and showcasing design concepts to clients, streamlining the design pro-

cess and enhancing collaboration [20]. Across these diverse industries, VR technology is

driving innovation, enhancing productivity, and reshaping how we experience and inter-

act with digital content. As VR continues to evolve and mature, its impact on society,

culture, and industry is poised to deepen, unlocking new possibilities and redefining the

way we perceive and engage with the world around us [21].

2.2.2 Virtual Reality applications

Virtual Reality has evolved beyond its initial function as a visualization tool, emerging as

a dynamic medium for immersive experiences. In this section, we explore the concept of

Interactive Virtual Reality, emphasizing its significance and applications. Interactive VR

allows users to actively engage with virtual environments in real-time, enabling them to

shape the narrative, dynamics, and outcomes of their virtual experiences. Unlike passive

forms of media consumption, Interactive VR empowers users to become active partici-

pants in the immersive worlds they inhabit. This interactivity is facilitated through a

variety of input devices, including hand controllers, motion trackers, and gesture recog-

nition systems, which enable users to navigate, interact with objects, and manipulate

elements within the virtual environment.

Virtual Reality has found applications across various domains, including gaming, edu-

cation, training, therapy, research, and medical tools, where its ability to engage users in

meaningful and interactive experiences has proven invaluable. In gaming, Virtual Reality

offers players unprecedented levels of immersion and agency, enabling them to interact

with virtual worlds in ways that were previously unimaginable [18]. Educational insti-

tutions are harnessing Virtual Reality to create immersive learning environments, where

students can explore scientific concepts, historical events, and cultural landmarks first-

hand [16]. In training simulations, Interactive VR allows trainees to practice real-world

tasks and scenarios in a safe and controlled environment, facilitating skill acquisition

and knowledge transfer [22]. Moreover, Interactive VR has demonstrated promise in

therapeutic settings, where it is utilized to treat phobias, PTSD, and other psychological
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disorders through exposure therapy and immersive relaxation techniques [23]. Addition-

ally, in research, Virtual Reality is employed to conduct experiments, simulations, and

data visualization, enabling scientists and researchers to explore complex phenomena

and analyze data in immersive environments [24]. In medical tools, Virtual Reality is

utilized for surgical training, patient education, and medical imaging analysis, providing

healthcare professionals with innovative tools for diagnosis, treatment, and patient care

[25, 10, 8].

In summary, Virtual Realityrepresents a significant transformation in our interaction

with digital content. By empowering users to actively engage in and shape their vir-

tual experiences, Interactive VR provides a revolutionary platform for entertainment,

education, training, therapy, research, and medical tools. As technology advances and

interactive VR experiences become more sophisticated and accessible, the opportunities

for innovation and creativity in this emerging field continue to expand, promising exciting

developments and advancements in the future.

In this thesis, we developed an application that integrates interactive VR with the

domain of biological research, aiming to provide advanced tools to facilitate and enhance

the field of biological research.

2.3 Head Mounted Displays (HMDs)

Head-mounted displays (HMDs) are wearable devices that immerse users in virtual en-

vironments by presenting stereoscopic images to each eye (Figure 2.4). They typically

consist of a head-worn unit containing display screens, lenses, and motion sensors, along

with straps or frames for secure attachment to the user’s head. HMDs vary in design, from

lightweight and compact models for casual use to more sophisticated systems designed

for professional applications.

HMDs play a pivotal role in integrating human senses into the virtual reality ex-

perience. By providing visual and auditory stimuli, they create a sense of immersion

and presence, transporting users to virtual worlds that engage multiple sensory modal-

ities. The quality of the visual and auditory feedback delivered by HMDs significantly

influences the realism and effectiveness of the virtual experience [26].

Advancements in hardware technology have propelled the evolution of HMDs, making

them lighter, more comfortable, and capable of delivering higher-resolution graphics and

Michail Nikiforakis 13 July 2024



2. RESEARCH OVERVIEW

smoother motion tracking [27, 28]. The development of high-fidelity displays, improved

optics, and advanced motion sensors has enhanced the level of immersion and realism

achievable in virtual environments [29]. These technological innovations have expanded

the possibilities for applications ranging from entertainment and gaming to education,

training, and healthcare [30].

Source: https://medium.com/echo3d/the-best-virtual-reality-headsets-

out-there-7e7153155b31

Figure 2.4: Head Mounted Displays

Head-mounted displays (HMDs) boast a diverse range of hardware capabilities de-

signed to enhance the immersive virtual reality (VR) experience. These capabilities en-

compass high-resolution displays that render lifelike visuals with crisp detail and vibrant

colors, immersing users in visually stunning virtual environments. Advanced optics and

lens systems ensure optimal clarity and field of view, minimizing distortion and maximiz-

ing the user’s visual perception within the virtual space [29, 31]. Additionally, ergonomic

design features, such as adjustable straps and cushioned padding, ensure comfort during

extended VR sessions, promoting user engagement and endurance. Furthermore, inte-

grated motion sensors and inertial measurement units (IMUs) enable precise tracking of

head movements, allowing for seamless interaction with virtual objects and environments

[32]. HMDs also integrate audio technologies, including built-in speakers or headphone
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jacks, to deliver immersive spatial soundscapes that complement the visual experience.

Collectively, these hardware capabilities contribute to the compelling and immersive na-

ture of VR interactions, setting the stage for the exploration of advanced tracking systems

and technical specifications that further enhance the VR user experience.

In this thesis, we utilized a cutting-edge VR headset equipped with ultra-high-resolution

screens and an expansive field of view to provide an immersive and high-quality experi-

ence for biological data analysis.

2.3.1 Position Tracking

Position tracking is a fundamental aspect of virtual reality (VR) technology that enables

precise monitoring of the user’s physical movements within the virtual environment.

This tracking mechanism allows VR systems to accurately determine the user’s location

and orientation in three-dimensional space, facilitating natural and intuitive interactions

with virtual objects and environments. Various position tracking techniques have been

developed to achieve this goal, ranging from basic to advanced implementations.

Inertial Measurement Units (IMUs): One common approach to position tracking

involves the use of inertial measurement units (IMUs), which comprise sensors such as

accelerometers and gyroscopes. IMUs measure changes in velocity and rotational motion,

enabling real-time tracking of the user’s head movements and orientation [33]. While

IMUs provide low-latency tracking and are suitable for standalone VR experiences, they

may suffer from drift and accuracy issues over time, especially during rapid movements

or extended usage [34].

Source: https://4experience.co/vr-

tracking-meet-degrees-of-freedom/

Figure 2.5: Position Tracking with

Sensors

External Tracking Systems: External track-

ing systems employ external sensors or cameras

placed around the user’s environment to track the

position and movement of VR hardware, such as

headsets or controllers. These systems use mark-

ers or visual cues to triangulate the user’s position

in space accurately [35]. Examples include opti-

cal tracking systems like the Oculus Constellation

and the HTC Vive’s Lighthouse tracking system,

which use infrared sensors and lasers, respectively,
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to track the precise location of VR devices within a

designated play area (Figure 2.5).

Hybrid Tracking Solutions: Some VR platforms utilize hybrid tracking solutions

that combine multiple tracking technologies to achieve optimal performance and accuracy.

These solutions may integrate IMUs for low-latency tracking and external sensors for

absolute positioning, offering a balance between responsiveness and precision [36]. By

combining different tracking modalities, hybrid systems aim to mitigate the limitations

of individual tracking methods and provide a more robust and immersive VR experience.

In this thesis, we employed a hybrid system consisting of IMUs and an external

tracking system. Although the headset used is equipped with the necessary sensors for

internal position tracking, an external tracking system was also used due to the superior

accuracy of the combined system.

2.3.2 Head Tracking

Source: https://blog.bigimmersive.com/

positional-tracking-in-vr-a-review-of-

tracking-systems-their-features/

Figure 2.6: Degrees Of

freedom

Head tracking is a pivotal component of VR technology that

enables users to control their viewpoint within virtual envi-

ronments by tracking the movement of their head in real-

time [37]. By accurately capturing head orientation and

position, VR systems can adjust the perspective displayed

to the user, creating a sense of immersion and presence in

the virtual world. Head tracking is crucial for maintaining

visual consistency and ensuring that the virtual environment

reacts to the user’s movements naturally and responsively

[38].

Head tracking can be implemented using various tech-

nologies, including inertial measurement units (IMUs), opti-

cal sensors, and depth-sensing cameras. IMUs, comprising accelerometers and gyroscopes,

offer low-latency tracking and are commonly integrated into VR headsets to capture ro-

tational movements of the user’s head [39]. Optical tracking systems, such as those

employed by the Oculus Rift and HTC Vive, utilize external sensors or cameras to pre-

cisely monitor head position and orientation within a defined tracking volume [37, 40].
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Head tracking systems are characterized by their degrees of freedom (DoF), which

determine the range of movements they can accurately capture. Basic head tracking

systems may offer three degrees of freedom (3DoF), tracking rotational movements around

the vertical, horizontal, and lateral axes. Advanced systems, known as six degrees of

freedom (6DoF) tracking, additionally track translational movements along the X, Y,

and Z axes (Figure 2.6), allowing users to move freely within the virtual space [37].

Accurate head tracking is essential for creating compelling and immersive VR experi-

ences that respond seamlessly to user input. By synchronizing virtual camera movements

with the user’s head movements, VR applications can enhance the sense of presence and

realism, making users feel as if they are truly inhabiting the virtual environment [41].

Smooth and responsive head tracking is crucial for preventing motion sickness and dis-

comfort, ensuring a comfortable and enjoyable VR experience for users [42].

Despite advancements in head tracking technology, challenges such as latency, jitter,

and occlusion may still affect the quality of tracking in certain scenarios [43]. Mini-

mizing latency and ensuring consistent tracking accuracy are ongoing areas of research

and development in the VR industry [42]. Additionally, optimizing head tracking algo-

rithms and sensor fusion techniques can help mitigate issues related to sensor drift and

environmental interference, enhancing the overall performance and reliability of VR head

tracking systems [41].

In this thesis, head tracking is implemented through a hybrid system. While the

IMU-based internal system offers only 3 degrees of freedom, combining it with an external

tracking system enables the hybrid solution to achieve 6 degrees of freedom.

2.3.3 Input methods

In virtual reality (VR) environments, hand tracking, controllers, and eye tracking serve as

primary input methods, enabling users to interact with virtual objects and environments

with natural gestures, movements, and gaze. These input devices play a crucial role in

enhancing immersion and facilitating intuitive interaction within VR experiences.

Hand Tracking Technology: Hand tracking technology enables the detection and

analysis of hand movements and gestures in real-time, allowing users to manipulate vir-

tual objects using their hands directly [44]. Optical sensors, depth cameras, and machine

learning algorithms are commonly employed to capture and interpret hand movements
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accurately. Advanced hand tracking systems can recognize intricate gestures and finger

movements, providing users with precise and intuitive control over virtual interactions

[45].

Controller-Based Input: VR controllers, such as handheld devices equipped with

buttons, triggers, and joysticks, offer users tactile feedback and enhanced control over

virtual environments. These controllers enable users to perform a wide range of actions,

including grabbing objects, navigating menus, and interacting with virtual interfaces

[46]. The ergonomic design and tactile feedback mechanisms of VR controllers enhance

the sense of presence and immersion, making interactions within VR environments more

intuitive and engaging.

Eye Tracking Integration: Eye tracking technology enables the precise measure-

ment and analysis of a user’s gaze and eye movements within VR environments. By

tracking the direction of the user’s gaze, eye tracking systems provide valuable insights

into attention and visual focus, allowing for more natural and responsive interactions

[47, 48]. Eye tracking also enables features such as foveated rendering, where graphics

processing power is allocated based on the user’s gaze, optimizing performance and visual

quality [49].

Hybrid Input Solutions: Some VR systems integrate hand tracking, controller-

based input, and eye tracking technologies, offering users flexibility in how they interact

with virtual environments. Hybrid solutions leverage the strengths of each input method,

allowing users to switch seamlessly between hand gestures, controller inputs, and gaze-

based interactions based on the task or context. This versatility enhances user comfort

and accommodates different interaction preferences, catering to a diverse range of VR

experiences and applications [50].

In this thesis, a controller-based input system was preferred. Controllers provide the

necessary range of motion and accuracy required for effective interaction with the virtual

environment and biological data analysis.

2.3.4 Other Specifications

In addition to hand tracking, controllers, and eye tracking, several other specifications are

essential considerations in the design and functionality of head-mounted displays (HMDs)
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for virtual reality (VR) experiences. These specifications include display resolution, re-

fresh rate, field of view, optics, and lenses.

Display resolution refers to the number of pixels displayed on the screen, directly

impacting image clarity and detail within the VR environment. A higher resolution

display enhances visual fidelity and reduces the visibility of individual pixels, resulting

in a more immersive experience for users [51].

The refresh rate of an HMD determines how frequently the display updates images

per second, measured in Hertz (Hz). A higher refresh rate reduces motion blur and

flickering, leading to smoother and more comfortable viewing experiences, particularly

during fast-paced VR interactions [31].

Field of view (FOV) defines the extent of the virtual environment visible to the

user through the HMD lenses. HMDs with wider FOV (Figure 2.7) provide a more

expansive and immersive view of the virtual world, enhancing the sense of presence and

spatial awareness for users [52].

Optics and lenses play a crucial role in shaping the quality and clarity of the visual

experience in VR. High-quality optics and precision-engineered lenses help minimize dis-

tortions, aberrations, and color fringing, ensuring sharp and accurate image reproduction

across the entire field of view [51]. Additionally, lens coatings and anti-glare treatments

improve light transmission and reduce reflections, enhancing visual comfort and reducing

eye strain during extended VR sessions [31].

In this thesis, the HMD used is equipped with two screens (one for each eye) with

a resolution of 3840x2160 each. Additionally, it uses Fresnel lenses that help achieve a

significantly wide field of view (170+ degrees).

2.4 Data Visualization

Data visualization refers to the graphical representation of data to extract meaningful

insights and patterns. It involves the use of visual elements such as charts, graphs, and

maps to present complex datasets in a clear and understandable format [53]. Data

visualization enables users to explore data, identify trends, and communicate findings

effectively. It plays a crucial role in various fields, including business analytics, scientific

research, and decision-making processes [54, 55, 56].
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Source: https://www.reddit.com/r/OculusQuest/comments/b9veej/fov_

comparison/

Figure 2.7: Field of View Comparison

2.4.1 2D and 3D Data Visualizations

2.4.1.1 2D Visualization

Two-dimensional (2D) data visualizations are graphical representations that display in-

formation using two axes, typically x and y coordinates. They are fundamental tools in

data analysis and presentation, allowing users to visualize relationships, patterns, and

trends within datasets. The historical development of 2D data visualizations traces back

to the early methods of charting and graphing data, which were essential for conveying

information in a visual format [57]. Over time, advancements in technology and design

have led to the evolution of 2D visualizations into a diverse array of chart types and

graphical representations [57].

Two-dimensional data visualizations include bar charts, line graphs, pie charts, scatter

plots, and histograms (Figure 2.8). Each type of 2D visualization offers unique advantages

and is suited to different types of data analysis and presentation. For example, bar charts
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are effective for comparing discrete categories, while line graphs are ideal for visualizing

trends and patterns over time [54].

In data analysis and communication, 2D visualizations offer several advantages. They

provide a clear and concise representation of data that is easy to interpret and under-

stand [58]. Additionally, 2D visualizations can simplify complex datasets and highlight

key insights, making them valuable tools for decision-making processes and data-driven

decision-making [54].

However, 2D visualizations also have limitations. While they are versatile and widely

used, they may struggle to represent multidimensional data or complex relationships

effectively. In some cases, 2D visualizations may oversimplify data or obscure important

details, leading to potential misinterpretation [58].

Recent advancements in technology have paved the way for innovative approaches

to 2D data visualization. Interactive and dynamic 2D visualizations, for example, allow

users to explore data in real-time and customize their viewing experience [55]. Fur-

thermore, advancements in data visualization software and programming libraries have

democratized the creation of 2D visualizations, making them more accessible to a wider

audience [55].

Source: https://www.linkedin.com/pulse/15-most-common-types-data-

visualisation-john-otto-ottinger

Figure 2.8: 2D Visualizations Examples
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2.4.1.2 3D Visualization

Three-dimensional (3D) data visualizations are graphical representations that incorpo-

rate depth perception along with height and width dimensions, allowing for the depic-

tion of spatial relationships and complex data structures. Unlike their two-dimensional

counterparts, 3D visualizations provide an immersive experience that closely mirrors the

physical world, enabling users to explore data from multiple perspectives [59]. The con-

cept of 3D data visualization has evolved alongside advancements in computer graphics

and visualization techniques, offering innovative solutions for analyzing and presenting

multidimensional datasets [60].

Several types of 3D visualizations are commonly used across various domains to rep-

resent complex data. 3D scatter plots visualize data points in three-dimensional space,

allowing for the examination of relationships between multiple variables [61]. Surface

plots depict mathematical functions or empirical data on a three-dimensional surface,

enabling the visualization of spatial patterns and gradients [62]. Volumetric rendering

techniques reconstruct three-dimensional structures from volumetric data, such as med-

ical imaging scans, enabling detailed exploration of internal anatomical structures [63].

Additionally, 3D bar charts represent categorical data using three dimensions, offering a

visually compelling way to compare values across multiple categories [61].

Despite their advantages, 3D visualizations also present challenges and limitations.

Occlusion, or the obstruction of objects by others, can occur in complex 3D scenes,

making it difficult to discern all elements simultaneously [64]. Clutter may arise when

visualizing large datasets, leading to information overload and diminished clarity [64].

Moreover, the interpretation of 3D visualizations can be subjective, as users may perceive

depth and spatial relationships differently. Addressing these challenges requires careful

design and optimization of 3D visualization techniques [65].

Recent advancements in technology have fueled the development of innovative ap-

proaches to 3D data visualization. Interactive and immersive 3D visualization tools

enable users to manipulate and explore data in real-time, fostering deeper insights and

understanding [66]. Virtual reality (VR) and augmented reality (AR) technologies offer

new avenues for immersive data exploration, allowing users to interact with 3D visual-

izations in immersive environments [67]. Additionally, advancements in rendering tech-

niques and hardware capabilities continue to push the boundaries of what is possible in
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3D data visualization, paving the way for more sophisticated and impactful applications

[68].

2.4.2 Biological Visualization

Visualizations have played a pivotal role in advancing the field of biology, offering re-

searchers powerful tools to explore, analyze, and communicate complex biological phe-

nomena. The integration of visualizations into biology can be traced back to early scien-

tific illustrations and anatomical drawings, which provided researchers with visual repre-

sentations of biological structures and processes. These visualizations served as essential

tools for documenting observations, understanding anatomical features, and disseminat-

ing scientific knowledge [69].

Over time, technological advancements have revolutionized biological visualizations,

enabling researchers to probe deeper into the intricacies of living organisms and biolog-

ical systems. The emergence of microscopy techniques, such as light microscopy and

electron microscopy, allowed scientists to visualize cellular structures and subcellular

components with unprecedented clarity and resolution [70]. These advances facilitated

groundbreaking discoveries in cell biology, microbiology, and molecular biology, driving

our understanding of fundamental biological processes [71].

The significance of biological visualizations extends beyond mere observation; they

serve as indispensable tools for hypothesis generation, experimentation, and data inter-

pretation. Visualization techniques, such as molecular modeling and structural biology,

enable researchers to visualize molecular interactions, protein structures, and DNA se-

quences, aiding in drug discovery, molecular biology research, and bio-informatics [59].

Furthermore, advances in bio-imaging technologies, including fluorescence imaging and

live-cell imaging, allow researchers to observe dynamic biological processes in real-time,

providing insights into cellular dynamics and physiological functions [72].

In the current landscape, biological visualizations continue to evolve rapidly, driven

by advancements in imaging technologies, computational methods, and data analysis

techniques. High-throughput imaging platforms, such as confocal microscopy and super-

resolution microscopy, enable the acquisition of large-scale, high-resolution datasets, chal-

lenging researchers to develop innovative approaches for data visualization and analysis
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[73]. Moreover, the integration of bio-informatics tools and computational modeling tech-

niques has facilitated the visualization of complex biological networks, genomic data, and

evolutionary relationships, fostering interdisciplinary collaborations and driving discov-

eries in systems biology and computational biology [74].

In summary, biological visualizations have been instrumental in shaping our under-

standing of the living world, from the microscopic realm of cells and molecules to the

macroscopic complexity of ecosystems and biodiversity. As technology continues to ad-

vance and interdisciplinary collaborations flourish, the future of biological visualizations

holds immense promise for unraveling the mysteries of life and driving transformative

discoveries in the biological sciences [60].

2.4.3 Virtual Reality Visualization

2.4.3.1 Introduction to VR Visualizations

Virtual reality (VR) technology has ushered in a new era of data visualization, offering

unprecedented opportunities to explore and interact with complex datasets in immersive

environments. Unlike traditional visualization methods, VR enables users to experience

data in three dimensions, providing depth and spatial context that enhance understanding

and insight [75].

2.4.3.2 Applications of VR Visualizations

The current state of VR visualizations encompasses a diverse array of applications across

various domains, including scientific research, engineering, healthcare, education, and

entertainment. For example, in scientific research, VR visualization platforms such as

CAVE systems and immersive virtual environments have been employed to visualize and

analyze complex datasets in fields such as molecular biology, astronomy, and neuroscience

[76]. In engineering, VR visualization tools are utilized for product design, simulation,

and prototyping, allowing engineers to visualize and manipulate 3D models with greater

precision and interactivity [56]. In healthcare, VR-based medical imaging platforms

enable physicians and surgeons to visualize patient-specific anatomical structures and

medical data for surgical planning and medical education [10] . These examples un-

derscore the transformative impact of VR visualizations across diverse domains, driving

advancements in research, education, and industry [73].

Michail Nikiforakis 24 July 2024



2.4 Data Visualization

2.4.3.3 VR for Large Datasets

The advent of virtual reality (VR) technology has significantly impacted the visualiza-

tion of large datasets, offering solutions to the inherent challenges posed by the scale and

complexity of modern datasets. Traditional two-dimensional visualizations often struggle

to effectively convey the richness of information contained in large datasets. VR provides

a compelling alternative by immersing users in a three-dimensional space, allowing them

to navigate and explore vast datasets seamlessly. This spatial representation not only

enhances the comprehension of intricate details within the data but also enables the

identification of patterns and correlations that might be overlooked in conventional visu-

alizations [60]. Researchers are increasingly turning to VR to address the visualization

needs of large-scale datasets, whether in fields such as genomics, climate modeling, or

financial analytics [71]. The synergy between large dataset visualization and VR technol-

ogy holds the potential to unlock valuable insights and drive innovations across various

disciplines [64].

2.4.3.4 VR Visualization Techniques

Various techniques are employed in virtual reality (VR) visualization to represent and

interact with data in immersive environments. Surface rendering techniques focus on

representing the surfaces of objects or datasets in VR environments. These techniques

include polygonal mesh rendering and point cloud rendering, which are commonly used

in architectural visualization, geological modeling, and molecular modeling applications

[61]. Surface rendering allows users to interactively manipulate and explore surface details

with high fidelity and realism.

Dynamic data visualization techniques are crucial for representing time-varying or

streaming data in VR environments. Techniques such as particle systems, flow visualiza-

tion, and temporal interpolation enable users to observe and analyze changes in data over

time, facilitating the exploration of dynamic phenomena in fields such as fluid dynamics,

climate modeling, and financial markets [70].

Multimodal visualization techniques integrate multiple data modalities, such as vi-

sual, auditory, and haptic feedback, to enhance the immersive experience and convey

information more effectively to users. By combining different sensory modalities, multi-
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modal visualization techniques cater to users with diverse preferences and accessibility

needs, enabling a richer and more engaging VR experience [74].

Finally, volume rendering stands as a cornerstone technique in VR visualization, allow-

ing users to visualize volumetric data, such as medical images or scientific simulations,

by rendering translucent three-dimensional structures directly from the data. Volume

rendering techniques employ methods such as ray casting or texture-based rendering,

enabling users to explore complex internal structures and spatial relationships within the

data [72].

In this thesis, various volume rendering techniques are utilized to bring the provided

biological data into the virtual environment. These techniques allow for the visualizations

to be configured in real time tailored to the needs of each dataset.

2.4.3.5 Challenges and Future Directions

Despite its promising capabilities, visualizing large datasets in virtual reality (VR) en-

vironments presents several challenges and limitations. One major challenge is the pro-

cessing and rendering of massive amounts of data in real-time, which requires robust

computational resources and efficient rendering algorithms. The complexity of large

datasets can strain system resources, leading to performance bottlenecks and latency is-

sues that hinder the user experience [56]. Additionally, maintaining data integrity and

preserving interactivity while navigating through voluminous datasets remain ongoing

concerns. Another challenge lies in the design and implementation of user interfaces that

facilitate intuitive interactions with large datasets in VR environments. Ensuring that

users can effectively explore and analyze data while avoiding cognitive overload and spa-

tial disorientation is a crucial aspect of VR visualization design [73]. Addressing these

challenges requires interdisciplinary collaboration among computer scientists, data ana-

lysts, human-computer interaction specialists, and domain experts to develop scalable,

efficient, and user-friendly VR visualization solutions [76].
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2.5 Volume Rendering

2.5.1 Introduction to Volume Rendering

Volume rendering is a sophisticated technique used in computer graphics to visualize

complex three-dimensional (3D) volumetric data. Unlike traditional 2D imaging meth-

ods that represent objects as surfaces or edges, volume rendering enables the visualization

of data throughout a volume, capturing the intricate details within [77]. This method

is particularly important for data that cannot be easily reduced to simple surface repre-

sentations, such as medical imaging data or scientific simulations [78].

The core idea behind volume rendering is to project 3D data onto a 2D plane in a way

that preserves the depth, density, and internal structures of the data. This is achieved

by using various algorithms that handle the data directly without first converting it into

geometric shapes like polygons or meshes [79]. Techniques such as ray marching (Figure

2.9), where rays are projected through the volume and accumulate color and opacity

based on the voxel values they encounter, are fundamental to this process [80]. The

result is a detailed and comprehensive image that conveys more information than surface

renderings, albeit with increased computational complexity.

Source: https://www.oreilly.com/library/view/opengl-build/9781788296724/ch07s03.html

Figure 2.9: Ray Marching technique

Volume rendering has a wide range of applications across multiple fields due to its
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ability to provide detailed visualizations of volumetric data.

� In medical imaging, it is extensively used to visualize data from MRI, CT, and

PET scans, allowing clinicians to see inside the human body in 3D, which aids in

diagnosis, treatment planning, and surgical simulations [10, 7]. This technique

provides detailed views of tumors, blood vessels, and internal organs, which are

crucial for accurate medical assessments.

� In scientific research, volume rendering helps visualize data from simulations and

experiments, including computational fluid dynamics, meteorological data, and as-

trophysical phenomena . By rendering these complex data sets in 3D, scientists can

better understand fluid flows, weather patterns, and the structure of the universe

[77].

� In the industrial sector, volume rendering is applied in non-destructive testing and

inspection, where techniques like industrial CT scans use volume rendering to in-

spect the internal structures of materials and mechanical parts without damaging

them, making it useful for quality control and failure analysis [81].

� Geologists utilize volume rendering to visualize seismic data and underground struc-

tures, aiding in the exploration and analysis of natural resources such as oil, gas,

and minerals. This 3D view of subsurface formations assists in making informed

decisions in resource extraction [82].

� In the entertainment industry, volume rendering is employed to create realistic ef-

fects like clouds, smoke, and fire in movies and video games, effectively representing

amorphous phenomena [83]. Overall, volume rendering enhances our ability to vi-

sualize and interpret complex 3D data, providing invaluable insights across various

domains.

2.5.2 Volumetric Data

Volumetric data refers to data that exists in three dimensions, often captured through

methods like sampling, simulation, or modeling techniques. These data sets consist of a

collection of values, known as voxels, that represent the value of a particular property

at specific coordinates within a 3D space (Figure 2.10). This property could be binary,

Michail Nikiforakis 28 July 2024



2.5 Volume Rendering

Source: https://www.semanticscholar.org/paper/Gpu-

Accelerated-Interactive-Visualization-of-3D-Kumar-Agrawal/

77d38adf7fd453bad591e45f79618e607047fa49

Figure 2.10: Volume Data

multi-valued, or even a vector representing complex characteristics like velocity or color

[77].

The organization of volumetric data can vary, but it is typically stored in a structured

grid format. These grids can be isotropic, with uniform spacing between samples along

each axis, or anisotropic, with varying spacing constants. More complex structures in-

clude rectilinear grids, where cells are axis-aligned with arbitrary spacing, and curvilinear

grids, which are non-linearly transformed while preserving grid topology [79]. Unstruc-

tured or irregular grids consist of cells of arbitrary shapes like tetrahedra or hexahedra,

requiring explicit specification of their connectivity [77].

One of the fundamental challenges in handling volumetric data is interpolation, which

estimates the value of data at non-grid locations. Several interpolation methods exist,

ranging from zero-order (nearest neighbor) interpolation, which simply assigns the value

of the nearest voxel, to higher-order methods like tri-linear and cubic interpolation that

provide smoother transitions between voxel values [84]. These interpolation techniques

are crucial for producing visually appealing and accurate renderings of volumetric data,
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as they significantly impact the final image quality.

In this thesis, the data used for the visualizations were structured in a grid format.

To address the interpolation challenge, cubic interpolation was employed to achieve the

most accurate results.

2.5.3 Volume Rendering Techniques

Source: https://www.sciencedirect.com/topics/computer-science/volume-

rendering

Figure 2.11: CT head rendered in the four main volume rendering modes: (a) X-ray; (b)

MIP; (c) Iso-surface; (d) DVR.

Volume rendering techniques can be broadly categorized into direct volume rendering,

iso-surface rendering, and maximum intensity projection (MIP) [77]. These techniques,

which are primarily image-order methods, differ in how they handle the volumetric data

and the type of images they produce (Figure 2.11). Each technique has its unique ad-

vantages and application areas, contributing to the diverse field of volume visualization.

� Direct Volume Rendering (DVR)

Direct volume rendering (DVR) is a powerful method that visualizes volumetric data

without first extracting geometric surfaces. Instead, DVR directly maps voxel data to
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color and opacity values, producing images that represent the entire volume’s internal

structure. This technique uses the volume rendering integral to accumulate color and

opacity along rays cast through the volume as it shown in Figure 2.9 [77]. Mathemati-

cally, the volume rendering integral can be expressed as:

Iλ(x, r) =
∫ L

0
Cλ(s)µ(s)exp(−

∫ s

0
µ(t)dt)ds

Here, Iλ(x, r) is the intensity of light of wavelength λ received at point x along direction

r, Cλ(s) is the color, μ(s) is the mass density (or opacity) at position s along the ray, and

L is the length of the ray. The exponential term accounts for the attenuation of light as

it passes through the volume.

In practice, this integral is often approximated using discrete sampling and composit-

ing techniques, where rays are cast from the image plane through the volume, accumu-

lating color and opacity values at each sample point. The discrete sum equation is given

by:

Iλ =
∑N−1

i=0 Cλ(si)α(si)prod
i−1
j=0(1− α(sj))

where:

α(si) = 1− exp(−µ(si)∆s)

In this equation Iλ is the light intensity of wavelength λ received at the image plane,

Cλ(si) is the light emission at position si, α(si) is the opacity at position si, µ(si) is

the attenuation coefficient at position si, ∆s is the distance between consecutive sample

points.

� Maximum Intensity Projection (MIP)

Maximum intensity projection (MIP) is a simpler volume rendering technique that

projects the highest intensity value encountered along each ray onto the image plane. This

method is particularly useful for highlighting the brightest structures within the volume,

such as blood vessels in medical imaging [77]. The MIP operation can be mathematically

described as:

IMIP (x, r) = maxs∈[0,L]f(s)
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where IMIP (x, r) is the intensity value at point x along direction r, and f(s) is the

intensity function of the volumetric data. MIP is computationally efficient because it

only requires finding the maximum value along each ray, but it can result in the loss of

depth information and may produce less informative images for complex structures.

� Iso-Surface Rendering

Iso-surface rendering involves extracting a surface within the volume where the data

values equal a specified iso-value viso. This technique is useful for visualizing boundaries

within the volume, such as anatomical structures in medical imaging [77]. The iso-surface

is defined by the function:

B(v) =

{
1 if v ≥ viso

0 otherwise

Common algorithms for iso-surface extraction include Marching Cubes, which approx-

imates the surface using triangles. The algorithm evaluates the function at the corners

of each grid cell and interpolates the positions where the iso-surface intersects the cell

edges. The vertex positions are determined using linear interpolation:

p = p1 +
viso−v1
v2−v1

(p2 − p1)

where p1 and p2 are the positions of the grid points, and v1 and v2 are their corre-

sponding values. This results in a polygonal mesh representing the iso-surface, which can

be rendered using standard graphics techniques.

In summary, DVR, MIP, and Iso-Surface Rendering each provide unique methods for

visualizing volumetric data. DVR captures the full complexity of the volume by simulat-

ing light transport, MIP highlights the brightest structures, and Iso-Surface Rendering

extracts and displays specific surfaces within the volume. Each technique offers distinct

advantages depending on the application and the type of information that needs to be

visualized.

In this thesis, both Direct Volume Rendering and Maximum Intensity Projection

techniques were fully implemented to produce accurate visualizations of the data. The

Iso-Surface rendering technique was initially implemented and tested but was ultimately

removed. This decision was due to the fact that, except for the low-quality datasets, the

3Dtexture required to represent them exceeded the size that the Unity Game engine can

handle. The Unity Game engine has a maximum 3Dtexture size limit of 2GB.
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2.5.4 Classification and Transfer Functions

Classification and transfer functions are essential components in volume rendering, play-

ing a pivotal role in transforming raw volumetric data into meaningful visual representa-

tions. The primary objective of classification is to differentiate various structures within

the volumetric data by assigning distinct color and opacity values to different voxel val-

ues. This is accomplished through transfer functions, which map data values to visual

properties such as color and transparency. By carefully designing these functions, users

can emphasize areas of interest, highlight specific features, and suppress irrelevant or

occluding structures, thereby enhancing the overall interpretability of the data [85].

Transfer functions typically operate in a multi-dimensional space, considering not only

the voxel intensity but also additional attributes such as gradients. The most common

approach is the use of 1D transfer functions, where a single scalar value (the voxel inten-

sity) is mapped to color and opacity. However, more sophisticated methods employ 2D

or higher-dimensional transfer functions that also take into account the gradient magni-

tude [86]. This allows for more nuanced classifications, such as distinguishing between

smooth regions and regions with sharp boundaries, which is particularly useful in medical

imaging where it is important to differentiate between different tissue types [87].

A practical implementation of transfer functions involves using graphical editors,

where users interactively adjust the mapping of data values to visual properties. These

editors often provide tools for creating and manipulating transfer function curves, allow-

ing users to dynamically explore and refine the visual representation of the volume data

[86]. For example, in medical imaging, transfer functions can be adjusted to selectively

enhance the visibility of bone structures, soft tissues, or blood vessels within a single

dataset, providing a comprehensive view of the anatomy [87].

In summary, classification and transfer functions are fundamental to effective volume

rendering. They enable the selective highlighting of important features within volumet-

ric data, providing clear and informative visualizations. By leveraging multi-dimensional

mappings and interactive editors, users can achieve precise control over the visualization

process, facilitating deeper insights and better decision-making across various applica-

tions, from medical imaging to scientific research and industrial inspection [77].

In this thesis, a graphical editor was developed to facilitate the configuration, sav-

ing, loading, and editing of transfer functions for use with the direct volume rendering
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algorithm. This tool enables real-time adjustments to the transfer functions, thereby

simplifying the precise adjustment of visual representations of datasets.

2.6 Game Engines

Game engines serve as software frameworks designed to simplify the process of game

development by providing developers with a suite of tools, libraries, and functionalities

to create interactive digital experiences [88].

Historically, the concept of game engines traces back to the early days of video game

development in the 1970s and 1980s. During this period, developers programmed games

from scratch, writing code to handle graphics rendering, physics simulation, input pro-

cessing, and other essential functionalities. However, as game development became in-

creasingly complex and resource-intensive, the need for more efficient development tools

became apparent [89].

The evolution of game engines gained momentum in the 1990s with the emergence

of 3D graphics technology and the growing popularity of personal computers and gam-

ing consoles. Game developers began to adopt proprietary engines developed by major

gaming companies like id Software, Epic Games, and Valve Corporation to create ground-

breaking titles such as Doom, Quake, and Half-Life [90].

The late 1990s and early 2000s witnessed the commercialization and democratization

of game engines, with the release of licensed engines like Unreal Engine and CryEngine to

third-party developers. These engines offered comprehensive toolsets, robust rendering

pipelines, and powerful scripting languages, empowering developers to create high-quality

games with reduced development time and resources.

Over the years, game engines have evolved to become versatile platforms not only

for traditional game development but also for a wide range of interactive applications,

including virtual reality, augmented reality, simulations, and multimedia experiences.

Modern game engines boast advanced features such as real-time rendering, physics simu-

lation, artificial intelligence, networking, and cross-platform compatibility, making them

indispensable tools for developers across various industries [91, 92].

In summary, game engines represent a pivotal component of contemporary digital

interactive experiences, providing developers with the tools and resources needed to bring

their creative visions to life. The historical evolution of game engines reflects the ongoing
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advancements in technology and the growing demand for immersive and interactive digital

content across diverse platforms and industries [93].

2.6.1 Unity

Unity is renowned for its versatility, offering developers the flexibility to create apps that

seamlessly transition between 2D, 3D, and virtual reality (VR) environments. This adapt-

ability enables developers to start with a 2D app and later integrate 3D elements or VR

functionality as the project evolves. Such flexibility is invaluable, allowing developers to

explore different dimensions and interaction paradigms within the same development en-

vironment [94]. With Unity, developers can leverage a single codebase and asset pipeline

to build apps that cater to diverse user experiences and preferences, from traditional 2D

interfaces to immersive 3D worlds and VR simulations.

Unity prioritizes ease of use and accessibility, making it suitable for developers of all

skill levels. Its intuitive user interface and visual editor empower developers to bring their

creative ideas to life quickly and efficiently, without the need for extensive programming

knowledge. The drag-and-drop functionality, combined with robust scripting support,

streamlines the development process and enables developers to focus on crafting engaging

app experiences. Moreover, Unity’s comprehensive documentation and active community

support provide developers with the resources they need to overcome challenges and

optimize their app development workflows.

Unity boasts a rich feature set and a wide range of customization options, empow-

ering developers to create immersive and feature-rich apps tailored to their specific re-

quirements. From advanced graphics and rendering capabilities to physics simulations,

audio effects, and animation tools, Unity offers a comprehensive suite of features that

enable developers to push the boundaries of app development. Its extensible architecture

and support for third-party plugins and assets provide developers with the flexibility to

integrate additional functionality and expand the capabilities of their apps as needed

[95, 96].
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Chapter 3

Technological Background and

Definitions

3.1 Introduction

Chapter 3 serves as a comprehensive exploration of the technological background and

essential definitions crucial to understanding the development of our virtual reality (VR)

application. This chapter lays the groundwork for our research journey by introducing

key concepts, software tools, and hardware components integral to the creation and

deployment of our VR application for visualizing biological data. Throughout Chapter 3,

we will delve into various aspects, including data formats, software tools like ImageJ and

Python, the Unity game development engine, graphics pipelines, VR structure in Unity,

and hardware components such as the Pimax 8K X headset and Valve index Controllers.

3.2 Data Formats

In the context of the project, the biological data initially provided, arrived in a format

unsuitable for direct integration into the virtual reality (VR) visualization application.

The nature of the data, structured within the Hierarchical Data Format (HDF5), pre-

sented challenges in its direct utilization for volume rendering implementation purposes.

HDF5, while efficient for organizing and storing large volumes of complex data, required

preprocessing and conversion to a format more compatible with the application’s require-
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ments. Consequently, to facilitate seamless integration and effective utilization within the

application, a conversion process was necessary to adapt the data into a format better

suited for volume rendering. This necessitated the conversion of the original HDF5 for-

mat to the Nearly Raw Raster Data (NRRD) format, which offers advantages in terms

of compatibility and efficiency within the application’s volume rendering framework.

3.2.1 Hierarchical Data Format

Hierarchical Data Format version 5 (HDF5) is a data model, library, and file format

for storing and managing large and complex datasets [97]. It is designed to address the

challenges of handling massive volumes of data efficiently and effectively. HDF5 organizes

data into a hierarchical structure, allowing users to organize, manage, and access data in

a flexible and scalable manner.

At its core, HDF5 operates as a container format, capable of storing diverse data

types, including numeric data, images, text, and metadata. It supports multidimensional

arrays, allowing for the representation of complex data structures commonly encountered

in scientific and engineering applications. HDF5 files can store vast amounts of data in

a single file, making it well-suited for applications that require efficient data storage and

retrieval.

One of the key features of HDF5 is its ability to support data compression and chunk-

ing, enabling efficient storage and retrieval of large datasets. Data compression reduces

the storage footprint of datasets, while chunking allows for the selective loading of data,

improving access times for specific regions of interest within a dataset.

HDF5 is widely used in various fields, including scientific research, engineering, fi-

nance, and healthcare. In scientific research, HDF5 is commonly used to store experi-

mental data, simulation results, and computational models. In engineering applications,

HDF5 is employed to store sensor data, simulation output, and design specifications. In

finance, HDF5 is utilized for storing market data, financial models, and risk analysis re-

sults. In healthcare, HDF5 is used to store medical images, patient records, and clinical

trial data.

The versatility, scalability, and performance of HDF5 make it a preferred choice for

managing and analyzing large and complex datasets in diverse fields. Its open-source
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nature, robust documentation, and support for various programming languages, includ-

ing C, Python, MATLAB, and Java, further contribute to its widespread adoption and

popularity in the scientific and engineering communities.

3.2.2 Nearly Raw Raster Data

Nearly Raw Raster Data (NRRD) is a file format designed for the storage and exchange of

n-dimensional raster data. It was developed to address the need for a simple, flexible, and

human-readable format that could accommodate a wide range of scientific and medical

imaging data.

NRRD files consist of a concise header section containing metadata describing the

data dimensions, types, and other properties, followed by the raw data itself. The header

is written in plain text, making it easy to inspect and modify using standard text editors

or command-line tools. This simplicity and transparency make NRRD well-suited for

both manual inspection and automated processing workflows.

The NRRD format supports various data types, including scalar, vector, and tensor

data, allowing it to represent a diverse array of image and volume datasets. Additionally,

NRRD files can store metadata such as physical units, axis orientations, and spacing

information, providing essential context for the interpretation and analysis of the data.

One of the key advantages of the NRRD format is its versatility and extensibility.

NRRD files can encode not only traditional two-dimensional images but also higher-

dimensional datasets such as volumetric images, time-series data, and multi-channel im-

ages. This flexibility makes NRRD suitable for a wide range of applications, including

medical imaging, scientific research, computational biology, and computer graphics.

Overall, the NRRD format offers a balance of simplicity, flexibility, and expressiveness,

making it a valuable tool for data management, analysis, and visualization in scientific

and medical applications. Its open and well-documented specification, along with robust

support in various software libraries and tools, further enhances its utility and accessibility

in the research community.

In this thesis, both file formats mentioned above were utilized. Initially, the dataset

was in the HDF5 format, which was subsequently converted to the NRRD format to

facilitate processing and loading into the Unity Game Engine, aligning more effectively

with the objectives of this work.
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3.3 Software tools

3.3.1 ImageJ

Fiji suite, a distribution of ImageJ was used as a tool to explore the contents of the orig-

inal HDF5 file. ImageJ, a widely-used open-source image processing program, provides

functionality for visualizing and analyzing multidimensional images [98]. Leveraging the

capabilities of the Fiji distribution, utilizing ImageJ to open the original HDF5 file, al-

lowed the exploration of its contents and the visualization of discrete images comprising

each volume.

3.3.2 HDFview

HDFview serves as a user-friendly program designed to open HDF files in a manner akin to

browsing through a file directory [99]. By providing a visual interface for navigating the

contents of an HDF file, it enables users to explore the internal structure and organization

of the data. This capability was essential for comprehending the intricacies of the file and

determining the most effective approach for decomposing its contents accurately. This

functionality was useful for understanding the complexities of the file and identifying a

correct method for accurately decomposing its contents.

3.3.3 Python

Python is a widely adopted programming language known for its versatility and extensive

library support, particularly in the field of image processing [100]. With its robust

ecosystem, Python offers a plethora of libraries tailored for array manipulation, including

multidimensional arrays commonly encountered in image processing tasks. One notable

library is H5Py, which provides functionalities to interact with HDF5 files, enabling

users to open and read HDF files seamlessly through code. Additionally, Python offers

the PyNRRD library, which, when combined with the NumPy library, equips developers

with all the tools for creating and NRRD file. Effectively Python offers everything needed

for creating an HDFtoNRRD file converter.

In this thesis, ImageJ and HDFview software tools were employed initially to examine

the dataset. Subsequently, a Python script was utilized for converting the dataset from
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HDF format to NRRD format.

3.4 Graphics Pipelines

The graphics pipeline is a fundamental component of modern computer graphics sys-

tems, responsible for transforming geometric data into rendered images displayed on

screen [101]. It consists of a series of stages or steps, each handling specific tasks such as

geometry processing, rasterization, shading, and rendering. The purpose of the graph-

ics pipeline is to efficiently process and manipulate graphical data, ultimately producing

visual outputs that accurately represent the virtual scene being rendered. By breaking

down the rendering process into distinct stages, the graphics pipeline allows for paral-

lelization and optimization of tasks, leading to improved performance and visual fidelity

in real-time rendering applications such as video games, simulations, and virtual reality

experiences.

The graphics pipeline typically consists of several common stages that are essential for

generating rendered images. These stages include geometry processing, vertex shading,

primitive assembly, rasterization, fragment shading, and frame buffer operations.

� In the geometry processing stage, raw geometric data such as vertices and polygons

are transformed and manipulated to define the shape and position of objects in the

virtual scene.

� Vertex shading involves applying transformations and computing vertex attributes

such as color and texture coordinates.

� The primitive assembly stage organizes vertices into geometric primitives such as

triangles or lines for further processing.

� Rasterization converts these primitives into pixels on the screen, determining which

pixels are covered by the primitives and their corresponding attributes.

� Fragment shading calculates the final color and other properties of each pixel, taking

into account lighting, materials, and textures.

� Finally, frame buffer operations involve writing the computed pixel values to the

frame buffer for display.
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Each stage of the graphics pipeline plays a crucial role in the overall rendering process,

contributing to the creation of visually compelling and immersive graphics.

3.4.1 Unity Supported Pipelines

In Unity, various rendering pipelines determine how graphics are processed and displayed

in a scene [102]. Unity provides support for multiple rendering pipelines, each offering

different features, performance characteristics, and compatibility with different platforms.

The built-in rendering pipelines include the Built-In Render Pipeline (also known as the

Legacy Render Pipeline), the Universal Render Pipeline (URP), and the High Definition

Render Pipeline (HDRP). The Built-In Render Pipeline is a straightforward and versatile

pipeline suitable for rendering 2D and 3D graphics across a wide range of platforms, with

support for features such as dynamic lighting, shadows, and post-processing effects. The

Universal Render Pipeline (URP) is a lightweight and customizable rendering solution

optimized for performance and compatibility with a broad range of devices, including

mobile and low-end hardware. It offers features such as Shader Graph support, improved

rendering quality, and built-in support for forward and deferred rendering. The High

Definition Render Pipeline (HDRP) is a high-fidelity rendering pipeline designed for cre-

ating realistic and visually stunning graphics in high-end applications. It offers advanced

features such as physically based rendering, high-quality lighting and shadows, volumet-

ric effects, and advanced post-processing effects. Each rendering pipeline in Unity caters

to different project requirements and target platforms, allowing developers to choose the

most suitable pipeline for their specific needs.

In this thesis, the default Built-In Render Pipeline (Legacy Render Pipeline) was

employed. While the Universal Render Pipeline (URP) offers lightweight and versatile

rendering solutions, it was deemed unsuitable for this project due to lower quality re-

sults. Initially considered, the High Definition Render Pipeline (HDRP) offers numerous

advantages in quality and fidelity of results but imposes significantly higher demands on

computing resources, ultimately leading to compromised overall performance.
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3.5 Basic Structure of Unity

Unity, as a game engine and development platform, provides a comprehensive set of

tools and features for creating interactive 3D experiences, including virtual reality (VR)

applications [103]. Understanding the basic structure of Unity is essential for navigating

the development environment and effectively building VR projects. Unity projects are

organized into several key components. Each game or application created in Unity is

called a Project. Each Project consists of the used Assets and one or more Scenes. The

Scenes consists of GameObjects and Prefabs, each of which has one of more Components

and Scripts attached to it.

3.5.1 Assets

Assets in Unity refer to the various files and resources used in creating a project. These

can include 3D models, textures, audio clips, animations, scripts, and more. Assets serve

as the building blocks of the virtual environment, providing the visual, auditory, and

interactive elements necessary for the project.

3.5.2 Scenes

Scenes in Unity represent different levels or environments within a project. Each scene

contains the objects, characters, and elements that make up that particular part of the

game or application. Scenes are used to organize and structure the project, allowing de-

velopers to focus on specific areas of the virtual world during the design and development

process.

3.5.3 GameObjects

GameObjects are the fundamental objects in Unity’s scene hierarchy. They can repre-

sent characters, props, lights, cameras, and other elements within the virtual environ-

ment. GameObjects can be customized and manipulated using components to define

their appearance, behavior, and interactions.
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3.5.4 Components

Components are reusable pieces of functionality that can be attached to GameObjects

to add specific behaviors or properties. Examples of components include colliders for

detecting collisions, rigidbodies for simulating physics, scripts for defining custom behav-

iors, and audio sources for playing sounds. Components allow developers to extend the

functionality of GameObjects without having to write code from scratch.

3.5.5 Scripts

Scripts in Unity are written in programming languages such as C# or UnityScript

(JavaScript) and are used to define custom behaviors and functionality for GameOb-

jects and other elements in the project. Scripts can access and modify the properties

of GameObjects, respond to user input, implement application logic, and interact with

other components and systems within the Unity environment. They provide a flexible

and powerful way to create dynamic and interactive experiences in Unity projects.

3.6 VR Structure in Unity

In Unity, transitioning a desktop project into a virtual reality (VR) experience involves

integrating specialized libraries, tools, and components tailored for VR interaction [104].

Unlike traditional desktop applications, VR projects require additional elements to en-

able immersive experiences and seamless interaction within virtual environments. These

components include VR-specific libraries and tools designed to handle input from VR

devices, manage VR rendering and performance, and facilitate spatial interactions in 3D

space.

To transform a desktop project into a VR experience, developers need to incorpo-

rate VR-specific components that cater to the unique requirements of VR environments.

These components manage various aspects of VR integration, such as headset tracking,

hand controllers, user interfaces optimized for VR displays, and interaction systems tai-

lored for immersive interactions. Additionally, VR projects often leverage specialized

rendering techniques and optimizations to ensure smooth performance and high fidelity

in VR simulations.
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In this thesis, the virtual environment was constructed using a combination of the

systems, plugins, and frameworks that are analysed below.

3.6.1 XR System

The XR System in Unity, short for Cross-Reality System, is a framework designed to

facilitate the development of immersive experiences across various reality platforms, in-

cluding virtual reality (VR), augmented reality (AR), and mixed reality (MR) [105].

This system provides developers with a unified interface for building applications that

can seamlessly transition between different reality modes, offering users a versatile and

engaging experience. One of the key advantages of the XR System is its ability to ab-

stract the underlying hardware complexities, allowing developers to focus on creating

compelling content without worrying about platform-specific optimizations. However,

while the XR System simplifies cross-reality development, it may introduce some over-

head and compatibility challenges, particularly when targeting multiple reality platforms

with varying capabilities and requirements.

3.6.2 XR Origin

The XR Origin is a critical component in transitioning a virtual camera from desktop

use to VR use. Essentially, it serves as the anchor point or reference frame for all XR

(Extended Reality) interactions within a Unity project. In the context of VR, the XR

Origin defines the position and orientation of the virtual camera relative to the physical

world or play space. This transformation is crucial for ensuring that the user’s move-

ments in the real world are accurately reflected within the virtual environment, enhancing

immersion and minimizing motion sickness. By aligning the XR Origin with the user’s

physical location and orientation, developers can create seamless VR experiences that

respond naturally to the user’s movements and interactions.

3.6.3 XR Interaction ToolKit

The XR Interaction System within Unity serves as a framework crafted to streamline the

development process of interactive VR experiences [106]. Tailored specifically for VR

applications, this system equips developers with a diverse array of tools and components
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essential for implementing a wide spectrum of VR interactions. From fundamental tasks

like object manipulation and teleportation to more intricate interactions such as navigat-

ing menus and initiating animations, the XR Interaction System offers a versatile toolkit.

Developers can seamlessly integrate features like object interaction, hand gesture recog-

nition, locomotion mechanics, and menu navigation into their VR projects using readily

available prefabs, scripts, and other resources provided by the system.

3.6.4 XR Plug-in Management

XR Plug-in Management in Unity refers to the system that allows developers to manage

and integrate external XR (Extended Reality) plug-ins into their Unity projects. These

plug-ins enable Unity applications to support various VR, AR, and MR (Mixed Reality)

devices and platforms beyond the default capabilities provided by Unity’s built-in XR

framework.

With XR Plug-in Management, developers can easily switch between different XR

plug-ins, depending on the target platform or device they are developing for. This flexi-

bility allows for broader compatibility and support across a wide range of XR hardware

and software ecosystems.

Additionally, XR Plug-in Management provides features for configuring and opti-

mizing XR settings, such as input mappings, rendering configurations, and performance

optimizations. This ensures that Unity applications can deliver optimal XR experiences

tailored to the specific requirements of different XR devices and platforms.

3.6.5 Open XR

OpenXR is an open standard created by the Khronos Group [107], aimed at unifying

the development of virtual reality (VR) and augmented reality (AR) applications across

multiple hardware platforms and software ecosystems. This standard provides a common

API (Application Programming Interface) that enables developers to write XR applica-

tions once and deploy them across a wide range of XR devices and platforms seamlessly.

By adopting OpenXR, developers can create XR applications that are compatible with

various XR hardware, including VR headsets, AR glasses, and other immersive devices,

without the need for extensive platform-specific code modifications. OpenXR offers a uni-

fied approach to handling XR features such as tracking, input handling, rendering, and

Michail Nikiforakis 46 July 2024



3.7 Unity Architecture & Project Structure

device interactions, abstracting away the differences between different XR platforms and

devices. Furthermore, OpenXR promotes interoperability and collaboration within the

XR ecosystem by providing a common framework for device manufacturers, platform de-

velopers, and content creators. This facilitates the development of a diverse range of XR

applications and ecosystems while ensuring consistent user experiences across different

devices and platforms.

3.7 Unity Architecture & Project Structure

In Section 3.7, the fundamental components that contribute to the architecture and

project structure of Unity will be explored [103]. These components are crucial in defining

the behavior, appearance, and functionality of game objects within Unity projects.

3.7.1 Coordinates - Transform

In Unity, the coordinate system serves as a fundamental framework for positioning and

orienting objects within a three-dimensional space. This system is based on a Cartesian

coordinate grid, where each axis—X, Y, and Z—represents a different direction in space.

The X-axis typically denotes horizontal movement, with positive values extending to the

right and negative values to the left. The Y-axis represents vertical movement, with pos-

itive values moving upward and negative values downward. Lastly, the Z-axis signifies

depth or forward-backward movement, with positive values extending forward and neg-

ative values extending backward. Together, these axes form a right-handed coordinate

system, where rotations follow the right-hand rule, ensuring consistency in orientation

throughout the scene.

The Transform component in Unity serves as an entity for managing the spatial

properties of game objects. Attached to every object within the scene, the Transform

component encapsulates attributes such as position, rotation, and scale. Through the

Transform component, developers can precisely control the placement and orientation of

objects within the Unity environment. Position coordinates determine the location of

an object in relation to the scene’s origin point, while rotation coordinates specify its

angular orientation around each axis. Additionally, scale coordinates define the object’s

size along each axis, allowing for uniform or non-uniform scaling.
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3.7.2 Local Space vs World Space Coordinates

In Unity, game objects can have their transformations specified in either local space or

world space coordinates. Local space coordinates are relative to the object itself, meaning

that the object’s position, rotation, and scale are defined with respect to its own axes.

This allows for transformations that are independent of the object’s parent or the overall

scene.

On the other hand, world space coordinates are absolute and defined with respect to

the global coordinate system of the scene. In world space, the position, rotation, and

scale of objects are determined relative to the origin of the scene and the global axes (X,

Y, Z). This means that transformations are affected by the parent-child hierarchy and

the position of the object within the scene.

3.7.3 Mesh Component

Mesh component defines the geometry of a game object, specifying its shape and struc-

ture. A mesh is composed of vertices, edges, and faces that collectively form the visual

representation of the object. Vertices represent the points in 3D space, edges connect

pairs of vertices, and faces define the surfaces of the object.

The Mesh component contains information about the vertices, such as their positions,

normals (directions perpendicular to the faces), UV coordinates (for texture mapping),

and optionally tangents and vertex colors. By manipulating the vertices and other prop-

erties of the Mesh component, developers can create a wide variety of shapes and forms

for their game objects.

Meshes can be created procedurally using scripts or imported from external modeling

software such as Blender or Maya. Unity provides tools for importing and manipulat-

ing meshes, including options for optimizing and modifying the geometry to improve

performance and visual quality.

3.7.4 Materials, Textures & Shaders

Materials, Textures, and Shaders are integral components of Unity projects, contributing

significantly to the visual appearance and rendering effects of game objects.
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Materials define the surface properties of objects, including their color, reflectivity,

transparency, and shininess. Each material can be assigned different properties to create

diverse visual effects. Unity provides a wide range of built-in materials, and developers

can also create custom materials tailored to their specific project requirements.

Textures are 2D images applied to the surfaces of objects to add detail and realism.

They can be used to simulate various surface characteristics such as wood, metal, fabric,

or skin. Textures can be imported into Unity and assigned to materials to enhance the

visual fidelity of game objects.

Shaders are programs written in a shading language (such as Cg/HLSL for Unity)

that define how light interacts with materials. Shaders determine the rendering behavior

of objects, including their lighting, shadows, and reflections. Unity supports both surface

shaders and vertex/fragment shaders, offering developers flexibility in creating complex

visual effects.

Together, Materials, Textures, and Shaders allow developers to create visually stun-

ning and immersive experiences in Unity projects.

3.7.5 Lighting

In Unity, lighting is managed through various components and settings that control the

behavior and appearance of light sources within a scene. These components include:

Light Sources: Unity supports different types of light sources, such as directional

lights, point lights, spotlights, and area lights. Each light source has unique properties

that affect how it illuminates the scene.

Light Probes: Light probes are used to capture and approximate the lighting con-

ditions in a scene, especially for dynamic objects or characters that move within the

environment. Light probes help ensure consistent lighting across different areas of the

scene.

Global Illumination (GI): Unity’s Global Illumination system simulates the indirect

lighting effects caused by bouncing light rays in the environment. GI enhances the realism

of a scene by accounting for diffuse inter-reflections and color bleeding between objects.

Lightmaps: Lightmaps are precomputed textures that store the lighting information

for static objects in the scene. Lightmaps help improve rendering performance by reducing

the computational overhead of real-time lighting calculations.
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Light Cookies: Light cookies are textures that can be applied to light sources to shape

or modify the appearance of the light emitted. This allows developers to create custom

lighting effects, such as casting patterns or projecting textures.

Light Settings: Unity provides a range of settings and parameters for fine-tuning the

lighting in a scene, including intensity, color, range, and attenuation. These settings

allow developers to achieve the desired visual effects and mood for their projects.

3.7.6 User Interface (UI)

In Unity, UI components include elements such as buttons, sliders, text fields, images,

and panels. These elements can be arranged and styled to create custom user interfaces

tailored to the specific requirements of the application.

UI components are typically created and managed using Unity’s UI system, which

provides a set of tools and components for designing and implementing user interfaces.

Developers can use Unity’s built-in UI editor to create and configure UI elements directly

within the Unity Editor, allowing for rapid prototyping and iteration. Unity’s UI sys-

tem supports various interaction methods, including mouse, touch, and VR controllers,

making it suitable for a wide range of applications across different platforms and devices.

3.8 Pimax 8K X

At the heart of the Pimax 8K X (Figure 3.1) is its remarkable display system, boasting an

astonishing 8K resolution (3840x2160 pixels per eye), which is four times the resolution

of traditional VR headsets [108]. This ultra-high resolution, combined with a wide field

of view (FOV) of up to 170 degrees (Figure 2.7), ensures stunning visual clarity and an

expansive view of virtual worlds, surpassing the limitations of conventional VR displays.

The Pimax 8K X also excels in motion tracking and responsiveness, thanks to its ad-

vanced tracking system and high refresh rate. With precise motion tracking technology

and a refresh rate of up to 90Hz, the headset delivers smooth and accurate movement

tracking, minimizing motion sickness and enhancing the sense of presence in VR experi-

ences.

The decision to utilize the Pimax 8K X VR headset for this project was driven by

its specifications and performance capabilities. Its display resolution, combined with a
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Source: https://www.amazon.com/Virtual-Reality-Headset-Display-

Version/dp/B095P5SSMC

Figure 3.1: Pimax 8KX

wide FOV and high refresh rate, promised to deliver high visual fidelity and immersion,

essential for creating realistic and engaging biological visualization tools.

Furthermore, the Pimax 8K X’s compatibility with popular VR development plat-

forms, such as Unity and SteamVR, streamlined the integration process as well as the

implementation of a variety of input methods.

3.8.1 Motion

In virtual reality (VR) environments, motion plays a critical role in creating immersive

experiences that mimic real-world interactions. The perception of motion in VR is closely

tied to the user’s visual and vestibular systems, which are responsible for processing visual

cues and maintaining balance, respectively. However, accurately simulating motion in VR

presents several challenges and considerations.

Motion sickness, a common issue in VR experiences, arises from discrepancies between

visual motion cues and physical movement, leading to discomfort for users. To address

this, VR developers employ various locomotion techniques such as teleportation, snap

turning, and comfort modes that minimize motion intensity while maintaining immersion.

These techniques aim to reduce discomfort without compromising the overall experience.

Accurate motion tracking is fundamental for creating a seamless and responsive VR

experience. Tracking systems, which utilize inertial sensors or external cameras, capture

Michail Nikiforakis 51 July 2024

https://www.amazon.com/Virtual-Reality-Headset-Display-Version/dp/B095P5SSMC
https://www.amazon.com/Virtual-Reality-Headset-Display-Version/dp/B095P5SSMC


3. TECHNOLOGICAL BACKGROUND AND DEFINITIONS

the user’s movements in real-time, allowing them to interact naturally with virtual envi-

ronments. Advanced algorithms interpret these movements to ensure precise interaction,

enabling users to navigate digital spaces with precision and interact with virtual objects

seamlessly.

3.8.2 Tracking

One of the most common tracking methods used in VR is inside-out tracking, where

sensors embedded within the VR headset or controllers detect changes in position and

orientation relative to the user’s surroundings. This approach offers the advantage of

freedom of movement without the need for external sensors or markers. However, inside-

out tracking may be susceptible to occlusion issues, where the sensors lose sight of the

user’s hands or body parts, resulting in tracking inaccuracies.

Alternatively, outside-in tracking relies on external sensors or cameras placed in the

environment to track the user’s movements. This method provides robust and precise

tracking, as the external sensors have a comprehensive view of the user’s position from

multiple vantage points. However, it requires setting up dedicated tracking hardware and

may limit the user’s mobility within a predefined tracking area.

Hybrid tracking solutions combine elements of both inside-out and outside-in track-

ing to leverage their respective strengths while mitigating their weaknesses. For example,

some VR systems employ a combination of onboard sensors for initial tracking and ex-

ternal cameras for additional positional data when needed. This hybrid approach aims

to achieve a balance between accuracy, mobility, and ease of setup.

In addition to positional tracking, VR systems often incorporate other sensors to

capture more nuanced movements, such as hand gestures and facial expressions. These

sensors enhance the user’s ability to interact with virtual objects and characters in a

natural and intuitive manner, further enhancing immersion and presence in the virtual

world.

Overall, tracking technology continues to evolve, driven by advancements in sensor

technology, computer vision, and machine learning. As tracking systems become more

sophisticated and reliable, they play a crucial role in shaping the future of VR by en-

abling more immersive and interactive experiences. However, addressing challenges such

Michail Nikiforakis 52 July 2024



3.8 Pimax 8K X

as occlusion, latency, and power consumption remains a focus of ongoing research and

development in the field.

3.8.3 Simulation Sickness

Simulation sickness, also known as motion sickness in virtual environments, is a common

challenge faced in virtual reality (VR) experiences. It occurs when there is a disconnect

between the motion perceived by the user’s visual system and the motion sensed by their

vestibular system, leading to symptoms such as nausea, dizziness, and discomfort.

The underlying cause of simulation sickness is often attributed to discrepancies be-

tween visual cues and proprioceptive feedback. In VR, users may perceive themselves

moving through the virtual environment while remaining stationary in the physical world,

leading to sensory conflict and disorientation.

Several factors contribute to simulation sickness, each influencing its likelihood and

severity. The speed of movement and acceleration, for instance, plays a crucial role.

Rapid movements and sudden changes in speed can trigger motion sickness more easily

than gradual movements. Similarly, the degree of control the user has over their virtual

avatar or viewpoint can affect their susceptibility to motion sickness. When users lack

control or feel disoriented in the virtual environment, they’re more likely to experience

discomfort.

The duration of VR sessions also matters. Prolonged exposure to virtual environ-

ments, especially those involving continuous movement, can increase the risk of simula-

tion sickness. Altitude-related factors, such as virtual heights and depth perception, can

contribute to feelings of vertigo and nausea. Additionally, features of the VR display sys-

tem, including binocular display, field of view, and latency, can impact motion sickness.

High latency and lag between user actions and system responses can exacerbate feelings

of disconnection and discomfort.

To mitigate simulation sickness, VR developers employ various techniques and design

principles. Smooth locomotion methods, such as gradual acceleration and deceleration,

can help reduce the sensation of vection (illusory self-motion) and alleviate discomfort.

Providing visual aids, such as stationary reference points or virtual cockpits, can also

enhance spatial orientation and reduce feelings of nausea.
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Moreover, optimizing frame rates, minimizing latency, and ensuring consistent track-

ing accuracy are essential for maintaining a comfortable and nausea-free VR experience.

High-quality displays with low persistence and minimal motion blur can further enhance

visual comfort and reduce the risk of motion sickness.

3.9 Valve Index Controller

The Valve Index Controller (Figure 3.2a), developed by Valve Corporation, is a VR input

device designed to provide users with precise and intuitive interaction within virtual

environments [109]. Offering a wide range of motion tracking capabilities and ergonomic

design, the Valve Index Controller stands out as a choice for immersive VR experiences.

The Valve Index Controller boasts a range of hardware specifications that contribute

to its performance in VR applications. Featuring precise finger tracking technology, the

Valve Index Controller allows users to interact with virtual objects and environments

with dexterity and accuracy. Its ergonomic design ensures comfortable use during ex-

tended VR sessions, with adjustable straps and intuitive button placement enhancing

user comfort and convenience. Additionally, the Valve Index Controller is equipped with

high-resolution sensors for precise motion tracking, enabling fluid and natural movement

within virtual environments. The controller’s ergonomic grip and intuitive button layout

provide users with seamless control and interaction in VR experiences, enhancing immer-

sion and usability. Furthermore, the Valve Index Controller offers compatibility with a

wide range of VR headsets and platforms, making it a versatile choice for both casual

and professional users alike

3.10 Vive Pro SteamVR Base Station 2.0

The Vive Pro SteamVR Base Station 2.0 (Figure 3.2b) is a tracking device utilized in

virtual reality (VR) setups to precisely track the position and movement of VR headsets

and controllers within a defined space [110]. This base station was chosen due to its

compatibility with both the Pimax 8K X headset and the Valve Index controllers, ensuring

seamless integration and accurate tracking across all components.
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Source: https://www.turbosquid.com/FullPreview/1550515

(a) Valve Index Controllers

Source: https://vortexvr.gr/en/products/valve-index-steam-vr-

base-station-2-0-base-station-2-0

(b) Vive Pro SteamVR Base Station 2.0

Figure 3.2: Controllers and Tracking bases
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Chapter 4

Users View

4.1 Introduction

This chapter aims to provide an exploration and presentation of the user experience

within the application. Developed with the purpose of reconstructing large-scale biolog-

ical datasets into three-dimensional objects and presenting them inside a virtual space,

the app is offering the tools and the environment for a different approach in their exam-

ination.

Upon launching the application, users find themselves within an empty room, sur-

rounded only by a gentle light source strategically placed to minimize disorientation.

This minimalist environment serves as the backdrop for users to focus on their primary

task: loading and examining specimens. At any point during their exploration, users can

access the pop-up menu, as detailed later in this chapter, to initiate the loading process

for any specimen that has been properly preprocessed.

After the loading process is complete, users gain the ability to interact with the

reconstructed object. This interaction includes the freedom to manipulate the object’s

position within the virtual space, as well as to adjust its visualization parameters to

suit their preferences and analytical needs. Users have the ability to adjust various

parameters of the reconstructed object’s appearance, including color, opacity, spectrum

of representation, size, and rotation. To perform these changes, users utilize another

pop-up menu that provides them with a variety of options for manipulating the object.

While all these parameters provide ways to interact with the object, it could be a

repetitive task to set them all from scratch, especially when studying multiple objects. To
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address this challenge, users have been equipped with the ability to save the configuration

as a discrete file. These files can be loaded at any moment and applied to the current

object, streamlining the analysis process and allowing users to maintain consistency across

their observations.

4.2 Controls

Effective control mechanisms are crucial for providing users with a seamless and immer-

sive experience within the virtual reality (VR) environment of the application. The Valve

Index Controller serves as the primary input device, offering intuitive and responsive in-

teraction capabilities. Through precise tracking of hand movements and fingers, coupled

with ergonomic design considerations, the Valve Index Controller enables the users to

navigate the virtual space, interact with objects, and access menus with ease.

The Valve Index Controller provides users with a versatile array of functionalities

tailored to enhance their interaction with the virtual environment. Equipped with an

array of buttons, triggers, and touch-sensitive surfaces, the controller offers precise input

methods for executing various actions within the application. By leveraging these input

mechanisms, users can navigate menus, manipulate objects and adjust settings.

4.2.1 Navigation Controls

For navigation controls, the application is primarily designed for a seated position, where

users load and observe objects directly in front of them. While this is the intended usage

scenario, some navigation controls have been implemented to accommodate users who

may wish to explore the space around them. The locomotion system utilized in the

application relies on tethering the Head-Mounted Display (HMD) to the base stations,

allowing users to move their perspective accordingly. However, it’s important to note

that this system is limited by the length and flexibility of the cable, as the HMD used in

this project is not wireless.

4.2.2 Interaction Controls

The Valve Index Controller provides users with a diverse range of input options, including

buttons, triggers, grips, touchpads, joysticks, and spatial tracking capabilities. Within the
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application, nearly all of these input methods are utilized to enhance the user experience

and facilitate interactions.

The primary method of interaction with the loaded object is through the spatial

tracking feature of the controller. This feature allows users to project a ray in front of

the controller. By pointing the controller towards the desired object, users can interact

with it. This same system is utilized for navigating through user interface elements.

Essentially, this spatial tracking feature serves as the virtual environment’s equivalent of

a mouse cursor.

Continuing with the analogy, while the spatial tracking serves to move the cursor, the

trigger button functions akin to a right-click action. It is utilized for selecting objects or

executing actions within the virtual environment.

The controller also features a highly effective grip interface. By grasping and gently

squeezing the controller, users can trigger the grab action. This allows them to point

to the reconstructed object, physically grip the controller, and virtually grab the object.

Once grabbed, the object moves along with the ray, maintaining a consistent distance

between the hand model and the object. Importantly, when the user stops squeezing the

controller, the grab action also ceases, releasing the object in the virtual world.

The joystick can be used during the grab action. While an item is grabbed, vertical

motions of the joystick control the distance between the user and the object, enabling

users to adjust the proximity as desired. Additionally, horizontal motions of the joystick

facilitate rotation of the object, allowing users to rotate it clockwise or counterclockwise

to achieve their preferred orientation.

4.2.3 Menu Controls

There are controls dedicated to UI and menu navigation. For instance, pressing down on

the joystick activates the menu, causing it to appear above the hand model. The menu

panel remains visible in this position until the joystick is pressed again to deactivate it.

Menu navigation relies on spatial tracking and the trigger for selecting options. Notably,

there is no dedicated button for the ”back” action, which is why a back button is provided

in every menu tab for easy navigation.

The A button serves the purpose of adding color control points and alpha value points

within the transfer function editing interface, as will be elaborated in the subsequent
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sections. The B button is used for removing control points in the same sections.

4.3 Open - File

Source: Thesis application

Figure 4.1: Open File menu

Once the application starts, users are presented

with the option to load a dataset, accessible through

the menu. There are three different modes for open-

ing files: single file, time moments, and channels

(Figure 4.1).

After selecting an option, the virtual file ex-

plorer is activated, seamlessly integrated within the

application. This feature enables users to explore

the file system from within the virtual environment

and select the appropriate file or files.

4.3.1 Single Instance

The single file loading mode offers users the ability to load a single object for observation,

editing, and manipulation. This mode capitalizes on the advantage of efficiently utilizing

hardware resources, ensuring maximum quality data reconstruction, as only one file is

loaded at a time.

Upon selecting this option, users are directed to the file explorer interface to navigate

to their desired file. During navigation, only folders and reconstructable files are visible,

while other non-reconstructable files remain hidden from view.

It’s important to note that for the application to visualize a dataset, it must be in

the NRRD format.

Once the file is selected, the application initiates the data loading process. The

duration of this process varies depending on factors such as the size and quality of the

file, as well as the specifications of the hardware components (RAM, GPU, CPU). During

this loading period, the application remains inaccessible to users until the process is

completed.

Upon completion of the loading process, users regain control of the application and

are presented with the reconstructed object in front of them. However, it’s worth men-
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tioning that the visual appearance of the object may not be accurate at this stage, as

the rendering mode and transfer function have not yet been configured.

4.3.2 Multiple Instances

Users have the capability to open multiple objects simultaneously, with the application

offering two distinct modes: Time Moments and Channels. Although the process of

opening files remains consistent across both modes, the treatment of the loaded objects

differs significantly.

In the Time Moments mode, the application treats the reconstructed objects as it-

erations of the same object occurring at different time points. While only one object

is visible at any given moment, all objects are loaded simultaneously, allowing users to

seamlessly transition between them. Conversely, the Channels mode treats each loaded

object as distinct parts or channels of the same object, with all objects active simultane-

ously within the virtual environment.

To select and open multiple files, users follow the same process as with single-file

loading. After loading the first file, they have the option to either complete the loading

phase or select another file, repeating the process as necessary.

It is essential to note that all files loaded in these modes must be in the NRRD format.

Additionally, the application allows users to open any NRRD file in any mode, providing

flexibility but requiring users to ensure they select the appropriate mode for each object.

For instance, opening two different channels of the same object in the Time Moments

format will not pose a problem during the loading process.

However, hardware limitations can present challenges, particularly in the Channels

mode where multiple objects are active concurrently. As file sizes increase, performance

may suffer, potentially leading to longer loading times and reduced responsiveness. While

the Time Moments mode mitigates some of these challenges by activating objects one at

a time, loading times may still be impacted, especially with larger datasets.

4.4 Manipulate/Observe

At this stage, users are presented with fully reconstructed objects ready for observation

and manipulation. As the objects are loaded into the virtual environment, users gain ac-
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cess to a range of functionalities via the pop-up menu (Figure 4.2). This menu transforms

to provide the necessary buttons and sliders essential for interacting with and examining

the loaded objects.

Source: Thesis application

Figure 4.2: Object Manipulation Panel

4.4.1 Light

The first function available from the outset of the application, even before loading is

completed, is the light button. Designed to mitigate spatial disorientation, a directional

light source has been integrated into the scene. Users can activate or deactivate this

light as needed by simply pressing a button, located in the upper left corner of the menu

interface (Figure 4.3a). It’s worth noting that while this directional light contributes to

the overall background lighting perception, the reconstructed objects themselves do not

interact with it. Additionally, during object analysis, it is recommended to turn off the

scene lighting for optimal visualization.

4.4.2 Move
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Source: Thesis application

(a) Light switch

Source: Thesis application

(b) Light active

Source: Thesis application

(c) Light inactive

Figure 4.3: Light in Application

Source: Thesis application

Figure 4.4: Rotation and Scale slid-

ers

Another method of interacting with the object is

through the grab and move function. Users can

point to the object, grip their controller handle, and

effectively grab the object within the virtual envi-

ronment. While the object is grabbed, it follows

the user’s movement, allowing them to reposition

it within the virtual space. Once the user releases

the object, it remains in its new location within the

virtual world. This function enhances immersion

and facilitates analysis, particularly when multiple

objects are active simultaneously.

4.4.3 Rotation/scale

In addition to the rotation capability when the object is grabbed, users may require a

more precise method of rotation. To cater to this need, users can access three sliders,

each responsible for rotation along a specific axis (Figure 4.4). Furthermore, alongside

the precise rotation sliders, there is a scale slider available, allowing users to adjust the

scale of the object in real-time.
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4.4.4 Render Mode

Next, users have the option to adjust how the object is rendered, with two available

modes: Direct Rendering and Maximum Intensity Projection. In Direct Rendering mode,

users can manipulate the opacity and color of the object for each sample used in its

reconstruction through the transfer function. This allows users to selectively highlight

or obscure different parts of the object, facilitating observation and analysis (Figure

4.5b). On the other hand, Maximum Intensity Projection mode presents a grayscale

visualization of the object, ideal for extracting and examining its features (Figure 4.5a).

Source: Thesis application

(a) MIP example

Source: Thesis application

(b) DVR example

Figure 4.5: DVR and MIP Examples

4.4.5 Visible Range

Another visual functionality allows users to control the visible range of the object. From

the user’s perspective, this visible range can be likened to a radius cut of the object

being visualized. Users have the flexibility to adjust this visible range, either excluding

the upper layers of the object to focus more on its core features, or removing the core to

examine features of the membrane in greater detail.

4.4.6 Cross Plane
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Source: Thesis application

Figure 4.6: Cross Section plane

The final functionality implemented is the ability to

add a cross-section plane. As its name implies, the

cross-section plane is a rectangular plane that en-

ables users to peer inside the object (Figure 4.6).

Users can manipulate the plane using the same

method as the object, allowing for seamless posi-

tioning of either the reconstructed object around

the plane or the plane around the object.

4.4.7 Time moments mode

When users opt to open files in the time moments

mode, an additional slider appears in the menu, en-

abling users to switch between active objects. This

feature allows users to seamlessly change the active

objects in real-time without any additional delays. Each object has its own settings pro-

file, so when the active object is changed, the settings profile also changes accordingly.

4.4.8 Channels mode

When the channels mode is selected, additional UI options become available. In this

mode, all the reconstructed objects are active and can be interacted with. To facilitate

the adjustment of settings for each object, a drop-down menu appears, listing all the

available objects. This menu allows users to select and modify the settings for individual

objects as needed.

4.5 Transfer Function

The transfer function offers users the ability to customize the appearance and visualiza-

tion of their objects according to their preferences and analytical needs. When opting for

direct volume rendering, users are empowered to finely adjust both the color and opacity

of individual segments comprising the object.
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4.5.1 Edit

The graphical interface for adjusting the transfer function is presented to the user in

a distinct manner. It appears as a curve overlaid on a histogram, providing a visual

representation of the data manipulation. On the x-axis of the histogram lies the visual

range, while the y-axis denotes the intensity of the information. Correspondingly, within

the transfer function, the x-axis still represents the visual range, but the y-axis reflects

the alpha value of the color. Users have the ability to add nodes to the curve, enabling

them to shape its trajectory. By moving the node along the vertical axis, users can adjust

the alpha value, while horizontal movements determine the specific point along the visual

range where this alpha value applies (Figure 4.7).

Source: Thesis application

Figure 4.7: Transfer function editing panel

Next to this graph, a colored spectrum is displayed, offering users additional control

over the visualization. Users can add nodes to this bar and assign a color to each node.

When two nodes are set adjacent to one another, the space between them defines a color

spectrum transitioning smoothly from one color to the next. The position of each node
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on this spectrum bar corresponds to the color assigned to that specific point along the

visual range.

4.5.2 Save/Load

Configuring a transfer function can be a meticulous endeavor, involving the placement of

numerous nodes to shape the function and assign colors to specific visual ranges. Given

the potentially tedious nature of this process, users are provided with the option to save

the transfer function to a separate file. By saving the entire transfer function to a file

with the .tf suffix, users can preserve their configurations for future use, eliminating the

need to recreate the function repeatedly.

The saving process is seamlessly integrated into the application’s interface. Located

within the edit tab, users can easily access the save button. Upon activation, the file

browsing tab opens, enabling users to navigate to their desired location and save the file.

To input the file name, a virtual pop-up keyboard is provided, ensuring a user-friendly

experience.

4.6 Visualization Results

Source: Thesis application

Figure 4.8: Results of 3d rendered object for different angles using Direct Volume Ren-

dering technique
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Source: Thesis application

(a) Membrane next to cells

Source: Thesis application

(b) Membrane and cells overlapped

Figure 4.9: Membrane and Cells with DVR technique

Source: Thesis application

(a) Membrane next to cells

Source: Thesis application

(b) Membrane and cells overlapped

Figure 4.10: Membrane and Cell with MIP technique
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Implementation

5.1 Introduction

Chapter 5 delves into the implementation details of the project, providing insights into

how various components were developed and integrated to create the final application.

From preprocessing the data to visualizing them within a virtual environment and incor-

porating analysis tools, this chapter offers a comprehensive exploration of the technical

aspects behind the project’s implementation.

The project was approached methodically by breaking it down into four distinct pil-

lars, each encompassing a crucial aspect of the application’s functionality. These pillars,

namely Preprocessing, Data Visualization, Virtual Environment, and Analysis Tools, al-

lowed for a systematic development process, wherein each section could be addressed

individually and sequentially.

With the exception of the preprocessing stage, which was executed in Python, the

entirety of the project’s implementation was carried out within the Unity framework

using C# scripting. From data visualization to creating a virtual environment and in-

tegrating analysis tools, nearly all functionalities were realized through scripts. These

scripts were responsible for defining the behavior and logic of various elements within

the application. Additionally, while the visual aspects of the application, excluding the

reconstructed models, were crafted within the Unity scene editor, scripts played a crucial

role in orchestrating interactions and user interfaces.
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5.2 Data acquisition

Biological data were generated from time-lapse microscopy recordings of live develop-

ing embryos from the crustacean model organism Parhyale hawaiensis [111]. Parhyale

embryos were fluorescently labelled with the membrane-tethered marker Lyn-mCherry

marking the outlines of all cells (Figure 4.8). Imaging was performed on an adaptive

SiMView light-sheet fluorescence microscope with four orthogonal optical arms, which

simultaneously illuminated the embryo with two 594 nm laser light-sheets from two op-

posite sides and acquired serial optical sections from the two perpendicular sides with

water-dipping 16x/0.8 detection objectives [112, 113]. Multi-view acquisitions of live

Parhyale embryos were carried out every 10 min at 26◦C, over a period of 60 hrs covering

the early cleavage, gastrulation and germband formation stages (Figure 4.8). TIFF files

of acquired raw views (z-stacks) were first corrected and resaved in lossless compression,

block-based file formats (HDF5 or KLB), were then spatiotemporally registered and fused

into a single output 3D image volume per time point using established MATLAB and

Fiji/ImageJ pipelines [114, 115].

5.3 Preprocessing

The data provided by the Foundation of Research and Technology Hellas was formatted in

Hierarchical Data Format 5 (HDF5). This format, as previously discussed, is extensively

employed for packaging large, complex, heterogeneous data. HDF5 utilizes a hierarchical

structure similar to a file directory, enabling the organization of data within the file in

many different structured ways.

Accordingly, the first step involved opening the file and examining its structure. To

accomplish this, the HDFView 3.3.1 application developed by The HDF Group was uti-

lized. This application functions as a file browser specifically designed for HDF files,

facilitating the traversal and exploration of the dataset provided.

5.3.1 Data Structure

Opening the file with the HDFView app revealed the core structure of the dataset.

The top level of the file tree consisted of six folders (Figure 5.1a). The first two acted

as ”headers” (Figure 5.1b) for the file, providing information for the remaining structure.
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Source: FORTH Datasets Open In

HDFview

(a) File structure

Source: FORTH Datasets Open In

HDFview

(b) Header folders

Figure 5.1: HDF file

The ” DATA TYPES ” folder contained details about the type of each individual cell

of the data, while ”s00” provided information about the structure, characteristics, and

subdivisions of each of the other folders.

The remaining four folders represented four distinct datasets (Figure 5.2a), each avail-

able in multiple qualities (Figure 5.2b). Within each folder, a ”s00” folder as defined in

the header. Within these ”s00” folders, there were five subfolders containing the actual

data (Figure 5.2c).

After examining the file, it became apparent that it consisted of multiple numerical

arrays organized within folders according to the described structure. The subsequent

step involved extracting each individual dataset to isolate it for further processing.

5.3.2 Data Decomposing

Following the exploration of the file and understanding its structure, a Python script

was developed to process and manipulate its contents. To accomplish this task, the h5py

library, developed by The HDF Group, was utilized. The objective now is to use the

script to read the file, navigate to the relevant folder, and isolate the numerical arrays

representing the datasets (Figure 5.3).

To read the file, the script initially accepts the filename as the first input and proceeds

to read it. Subsequently, it compiles all the folders, referred to as keys in the h5py library,

into a list. In the latest version of the script, it also incorporates a second input denoting
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Source: FORTH Datasets

Open In HDFview

(a) Timed Datasets

Source: FORTH Datasets

Open In HDFview

(b) Dataset Qualities

Source: FORTH Datasets

Open In HDFview

(c) Datasets

Figure 5.2: File Tree

the TimeSet (0-3) and the desired quality level of this TimeSet (0-4), where 0 represents

the highest quality and 4 the lowest. Leveraging these additional inputs, the script

navigates to the relevant folder until it accesses the dataset.

5.3.3 Data Formation

Each dataset comprises a three-dimensional array of numbers representing the captured

information. In a 2D analysis, it resembles a stack of grayscale images (unsigned integer

16-bit), while in a 3D perspective, it forms a cube with the embryo contained within.

Within this cube, there are areas devoid of information, where the values are either 0

or very close to it. Recognizing this characteristic, the script trims these empty cells to

reduce the dataset’s size without sacrificing any information.

The script processes the data variable, which holds the dataset, converting it into a

numpy array of type uint16. During this conversion, it trims a portion of each dimension

to optimize the dataset’s size and enhance performance (Figure 5.4).

This optimization has proven invaluable for enhancing the application’s performance,

particularly in terms of loading times, and has enabled the handling of higher quality

datasets within the same hardware specifications.
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Source: Python script

Figure 5.3: File decomposition

Source: Python script

Figure 5.4: Data Formation

5.3.4 Data Export

The last stage involves exporting the newly processed array into a nearly raw raster data

(.nrrd) file format. For this task, the script utilizes the pynrrd library, which provides

the functionality to write nrrd files.

The file name includes the TimeSet along with the quality of the file. This information

is crucial because after processing all the data, 20 files would have been created, and there

could be confusion between them. Additionally, the file name includes the word ”cut”

and the new dimensions of the dataset to clarify whether the datasets have been trimmed

or not (Figure 5.5).

In conclusion, the DataParser script in Python efficiently converts HDF file datasets

into the necessary NRRD files, essential for later use within the application. With this
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Source: Python script

Figure 5.5: Data Export

preprocessing phase complete, the groundwork is laid for addressing the subsequent pillars

of development.

5.4 Data Visualization

With the datasets now in the suitable format, the subsequent phase involved transforming

them into three-dimensional objects using volume rendering techniques. The fundamental

approach was to perceive the datasets as a stack of images and apply volume rendering

algorithms. As previously discussed, these algorithms excel in converting images into

volumetric information.

To integrate volume rendering algorithms into Unity, the initial step involved re-

searching available libraries and packages to determine which algorithms were supported.

While Unity itself lacked native libraries for volume rendering, numerous projects were

accessible through the Unity Asset Store. Further research revealed the ”Unity Volume

Rendering Master” project as a viable option. Developed and published by Matias Lavik

under the MIT license [116], this project presented an open-source implementation of vol-

ume rendering techniques in Unity. It provided a structured data path that was adapted

to suit the requirements of this application and modified to enhance performance, enable

the loading of larger files and include tools and functionalities for users. Moreover, the

project initially included a rudimentary virtual reality implementation, which was exten-

sively overhauled to achieve superior performance and compatibility with VR headsets

and controllers.
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Source: Unity script

Figure 5.6: Image Importer
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5.4.1 File Import

The process of importing files into the application begins with the user’s interaction,

typically initiated by pressing the ”Open File” button within the application’s interface.

This action prompts the application to engage with the user, guiding them through menus

and a file browser interface. These interactive elements provide the user with the means

to navigate their local file system and select the desired dataset for import. Once the

user has chosen a file and confirmed their selection, the application receives the file path,

signaling the start of the import process.

Upon receiving the file path, the application initializes an ImageFileImporter object

using the SimpleITK Library. This library, known for its efficacy in handling various med-

ical image formats including NRRD, provides the necessary tools to read and interpret

the selected file. Leveraging the capabilities of SimpleITK, the application gains access

to the contents of the dataset, paving the way for further processing and visualization.

With the dataset successfully read into memory, the next phase involves initiating

the creation of the 3D object. The final step in the Importer script is to instantiate

a VolumeDataset object and provide it with the data for each dimension, as well as

the scales of each dimension as it shown in figure 5.6. This pivotal moment marks the

transition from raw data to a tangible, three-dimensional representation within the virtual

environment.

5.4.2 Object Creation

At this moment, the data, once loaded into Unity, is stored as a float array. Now, the

next step involves transforming this data into three-dimensional objects. The Volume-

Dataset object, which contains the data, serves as the input to the VolumeObjectFactory

script. This script is responsible for processing the data and configuring all the necessary

parameters to generate the final three-dimensional object.

In the project’s assets, a prefab named volumeContainer is designed specifically for

this purpose. This prefab includes a cube mesh and a meshRenderer with a custom shader

called VolumeRendering. The initial task of the VolumeObjectFactory is to instantiate

an empty GameObject and attach to it the meshRenderer and mesh from the volumeCon-

tainer prefab. Additionally, the VolumeObjectFactory adds the volumeRenderedObject
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component, which will manage the settings of the reconstructed object. During this pro-

cess, once the meshRenderer is attached to the GameObject, the volumeDatasetObject is

also passed as a parameter. Within this step, the meshRenderer retrieves the data from

the volumeDatasetObject and stores them not as a float array, but rather in a Texture3D

format.

Once all these steps are completed, the volumeObjectFactory returns a GameObject

comprising a cube container, a 3D texture representing the information of the dataset, a

material featuring a custom shader to implement the volume rendering techniques, and

the volumeRenderedObject component. This component is responsible for managing all

the real-time modifications that will occur within the application.

5.4.3 Render Modes

In the previous steps, the data were successfully loaded into Unity and transformed

into a 3D texture within a GameObject. However, at this stage, the object remains

transparent, lacking the necessary visualization. To address this, a custom shader is

applied to the material of the GameObject. This shader is crucial for implementing

the raymarching technique, enabling the object to assign colors to each part of the 3D

texture. Through this shader, the reconstructed object gains the ability to represent the

volumetric information accurately, thus completing the Volume Rendering algorithm.

5.4.3.1 Raymarching

In order to implement raymarching in the custom shader, two structs and several functions

were introduced. These components are essential for handling the raymarching process,

providing the necessary framework and utilities to enable accurate volume rendering

within the shader.

The first struct, RayInfo, is designed to hold the necessary information for the ray-

marching process. It includes startPos and endPos, which represent the starting and

ending positions of the ray, Direction, indicating the ray’s direction, and the intersection

boundaries of the box. The second struct, RaymarchInfo, extends the functionality of

RayInfo by also including the number of steps the ray will take and the step size.

To implement the raymarching algorithm, several functions are defined within the

custom shader. The first function is responsible for creating the ray. This function
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Source: Unity script

(a) RayInfo struct

Source: Unity script

(b) RaymarchInfo struct

determines the direction of the ray by calculating the angle of the object relative to

the camera. It identifies the start position of the ray, which is the closest or farthest

point of the object to the camera, depending on whether the ray is cast from back-to-

front or front-to-back. The function also locates all the intersection points where the

ray cuts through the object, truncating the ray before and after it intersects the volume,

and finally calculates the end position. The second function creates the RaymarchInfo

struct. It calculates the step size to ensure it does not exceed the maximum number of

steps and determines the number of steps that will fit within the object’s boundaries.

This encapsulates the setup required for the raymarching process, ensuring accurate and

efficient rendering of the volume.

5.4.3.2 Maximum Intensity Projection (MIP)

In order to render the object using the Maximum Intensity Projection (MIP), the fol-

lowing steps were followed. First, the shader creates the RayInfo and RaymarchInfo

using the functions mentioned earlier. It then follows a straightforward process for each

step, starting from the beginning and continuing until the number of steps parameter is

reached. At each step, the shader reads the density of the current point and keeps track

of the maximum value encountered. At the end of this iteration, the shader colors only

the point with the highest intensity (Figure 5.8).

5.4.3.3 Direct Volume Rendering (DVR)

In order to render the object using Direct Volume Rendering (DVR), the approach follows

a logic similar to Maximum Intensity Projection (MIP) but with a crucial difference.

Michail Nikiforakis 78 July 2024



5.4 Data Visualization

Source: Unity script

Figure 5.8: MIP implementation

During DVR, the shader iterates through the raymarching process as described earlier,

but instead of simply finding the highest density value along the ray, it consults a transfer

function for each density encountered. The transfer function, which will be detailed

further, dictates the color and opacity (alpha value) assigned to each density point within

the volume. This allows for a more sophisticated visualization where the object’s interior

is colored and rendered based on the properties defined by the transfer function, providing

greater flexibility in highlighting specific features and structures within the volumetric

data (Figure 5.9).
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Source: Unity script

Figure 5.9: DVR implementation

5.4.4 Transfer Function

In the context of Direct Volume Rendering (DVR), as previously mentioned, the shader

retrieves color and opacity information for each density point from a transfer function.

This transfer function is represented as a 2D texture, which is stored within the object

itself. Users have the capability to dynamically adjust this function by manipulating

color and alpha points interactively. Each adjustment triggers a refresh of this texture to

reflect the updated input, and subsequently, the new texture data is passed to the shader

to dynamically update the visual output accordingly. This interactive capability allows
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users to fine-tune the rendering of the volumetric data in real-time, facilitating detailed

exploration and analysis of the object’s internal structures.

5.4.5 Finalize

By this stage, the object reconstruction process is complete. The dataset, originally a

stack of images, was imported into Unity, transformed into a 3D texture, and encapsu-

lated within a game object equipped with a custom shader tailored for volume rendering

techniques. This marks the end of the Data Visualization segment, paving the way for

the subsequent exploration of the 3D environment.

Before transitioning to the next segment, some additional actions are performed on

the object to integrate it further into the application. This includes adding the interact

component, essential for interaction within the Virtual Reality environment (which will

be discussed in subsequent sections). Furthermore, initialization tasks related to the

user interfaces (UIs) are also carried out, setting the stage for their detailed analysis in

upcoming sections (Figure 5.10).

Source: Unity script

Figure 5.10: The main function for creating the object

Michail Nikiforakis 81 July 2024



5. IMPLEMENTATION

5.5 Virtual Environment

The Virtual Environment is a crucial aspect of the application, providing users with an

immersive experience for interacting with the reconstructed 3D objects. This section

covers the integration of the hardware device, the setup and configuration of the camera

system, the implementation of user controls, and the mechanisms for object and UI

interaction.

5.5.1 Device connection

To connect the Pimax 8K headset to the PC, a proprietary software called Pitool is

required. Pitool manages the necessary drivers and allows users to configure various set-

tings of the device, such as resolution, refresh rate, and field of view. Additionally, Pitool

provides tools for calibrating the room setup and position, ensuring optimal performance

and accurate tracking within the virtual environment.

Furthermore, the Pitool software handles the tracking of the device. While the Pimax

8K supports self-tracking through its internal sensors, base station tracking was chosen

for this application to enable the use of controllers, which are also tracked by the base

stations. After installing the software and connecting the device to the PC, the base

stations are set up and plugged into the wall, and the controllers are powered on, the

Pitool service then recognizes these components and manages all the connections and

tracking between them, ensuring seamless integration and accurate tracking within the

virtual environment.

5.5.2 VR setup in Unity

After creating a new project in Unity, several packages need to be installed to support

the loading, initialization, settings, and build support for a VR project. The first step

involves installing the XR Plugin Management package through the Project Settings.

Once this package is installed, the OpenXR interface is selected and installed. OpenXR

is a crucial interface as it enables the development of a single project that can run on

various input devices, including different HMDs and controllers. This flexibility ensures

broad compatibility and simplifies the development process for VR applications
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The final step involves downloading Steam and, through it, the SteamVR client.

SteamVR acts as a launcher for VR applications and is set as the default system appli-

cation for opening programs that utilize the OpenXR interface. In addition to launching

VR applications, SteamVR provides extra functionalities such as advanced settings, and

monitoring tools for device latency and performance.

After completing these steps, the external setup is finalized. The devices are now con-

nected and configured correctly. The Pimax 8K headset, along with its base stations and

controllers, are now fully integrated with Unity via the OpenXR interface and SteamVR.

This setup ensures a seamless transition to VR development, allowing the project to

leverage the full capabilities of the hardware.

5.5.3 Camera

The first step to creating the virtual environment is to change the rendering camera.

With the XR package installed, Unity now offers the option to create an object called

XR Origin. The XR Origin essentially represents the player when the application is

running. Inside the XR Origin, there is a camera with an offset to enable stereoscopic

rendering, ensuring the VR experience is immersive and realistic. Additionally, the XR

Origin contains objects for the controllers, allowing for interaction within the virtual

environment.

The XR Origin’s camera also implements the tracking options from the HMD, allowing

the camera to move in sync with the user’s head movements. This ensures that the virtual

environment updates in real-time, providing a seamless and immersive experience as the

user navigates through the application.

5.5.4 Controls

Within the XR Origin setup, both the left and right controllers are represented as separate

objects, mirroring the physical controllers in the virtual environment. These objects are

seamlessly integrated via the OpenXR interface, allowing them to accurately track the

movements of the real-life controllers. This synchronization ensures that users experience

a natural interaction, where the virtual controllers move in sync with their physical

counterparts.
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To enhance immersion, the Oculus Hands Unity package was imported into the

project. This package introduces 3D models of hands along with accompanying ani-

mations, which visually represent the controllers. While primarily serving aesthetic pur-

poses, these hand models provide users with a more immersive experience by visually

aligning their virtual actions with the movements of their physical controllers.

Moving to the functionality of the controllers, each controller object is equipped with

essential components: XR Interactor Line Visual, Line Renderer, and XR Ray Interactor.

These components work cohesively to extend the user’s interaction capability within the

virtual environment. The XR Interactor Line Visual and Line Renderer combine to

draw a visible line in front of the controllers, providing users with a visual reference and

indicating their interaction range. The XR Ray Interactor enables precise interaction

by detecting when the ray intersects with objects or UI elements, facilitating seamless

interaction even with further items.

In order to implement the functionality of the controllers within the virtual environ-

ment, the XR Interaction Toolkit was integrated into the project. This package plays

a crucial role in simplifying the implementation of interactive actions by providing a

comprehensive set of tools and components.

The final component integrated into the controller objects is the XR Controller

(Action-Based). This component plays a crucial role in mapping a variety of virtual

environment actions, such as selection, UI interaction, and rotation tracking, to pre-

defined input actions provided by the XR Interaction Toolkit, the XRI default input

actions.

The final step involves mapping the physical controller actions to the XRI input ac-

tion list. This mapping process is facilitated by adding the controller scheme through

the OpenXR tab within the project settings. By configuring the controller scheme in

this manner, the application aligns the physical actions performed on the VR controllers

with the corresponding virtual actions defined in the XRI input action list. This syn-

chronization ensures that user interactions are accurately translated within the virtual

environment, maintaining consistency and usability across different VR devices and con-

figurations.
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5.5.5 Object Interaction

As previously discussed, once a dataset is imported and reconstructed within Unity, the

final step involves adding an interaction component to facilitate user interaction with

the object. This interaction component, implemented as a custom script, ensures that

the reconstructed object possesses the necessary components and settings for seamless

interaction with VR controllers. The script begins by adding a Rigidbody component

to the object, where the gravity parameter is disabled and the IsKinematic parameter

is set to true. Additionally, a capsule collider is attached to the object along with the

XRGrabInteractable component

The Rigidbody component is added to allow the XRGrabInteractable component

to recognize and interact with the object, while configuring the gravity and kinematic

parameters ensures the object behaves appropriately within the virtual environment. The

collider component is essential for enabling interaction with the object using the controller

rays. Lastly, the XRGrabInteractable component enables the object to respond to grab

and release actions triggered by the controllers, as defined by the XRI input actions.

5.5.6 UI interaction

Implementing UI interactions was straightforward due to the predefined UI actions within

the XRI input action list. To integrate UI interactions, the only requirement was to

designate the objects within the virtual environment as UI elements. This straightforward

approach leverages the existing XRI input actions, allowing users to interact seamlessly

with UI components using the controllers within the virtual environment.

5.6 Tools and Features

This section covers the various tools and features implemented in the application to

enhance the analysis and visualization of the reconstructed datasets. These tools are

designed to provide users with comprehensive control over the data rendering process,

enabling detailed exploration and customization of the visualized 3D objects.
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5.6.1 Edit/Load/Save Transfer Functions

5.6.1.1 Edit Transfer Function

As mentioned in the 3D Visualization segment, when an object is rendered using Direct

Volume Rendering (DVR), users can adjust the transfer function by moving color and

opacity nodes. Additionally, users can choose the desired color from a spectrum presented

next to the histogram of the transfer function.

As mentioned in the 3D Visualization segment, when an object is rendered using

Direct Volume Rendering (DVR), users can adjust the transfer function by moving color

and opacity nodes. Additionally, users can choose the desired color from a spectrum

presented next to the histogram of the transfer function.

To solve this problem, a script was created to implement the cursor logic. This

script contains functions that use the raycast method to check if the ray intersects with

the histogram, the color palette, or the color spectrum. Finally, the cursor logic script

returns the coordinates of the intersection point relative to the UI panel. Using the

functionality of this script, each time a node is pressed, the 2D coordinates of the UI

panel can be used to control the movement as if it were clicked by a cursor in a desktop

environment. This approach allows users to intuitively manipulate the transfer function

nodes using the VR controllers.

The color palette that appears next to the transfer function editing window allows

users to choose their desired color. This palette is represented by a 2D texture in Unity.

When a user selects a point on this image, the same logic is followed to obtain the 2D

coordinates of that point. Once the coordinates are determined, the color value at this

point on the 2D texture is read and used to update the transfer function accordingly.

5.6.1.2 Save Transfer Function

Users can press the save button on the transfer function editing panel to save the current

state of the transfer function setup. To achieve this, the data is stored in a JSON file

with the .tf suffix. When the save button is pressed, the application serializes the current

state of the transfer function into a JSON format.
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5.6.1.3 Load Transfer Function

When users press the load transfer function button, they are prompted to choose a .tf

file from their directory system. Once a file is selected, the application reads the .tf

file, deserializes the JSON data, and stores it into a new Transfer Function object. This

allows the application to apply the previously saved transfer function settings, ensuring

that users can seamlessly continue their work with their preferred configurations.

5.6.2 Cross Plane

Another feature implemented in the application is the ability to add a cross-section plane.

When a cross-section plane is spawned in the virtual environment, it is tethered to a single

reconstructed object. Technically, the cross-section plane is a game object with a custom

shader. This shader renders the object as a transparent square, allowing the inner part

of the object to be displayed through it.

All the functionality of the cross-section plane is implemented within the custom

shader of the reconstructed object. When the plane is active, a flag in the Direct Volume

Rendering (DVR) shader is set to true. The DVR shader then reads the position of the

plane and ensures that it does not render the part of the object that is located behind

the plane. This creates the effect of slicing through the object, revealing its internal

structure.

The scale of the plane matches that of the object and changes accordingly as the object

is resized or manipulated within the virtual environment. This synchronization ensures

that the cross-section plane consistently represents a meaningful slice of the 3D dataset,

enhancing the user’s ability to explore and analyze the data from different perspectives.

5.6.3 Open Modes

The application offers three distinct file opening modes: Single File Open, Time Moments,

and Channels mode. While Single File Open has been detailed in segment 5.3.1 File

Import, Time Moments and Channels modes offer additional functionalities suited for

different data exploration needs.

After users open the first file in either Time Moments or Channels mode, a UI panel

appears, presenting options to either open another file or finalize the opening process.

Michail Nikiforakis 87 July 2024



5. IMPLEMENTATION

Choosing ”Open More” repeats the file loading process exactly as the first time, except

for skipping the step where all existing objects are despawned.

The key functional difference between Time Moments and Channels mode lies in the

finalization stage:

� Time Moments Mode: All loaded objects are stored in a list, but only the first object

is initially set to active. Users can switch between different time moments using

a slider control. Each time a new object is selected via the slider, the currently

active object’s ”SetActive” value is set to false, while the newly chosen object’s

value is set to true. This allows users to navigate through different time frames of

the dataset efficiently.

� Channels Mode: Similar to Time Moments mode, all loaded objects are stored in a

list, but unlike Time Moments mode, all objects remain active simultaneously. To

facilitate interaction with specific objects, a dropdown menu is provided. Selecting

a different object from the dropdown dynamically adjusts the UI elements to affect

the settings of the newly chosen object. This mode is ideal for scenarios where

multiple channels of data need to be visualized and compared simultaneously.

5.7 User Interface

5.7.1 UI Activation

When the application launches, users find themselves in an empty virtual environment.

To access UI windows, users simply press the thumbstick on either controller. This action

toggles the visibility of the UI window—if it’s already visible, pressing the thumbstick

again will hide it, and vice versa. When the UI window appears, it resumes from the

state it was in when last deactivated, starting at the Open File Choice Panel.

The placement of the UI window depends on which thumbstick was pressed (left or

right). It appears above the hand that initiated the action and is oriented to always

face towards the user’s head. This immersive functionality is achieved through a custom

button action added to the controllers’ interaction list. Additionally, a script calculates

the angle between the hand and the head, ensuring the UI window’s proper alignment

and orientation relative to the user’s perspective.
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5.7.2 Main Panels

The UI system of the app consists of five different panels, each offering separate in-

formation and functionalities (Figure 5.11). The visual part of these five panels was

implemented in the Unity editor. This approach allowed control and management of the

appropriate placements of all the elements while providing visual feedback on how they

will appear inside the app.

All the panels are children of the UI manager game object. The UI manager object

contains scripts for controlling the functionality of each panel and a manager script that

controls which of the functionality scripts need to be used at each moment. This hierar-

chical structure ensures that all UI elements are centrally managed, allowing for efficient

updates and interactions. The manager script acts as the central hub, coordinating the

activation and deactivation of the various panel scripts based on user interactions and

application state as it seen in Figure 5.11.

In order to connect the UI elements placed in the 3D environment with the scripts that

control them, there are initialization steps (some occurring when the app starts and others

when they need to be used). These steps utilize the panel.Find(”Component Name”).

GetComponent<Component Type>(); command of the Unity engine to get and setup

the ui elements. This command searches the children list of the panel until it finds a game

object with the name ”Component Name” of type ”Component Type” and returns this

object. By utilizing this function, the separate development of the visual and functional

design was facilitated. Going further, the five main panels will be explained.

� Open File Choice Panel

The first panel is a panel with three buttons allowing users to choose in which mode

they want to open datasets. The options are Single File Open, Time Moments, and

Channels mode. After any of these buttons are pressed, this panel deactivates, and the

File Browser Panel is activated.

� File Browser Panel

This panel is a simplistic file browser that allows users to traverse their file directory

system. This panel is used on four separate occasions: to open a dataset, open multiple

datasets, open a transfer function, and save a transfer function. While the core function-

ality of the panel remains the same in all occasions, there are some small differences:
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1. Single File Open: Only files with the .nrrd suffix are visible, while all other files do

not appear inside folders. After the file is chosen and the confirm button is pressed,

the next panel is the Data Manipulation panel.

2. Multiple Datasets Open: Only files with the .nrrd suffix are visible, but the next

panel is the Open More panel.

3. Load Transfer Function: Only files with the .tf suffix are visible.

4. Save Transfer Function: A pop-up keyboard is added, allowing users to type the

name of the file to be saved.

� Open More Panel

This panel features only two buttons:

1. Open More: This button returns users to the File Browser Panel to open another

file.

2. Finished: Clicking this button proceeds to the Data Manipulation Panel.

The Open More Panel serves as an intermediary step when users choose to open multiple

datasets sequentially. Its purpose is to streamline the process of loading additional files

without returning to the main file selection screen each time.

� Data Manipulation Panel

The Data Manipulation Panel hosts a variety of UI elements designed to control and

interact with the reconstructed object:

1. Sliders: These allow users to adjust parameters such as scale and rotation along

each axis of the object.

2. Visible Range Controls: These sliders define the minimum and maximum values

visible in the dataset.

3. Buttons: Options to edit or load transfer functions are accessible from this panel.
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4. Mode-Specific Controls: Depending on the mode (e.g., Time Moments or Channels),

additional UI elements like sliders or dropdown menus appear to select the active

object or specific settings.

This panel consolidates essential controls for manipulating and fine-tuning the visual

representation and behavior of the reconstructed object within the virtual environment.

� Edit Transfer Function Panel

The Edit Transfer Function Panel is dedicated to configuring the transfer function

used in Direct Volume Rendering (DVR):

1. Histogram: Visualizes the distribution of voxel densities in the dataset.

2. Color Spectrum: Provides a spectrum for selecting colors to represent different

densities.

3. Color Palette: Allows users to pick specific colors to assign to density ranges.

These elements collectively enable users to fine-tune how voxel densities are mapped to

colors and opacities, thereby customizing the appearance of the rendered object in the

virtual environment.
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Source: Created in https://www.visual-paradigm.com/

Figure 5.11: Ui Panels flow chart
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Chapter 6

Evaluation ,Results & Future Work

6.1 Introduction

In this chapter of the thesis, the evaluation method and results of the developed 3D

Visualization application are presented, as well as potential future work discussed. Having

implemented the whole application it ended up as an executable file which can be run

through Windows, providing the users have installed an openXR launcher (SteamVR),

any software the HMD needs (PiTool) and an OpenXR compatible HMD (PiMax 8k) is

available.

6.2 Evaluation Method

6.2.1 Performance Metrics

To measure the performance of the application, three key metrics were utilized: the time

it took to load a dataset, the running frames per second (FPS), and the latency of the

device during operation.

� Loading Times:

The System.Diagnostics library of the Unity system was used to measure loading

times. This library offers the stopwatch functionality, which was employed to measure

the loading duration. The measurement started after reading the NRRD file and before
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the reconstruction of the object began. The measurement stopped when the final object

was ready and appeared in the virtual environment(Figure 6.1).

Source: Unity script

Figure 6.1: Time measurement code

� Frames Per Second (FPS):

A custom script was written to measure FPS (Figure 6.2). This script takes the

timeScale-independent interval in seconds from the last frame to the current one and

then prints its reciprocal in a UI textbox. This method provided a real-time display of

the application’s FPS, allowing for continuous performance monitoring.

� Latency Measurement:

The latency measurement was taken from SteamVR, which offers the ability to display

a performance graph. This graph shows the real-time latency of the device while the

application is running. This feature provided an essential insight into the application’s

responsiveness and the HMD’s performance during use.
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Source: Unity script

Figure 6.2: Frame Pes Second measurement script

6.2.2 Think Aloud Methodology

To evaluate the applicability of the system in the context of biological analysis and

research, a formal analysis with the target audience (medical, biomedical, and biological

practitioners and researchers) is necessary. However, conducting this form of evaluation

was challenging. Instead, a think aloud methodology was employed with expert VR

developers.

The think aloud process is a qualitative research technique used to gather insights

into users’ thought processes as they interact with a system or perform a task. In this

methodology, participants are asked to verbalize their thoughts, feelings, and actions

while they complete a task.

In this case, participants were asked to load two datasets into the app in Time Mo-

ments mode and configure their transfer functions with the goal of making as many details

observable as possible. During this process, the comments made by the participants while

they were trying to complete their tasks were collected. These comments provided direct

insights into the user experience, highlighting any challenges or confusions faced, as well

as any positive aspects of the system’s design and functionality. This feedback was cru-

cial for identifying areas that required further refinement and for validating the system’s
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usability within the context of VR development and potentially biological research.

6.3 Evaluation Results

6.3.1 Performance Metrics results

After a dataset was opened ten times, the average values for all the performance metrics

were calculated. Additionally, measurements were taken for five different dataset resolu-

tions, ranging from very low to very high (Table 6.1). The results are presented in Table

6.2:

X Y Z

Lowest 140 131 108

Low 280 262 217

Medium 561 525 434

High 1122 1050 868

Highest 2244 2100 1736

Table 6.1: Dimension sizes for each dataset evaluated.

Loading Time

(ms)

FPS Latency (ms)

Lowest 34 109 5.32

Low 161 106 5.33

Medium 1238 100 4.84

High 9970 100 5.42

Highest 81519 2 105.5

Table 6.2: Evaluation results

The first metric, loading time, demonstrated a nearly linear increase as the size of

the dataset grew. This behavior is expected because the loading process is CPU-bound,

meaning that larger files require more time to be processed and loaded into the appli-

cation. The linear relationship between dataset size and loading time underscores the
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importance of efficient data management and pre-processing steps to minimize delays in

loading large datasets.

For the second metric, frames per second (FPS), the application consistently managed

to run at an average of around 100 FPS for all resolutions, except the highest one.

When the highest resolution dataset was loaded, the FPS dropped significantly, indicating

that the application was exceeding the capabilities of our graphics card (Nvidia RTX

3070). This bottleneck at the GPU capacity suggests that while our system can handle

high-resolution datasets, the highest resolutions require more powerful GPUs. Tests

on systems with lower specifications showed similar trends, with bottlenecks occurring

at correspondingly lower resolutions, further confirming that GPU capacity can be the

limiting factor.

Regarding the third metric, latency, the Pimax 8K VR headset maintained a con-

sistent latency of under 7 milliseconds across all tests, except for the highest resolution

dataset. For the highest resolution, latency exceeded 100 milliseconds, which is attributed

to the application’s reduced performance, at this stage, rather than a limitation of the

device itself. This indicates that while the headset is capable of low-latency performance,

application optimization is crucial for maintaining smooth and responsive interaction,

especially with extremely high-resolution data.

6.3.2 Think Aloud Methodology results

The feedback from the VR developer experts was categorized into comments about the

hardware (HMD and controllers) and the app itself. Regarding the hardware, partici-

pants noted that the head-mounted display (HMD) felt heavy after extended use, and the

grab action on the controllers was not always registering correctly. On a positive note,

they appreciated the good external light cut-off, indicating that the HMD fit well to the

face, reducing light intrusion. Concerning the app, users reported that the precision of

interactions with the controller rays decreased as the distance to the object or user inter-

faces increased. When objects overlapped, such as in multi-instance open mode or when a

cross-section plane overlapped with another object, it was unclear which object would be

grabbed with the grab action. Additionally, while adjusting the transfer function, users

found it challenging to place nodes accurately as they focused on the real-time changes
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in the object and not focusing on the placement of the node. Finally, users mentioned

that after prolonged use of the app they felt close to zero discomfort and disorientation.

6.4 Future Work

The future development of this application can be significantly enhanced by incorporating

sophisticated tools for data manipulation. One such enhancement is the addition of

advanced annotation tools that allow users to mark specific regions of interest within

the 3D biological data. These tools would enable researchers to make detailed notes

directly within the VR environment, thereby streamlining the process of documenting

observations. Furthermore, implementing exporting tools would be highly beneficial, as

these would allow users to save screenshots and measurements acquired during analysis.

Such features would not only improve the utility of the application but also facilitate the

sharing of insights and findings with other researchers and stakeholders.

In addition to data manipulation tools, improving support for collaborative VR envi-

ronments is a critical area for future work. Enabling multiple users to interact with the

same dataset in real time could revolutionize collaborative research and decision-making

processes in medical and biological studies. This capability would allow researchers from

different geographical locations to work together seamlessly, discussing findings and mak-

ing joint decisions as if they were in the same room. Real-time collaboration could lead

to more dynamic and interactive research sessions, fostering a deeper understanding of

complex biological data and accelerating the pace of scientific discoveries.

Another promising avenue for future development is the integration of machine learn-

ing algorithms into the application. Machine learning can play a pivotal role in data

analysis by automating the identification of patterns and anomalies within large datasets.

By leveraging these algorithms, the application could provide researchers with insights

that might be missed through manual analysis alone, thereby enhancing both the accu-

racy and efficiency of their work. Additionally, machine learning models could be trained

to recognize specific biological structures or disease markers, offering predictive analytics

that could further aid in research and diagnostic processes.

To keep pace with technological advancements, it is essential to leverage the lat-

est hardware improvements. The use of more powerful GPUs and faster processors

can significantly enhance the performance of the application, allowing for smoother and

Michail Nikiforakis 98 July 2024



6.4 Future Work

more detailed visualizations. Furthermore, optimizing rendering algorithms and utilizing

cutting-edge VR frameworks will be crucial for improving the overall user experience. As

hardware continues to evolve, regularly updating the application to take advantage of

these advancements will ensure that it remains at the forefront of VR-based biological

data visualization.

Lastly, future work should also consider feedback from biological researchers, medi-

cal professionals, and other biology practitioners to continually refine and improve the

application. Actively engaging with the scientific community will provide valuable in-

sights into how the application is being used in real-world scenarios, identifying areas for

improvement and new features that would be most beneficial. This iterative process of

development, driven by expert feedback, will help ensure that the application meets the

evolving needs of the scientific community and remains a vital tool for biological research

in VR.
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